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Abstract

Low-dimensional spin systems constitute an important class of quantum materials in which
reduced dimensionality and lattice geometry strongly influence magnetic interactions.
From a materials science perspective, they provide model compounds for linking crystal
structure, chemical composition, and emergent magnetic behavior driven by quantum
effects in systems with reduced dimensionality. Despite the existence of several theoretical
models, experimentally realized materials that closely match them remain scarce. To bridge
the gap between theoretical predictions and their experimental implementation in two-
dimensional systems, this dissertation investigates chemical doping of prototypical Shastry-
Sutherland compound, SrCuy(BOj;),, as well as single-crystal growth of rare-earth
heptatantalates, RETa;O, with a perfect triangular lattice. This work focuses on the
synthesis, structural characterization, and magnetic behavior of these systems.

Chemical doping of SrCuy(BOs3), has been predicted to drive the system towards exotic
magnetic states, such as superconductivity and quantum spin-liquid states. The first part
of the dissertation experimentally investigates the effects of chemical substitution on the
structure and magnetic properties of this system. A-site charge doping with M = La or Na
is studied up to nominal z = 0.15 in Sr;_,M,Cus(BOs3),, while B-site nonmagnetic doping,
i. e., magnetic dilution, with Mg explores nominal concentrations up to z = 0.10 in
SrCuy-,Mg,(BOs),. The incorporation of dopants into the parent structure is confirmed for
La- and Mg-doping, although at lower levels compared to nominal concentrations, whereas
Na likely incorporates only in trace amounts. All dopants induce spin-dimer breaking, with
the strongest effect observed for Mg-induced magnetic dilution. Both La and Mg
substitution significantly reduce the effective spin gap, with the reduction being more
pronounced for Mg. This reduction is accompanied by the development of
antiferromagnetic correlations between dimer-free Cu®' spins. In particular, Mg-doping
gives rise to a distinct superstructure, evidenced by emergence of a high-field magnetic
anomaly and the suppression of the plateau at 1/8 of the saturation magnetization.

The second part of the dissertation focuses on optimization of a flux method to grow
high quality single crystals of NdTa;Oy, the first Ising quantum spin liquid candidate on a
perfect triangular lattice. With lateral sizes up to 3.5 mm and thicknesses up to 2 mm, the
resulting crystals are the largest reported to date, allowing a precise characterization of the
magnetic ground state. The method is further refined to grow three additional
representatives of the rare-earth heptatantalate series. Two of them, ErTa;O.y and
DyTazO, exhibit similar magnetic anisotropy to that of NdTa;O19, potentially hosting a
disordered ground state, while GdTa;O1o is paramagnetic. The method could be applied to
further representatives of the series.

Overall, the dissertation advances the field of two-dimensional magnetism in two
complementary directions. First, the systematic study of SrCu,(BOs). doping elucidates
the intrinsic limitations and effects of chemical substitution on the parent lattice at both
atomic and macroscopic scales. Second, the flux growth of rare-earth heptatantalates
provides a new platform for exploring exotic magnetic phenomena in ideal triangular-lattice
materials, including potential quantum spin-liquid states.
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Povzetek

Nizkodimenzionalni spinski sistemi predstavljajo pomembno skupino kvantnih materialov,
pri katerih nizka dimenzionalnost in mrezna geometrija moc¢no vplivata na magnetne
interakcije. Z vidika znanosti o materialih predstavljajo modelne sisteme za razumevanje
povezave med kristalno strukturo, kemijsko sestavo in magnetnim obnaSanjem, ki ga v
nizkodimenzionalnih sistemih dolocajo kvantni efekti. Kljub Stevilnim teoreticnem
modelom eksperimentalno realizirani materiali, ki jih ti modeli opisujejo, ostajajo redki. Za
premostitev razkoraka med teoreticnimi napovedmi in njihovo eksperimentalno realizacijo
v dvodimenzionalnih sistemih doktorska disertacija preucuje kemijsko dopiranje prototipne
Shastry—Sutherlandove spojine SrCu,(BOs3), ter rast monokristalov heptatantalatov redkih
zemelj, RETa;01, ki kristalizirajo v popolni trikotni mrezi. Delo se osredotoc¢a na sintezo,
strukturno karakterizacijo in magnetno obnasanje teh sistemov.

Kemijsko dopiranje SrCuy(BOs), naj bi po napovedih vodilo sistem k eksoti¢nim
magnetnim stanjem, kot sta superprevodnost in kvantnospinska tekocéina. Prvi del
disertacije eksperimentalno preucuje vpliv dopiranja na strukturo in magnetne lastnosti
tega sistema. Dopiranje na A-mestu z M = La oz. Na je raziskano do nominalne
koncentracije z = 0,15 v Sr1_,M,Cuy(BOs),, medtem ko $tudija nemagnetnega dopiranja na
B-mestu z Mg, t. i. magnetnega redéenja, preucuje nominalne koncentracije do x = 0,10 v
SrCus-.Mg,(BOs),. Vkljucitev dopantov v osnovno strukturo je potrjena za La in Mg,
ceprav pri nizjih koncentracijah od nominalnih, medtem ko kaze, da se Na vgradi le v
sledovih. Vsi trije dopanti povzrocijo razpadanje spinskih dimerov bakra do prostih
bakrovih spinov, pri ¢emer je u¢inek najmocnejsi pri magnetnem redcenju z Mg. Dopiranje
tako z La kot z Mg vodi do izrazitega zmanjSanja efektivne energijske reze spinskih
vzbuditev, ki je izrazitejSe pri Mg. Za ta dva dopanta se pojavijo Se antiferomagnetne
korelacije med prostimi bakrovimi spini. Pri dopiranju z Mg pride do nastanka izrazite
superstrukture, kar se kaze v pojavu magnetne anomalije pri visokih poljih in zmanjsanju
platoja na 1/8 nasicene magnetizacije.

Drugi del disertacije predstavlja optimiziran protokol gojenja visokokakovostnih
monokristalov prvega kandidata za kvantno spin tekocino z Isingovimi spini na popolni
trikotni mrezi, NdTa;O19. Kristali s Sirinami do 3,5 mm in debelinami do 2 mm so najvecji
vzgojeni doslej in omogocajo natanéno magnetno karakterizacijo osnovnega stanja. Metoda
je bila dodatno izpopolnjena za rast treh dodatnih predstavnikov serije heptatantalatov
redkih zemelj. Dva, ErTa;O in DyTa;O,9, kazeta podobno magnetno anizotropijo kot
NdTa;Ou, kar odpira moznost realizacije eksoti¢nih osnovnih stanj ter njihove natancne
karakterizacije, GdTa;Oyy pa je paramagneten. Metodo bi lahko v prihodnje uporabili tudi
za druge predstavnike te serije.

Disertacija prispeva k napredku podroc¢ja dvodimenzionalnega magnetizma v dveh
smereh. Sistemati¢na studija dopiranja SrCuy(BOs). najprej pojasnjuje intrinzi¢ne omejitve
in uc¢inke kemijske substitucije na osnovno strukturo na atomski in makroskopski ravni.
Gojenje monokristalov heptatantalatov redkih zemelj iz visokotemperaturne raztopine pa
ponuja nove moznosti za raziskovanje eksoti¢nih magnetnih pojavov v materialih s pravilno
trikotno mrezo, ki vkljuc¢uje potencialna stanja kvantnospinske tekocine.
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Chapter 1

Introduction

The chapter begins with an overview of the fundamental concepts of magnetism required
to understand low-dimensional spin systems, followed by an introduction to low-
dimensional magnetism. The studied materials exhibit frustrated magnetism, which is
discussed together with the related class of quantum spin liquids. The two main research
directions of this dissertation are subsequently outlined. Finally, the synthesis and
characterization techniques used in this work are briefly presented, highlighting their key
principles and features.

1.1 Introduction to Magnetism

Magnetism has captivated human curiosity since ancient times, with its earliest recorded
observations dating back to ancient Greece and China. Naturally occurring lodestones were
observed to attract iron, sparking curiosity and early attempts to understand this
phenomenon [1]. The mysterious force was initially attributed to supernatural properties,
guiding scholars to theorize about its origins. Over time, magnetism became a subject of
scientific inquiry, influencing navigation with the development of the magnetic compass
and later advancing the understanding and design of magnetic materials. Despite centuries
of study, magnetism remains an active and evolving field of research, continuing to unveil
new phenomena in solid materials [2].

Magnetic fields originate from electric charges in motion or the magnetic moments of
electrons, which are fundamentally quantum-mechanical in nature. In condensed matter
systems, magnetism is effectively described in terms of localized magnetic moments, u;,
which arise primarily from the spin and orbital angular momentum of electrons [3]. Each
electron possesses two key angular momenta: the orbital angular momentum, characterized
by the quantum number [/, which defines the shape of the orbital, and the spin angular
momentum, often referred to only as spin, characterized by the spin quantum number s.
Both angular momenta are inherently quantized. For orbital angular momentum, the
quantum number [ can take integer values from 0 up to n — 1, corresponding to s, p, d, ..

orbitals, with 2l 41 possible projections m; = —I,—l+1,...,l, which determine the
orientation of the orbital in space. In contrast, for electrons, the spin quantum number is
fixed at s = 1/2. Spin is an intrinsic property of elementary particles such as electrons,

protons, and neutrons, which are all fermions characterized by half-integer spin. As a result,
the spin projection along any chosen axis, ms, can take only two values, +1/2 or —1/2,
corresponding to the two allowed spin orientations [3].

The orbital angular momentum results from the electron's motion around the nucleus,
and is considered an extrinsic property, while the spin is an intrinsic quantum property,
arising from the fundamental nature of quantum mechanics, independent of classical
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motion. Therefore, the orbital and spin angular momenta are also referred to as extrinsic
and intrinsic angular momenta, respectively. Together with the principal quantum number,
n, the orbital quantum number [/ and the magnetic quantum numbers, m and ms,
completely define the state of an electron in an atom [3].

When considering the atom as a whole, the total spin angular momentum, .S, is the
vector sum of the individual electron spins, while the total orbital angular momentum, L,
is the vector sum of the orbital angular momenta of all electrons. The total angular
momentum results from the coupling of S and L via spin—orbit coupling, and is defined as:

J=L+ S (1.1)
The value of the magnetic moment x can be calculated as:
w= sgi/J(J+1). (1.2)
Here, g5 denotes a Landé ¢-factor, which is dimensionless, given by:

3, S(S+1)—L(L+1)
8 =5+ 5 (1.3)

and B represents the Bohr magneton, the natural unit for expressing the electron magnetic
moment, calculated by:

UB = anhe, (1.4)
with e being the elementary charge, 1.6022 - 107" A s, A the reduced Planck constant,
1.0546 - 107* J s and m, the electron mass, 9.109 - 10~*" kg, yielding a final value of
9.274-107* J/T [3].

An atom or ion is considered magnetic if it contains d- or fblock ions with partially
filled d or f orbitals. For d-group elements, the quantum number J = S, as L is generally
quenched. The quenching comes from crystal field effects from the surrounding ligands or
lattice interactions, which split the degenerate orbital states, effectively 'freezing' the
orbital angular momentum L in a specific direction. This prevents it from freely
contributing to the total angular momentum [4].

1.2 Magnetic Interactions

While individual electron spins and their associated angular momenta define the intrinsic
magnetic properties of atoms, real materials consist of many interacting magnetic moments.
These moments do not exist in isolation but influence one another through various
fundamental interactions. The nature and strength of these interactions determine the
collective magnetic behavior of a system, playing a crucial role in the emergence of
macroscopic magnetic properties.

The magnetic dipolar interaction arises from the coupling between two magnetic dipoles
and is present between all magnetic entities, from atomic spins to bulk magnets. However,
its energy scale corresponds to temperatures of the order of ~1 K. Therefore, it cannot
account for long-range magnetic ordering, such as ferromagnetism or antiferromagnetism,
observed in many materials, which typically occurs at considerably higher
temperatures [3].

In contrast, long-range magnetic order is predominantly governed by exchange
interactions. They arise from electrostatic repulsion between electrons, where the spatial
arrangement of electrons affects their overall energy. Due to the Pauli exclusion principle,
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electrons with parallel spins avoid each other, reducing their electrostatic repulsion and
leading to a net exchange interaction that drives magnetic ordering. The energy of
interaction for a pair of electrons can be written as [3]:

H=—-2JS,-S,. (1.5)

Although this equation is straightforward to derive for a pair of electrons, extending it to
a system with many interacting particles is significantly more complex. However, early
advances in quantum mechanics revealed that such interactions are not unique, but instead
arise universally between all neighboring atoms. This recognition leads to the expansion of
the interaction in terms of a many-body system, which is represented by the Hamiltonian
of the Heisenberg model, given by the following equation:
H = —Zi,j J; iS; - S;. (1.6)

Here, J;;represents the exchange constant between the ¢ and j* spins [3]. Due to the
inclusion of each pair of spins twice in the summation, the factor of 2 is omitted.

In context of materials, the magnetic exchange interaction can be direct or indirect [5].
A direct interaction refers to exchange between nearest-neighbor magnetic ions and is most
efficient in the presence of sufficient overlap of the relevant d and f orbitals. Notable
examples are the ferromagnetic 3d metals nickel, iron and cobalt. However, direct exchange
is rarely the dominant mechanism governing magnetic properties. When direct overlap
between orbitals of neighboring magnetic ions is weak or absent, the exchange interaction
is mediated indirectly. The most common type of indirect exchange interactions for
insulating materials is superexchange, which occurs between non-neighboring magnetic ions
with non-magnetic ions in between them. For magnetic oxides, it occurs through the
p-orbital of the oxygen atom. However, polyatomic ions such as borate or sulfate anions as
well as organic molecules can also mediate superexchange interactions [6]. In case of metals,
the indirect exchange, known as “RKKY exchange” (Ruderman—Kittel-Kasuya—Yosida) or
“itinerant exchange”, is mediated by conduction electrons [5].

1.3 Bulk Magnetic Properties

The collective behavior of magnetic moments in a material is governed by intrinsic
magnetic interactions and determines its overall response to an external magnetic field.
Measuring specific quantities, such as magnetization and magnetic susceptibility provides
insight into the fundamental properties and behavior of a magnetic system. Magnetization,
M, is a macroscopic quantity describing the net magnetic moment of a material and serves
as a measurable parameter of its response to an external magnetic field. It is defined as the
net magnetic moment per unit volume:

(1.7)

where ZZ w; is the sum of all individual magnetic moments within the material, given in
A m? and V is the volume in m? Magnetization is thus expressed in amperes per
meter (A/m). Magnetic susceptibility, x, quantifies the material's response to an applied
magnetic field. At low fields, where magnetization increases proportionally with the
external magnetic field H, magnetic susceptibility is defined as:

x = 4, (1.8)
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and is dimensionless. Another commonly used form is molar susceptibility, which expresses
the susceptibility per mole of the material and is typically reported in SI units of m?/mol
or CGS units emu/mol [3].

According to their response to an external magnetic field, materials can be broadly
classified into two main categories: paramagnetic and diamagnetic. Materials containing
unpaired electrons in d or forbitals are paramagnetic. In an ideal paramagnet, the magnetic
moments exhibit no static correlations in the absence of an external magnetic field,
analogous to the non-interacting particles of an ideal gas, and are randomly oriented [4].

However, upon application of an external magnetic field, they tend to align parallel to
the field, producing a net magnetization. In the high-temperature limit, where thermal
energy exceeds the energy of magnetic exchange interaction, the magnetic susceptibility of
paramagnetic materials follows the Curie law:

SIQ

X = (1.9)
where C represents the Curie constant and T the given temperature, both in K [4]. The
application of a magnetic field to a paramagnetic material lifts the degeneracy of the
magnetic energy levels through the Zeeman effect [3]. This phenomenon describes the
splitting of electron energy levels in an external field, fundamentally arising from the
interaction between the magnetic moment of the material and the applied external field.
Classically, the energy of a magnetic moment g aligned with an external field B is given
by [3]:

E=—yu- B (1.10)

where F is expressed in J and B in T. For a quantum spin system with total spin S, the
energy levels split according to the spin projection quantum number ms along the along
the direction of the applied field. If the field is oriented along the zaxis, the energy
eigenvalues are [3]:

E = gupms - B. (1.11)

Here, ¢ is the Landé factor, us the Bohr magneton, B the external magnetic field, and ms
assumes values in integer steps between —5 to 5; —S, —S +1, .., § — 1 5, leading to 25+1
discrete energy levels.

The Zeeman splitting plays a crucial role in various physical effects, such as the
behavior of magnetization in an applied field and the thermal population of spin states. It
also provides the underlying principle for several experimental techniques, including
electron spin resonance (ESR) spectroscopy, allowing a local investigation of electron
correlations in magnetic solids.

Diamagnetic materials, in contrast to paramagnetic ones, do not possess unpaired
electrons. They exhibit a weak repulsion to an applied magnetic field, with the induced
minor magnetization oriented in the direction opposite to the external field, resulting in a
small negative magnetic susceptibility. Although typically considerably weaker than
paramagnetism, diamagnetism is a universal phenomenon present in all materials due to
the field-induced modification of electron orbital motion [3].

In contrast to the idealized theoretical description of paramagnets, real materials exhibit
weak but finite correlations between the paramagnetic moments. Upon cooling, thermal
fluctuations of the magnetic moments are suppressed, and correlations between them
gradually increase, ultimately leading to a phase transition into an ordered magnetic state
at a critical temperature. The two basic types of long-range magnetic ordering are
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ferromagnetic and antiferromagnetic ordering (Figure 1.1). In ferromagnetic materials, the
magnetic moments align parallel to each other, which results in a large net magnetization.
In real materials, however, the spins align parallel only in certain magnetic domains, while
the domains themselves remain randomly oriented [7]. The ordering occurs below the Curie
temperature, Tc. In case of antiferromagnetism, magnetic moments of equal magnitude are
aligned antiparallel to each other, which results in a zero-net magnetization. The associated
ordering temperature is referred to as the Néel temperature, Tx. Another prominent type
of magnetic ordering is ferrimagnetism, encountered in materials with two or more
magnetically inequivalent sublattices. The sublattice moments align antiparallel, which still
results in an overall net magnetization due to unequal sublattice moments. In addition,
several unconventional types of magnetic ordering have been identified, including canted
antiferromagnetism and helimagnetic ordering (Figure 1.1) [4].
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Simple ferromagnet  Simple antiferromagnet Ferrimagnet Canted antiferromagnet Helical spin array

Figure 1.1: Schematic representation of different types of magnetic ordering. Adapted from
[4].

To account for the interactions present in real paramagnetic materials, which become
increasingly significant at lower temperatures, a correction to the Curie law is introduced
in the form of the Weiss constant, 6, given in K, leading to the Curie- Weiss law:

_ _Cc (1.12)

The Weiss constant reflects the strength and sign of the effective internal magnetic field
arising from magnetic interactions. A positive value of 6@ indicates predominant
ferromagnetic interactions, while a negative value suggests antiferromagnetic interactions

[4].

1.4 Low-Dimensional and Frustrated Magnetism

In a classical magnet, the magnetic moments of the atoms are strongly correlated in all
three spatial dimensions. If these strong correlations are reduced to two dimensions or one
dimension of space, the material is defined as a low-dimensional magnetic material [8].
These are bulk materials which showcase pronounced magnetic anisotropies arising from
the spatial arrangement of magnetic ions in the crystal lattice. In low-dimensional and
frustrated magnetism, due to quenching of the orbital angular momentum for d-group
elements (as noted in Section 1.1), the expressions magnetic moment and spin are
commonly used interchangeably. This convention is adopted for the remainder of this
dissertation.

A basic categorization of low-dimensional magnets divides them into two main groups:
quasi-one-dimensional (N = 1) and quasi-two-dimensional magnets (N = 2), with
N representing lattice dimensionality. The term “quasi” emphasizes that a dimensionality
N = 1 or 2 provides the best effective description of a given material, although, due to
deviations between theory and experiment, is not necessarily exact. In quasi-one-
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dimensional magnets, the distances between magnetic ions are considerably shorter in one
spatial direction compared to the other two, leading to a dominant magnetic exchange
interaction along a single axis and much weaker interactions in the remaining directions.
Such structures are commonly approximated as magnetic chains. In quasi-two-dimensional
magnets, the distances between magnetic ions are comparable in two spatial directions and
significantly larger in the remaining one, resulting in strong in-plane exchange interactions
and a weak out-of-plane coupling. The magnetic exchange interactions therefore dominate
in two spatial directions and such systems can be well described as magnetic layers [9].

Beyond one- and two-dimensional magnets, two other groups of low-dimensional
magnets are frequently addressed. The cases where the structure is best approximated by
spin dimers, trimers or tetramers, are referred to as magnetic clusters or zero-dimensional
magnets [6]. At the crossover between one and two-dimensional systems lies a distinct
subclass of low-dimensional magnets, known as spin ladders — systems of interacting
antiferromagnetic chains — which exhibit characteristics intermediate between one- and
two-dimensional magnets. Interest in spin ladders increased following theoretical
predictions of superconductivity upon hole doping [6].

Three important crystal engineering aspects related to the synthesis of a low-
dimensional magnetic material can be identified: (i) the source of spin, (ii) the bridging
groups and (iii) spacers [10].

The predominantly used source of spin (i) are magnetic ions, the most frequently
encountered being 3d metal ions, such as Cu®", V** and Co®". Less frequently, the role of
spin source can be fulfilled by organic radicals [9], such as the family of k—BEDT-TTF>X,
where BEDT-TTF stands for bis(ethylenedithio)tetrathiafulvalene and X is a monovalent
anion, usually a Cu complex [11]. The total spin angular momentum of the magnetic ion,
S, plays a key role in determining the relevance of quantum fluctuations in a magnetic
system. In particular, low-spin systems such as S = 1/2 or S = 1 are strongly influenced
by quantum effects, whereas higher-spin systems (S = 3/2) tend to approach the classical
limit [3].

The role of the (ii) bridging groups is to mediate a type of magnetic exchange
interaction, which determines the correlations between the magnetic moments. The most
common bridging group in low-dimensional magnetism is the oxygen atom, with
superexchange being the dominant mechanism (described in Section 1.2).

The basis of low-dimensional spin systems are the magnetic correlations reduced to two
or one dimension of space which is readily achieved if the structure provides a greater
distance between the atoms in one or two spatial dimensions. The non-magnetic atoms or
molecules that provide this separation are referred to as (iii) spacers. These are usually
counter non-magnetic ions such as K" or La*', organic ions, neutral ligands or solvent
molecules [10]. The synthesis can also be completed without spacers if a compound exhibits
pronounced anisotropic distortions of the coordination polyhedra due to Jahn—Teller effect,
which lead to elongated metal-ligand bonds and consequently weaker magnetic exchange
interactions in specific crystallographic directions [9]. The Jahn-Teller theorem asserts that
a non-linear molecular system in a degenerate electronic state is unstable and will have a
tendency towards lowering its energy and removing the degeneracy by undergoing a
distortion, forming a system of lower symmetry [12]. This phenomenon is most frequently
observed in compounds with d-block metal ions, where the geometry of the ligands
surrounding the central ion is octahedral or tetrahedral. In octahedrally coordinated
systems, this distortion typically manifests as an anisotropic elongation or compression of
metal-ligand bonds along one coordination direction. In two-dimensional magnetism, such
bond-length anisotropy can suppress magnetic exchange interactions perpendicular to the
layers, effectively stabilizing magnetic layers. This is commonly observed in Cu**
compounds. A compound where this is realized is KCuF; [9].
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Low-dimensional magnets can be categorized according to their spin dimensionality, n,
which denotes the number of spatial components (z, y, z) of the spin considered in the
model (Figure 1.2) [9].

n=1 n=2 n=3

e —
a) b) ©)

Figure 1.2: A schematic representation of spin dimensionality in a 2D system showing the
spin orientations in a) one dimension b), two dimensions and ¢) three dimensions. Adapted
from [13].

In theoretical calculations, the interactions for a given model are typically considered
only between nearest-neighbor spins, with the relevant number of spin spatial components
determined by n [9]. Considering all three possible spin spatial components, the
mathematical description of magnetic interaction for a pair of interacting spins, given in
Equation 1.5, becomes:

H = =2 [JocSixSx + JySiySoy + JuzS129), (1.13)

where S = 1/2, 1, 3/2, 2, 5/2 and so forth [9]. Based on spin dimensionality, three
theoretical models are identified:

- the Heisenberg model: n = 3; Ju= Jyu= J..

- the XY model: n = 2; J..<< Ju = Jyy.

- the Ising model: n = 1; J, >> Jo = Jiy [4].

Combining the three spin dimensionalities with the three lattice dimensionalities results
in nine distinct situations (Table 1.1). Long-range order (LRO) arises in all cases for the
lattice dimensionality N = 3 and for the two-dimensional lattice, N = 2, with a spin
dimensionality of n = 1, also referred to as the two-dimensional Ising case. All the
remaining combinations enable short-range order (SRO), desired in low-dimensional
magnetism [4].

Table 1.1: Possibilities of formation of long- (LRO) or short-range order (SRO) for different
combinations of lattice dimensionality, /N, and spin dimensionality, n.

N
1 2 3
SRO LRO LRO
n 2 SRO SRO LRO
SRO SRO LRO

A notable phenomenon that prevents the formation of long-range order in a magnetic
material is magnetic frustration. A simple 2D representation of geometrical frustration is
antiferromagnetic ordering of magnetic moments on a triangular lattice (Figure 1.3 a).
If two antiparallel Ising spins (n = 1) are projected onto the vertexes of an equilateral
triangle, an addition of the third spin can never satisfy an overall antiferromagnetic
ordering since the geometry of the lattice prevents it from being aligned simultaneously
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antiparallel to both of the remaining spins. Consequently, apart from increasing spin
correlations, the magnetic moments will have an additional constraint to remain disordered
upon cooling. As each of the three given spins can adopt two possible orientations and all
resulting configurations are energetically equivalent, the ground state is six-fold degenerate.

Geometrical frustration is most commonly realized on two-dimensional lattices, such as
a perfect triangular lattice (Figure 1.3 a) and the Kagomé lattice (Stars of David formed
by corner-sharing triangles, frequently encountered in natural minerals). In three-
dimensional lattices, it is typically observed on the triangular pyrochlore lattice or a three-
dimensional triangular — pyrochlore lattice (Figure 1.3 b) [14]. In terms of groups of
compounds, geometrical frustration is most frequently encountered in d-group transition
metal and rare-earth oxides [4].

In addition to lattice geometry, frustration in magnetic systems can also originate from
other mechanisms, such as competing interactions. This type of frustration is commonly
observed on hexagonal honeycomb lattices, but it can also be found on other lattice
geometries such as square (Figure 1.3 ¢). In a square lattice, frustration arises when the
nearest-neighbor and next-nearest neighbor magnetic exchange couplings are of comparable
strength [6].

(a) (b) (c)

Figure 1.3: A schematic representation of magnetic frustration on different lattices:
a) triangular, b) pyrochlore and c) square with antiferromagnetic nearest-neighbor and
next-nearest neighbor couplings of comparable magnitude. Adapted from [4].

From a thermodynamic perspective, magnetic frustration contradicts the third law of
thermodynamics, which states that as temperature approaches absolute zero, the entropy
of a system should approach zero as well, with the system eventually settling into one
single configuration. In conventional systems, entropy decreases as the system transitions
to a long-range ordered state at a critical temperature. However, in frustrated materials,
the inherent frustration compels the spins to retain their dynamic behavior at sufficiently
low temperatures, even when their thermal energy would ordinarily be insufficient to
maintain such motion, thereby hindering the removal of entropy. As a result, frustrated
magnets exhibit a key distinction from conventional magnets: they typically transition into
an ordered state at significantly lower temperatures [4].

Consequently, frustrated materials exhibit unconventional macroscopic properties, such
as anomalous temperature-dependent behaviors in magnetic susceptibility and heat
capacity. They typically exhibit slow transitions to ordered states and can display unusual
magnetization dynamics, including slower relaxation times or atypical hysteresis behavior.
Additionally, frustration can give rise to novel quantum states and quasiparticles, such as
spinons and triplons, which challenge conventional understanding and provide deep
insights into the complex magnetic interactions present in these materials [14].
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1.5 Quantum Spin Liquids

The significantly lower ordering temperatures of frustrated materials compared to
conventional magnets naturally raises an intriguing question: can spins remain disordered
all the way down to absolute zero, appearing to challenge the expectations of the third law
of thermodynamics? A distinctive subclass of frustrated magnets that exhibits this
behavior, which has captured considerable research interest over the past two decades, are
quantum spin liquids (QSLs) [15]. These systems are predicted to host a range of exotic
phenomena, including excitations with fractional quantum numbers, emergent gauge fields,
and potential unconventional superconductivity. The future of QSL research holds promise
not only for fundamental physics but also from an applicative standpoint, as it has been
linked to advances in quantum computing and memory storage.

The first model proposed to describe the ground state of quantum spin liquids was the
resonating valence bond (RVB) model, introduced by Anderson in 1973 [16]. To build this
model, he first considered constructing a lattice of the simplest basic building blocks for a
non-magnetic system — a pair of S = 1/2 spins — which forms a spin dimer with a singlet
ground state with total S = 0. A model considering such spin dimers, also referred to as
valence bonds, localized on the simplest frustrated lattice — the perfect triangular lattice,
was introduced as a wvalence bond solid (VBS) (Figure 1.4 a). The RVB model
(Figure 1.4 b) describes the ground state of a QSL as a superposition of all possible
valence-bond configurations with equal energies. In the simplest RVB model, the valence-
bond formations only comprise nearest-neighbor interactions, while an extended, long-range
RVB model (Figure 1.4 ¢) considers all the possible spin pair combinations across the whole
lattice. This is a characteristic feature of QSLs known as long-range quantum entanglement.

These models illustrate that a QSL state, although possibly realized in magnetic
materials, is essentially non-magnetic, as the spins forming each spin pair remain dynamic
and strongly correlated to the zero-temperature limit. The analogy of the state’s properties
to the liquid state lends the name “quantum spin liquid”.

The study of QSLs is driven not only by their unconventional magnetic behavior but
also by their potential to unveil entirely new phases of matter, thereby expanding the
landscape of quantum materials [14]. One particularly compelling prospect is the possible
emergence of superconductivity in doped QSLs. In 1987, Anderson extended his original
RVB theory, proposing that charge doping, i. e., introducing mobile charge carriers, allows
the pre-existing spin singlets (valence bonds) to effectively act as Cooper pairs, giving rise
to superconductivity without conventional electron-phonon interactions.
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Figure 1.4: Schematic representations of a) the VBS model, with spin dimer singlets
depicted as blue ellipses; b) the RVB model, representing a linear combination of all
possible nearest-neighbor valence-bond formations, all of equal energy; c) the long-range
RVB model, expanding the formation of spin singlets between nearest-neighbors to long-
range correlations. Adapted from [15].

The concept of RVB superconductivity has been suggested as a possible mechanism of
high-temperature superconductivity in cuprates, where parent compounds exhibit strong
electronic correlations and magnetic frustration, forming a Mott-insulating state with
short-range spin correlations, which resemble those described in RVB theory. Within this
framework, the quantum entanglement of the spin-singlets supports coherent charge
transport upon doping, leading to superconductivity [17]. This framework has since laid
the foundation for numerous theoretical and experimental studies exploring the connection
between frustrated magnetism, quantum entanglement, and high-temperature
superconductivity, driving ongoing efforts to uncover novel superconducting materials
based on frustrated magnetism.

One of the major challenges in studying QSL candidate materials is the difficulty of
probing these states at the lowest temperatures. While disordered magnetic states have
been observed in candidate materials down to temperatures as low as 10 mK, the possibility
of eventual magnetic ordering at further lower temperatures cannot be ruled out, making
a definitive identification of a QSL state elusive. Consequently, compounds that exhibit
characteristics typical of QSLs—such as strong frustration and the absence of long-range
magnetic order—are generally referred to as QSL candidates. To identify potential QSLs,
several key characteristics are examined. An important first indication is the presence of
lattice geometries that favor strong geometrical frustration. A quantitative measure of
frustration is given by the dimensionless frustration index:

f= 2 (1.14)

where @ represents the Weiss constant and To the ordering temperature, both in K [4].
Systems with f > 10 are generally considered frustrated [4], whereas higher values,
f >> 100, are characteristic of highly frustrated magnets and are frequently encountered
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in QSL candidates [15]. Further crucial indicators include the absence of magnetic ordering
at the lowest temperatures, confirmed via local probes such as muon spin relaxation or
nuclear magnetic resonance. The presence of fractionalized excitations, detectable through
elastic and inelastic neutron scattering on single crystals, provides additional evidence, in
particular the observation of spinons as excitations. Transport measurements can further
reveal whether these excitations are localized or itinerant, offering deeper insight into the
quantum properties of the studied system [15].

1.6 Solid-state Synthesis and Single-Crystal Growth of

Low-Dimensional Magnets

The primary method used in this dissertation to synthesize polycrystalline materials is the
ceramic method. Also known as conventional or high-temperature solid-state synthesis, it
remains a widely used approach for the preparation of polycrystalline materials that exhibit
low-dimensional magnetism and exotic magnetic properties [19,20]. This fundamental
method consists of performing a reaction of non-volatile solid precursors at elevated
temperatures (typically between 500 and 2000 °C), where diffusion at particle interfaces
governs the transformation into the desired phase. The reaction mechanism is diffusion-
limited, requiring optimized particle size and morphology to enhance surface contact and
minimize diffusion distances, and the driving force for the reaction is the reduction of
surface energy. To facilitate reaction kinetics, precursor powders are ground, homogenized,
and pelletized to ensure uniform mixing [18]. Overcoming the activation energy barriers
necessary for cation mobility requires high synthesis temperatures [19]. Typically, multiple
sintering cycles are employed, with intermediate regrinding and repelletizing steps to
expose fresh surfaces and accelerate the reaction. Given the substantial lattice energies of
precursor materials, these elevated temperatures are essential to enable proper diffusion. A
significant strength of this method lies in its simplicity, requiring only well-mixed reactants
and a furnace.

However, this method also requires prolonged reaction times and substantial energy
input due to the sustained high temperatures necessary for diffusion [18]. Moreover, these
elevated temperatures give rise to several significant drawbacks. The first is the increased
volatility of certain reactants, which can lead to stoichiometric deviations and phase
decomposition. In addition, inhomogeneous diffusion at particle interfaces can result in
chemical inhomogeneities throughout the sample. The enhanced mobility of reactant
species under these conditions further contributes to the formation of defects, such as
vacancies and site substitutional disorder, a factor particularly relevant in quantum spin
liquid research. Finally, high-temperature synthesis inherently favors the formation of
thermodynamically stable phases, often precluding access to metastable states that are
crucial for exploring exotic magnetic behavior [19].

In quantum materials research, access to high-quality single crystals is of paramount
importance, as they offer significant advantages over polycrystalline materials in the precise
characterization of fundamental properties. Low-dimensional magnets, which exhibit strong
anisotropies, require measurements along all three spatial directions, which is only
achievable with single crystals, whereas polycrystalline samples provide limited
information. Single crystals also enable a more accurate determination of phase transitions
and, in the case of quantum spin liquids, allow for direct probing of fractionalized
excitations, which is crucial for understanding their exotic quantum states.

Beyond the structural advantages, single crystals are of higher purity than
polycrystalline materials, which is a critical factor given the extreme sensitivity of quantum
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materials to chemical impurities and defects. Such irregularities can significantly alter the
probed quantum states and hinder the studies of intrinsic physical properties. A notable
example is the early development of topological insulators, where unwanted impurities in
precursor materials rendered the bulk phase too conductive, masking the characteristic
topologically protected surface states [20]. Consequently, advances in single-crystal growth
techniques are essential, not only for refining material quality but also for ensuring
accessibility, as many existing methods require sophisticated and costly equipment.
Developing more efficient, scalable and reproducible growth procedures remains a key
challenge in the field.

In this dissertation, the primary technique for obtaining single crystals is the flux
method [21,22]. This technique involves the crystallization of a target compound from a
high-temperature solution. The solvent, known as the flux, typically consists of one or a
combination of inorganic compounds with relatively low melting points. First, a melt
containing the flux and constituents of the crystal to be grown is formed at a temperature
above the melting point of the flux and slightly above the saturation temperature of the
compound to be grown as single crystals. Afterwards, the solution is slowly cooled for the
precipitation to take place. The crystallization begins with nucleation, which usually takes
place on the surface of the melt or on crucible walls. The crystallization can also be
performed using a seed crystal. The crystals then precipitate from the solution, lowering
its saturation temperature. This process continues to occur during the slow cooling step.
The solution reaching its melting point marks the endpoint of the process. The reaction
can also be stopped artificially.

A critical factor in successful flux crystal growth is the careful selection of the flux
material, which must exhibit low toxicity, low volatility, and should not chemically interact
with or alter the components of the crystal to be grown, nor react with the crucible material
[21,22]. This ensures that no undesired chemical reactions or contaminations occur that
could interfere with the growth process or degrade the final product. An optimum flux is
often achieved by using a mixture of compounds, which can offer several advantages. For
instance, mixtures can retain the desirable solvent properties of a volatile flux while
simultaneously reducing its vapor pressure. Additionally, they can lower viscosity, reduce
the crystallization temperature, and improve the size and habit of the crystals. Even a
small amount of an additive—often just a few percent—can significantly influence the
outcome of the growth process, although the atomic mechanism behind these effects is not
fully understood [21]. In cases where the flux is composed of multiple components, the flux
composition becomes particularly important. Additionally, the flux must possess the ability
to dissolve a substantial amount of reagents, allowing for a high concentration of the
desired material. It should possess a low melting point and show a significant change in
solubility with temperature to facilitate the controlled growth of the crystal [22]. Moreover,
the flux should be easily removable after the growth process, ensuring that it does not
leave undesirable residues or interfere with the final product. Other desirable properties of
the flux are the availability in pure form at low cost [21].

Flux growth offers several advantages over other crystal growth methods, especially for
materials that present challenges when grown from the pure melt. The principal advantage
of using a flux is that crystal growth occurs below the melting point of the target
compound. This is essential for many materials, including those that melt incongruently,
i.e., decompose upon heating into a different solid phase and a liquid of different
composition. In such cases, direct growth from the melt leads to the formation of undesired
secondary phases. Flux growth is also beneficial for materials undergoing phase transitions,
as it enables crystal growth at temperatures below the transition, preventing severe strain
or fracture. Furthermore, it is also suitable for materials with high vapor pressures at their
melting points or those that have wvolatile constituents, which may change their chemical
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composition when exposed to high temperatures. Additionally, flux growth is effective for
highly refractory materials that require difficult or expensive techniques for crystallization
from the melt.

Other advantages of flux crystal growth stem from the fact that the growing crystal is
not subjected to steep temperature gradients. This allows the crystal to grow in an
unconstrained manner, free from mechanical or thermal restrictions, which promotes the
development of well-formed facets. Combined with the relatively low growth temperature
compared to the melting point of the solute, this process often leads to improved crystal
quality, including fewer point defects, lower dislocation densities, and reduced low-angle
grain boundaries, compared to crystals grown directly from their own melt [23]. Flux
growth also generally does not require costly equipment and thus represents a more
accessible and cost-effective technique compared to many others that require highly
specialized equipment [21].

Despite its advantages, flux growth faces several challenges and limitations. One of the
primary difficulties is that the growth mechanism in fluxes is not well understood, largely
due to the complexities involved in studying the in-situ solvent-solute interactions. This
lack of understanding makes it challenging to predict and control the growth process
effectively [22]. Another issue are possible flux inclusions in the crystals, which can lead to
impurities that can significantly affect crystal quality [21]. The flux may become trapped
within the growing crystal, introducing defects such as substitutional or interstitial
incorporation of solvent ions, as well as microscopic or macroscopic inclusions of solvent or
impurities. These inclusions can degrade the crystal properties. Additionally, non-uniform
doping can occur, leading to inconsistencies in the material's composition. The growth
process itself can be slow, and container-related issues—such as contamination from the
crucible material—can further complicate the process [23]. Furthermore, growing
significantly large crystals using the flux method is challenging, and the risk of
contamination from both the flux and the crucible material can significantly hinder the
final result. In addition, separating the grown crystals from the crucible can be challenging,
with the potential for damage during the extraction process [21]. Optimizing growth
parameters—such as the batch size, flux-to-material mass ratio (and, in the case of multi-
component fluxes, the flux composition), as well as temperature-related factors like dwell
temperature, dwell time, and cooling rate—is often a trial-and-error process [22]. Since
these factors can dramatically influence the size, shape, and purity of the crystals, precise
control over these parameters is difficult to achieve, requiring careful experimentation to
fine-tune the conditions for optimal crystal growth.

An example of a complex and sophisticated crystal-growth technique, which requires
specialized equipment, is the optical floating zone method. In the field of low-dimensional
magnets and quantum spin liquids, it is commonly used for the growth of large single
crystals suitable for neutron scattering experiments. It involves mounting two
polycrystalline rods—the feed rod (above) and the seed rod (below)—with the desired
crystal composition in a specialized floating-zone furnace. The material is heated until it
becomes completely molten, forming the so-called floating zone, which acts as a liquid
bridge connecting the two rods and is stabilized by surface tension. The polycrystalline
material is fed into the zone, which slowly moves downwards as the growth of the single
crystal gradually progresses. The technique offers two significant advantages that are
crucial for maintaining crystal purity, making it particularly valuable for the synthesis of
quantum materials. Firstly, it enables a crucible-free growth, eliminating a major source of
extrinsic impurities. Secondly, it facilitates zone-refinement: if the equilibrium solubility of
impurities is lower in the solid than in the melt, the impurities are progressively removed
from the growing crystal and accumulate in the molten zone, leading to a significant
purification of the material [20]. Given the large number of parameters that need to be
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considered, the technique is relatively complex. Examples of these parameters are the feed
rod quality, the rotational speed, the growth rate and the temperature profile of the zone.
The growth process can be carried out across a broad temperature range up to 3000 °C
[19]. Extremely high growth temperatures, which exceed 3000 °C, can be reached using
focused laser sources [24]. The technique is not suitable for materials with high viscosity,
low surface tension as well as for compounds that undergo phase transitions upon cooling,
which often results in structural failure after the growth [25]. Although not employed within
the scope of this dissertation, the technique was briefly presented due to its significance in
the first part of the dissertation.

1.7 Scope of the Dissertation

In low-dimensional magnetism, bridging the gap between theoretical models and
experimental realization presents a significant challenge. While theoretical descriptions in
one-dimensional systems are relatively well understood, real materials often exhibit
additional complexities, which complicate direct comparisons with idealized models.
Transitioning from one to two-dimensional magnetism, the situation becomes increasingly
intricate. The increased degrees of freedom and enhanced quantum fluctuations open the
door to complex ground states, exotic quasiparticles, and many-body interactions,
amplifying the difficulty of developing accurate theoretical models that fully capture the
magnetism of these compounds.

Despite these challenges, certain compounds provide rare exact realizations of
theoretical models. One notable example is SrCuy(BOs),, a two-dimensional frustrated
antiferromagnet in which frustration arises from competing interactions on a square
lattice [6]. This material constitutes the exact experimental realization of the Shastry-
Sutherland model [26], which describes a set of orthogonal spin dimers on a square lattice,
where the ground state is a product of dimer singlets [27]. As such, SrCuy(BO;), serves as
an exemplary system for comparing theory and experiment in two-dimensional magnetism.

A fundamental characteristic of certain low-dimensional antiferromagnets with a spin-
singlet ground state is the presence of a spin gap in the excitation spectrum. This gap
represents a finite energy difference between the ground state and the first excited magnetic
state. Conventional antiferromagnets typically exhibit gapless excitations, allowing spin
fluctuations to occur at low energies. However, in systems such as spin chains, ladders, and
certain frustrated magnets, such as SrCuy(BOs),, quantum effects can open a spin gap,
requiring a finite amount of energy to excite the system. This phenomenon is closely linked
to exotic quantum states, including spin-liquid phases, dimerized states, and the Haldane
phase in integer-spin chains. A spin gap suppresses low-temperature magnetic susceptibility
and specific heat, distinguishing these materials from classical antiferromagnets. Chemical
doping is an effective way to tune the spin gap and control the magnetic properties of a
compound. Another intriguing quantum property of low-dimensional magnets, which was
first observed in SrCuy(BOs)., is the appearance of magnetization plateaus in the
magnetization spectrum [28]. The plateaus occur at specific fractional values of the
saturation magnetization, such as 1/8, 1/4 [28] and 1/3 [29], as a consequence of magnetic
frustration [14].

Importantly, the ground state of SrCuy(BOs), lies in close proximity of a potential
quantum critical point that could separate the singlet-dimer phase from other competing
phases [30], sparking interest in tuning the ground state in order to realize novel quantum
states. One promising route for such tuning is chemical substitution. In analogy with the
nomenclature commonly used for oxide materials with multiple cation sublattices [18], the
Sr™ and Cu®" crystallographic positions are referred to as the A-site and B-site,
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respectively. Theoretical predictions suggest that A-site aliovalent doping, where Sr** is
replaced with ions such as La*" or Na', may promote the emergence of unconventional
superconductivity, while B-site isovalent substitution of Cu®" with nonmagnetic ions such
as Mg?*, also referred to as magnetic dilution, could lead to a quantum spin liquid state
[31]. However, these predictions remain largely unverified.

The first part of the dissertation experimentally investigates the effects of chemical
substitution on the structure and magnetic properties of the parent compound, focusing on
the three dopants introduced above, namely aliovalent La*" or Na™ replacing Sr*" on the
A-site and isovalent Mg*" replacing Cu®" on the B-site. A broad range of nominal doping
concentrations is systematically explored. The studies combine bulk and local probes and
provide information on the dopant incorporation into the parent structure, which remained
unexplored in earlier studies. In addition, flux method is introduced as an alternative route
to optical floating zone growth to obtain La-doped SrCu,(BOs), single crystals.

The second part of the dissertation focuses on single-crystal growth of selected members
of the rare-earth (RE) heptatantalate family, RETa;O1, where RE represents a rare-earth
element. This is a class of two-dimensional frustrated antiferromagnets, realized on a
perfect triangular lattice. Recently, NdTa;O.9 has been identified as a new type of QSL
candidate — the first experimental realization of the perfect triangular-lattice
antiferromagnet with dominant Ising-like spin correlations [32]. Thus far, magnetic
properties of NdTa;O19 have only been assessed on a polycrystalline sample. Multiple
magnetic measurements indicated the absence of long-range magnetic order, suggesting a
dynamical ground state [32]. However, a comprehensive understanding of such states
requires investigations on high-quality single crystals, which enable precise determination
of magnetic anisotropy and momentum-resolved studies of spin correlations. The
dissertation focuses on the optimization of a flux-growth procedure for NdTa;O19, aiming
to provide large, high-quality single crystals suitable for multiple magnetic measurements,
allowing a detailed characterization of the ground state. The crystal growth protocol
developed in this study has been extended to three other members of the rare-earth
heptatantalate family, ErTa;019, GdTa;O19 and DyTa;O1, laying the foundation for future
detailed characterizations of magnetism in these compounds and studies of the role of the
rare-earth ion in determining their magnetic behavior.

This Section summarizes the two main research directions of the dissertation. More
detailed motivation and background for each subtopic are provided in Section 3.1 for
chemical doping of SrCuy(BO;), and Section 4.1 for single-crystal growth of RETa;Oy as
well as in the introductions of the individual manuscripts included in each chapter.

1.8 Characterization Methods

This Section provides a brief description of the structural and magnetic characterization
methods pertinent to this dissertation.

1.8.1 Structural Characterization

X-ray diffraction (XRD) is a fundamental non-destructive technique used to analyze
the crystal structure of solid materials. Upon interacting with a sample, X-rays scatter
according to Bragg’s law:

n\ = 2dsind. (1.15)
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Here, n represents an integer, A is the wavelength of the incident beam in nm, d is the
interplanar distance in nm and @ the diffraction angle in degrees. The result of an XRD
analysis is a diffraction pattern that is characteristic to the analyzed compound.

Single-crystal X-ray diffraction (SCXRD) is employed to determine the precise
atomic arrangement within a crystal by analyzing its three-dimensional diffraction pattern
of discrete Bragg reflections. The resulting intensity data are subsequently used for
structure solution and refinement, yielding the atomic positions, bond lengths, and angles
with high accuracy.

Laue X-ray diffraction (Laue XRD) involves exposing a single crystal to a
polychromatic X-ray beam, generating a pattern of discrete diffraction spots corresponding
to reflections from multiple crystallographic planes simultaneously. Analysis of the Laue
pattern provides information on the crystal orientation, point-group symmetry, and lattice
parameters, making the technique particularly valuable for aligning single crystals prior to
comprehensive characterization.

Powder X-ray diffraction (PXRD) is a standard technique for the analysis of
polycrystalline samples, primarily utilized for phase identification, allowing verification of
the formation of the target phase and detection of secondary phases or impurities by
comparing the resulting diffraction pattern with reference databases. The weight fractions
of the present phases can also be quantified by performing a quantitative phase analysis
after the data collection, typically by Rietveld refinement. From the peak positions and
peak shapes, information on multiple properties of the solid material can be obtained such
as the crystallite size, shape and microstrain. If single crystals are not available, the unit
cell parameters of a new phase can also be determined from powder data through indexing.
However, compared to single-crystal diffraction, structure solution from powder data is
considerably more challenging. PXRD is therefore not a primary technique for structure
determination, mainly due to the loss of directional information. This loss can be
understood by considering the respective representations of reciprocal space in single-
crystal and powder diffraction. In single-crystal diffraction, the periodic arrangement of
atoms in the crystal lattice leads to reflections located at well-defined positions in three-
dimensional reciprocal space. These reflections are observed only when the corresponding
reciprocal lattice points satisfy the diffraction condition, i.e., when they intersect the Ewald
sphere. Conversely, in the case of powder diffraction, the situation differs as the X-rays
diffract from a large number of crystallites with random orientations. For any given set of
lattice planes (hkl), there will always be a number of crystallites fulfilling the Bragg
condition, resulting in a spherical distribution of intensity in reciprocal space rather than
discrete points. These spherical surfaces intersect the Ewald sphere, generating Debye—
Scherrer cones, which appear as rings on a two-dimensional detector. Upon radial
integration, these rings are converted into a one-dimensional diffraction pattern of intensity
as a function of the scattering angle (26). This averaging over all orientations effectively
reduces the three-dimensional reciprocal space information to a one-dimensional profile,
resulting in a fundamental loss of directional information. As the diffraction angles are
determined solely by the interplanar spacing d, reflections originating from different sets
of lattice planes that share identical d-values coincide at the same 26 position. This results
in peak overlap, which can affect phase identification or quantitative analysis. Multiplicity
overlap appears in high-symmetry systems, such as cubic, where multiple symmetry-
equivalent sets of lattice planes, such as (100), (010) and (001) or (110), (101) and (011),
have identical d-spacings, and therefore overlap in the powder diffraction pattern. In
contrast, lower-symmetry systems feature a larger number of structurally unrelated
reflections, which may coincidentally exhibit very similar d-spacings, resulting in accidental
overlap. Laboratory PXRD typically uses fixed-wavelength X-rays from sealed tube or
rotating anode sources, while a significantly improved resolution, faster data collection,
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and better detection of minor phases can be obtained using synchrotron PXRD, which
provides higher intensity and tunable wavelengths [33].

1.8.2 Microstructural Characterization

Another technique that utilizes X-rays is Energy-Dispersive X-ray Spectroscopy
(EDS) combined with Scanning Electron Microscopy (SEM), which provides
complementary information to PXRD by offering insights into the elemental composition
and morphology of a sample [34]. High-resolution SEM imaging provides detailed insights
into the surface morphology of the sample, allowing for the visualization of surface features
at various scales. This is achieved by systematically scanning a focused beam of accelerated
electrons across the specimen surface. The interaction of the electron beam with the sample
generates several types of signals, including secondary electrons, backscattered electrons,
characteristic X-rays, and photons of various energies, which originate from specific
interaction volumes within the material. The most commonly used imaging signals are
secondary and backscattered electrons. Secondary electrons, emitted from a shallow region
near the beam impact area, provide detailed information on surface topography and
produce the characteristic three-dimensional appearance of SEM images due to the large
depth of field and shadowing effects. Backscattered electrons, originating from deeper
regions of the sample, generate atomic-number contrast, causing heavier elements to appear
brighter and lighter elements darker. SEM imaging thus enables visualization of
microstructural features, including morphology and phase inhomogeneities [34]. Energy-
dispersive X-ray spectroscopy (EDS) complements SEM imaging by providing elemental
analysis. The primary electron beam ejects inner-shell electrons from the sample, and the
resulting vacancies are filled by higher-energy electrons, emitting X-rays characteristic of
each element. These X-rays are detected by a semiconductor detector, producing a
spectrum that enables identification and semi-quantitative analysis of the elements. By
scanning the electron beam across the sample surface, EDS can also generate elemental
maps, revealing the spatial distribution of elements and detecting inhomogeneities,
segregations or inclusions. This technique is thus valuable for confirming dopant
incorporation in the targeted material and providing a semi-quantitative estimate of the
effective doping level [34].

1.8.3 Magnetic Characterization

The DC (static) magnetic susceptibility (), as defined in Eq. (1.8), is a fundamental
probe for studying bulk magnetism of low-dimensional and frustrated magnets.
Experimentally obtained susceptibility values provide insight into the strength of magnetic
interactions, the presence or absence of long-range order (LRO) at finite temperatures or
under an applied magnetic field, and phase transitions between ordered and disordered
states [19]. Additionally, magnetic susceptibility measurements can be used to determine
the frustration index [4].

A high-resolution local probe that provides information on paramagnetic species in low-
dimensional magnets is electron spin resonance spectroscopy (ESR), also known as
electron paramagnetic resonance spectroscopy (EPR). The fundamental principle
of ESR is based on the interaction between unpaired electron spins and an external
magnetic field. In such a field, the electron magnetic moment adopts discrete orientations
parallel or antiparallel to the field direction, resulting in Zeeman splitting of the spin energy
levels. During an ESR experiment, a paramagnetic species—such as magnetic ions in low-
dimensional magnets—is exposed to microwaves at a fixed frequency while the external
magnetic field is gradually increased. When the applied field matches the energy difference
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between the spin-up and spin-down states of the unpaired electrons, microwave absorption
occurs, causing some spins to transition from the lower to the higher energy state. This
absorption is detected as an ESR signal, which is typically displayed as the first derivative
of the absorption spectrum to facilitate parameter analysis. Three key parameters are
commonly derived from ESR measurements:

ESR linewidth, AB or AB,, (peak-to-peak linewidth), measured in Gauss (G)
or Tesla (T): The linewidth is related to the relaxation time of the higher spin
state to transition back to the ground, low-spin state. This is further correlated to
the strength of magnetic interactions in the system, where stronger interactions
result in a broader linewidth.

g-factor (dimensionless): This parameter provides information about the local
environment of the spins and the presence of internal magnetic fields in the system.
Since the g-factor is characteristic of different paramagnetic centers, it can also aid
in identifying those in the specimen. The g-factor value can be determined by the
following equation:

g =1 (1.16)

~ wpBy’

where h represents the Planck constant (=6.626 - 107 J s), v the frequency of
microwaves in Hz, us the Bohr magneton (=9.274 - 10*' J/T) and B the applied
external magnetic field, measured in T.

ESR intensity: The intensity is directly proportional to the number of spins which
transitioned into a high-spin state, resulting in the signal, as well as to the
probability of the observed transition [35].
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Chapter 2

Aims and Hypotheses

2.1 Aims

The goals of this dissertation have been set as follows:

1. To experimentally verify theories which predict realizations of superconductivity for
substituting Sr** ions in SrCux(BO;), with aliovalent cations, such as La** or Na*, and
quantum spin liquid state for substituting Cu®' ions with isovalent nonmagnetic
counterparts such as Mg®", i.e., magnetic dilution.

2. To determine the effect of La, Na and Mg-doping of SrCuy(BOs); on the structure and
magnetism of the parent compound.

3. To develop a flux method to grow doped SrCuy(BO;), single crystals.

4. To develop a flux method and establish an approach to grow high-quality NdTa;O1q
single crystals with sizes suitable for multiple measurements, allowing a full magnetic
characterization of the disordered ground state.

5. To develop methods to grow other rare-earth heptatantalates, RETa;O, such as
RE = Er, Gd, Yb, Dy, with sizes suitable for multiple magnetic characterizations,
starting from the flux method, established for the growth of RETa7Oy9 crystals.

6. To determine the magnetic ground state of the RETa;O,9 candidates.

7. To investigate the phase relationships in RE,O3;—Ta,;05 systems.

2.2 Hypotheses

The following hypotheses will be tested in the dissertation:

1. A-site charge- or hole-doped SrCuy(BOs)s, achieved through substitutions of Sr** with
aliovalent ions, can lead to unconventional superconductivity.

2. B-site doping, i.e. magnetic dilution, of SrCus(BOs3),, achieved through substitutions of
Cu?" with isovalent ions, can result in softening of the magnetic interactions in the system,
a reduction of the spin gap and breaking of the Cu®* spin dimers. The interactions between
dimer-free Cu*" ions could stabilize a novel magnetic state.

3. The nominal SrCu,(BOs3), doping limits can be pushed to higher values than previously
reported.

4. Subtle changes in the SrCuy(BOs); unit cell parameters and unit cell volume are expected
upon doping.

5. SrCuy(BOs), single crystals with sizes suitable for magnetic characterization of the
ground state can be grown by flux method.
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6. Limited or no incorporation of La’" in the SrCuy(BOs). structure is expected in
polycrystalline samples, but the incorporation of dopants can be facilitated during single
crystal growth.

7. A flux method to grow high-quality NdTa;O single crystals with sizes suitable for a
full magnetic characterization of a disordered magnetic ground state can be developed.

8. The habit of the flux-grown NdTa;O19 single crystals is expected to be of plate-like and
hexagonal morphology, which can be influenced by altering the growth parameters.

9. Based on the flux method, developed to grow NdTa;Oy crystals, a flux method can also
be established for the growth of other rare-earth heptatantalates, RETa;O with RE = Er,
Gd, Yb, Dy, with sizes suitable for multiple magnetic measurements.

10. RETa70y single crystals will allow a more precise determination of their magnetic
ground state compared to the polycrystalline form.
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Chapter 3

Tuning the Magnetism of
SrCuz(BOs3)2 by Chemical Doping

3.1 Motivation

Strontium copper orthoborate, SrCus(BOs)s, is a quasi-two-dimensional frustrated
antiferromagnet [28], first synthesized by Smith and Keszler [36]. Since then, it has
attracted widespread attention as the first experimental realization of the Shastry—
Sutherland model, providing a rare opportunity for direct comparison between a theoretical
model and experimental observations. The model, introduced in 1981 [27], describes a set
of orthogonal spin dimers on a square lattice (Figure 3.1), with intradimer magnetic
exchange coupling J and interdimer magnetic exchange J’. A more detailed description
with the corresponding Hamiltonian, the SrCu,(BOs), structure and a representation of the
magnetic Cuy(BOs),*>~ layer, mapped onto the Shastry-Sutherland lattice, are provided in
the Journal Article in Chapter 3.3. The Hamiltonian and the model are given in Section 1
(Introduction), while the SrCuy(BOs); structure is displayed in Section 3 (Results and
Discussion) of the attached Journal Article.
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Figure 3.1: The ground state of a Shastry-Sutherland system as a function of .J’/J ratio.
The representation of the ground states was adapted from [37], while the critical J’/J
values were taken from [38].
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The ground state of a Shastry-Sutherland system is governed by the ratio J'/J. For
J'/J S 0.69, the ground state is a dimer spin singlet. Increasing the ratio leads to a
plaquette singlet state, whereas for J'/J Z 0.86, a Néel antiferromagnetic phase is stabilized
(Figure 3.2) [30,38]. For SrCuy(BO3)., this ratio equals approximately 0.68 [26], placing the
system in the dimer spin singlet regime, yet close to a quantum critical point that separates
this state from competing magnetic phases. This proximity renders SrCu,(BO;), an
exceptional platform for tuning magnetic exchange couplings, aiming to reach the quantum
critical point, potentially realizing novel exotic quantum states. One promising approach
to achieve such tuning is chemical doping.

(b)
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Figure 3.2: Representation of a) charge doping of SrCus(BOs), with La*" or Na' and
b) magnetic dilution through doping with Mg?".

Theoretical studies indeed predicted the emergence of exotic states upon chemical
doping. A-site charge doping, where Sr*" is replaced with aliovalent ions such as La*" or
Na® (Figure 3.2 a), was anticipated to induce RVB superconductivity by introducing
mobile carriers in the system, enabling the localized spin pairs to become itinerant and
thus analogous to Cooper pairs [31]. On the other hand, B-site magnetic dilution, i. e.
substituting Cu®" by isovalent nonmagnetic counterparts such as Mg*" (Figure 3.2 b), was
predicted to break the spin dimers, thereby liberating Cu®" spins that may establish long-
range correlations and quantum entanglement, potentially realizing a QSL state [31].

Despite these compelling theoretical anticipations of novel quantum states,
experimental verifications remain limited. This Chapter presents systematic experimental
investigations of the effects of substitutions with the aforementioned dopants on the
structure and magnetic properties of SrCuy(BOs)s. By accessing higher nominal dopant
concentrations and utilizing local compositional and spectroscopic techniques such as EDS—
SEM and ESR, this work expands the experimental scope beyond that of previous studies
on doped SrCuy(BOs).. La-doping was investigated using Sri-,La,Cus(BOs), single crystals
with lateral sizes up to 3 mm with nominal concentrations up to z = 0.15, grown by a flux
method as a simpler alternative to the optical floating zone technique previously used for
this doping in the literature. Meanwhile, Na- and Mg-doping is studied in polycrystalline
samples, with nominal concentrations up to z = 0.15 in Sri_,Na,Cuz(BO;), and z = 0.10
in SrCu27T,MgT,(B03)2.

A detailed background and motivation for studies on doped SrCuy(BOs), along with an
overview of the existing literature, are provided in the Journal Article Introduction in
Chapter 3.3, with further details on A-site doping in Journal Article Introduction in
Chapter 3.2.1.
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3.2 A-site Sr Aliovalent Substitutions in SrCuz(BOs3):
Structural and Magnetic Effects

3.2.1 Influence of La-Doping on the Magnetic Properties of the Two-
Dimensional Spin-Gapped System SrCuz(BOs)

This Section presents a systematic study of electron-doping effects on the structure and
magnetism of SrCuy(BOs),, which experimentally examines theoretical predictions of
possible unconventional superconductivity induced by aliovalent Sr** substitution with La.
The study is conducted on single-crystalline Sri_,La,Cus(BO;), samples with nominal
x = 0.02, 0.03, 0.04, 0.05, 0.10 and 0.15.

The optimization of a flux method for growing La-doped SrCu,(BOs), single crystals,
originally employed to obtain submillimeter-sized crystals for structure solution of undoped
SrCu,(BOs3), [36], is first presented. The optimal conditions yielded blue plate-like La-doped
single crystals of lateral dimensions up to 3 mm.

The samples show a subtle yet systematic decrease in unit cell volume, resulting from
a partially successful substitution of Sr with La in the parent SrCux(BOs).. The effective
dopant incorporation increases with nominal concentration, although it remains below the
nominal values.

The effective La-doping achieved by this method leads to a progressive reduction of the
effective spin gap from 28.2(3) K to 20.3(4) K at nominal z = 0.15. This is accompanied
by a subtle decrease in magnetic susceptibility maximum. Additionally, the emergence of
dimer-free Cu?" spins is observed at low temperatures, which seem to develop
antiferromagnetic correlations below 5.5 K. The concentration of these spins progressively
increases with nominal doping. It is further found that at low doping levels, the observed
spin-gap reduction is primarily driven by Cu?" S = ' spin-dimer breaking, while the doping
shows little influence on the intrinsic dimer lattice spin dynamics.

The doping thus affects the antiferromagnetic interactions, while no superconductivity
is observed in the samples. Although the effective doping remains below the nominal values,
this method represents an alternative to optical floating zone growth and may be applicable
to other dopants. A further optimization may also allow growing crystals with a higher
effective concentration of La.

This Section addresses Aims 1-3 and evaluates Hypotheses 1 and 3-6.

Published in: L. Sibav, T. Knafli¢, G. King, Z. Jagli¢i¢, M. Koblar, K. Povarov,
S. Zvyagin, D. Arcon and M. Dragomir, “Influence of La-doping on the magnetic properties
of the two-dimensional spin-gapped system SrCux(BOs),,” Inorg. Chem., vol. 65, no. 1, pp.
291-302, 2026, DOI: 10.1021/acs.inorgchem.5c04249 (IF = 4.7, 2024, Q1).

First author contribution: Conducted solid-state synthesis and optimized the flux
method to grow La-doped SrCuy(BOs). single crystals. Performed Rietveld refinement
analysis of synchrotron XRD data, as well as compositional analysis and mapping using
EDS-SEM on samples with nominal z = 0.02, 0.05, 0.10 and 0.15. Performed fitting of
magnetic susceptibility data, ESR spectroscopy measurements and ESR data analysis.
Prepared the sample (stacking of single crystals) for high-field ESR measurements.
Co-conceived the structure of the manuscript, co-wrote the original draft, and
participated in the review and editing process together with the co-authors.
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ABSTRACT: Doping of the two-dimensional dimer antiferromagnet SrCu,(BO;), has
long been proposed as a potential route toward realizing resonating valence bond
superconductivity in this system; however, experimental progress has remained limited.
This study explores the effects of La doping on the ground state of SrCu,(BO;), and
reports the first flux growth of Sr,_,La,Cu,(BO;), single crystals with nominal doping
levels up to x = 0.15. Powder X-ray diffraction and energy-dispersive X-ray spectroscopy
confirm the successful incorporation of La on the Sr sites within the same tetragonal I42m
structure, although the effective doping was found to be <50% of the nominal
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concentration. La doping induces systematic changes in the magnetic properties of

SrCu,(BO;),, with a reduction of the effective spin gap from 28.2 K for the undoped sample to 20.3 K for x = 0.15, as determined
from the low-temperature magnetic susceptibility. The X-band electron spin resonance measurements reveal the emergence of
unpaired Cu®* spins, which develop antiferromagnetic correlations below ~5.5 K. These findings corroborate the breaking of the
local spin dimers in SrCu,(BOj;), induced by La doping. No superconductivity is observed across the entire doping range studied.

1. INTRODUCTION

In the last decades, considerable research has been devoted to
low-dimensional quantum magnets, in particular, to those
exhibiting a spin gap in their excitation spectra. In this context,
charge-transfer insulators, such as Cu?" oxides, have been
extensively investigated due to their connection to cuprate
superconductors. The discovery of high-T superconductivity
in charge-doped cuprates in 1986 indicated the potential of
chemical doping as an avenue for accessing novel exotic
ground states in low-dimensional and frustrated quantum
magnets.” This milestone spurred extensive theoretical work,
proposing mechanisms for unconventional superconductivity,
such as the resonating valence bond (RVB) model on the 2D
frustrated spin lattice,”* which predicts that upon doping, the
charge-transfer gap closes. This would allow previously
localized spin-singlet pairs (analogous to Cooper pairs) to
propagate freely, leading to the onset of superconductivity.
While there have been several studies on gapped one-
dimensional (1D) magnetic systems with spin-singlet ground
states, such as spin—Peierls,5 Haldane chains,® or spin ladders,’
there are less examples of two-dimensional (2D) spin-gapped
systems.” ™" Thus, systems with a 2D spin-singlet ground state
and frustrated spin configuration are of great interest. One
notable representative of such systems is the frustrated
antiferromagnet SrCu,(BO;),."' ™" The unique structure of
this material consists of Cu®* ions (S = 1/2), which form a
two-dimensional orthogonal dimer lattice that stacks along the
c-axis. Each Cu**—Cu®" pair constitutes a strongly antiferro-
magnetically coupled dimer within the ab plane, with the next-

© 2025 The Authors. Published by
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7 ACS Publications

291

nearest exchange to the neighboring dimers comparable in
strength. The resulting network maps directly onto the
Shastry—Sutherland model, describing a frustrated quantum
spin system characterized by competing intradimer (J) and
interdimer (J') antiferromagnetic exchange interactions.'*™'°
Due to the orthogonal arrangement of adjacent dimers, when
the ratio J'/] is sufficiently small, ie., J'/] < 0.69, the model
takes an exact ground state comprising a product of singlet
states on each dimer.'” For intermediate values 0.86 > J'/J >
0.69, a gapped plaquette singlet phase emerges.'” For J'/J >
0.86, the system transitions to a Néel antiferromagnetic state,'”
with a quantum spin liquid phase possibly stabilized between
the gapped plaquette-singlet and magnetically ordered
regimes.

Experimental values for J’/] = 0.68'" locate SrCu,(BO;),
very close to the quantum phase boundaries either to a Neéel
ordered state or to the plaquette singlet state. Various
experiments provide firm evidence for a dimer spin-singlet
ground state with the gap A = 34(1) K07 Magnetization
curves collected at temperatures well below the gap show
quantized plateaus at 1/3, 1/4, or 1/8 of the Cu saturation
moment due to the localized nature of excited triplets.'>** The
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origin of these plateaus was attributed to the nearly localized
nature of the triplet excitations."’

Both external pressure and chemical doping have proven
effective in tuning the magnetic ground state of SrCu,(BO;),;
pressure reduces the spin gap by modifying exchange
interactions and pushing the system closer to phase
boundaries,”*™*° while magnetic dilution—such as Mg
substitution for Cu—su(?presses the spin gap by disrupting
the singlet dimer order.”” According to theoretical predictions,
a resonating valence bond superconductor might be realized as
the ground state of SrCu,(BO;), upon A-site electron or hole
doping—specifically, by substituting the interlayer Sr** with an
aliovalent ion, M** or M?*, respectively, resulting in
Sr;_M,Cu,(BO;),.*' > However, despite its potential, A-
site chemical substitution in SrCu,(BO;), remains remarkably
difficult. Previous studies on polycrystalline samples with
various dopants, i.e., Ca, Ba, Al, La, Na, or Y, showed only
subtle structural and magnetic changes, as the effective doping
concentrations are consistently low. Moreover, challenges with
efficient dopant incorporation and impurity phases highlighted
the need for single crystals.”*>> The optical floating zone
method enabled the growth of doped single crystals with
dopants such as Ba, Na, or La,*° 7% but these efforts echoed
similar challenges: crystal growth was slow, highly sensitive to
chemical composition and growth conditions, and often
resulted in multigrain samples. Each dopant significantly
altered the growth parameters, making reproducible, uniform
doping difficult, even at low dopant concentrations. Similar
issues were reported for B-site doping with isovalent,
nonmagnetic ions, ¥~ emphasizing the need for further
research and alternative growth methods.

Motivated by reports that La induces the most significant
reduction of the spin gap among the A-site dopants,” this
work focuses on La doping of SrCu,(BO;),. Previous
investigations of both polycrystalline and single-crystalline
samples—such as those prepared by Liu et al.’® and
Dabkowska et al,”” respectively—were limited in doping
range, reaching only up to nominal ¥ = 0.10, and hindered by
complications including secondary phase formation and
instabilities of the crystal growth. In this work, a flux method,
previously used for the growth of submillimeter single crystals
of undoped SrCu,(BO;), using LiBO, as a flux,'" was
optimized to grow plate-like Sr,_,La,Cu,(BOj;), single crystals
(with x = 0.02, 0.03, 0.04, 0.05, 0.10, and 0.15), reaching lateral
sizes up to 3 mm. La incorporation into the parent structure
was unambiguously confirmed by powder X-ray diffraction
(PXRD) and energy-dispersive X-ray spectroscopy (EDS). It
was found that the effective doping was <50% of the nominal
value. The limited incorporation of La nonetheless induced
progressive changes in magnetic behavior. A gradual reduction
of the effective spin gap—from 28.2 K for undoped
SrCu,(BO;), to 20.3 K at x = 0.15—was observed,
accompanied by the emergence of dimer-free Cu** spins at
low temperatures. X-band and high-field electron spin
resonance (ESR) spectroscopy further showed evidence of
antiferromagnetic exchange interactions between these spins
below 5.5 K, which primarily account for the observed effective
spin-gap reduction at low doping levels, while the intrinsic
dimer lattice spin dynamics remain largely preserved.

2. EXPERIMENTAL SECTION

2.1. Synthesis. 2.1.1. Solid-State Synthesis. Polycrystalline
Sr,_,La,Cu,(BO;), samples with nominal x concentrations of
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0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.10, and 0.15 were first prepared
using a conventional solid-state method.”® High-purity SrCO;
(Alfa Aesar, 99.994%), CuO (Aldrich, 99.99%), H;BO, (Alfa
Aesar, 99.9995%), and La,O; (Alfa Division, 99.99%) were
used as starting materials. Prior to use, La,O; was preannealed
in air at 1000 °C for 48 h.

The corresponding reactions can be described by the
following equations:

SrCO; + 2CuO + 2H;BO,

— SrCu,(BO,), + CO, + 3H,0 (1)
1-xSrCO; + 2CuO + 2H,BO; + x/2 La,0,
- Sy _,La Cu,(BO;), + 1-xCO, + 3H,0 (2)

2.1.2. Single-Crystal Growth. Single-crystal growth experi-
ments were performed by optimizing a previously reported flux
method'' for growing undoped SrCu,(BO;), for structure
solution using lithium metaborate, LiBO,, as the flux. Here,
blue Sr;_,La,Cu,(BO;), powders of nominal doping concen-
trations x = 0, 0.02, 0.03, 0.04, 0.05, 0.10, and 0.15 that
resulted from solid-state reactions were used as starting
materials.

In a typical flux growth experiment, between 0.25 and 0.50 g
of polycrystalline Sr;_,La,Cu,(BO;), was hand-homogenized
together with the flux in an agate mortar at material-to-flux
mass ratios of 2:1, 3:1, 4:1, 5:1, 7:1, or 10:1. The homogenized
mixture was transferred into 20 or 30 mL platinum crucibles,
covered with a platinum lid, and positioned inside an alumina
crucible covered with an alumina cap. The crucible was then
heated to 875 °C in a muffle furnace at a heating rate of 100
°C/h and left to dwell for 1, 2, or 3 h, followed by slow cooling
to 600 °C with cooling rates of 1, 2, 3, S, or 10 °C/h before
being air-quenched to room temperature. A schematic
representation of the experimental setup and the growth
process is shown below (Figure 1). The resulting blue thin
plate-like single crystals with lateral sizes up to 3 mm were
separated from the crucible using deionized water in an
ultrasonic bath.

875 °C
1-10 °C/h
heating slow
cooling

Polycrystalline
Sry,La,Cu,(BOs),
(x =0-0.15)
and LiBO, mixture

Sr1 —xLaxCUZ(Boa)Z
dissolved
in LiBO, melt

Sr1—xLaxCU2(Boa)2
single crystals

Figure 1. Schematic representation of the experimental setup and
process for the Sr;_,La,Cu,(BO;), flux growth, illustrating three key
steps: (left) preparation of the initial polycrystalline mixture of
Sr;_La,Cu,(BO;), and LiBO, flux, (middle) dissolution of the
mixture in molten flux at a dwell temperature of 875 °C, and (right)
formation of Sr,_,La,Cu,(BO;), single crystals during slow cooling.

2.2. Characterization. 2.2.1. Powder X-ray Diffraction
(PXRD). The phase composition of undoped and La-doped
polycrystalline samples obtained after the solid-state synthesis,
as well as powders from crushed single crystals, was first
probed using laboratory powder X-ray diffraction (PXRD)
with a Panalytical X’Pert Pro powder diffractometer and Cu—
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Kal radiation in the 20—120° 26 range with a step size of
0.016° and a counting time of 300 s per step. Crushed single
crystals were also analyzed by synchrotron PXRD; the data
were collected at the Brockhouse high-energy wiggler beam-
line" at the Canadian Light Source (CLS) using an area
detector and 4 = 0.3502 A radiation with Ni as a calibrant.
Single crystals of each nominal doping concentration were
crushed, placed into Kapton capillaries, measured in a 20 range
of 1-26° and binned into 0.01° steps.

A Rietveld least-squares method was used for structural
refilglements, which were performed using the program GSAS-
IL™

2.2.2. Scanning Electron Microscopy (SEM) and Energy-
Dispersive X-ray Spectroscopy (EDS). For chemical analysis
and microstructural investigation, Sr;_,La,Cu,(BO;), single
crystals were mounted on carbon tape and carbon coated by
using a Balzers SCD 050 sputter coater Balzers SCD 050. The
SEM imaging and EDS compositional analyses of the crystals
were performed on two instruments: a Thermo Fisher Quanta
650 ESEM equipped with an energy-dispersive X-ray
spectrometer (Oxford Instruments, AZtec Live, Ultim Max
SDD 65 mm?®) and a field-emission-gun scanning electron
microscope (FE-SEM; JEOL JSM-7600) equipped with an
energy-dispersive X-ray spectrometer (EDS; INCA Oxford 350
EDS SDD) and electron backscatter diffraction (EBSD). The
accelerating voltage used was 20 kV in all cases.

2.2.3. Magnetic Susceptibility. Magnetic susceptibility
measurements were performed on a Quantum Design
MPMS3 (undoped SrCu,(BO;),) and MPMS-XL-S (La-
doped SrCu,(BO;),) SQUID magnetometers in a temperature
interval 2—300 K in a static magnetic field of 1 kG. An
undoped SrCu,(BOj;), single crystal was fixed to a quartz
holder with Apiezon-N grease and inserted into the magneto-
meter. The La-doped SrCu,(BO;), single crystals were
measured as polycrystalline samples, randomly stacked at the
bottom of a Wilmad 4 mm Suprasil ESR sample tube. The
temperatures corresponding to the susceptibility maxima, T,,,,
were determined by fitting the susceptibility data near the peak
to a Lorentzian function.

2.2.4. Electron Spin Resonance Spectroscopy (ESR).
Continuous wave (CW) electron spin resonance spectroscopy
experiments were performed by using a conventional Bruker
ES00 spectrometer, operating in the X-band at the resonant
frequency v of 9.37 GHz. The spectrometer was equipped
with a Varian TEM104 dual cavity resonator, an Oxford
Instruments ESR900 cryostat, and an Oxford Instruments
ITCS03 temperature controller.

The measurements were conducted from room temperature
down to 4 K with a typical modulation amplitude of S G, a
modulation frequency between 50 and 100 kHz, and
microwave power of 1—2 mW.

For each measurement, approximately 30 mg of polycrystal-
line undoped SrCu,(BO;), and 5—30 mg of La-doped small
single crystals (measured as quasi-polycrystalline samples)
were placed in 4 mm Suprasil quartz ESR tubes (Wilmad). For
samples with x = 0.10 and x = 0.15, the ESR spectrometer was
equipped with a Bruker 4122SHQE cylindrical resonator
operating at 9.4 GHz. Due to the higher sensitivity of this
resonator, the latter two samples were measured using a low
microwave power of 0.1 mW.

High-field ESR measurements were performed at the High
Magnetic Field Laboratory (HLD), Helmholtz-Zentrum
Dresden Rossendorf (HZDR) employing a transmission-type
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ESR spectrometer (similar to that described in ref'*) in
magnetic fields up to 16 T. Multiple crystals with a nominal La
concentration of 0.03 were stacked using vacuum grease. A set
of VDI microwave sources was used, allowing probe of
magnetic excitations at different frequencies in the range from
140 to 495 GHz. Prior to the measurements of ESR spectra,
the sample was slowly cooled to the base temperature T =
1.7-29 K.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Crystal Growth. Solid-state synthesis
of Sr,_,La,Cu,(BOs), with x = 0.01, 0.02, 0.03, 0.04, 0.05,
0.10, and 0.15 predominantly results in the tetragonal
SrCu,(BO;), phase with the I42m space group, as confirmed
by laboratory PXRD (Figure 2). A small amount of CuO is
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Figure 2. (a) Laboratory PXRD patterns of polycrystalline
Sr,_La,Cu,(BO;), with x = 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.10,
and 0.15 as synthesized from the thermal solid-state chemistry route.
All doped samples exhibit the main SrCu,(BO;), phase, accompanied
by minor amounts of unreacted CuO and LaBOj as secondary phases.
(b) Enlarged view of the 34°—46° 20 range marked with a gray
rectangle in a), highlighting the reflections corresponding to the CuO
and LaBO; impurities for improved clarity.

also present, consistent with previous reports on undoped
polycrystalline samples.'”*> A secondary La phase, LaBOs,
becomes noticeable when x > 0.01, suggesting that La does
not incorporate into the parent structure but instead forms a
La-rich impurity phase. A systematic increase in the
concentrations of both LaBO; and CuO with increasing La
content is also observed, supporting this conclusion. This is
additionally substantiated by the absence of notable peak shifts
in the PXRD patterns relative to the undoped sample.

Since a direct solid-state synthesis proved ineffective for
incorporating La, single-crystal growth was pursued as an

https://doi.org/10.1021/acs.inorgchem.5c04249
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alternative. Given the reported challenges associated with the
optical floating zone growth,”” the flux method emerged as a
more practical and accessible approach for growing these
crystals. This technique does not require highly specialized
equipment and was considered likely to succeed as it had
previously been used to grow crystals of the undoped
phase.'"*®*” In a previous attempt to synthesize
SrCu,(BO;),"" crystals intended for structure determination
via single-crystal X-ray diffraction (SCXRD), LiBO, was used
as flux. Two other subsequent studies reported the use of
another borate flux, namely Na,B,0,.***” In the present study,
both fluxes were tested in initial experiments; however, only
LiBO, yielded crystals in our setup and was thus chosen for
optimization and subsequent growth experiments. The starting
materials for these crystal growth experiments were
Sr,_,La,Cu,(BO;), powders prepared via solid-state synthesis.

The material-to-flux mass ratio, dwell time, dwell temper-
ature, and cooling rate were optimized to result in blue plate-
like undoped and La-doped SrCu,(BO;), single crystals with
lateral sizes of up to 3 mm (Figure 3 and Supporting

(a) (b)

1 mm

Figure 3. (a) Representative image of as-grown Sr;_.La,Cu,(BO;),
single crystals on the walls of a Pt crucible immediately after air
quenching. (b) Optical image of a selected single crystal after its
separation from the flux.

Information, Figure S1). The optimal conditions within the
tested parameters (Section 2.2), which yielded the largest
crystals, are a material-to-flux mass ratio of 3:1 or 4:1, a dwell

time of 2 h at 875 °C, and cooling from 875 to 600 °C at a rate
of 2 °C/h, followed by air quenching to room temperature.
Material-to-flux mass ratios of 5:1 or higher, as well as 2:1 or
lower, result in crystals with minimal sizes. A faster cooling rate
of 10 °C/h does not yield single crystals, whereas slower
cooling rates of 5 or 3 °C/h produced crystals, albeit smaller
compared to those formed at the optimal 2 °C/h rate. Further
reduction of the cooling rate to 1°C/h does not offer any
additional benefit in crystal size. In contrast to the dwell time,
which shows no notable effect, the material-to-flux mass ratio
and cooling rate are identified as key factors influencing the
crystal growth. We note that for undoped SrCu,(BO;),, the
resulting crystals are significantly larger than those reported in
ref'!, corroborating a successful optimization of growth
conditions in this study.

The incorporation of La in the parent SrCu,(BO;),
structure during single-crystal growth is assessed by PXRD
performed on crushed single crystals of Sr;_La,Cu,(BO;),
crystals with nominal x = 0—0.15 (Figure 4a). The absence of
La-based secondary phases in normalized synchrotron PXRD
patterns indicates a successful incorporation of lanthanum in
the parent SrCu,(BO;), structure upon single-crystal growth.
At the highest nominal concentrations, x = 0.10 and 0.15,
LaBO; reappears as a minor secondary phase, as previously
detected in polycrystalline samples prepared by the thermal
solid-state chemistry route. Its presence is likely due to residual
unincorporated LaBOj particles remaining on the crystal
surfaces, as ultrasonication—used to separate the crystals from
the flux after growth—was kept brief to avoid damaging the
thin, plate-like crystals. This interpretation is further supported
by EDS analysis (discussed in the next section), where LaBO,
particles are observed on the surface of crystals with these
nominal doping concentrations. Unreacted CuO is detected in
all samples, originating from the crystal surfaces, as suggested
by EDS analysis and prior reports.""

A detailed summary of Rietveld refinement profiles and
resulting structural parameters is available in the Supporting
Information (Supporting Information, Figure S2 and Tables S1
and S2). Rietveld refinement analyses with the [42m space
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Figure 4. (a) Synchrotron (1 = 0.3502 A) PXRD of Sr,_,La,Cu,(BOj;), crushed single crystals with nominal x = 0—0.1S. The presence of the main
phase, SrCu,(BO;),, is observed along with a small fraction of unreacted CuO. A few peaks corresponding to the LaBO; secondary phase are also
noticed at the highest two nominal concentrations, x = 0.10 and x = 0.15, with the former being barely detectable. (b) The unit cell volume
decreases with increasing nominal La doping, consistent with the smaller ionic radius of La*" compared to that of Sr**.
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Figure S. (a—g) Representative EDS point analysis spectra for Sr;_,La,Cu,(BO3), single crystals with x = 0—0.15. The corresponding SEM images
for each doping concentration are displayed above the EDS spectra with squares indicating the selected regions for the point analysis.

group (Supporting Information, Table S1) reveal a decreasing
trend in the unit cell parameters and volume as a function of
nominal doping concentration (Figure 4b). This trend is
consistent with expectations based on the ionic radii of the
substituting ions, where Sr** (1.26 A, coordination number CN
= 8) is partially replaced by La®>" (1.16 A, CN = 8). Specifically,
the unit cell volume decreases from $537.91(2) A® for the
undoped sample to 536.70(1) A? for the sample with nominal
x = 0.15, corresponding to a slight volume reduction of 0.22%,
which suggests minimal but clearly detectable structural
distortion. A small decrease in the unit cell volume is observed
up to x = 0.05, followed by a more pronounced reduction for x
=10 and x = 0.15. This aligns well with the trends observed in
the EDS and magnetic susceptibility measurements, as well as
with literature reports on doped crystals with nominal x = 0.05,
grown by the optical floating zone method,”” which also
showed a decrease in unit cell volume relative to both undoped
ceramics and single crystals.

3.2. Scanning Electron Microscopy (SEM) and Energy-
Dispersive X-ray Spectroscopy (EDS). Previous studies on
polycrystalline samples indicated that La does not incorporate
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in the structure during the solid-state synthesis.* This is also
confirmed by our findings—see Section 3.1. However, SEM-
EDS analyses performed on single crystals unambiguously
prove the successful incorporation of La into the parent
structure of SrCu,(BO;), during single-crystal growth as La is
consistently detected for all nominal doping concentrations
(Figure S).

The characteristic La emission peaks are clearly observed at
4.65 (La) and 5.04 keV (Lf,) in all doped samples. Although
two other La peaks, the L, emission at 5.38 keV and the La
emission at 5.89 keV, are weaker than the main La emission
line, they are still detectable for nominal x > 0.03. Additionally,
a systematic increase in La peak intensity is observed with x,
peaking at x = 0.15. A similar trend is also observed in
elemental mapping analyses, which further reveals a relatively
homogeneous distribution of La in all doped crystals and a
systematic increase in effective doping concentration with
nominal x.

A representative SEM image, elemental maps, and the
summed EDS spectrum for a doped crystal with nominal x =
0.0S are shown below (Figure 6), with corresponding data for

https://doi.org/10.1021/acs.inorgchem.5c04249
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Figure 6. SEM image and EDS elemental mapping analysis of a Sr;_,La,Cu,(BO;), single crystal with nominal x = 0.05 reveal a relatively
homogeneous distribution of La within the SrCu,(BO;), matrix. The corresponding summed EDS spectrum clearly shows the presence of La
emission lines. The inset shows a magnified region, where the La emission lines are clearly seen.

nominal x = 0.04 and 0.10 available in Supporting Information,
Figure S3. Secondary phases detected in PXRD—LaBOj; and
CuO—are also observed on the surfaces of crystals starting
from the nominal concentration of x 0.04 for CuO
(Supporting Information, Figure S3a) and x = 0.10 for
LaBOj;. The LaBOj secondary phase becomes more visible for
the highest nominal doping concentration of x 0.15
(Supporting Information, Figure S4), in agreement with the
PXRD results.

The average semiquantitative atomic percentages of Sr, Cu,
O, and La in both undoped and La-doped SrCu,(BOj;), single
crystals, obtained from SEM-EDS point analyses, are
summarized in Supporting Information, Table S3. These
values are compared with nominal values, i.e., the intended or
theoretical amount of dopant defined by the chemical
formulas. The table also includes additional ratios such as
La/Cu, La/Sr, and Cu/Sr as well as semiquantitative estimates
of effective La doping for each nominal concentration. The
average La atomic percentage systematically increases with the
nominal doping. The effective doping—i.e., the actual amount
of dopant incorporated into the crystal structure—reaches
approximately 50% of the nominal value for x < 0.03
(Supporting Information, Table S3). At higher doping levels
(x = 0.05, 0.10, and 0.15), the effective doping continues to
increase, albeit with smaller increments, reaching ~20% of the
nominal values. Specifically, the effective doping was estimated
to be 1.7(3) mol % for x = 0.0S, 2.0(4) mol % for x = 0.10, and
2.7(3) mol % for x = 0.15 (Supporting Information, Table S3).
While these EDS results confirm La incorporation into the
SrCu,(BO;), structure, they also indicate that doping is only
partial, which emphasizes the challenges of chemical
substitutions in this system. This finding aligns well with
previous studies.””*”**

3.3. Magnetic Susceptibility. Following the successful
incorporation of La into the SrCu,(BOj;), structure, we next
measured dc magnetic susceptibility in the 2—-300 K
temperature region, at a magnetic field of 1 kG. The behavior
of the susceptibility curves (Figure 7) is consistent across all
the nominal doping concentrations (measured up to x = 0.15)
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Figure 7. Temperature dependencies of magnetic susceptibility of
Sr,_,La,Cu,(BO;), single crystals with nominal x = 0—0.15, measured
at 4oH = 1 kG. The inset magnifies the low-temperature region, which
exhibits the Curie—Weiss upturn, and includes low-temperature fits
based on eq 3, performed in the 2—6 K range with &’ fixed at —0.75 K.

and aligns well with previous reports in pristine and doped
SrCu,(BO;), samples.”™*”** Following the high-temperature
Curie—Weiss region, a broad susceptibility maximum at
temperature T, appears between 15.5 and 18.7 K. The
values of T,,,, (Table 1) do not show significant changes with
x, however, they exhibit a small decrease with the increasing
nominal doping. At lower temperatures, the susceptibility
exhibits a sharp suppression, indicative of the effective spin
gap, followed by a low-temperature Curie—like upturn—a
hallmark of unpaired Cu®** S = 1/2 spins®>*"**—but which
also includes a thermally activated contribution and a
temperature-independent contribution from the ion cores
(described by eq 3). The magnitude of this upturn system-
atically increases with the nominal La-doping concentration
and is most pronounced at x = 0.15 (inset, Figure 7). The
observed magnetic response is in good agreement with
previous studies on La-doped single crystals.””** The current
study also shows that increasing nominal doping leads to a
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Table 1. Summary of Magnetic Parameters for
Sr,_,La,Cu,(BO;), Single Crystals with Nominal x = 0—
0.15"

SrCu,(BO;), Effective C’ (emu Estimated
nominal spin gap, K/mol Cu) low- fraction of free
doping Toax (K) A (K) T fit 2—3.4 K)  Cu*" spins (%)
x=0 184(3)  282(3)  1.05(7) - 107 028(2)
x =002 17.05(6)  247(2)  43(2) - 107 1.15(6)
x =003 168(2)  230(2)  54(2) - 107 1.44(5)
x = 0.04 1668(5)  231(3)  5.1(2) - 107 1.36(3)
x = 0.0S 16.45(6)  22.1(2)  5.6(2) - 1073 1.49(6)
x =010 158(2)  208(1)  69(2) - 107 1.84(5)
x=015 158(3)  203(4)  92(4) -107 2.45(11)

“The characteristic temperature T, is extracted from Lorentz fits to
the magnetic susceptibility in the 15—21 K range. The effective spin
gap is obtained from fits to the low temperature susceptibility data
(2—6 K) using eq 3. The Curie constant C’ is derived from Curie—
Weiss fits to inverse susceptibility data at low temperature (2—3.4 K,
Supplementary Information, Figure SS). The estimated fraction of
free Cu®* spins is derived from these fits.

higher concentration of free Cu’* spins in the system,
consistent with doping-induced Cu®* spin-dimer breaking. A

dimer breaking in Sr-site substituted samples was previously
observed and directly probed by uSR in ref*®.

To estimate the evolution of the effective spin gap with La
doping, low-temperature magnetic susceptibility data are fitted
in the interval 2—6 K according to eq 3:%

’

-A/T
X + ae /+)(0

T-6 3)

The first term represents the spin-1/2 magnetic impurities,
characterized by the Curie constant C’ and their weak coupling
captured by the Curie—Weiss temperature for the tail, &". The
second term is the contribution from the antiferromagnetic
dimer structure. The third term is a small diamagnetic
contribution from the ion cores. The effective spin gap, A, is
included in the thermally activated contribution. The results of
the fits, the C’, &, and A parameters are presented in
Supporting Information, Table S4. Due to a high correlation
between the C’ and @ parameters, the fits are performed with
@ fixed at five different values from 0 to —1, with the fits results
for @ = —0.7S K being chosen as the most representative. The
results reveal a gradual closing of the effective spin gap, A,
from 28.2(3) to 20.3(4) K for nominal doping up to x = 0.15
(Table 1) relative to undoped SrCu,(BO;),. This finding is
consistent with the results published in ref’’, where a similar
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Figure 8. (a) X-band ESR spectrum of several Sr,_,La,Cu,(BOs;), single crystals with x = 0.10 measured at 5 K. The corresponding simulation (red
line) is composed of three Lorentzian components: (i) the broad dimer lattice signal (dashed dark blue lines), (ii) an anisotropic component
attributed to the isolated Cu®* impurity component (short dash-dot light-blue lines), and (iii) interacting Cu**—Cu’" pairs that emerge between
dimer-free Cu®* spins (short dashed violet lines). (b) Temperature dependence of the signal intensities of the isolated Cu®* impurity component
and the interacting Cu®>*—Cu®* pair component for selected nominal doping levels. (c) Temperature dependence of the line width AB of the
interacting Cu**—Cu*" pair component (iii) for x = 0.02, 0.10, and 0.15, showing a monotonic decrease with the decreasing temperature for all
doping levels, consistent with the presence of antiferromagnetic exchange interactions between dimer-free Cu®* spins.
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gap suppression for polycrystalline SryoLay;Cu,(BO;), from
21.5 to 14.1 K was found. Specifically, the 7.4 K reduction in A
observed in ref’® equals the reduction observed in the current
study for the nominal x = 0.10 sample.

The concentration of overall dimer-free Cu** spins in the
La-doped samples is determined by fitting the linear 2—3.4 K
temperature range of the inverse magnetic susceptibility data
to a Curie—Weiss law (Supporting Information, Figure SS)
similar to other reports.”' The results of the fit (Table 1) show
a general increase of the Curie constant C” with nominal
doping. Specifically, a nominal doping of x = 0.10
approximately increases the concentration of dimer-free spins
by a factor of ~7 compared to the undoped crystal, rising from
0.28(2)% for the undoped system to 1.84(5)% for x = 0.10,
and reaching 2.45(11)% for nominal x = 0.1S. These values are
in good agreement with the effective dopant concentrations
obtained from EDS measurements (see Supporting Informa-
tion, Table S3). Crystals with nominal x = 0.04 yield 1.36(5)%,
which is about 2.5 times higher than the fraction of impurity
spins in optical-floating-zone-grown crystals by Dabkowska et
al.’” (as reported in ref’® ). Note that the concentration of
impurity spins observed in this study for La-doped samples is
relatively small compared to that reported for Mg doping,*
which suggests that La doping is more challenging.

3.4. X-Band Electron Spin Resonance Measurements
(ESR). To gain deeper insights into the magnetism of La-doped
SrCu,(BO;),, continuous wave X-band electron spin reso-
nance (ESR) spectroscopy, a local probe technique well suited
for detecting paramagnetic states in low-dimensional mag-
nets,” is employed next. This study extends the use of ESR
spectroscopy to La-doped SrCu,(BO;),—a system that has
received little attention so far. Previous ESR studies have
primarily focused on the undoped system,**™>* with only one
report on Mg-doped SrCu,(BO,),.”

In this study, temperature-dependent ESR spectra for La-
doped single crystals with nominal x = 0.02—0.15 were
measured down to approximately 4 K, and compared with the
ESR data obtained on polycrystalline undoped SrCu,(BO;),
reported in the literature.”® At high temperatures, the ESR
spectra across all nominal doping concentrations closely follow
the behavior observed in the undoped system (Supporting
Information, Figure S6). The main signal, originating from the
dimer lattice, broadens with a decrease in temperature,
reflecting the development of spin correlations within the
Shastry—Sutherland dimer lattice. At low temperatures, an
additional component, only weakly observed in the undoped
system at T < 14 K, emerges in the spectra of doped samples,
at T < 35 K for nominal x = 0.02 and 0.03, and T < 50 K for
higher nominal concentrations. As the nominal doping
increases, this component becomes progressively more
pronounced (Supporting Information, Figure S7). Its ESR
signal intensity scaling with x aligns well with the increase of
the Curie—Weiss upturn with nominal doping observed in low-
temperature magnetic susceptibility, and further corroborates
the presence of intrinsic Cu** impurities in the doped system
as isolated, dimer-free Cu®* spins emerging after the La doping.
Furthermore, at the lowest investigated temperatures, T < 5.5
K, we observe the emergence of a third, broader component,
which can be tentatively associated with the emerging
correlations between dimer-free Cu?* spins when their
concentration increases.

298

For a quantitative analysis, the ESR spectra are fitted using
up to three Lorentzian components depending on the
temperature range (Figure 8a).

At high temperatures, only a broad line attributed to the
Cu®* dimer lattice is required. Below S0 K, an additional
anisotropic component with axial g-factor anisotropy is
included to account for the isolated Cu®" intrinsic impurities.
Here, g and g, represent the two g factor eigenvalues parallel
and perpendicular to the crystallographic ¢ axis, respectively. A
corresponding uniaxial anisotropy is also applied to the line
width, defined by AB); and AB, for the field orientations along
and perpendicular to the ¢ axis, respectively. Below 5.5 K, a
third broad isotropic Lorentzian line has to be introduced,
which is tentatively assigned to the onset of emerging
correlations between unpaired Cu®* spins. The intensities of
all three components, resulting from the fits, are normalized to
the room temperature value for all samples.

At room temperature, the main dimer-lattice component is
centered around g & 2.1. The line width, AB, remains similar
across all nominal doping concentrations, ranging from 1350
to 1550 G (Supporting Information, Figure S8a). This matches
the corresponding line width and g-factor values reported in
the literature for undoped SrCu,(BO;), powder.” Upon
cooling, the line width of this component increases monotoni-
cally, saturating near 10 K at values between 4400 and 5100 G.
This broadening reflects the gradual development of short-
range antiferromagnetic correlations in the dimer lattice and
becomes less dominant at low temperatures as the isolated
Cu® impurity component begins to dominate the ESR
response. The intensity of this component increases with
decreasing temperature (Figure 8b), following a 1/T depend-
ence across all nominal doping concentrations. The data are
fitted using the Curie—Weiss law, yielding a Curie—Weiss
temperature 6’ between —2 and +2.5 K, effectively close to
zero, confirming that the corresponding Cu®* moments are
only weakly interacting and supports their identification as
isolated, dimer-free spins. Compared to the isolated Cu®*
impurity component, the intensities of the broader component
assigned to liberated but interacting Cu**—Cu®" pairs,
introduced in the low-temperature regime (3.5—5.5 K), are
significantly higher across all doping concentrations (Figure
8b). Specifically, the interacting Cu**—Cu®" pair component
intensity exceeds the isolated Cu** impurity component
intensity by factors ranging from approximately 10 to 40,
highlighting the emergence of magnetic correlations between
dimer-free Cu®* spins. These correlations become increasingly
more prominent with a higher nominal doping. For instance,
samples with x = 0.10 and 0.15 exhibit stronger intensities than
x = 0.02, suggesting that higher nominal doping results in more
pronounced Cu’**—Cu’* interactions. Moreover, at higher
nominal doping, these correlated states persist to higher
temperatures, as evidenced by the interacting Cu**—Cu** pair
component up to 5.5 K for the x = 0.15 sample, compared to
only up to 5 K for x = 0.02 and 0.10. This trend is further
corroborated by the temperature dependence of the line width,
AB, of the interacting Cu®**—Cu?®" pair component.

Overall, AB shows a systematic decrease with increasing
doping concentration, as illustrated at 4 K (Figure 8c), where
the line width reaches its highest value of 2260 G for x = 0.02,
decreases to 1600 G for x = 0.10, and attains its lowest value of
1370 G for x = 0.15. Additionally, for each doping
concentration individually, the line width exhibits a consistent
monotonic decrease with decreasing temperature, indicative of

https://doi.org/10.1021/acs.inorgchem.5c04249
Inorg. Chem. 2026, 65, 291-302


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c04249/suppl_file/ic5c04249_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c04249/suppl_file/ic5c04249_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c04249/suppl_file/ic5c04249_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c04249/suppl_file/ic5c04249_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c04249/suppl_file/ic5c04249_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c04249/suppl_file/ic5c04249_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c04249/suppl_file/ic5c04249_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c04249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

32

Inorganic Chemistry

pubs.acs.org/IC

Chapter 3. Tuning the Magnetism of SrCux(BO3): by Chemical Doping

the antiferromagnetic nature of the exchange interactions
between dimer-free Cu®** spins.””>* The g-factor of the
interacting Cu®*—Cu®" pair component remains constant at
approximately 2.12 for all doping levels across the whole
temperature range (Supporting Information, Figure S8b).

Due to the large number of fitting parameters and their
strong correlations, the line width and g-factor components of
the isolated Cu** impurity component were partially con-
strained during analysis. Specifically, AB) was fixed across all
data sets to ensure stable fitting. Throughout most of the
temperature range, AB, remained relatively constant, falling
within the interval 150—200 G (Supporting Information,
Figure S8c). However, below 5.5 K—coinciding with the
emergence of component (iii)—a monotonic increase in AB;
was observed, providing an additional indication of developing
correlations between dimer-free Cu** spin pairs. Similarly, g;
was fixed for all doping concentrations except for x = 0.02,
where a gradual decrease was detected below 6 K. The
perpendicular component, g, remained effectively constant
around 2.065 across the full temperature range for all samples
(Supporting Information, Figure S8d).

In contrast to the general trends observed across nominal x
= 0.02—0.15, the spectra for nominal x = 0.05 deviate
substantially for both the isolated Cu®* impurity component
and the interacting Cu**—Cu* pair component (Supporting
Information, Figure S9a). Contrary to the rest of the samples,
this sample exhibits a clear and distinct g factor anisotropy of
the isolated Cu®" impurity component, which allows a clear
and unambiguous determination of both ABj and AB,. These
line width components exhibit a substantial increase with
decreasing temperature (Supporting Information, Figure S9b),
exceeding the modest changes in the line width observed for
the rest of the samples, which occur only below 5.5 K. The
intensity of the isolated dimer-free Cu®>" component behaves
similarly to the other samples (Supporting Information, Figure
S9c¢), following a 1/T dependence and yielding a Curie—Weiss
temperature, &, close to 0. In contrast, the interacting Cu*'—
Cu** pair component for x = 0.05 shows further anomalies as
its AB remains constant at a significantly lower value of
approximately 750 G (Supporting Information, Figure S9d),
deviating from the decreasing trend observed in the other
samples.

In summary, X-band ESR measurements across all nominal
La-doping concentrations reveal multiple components in the
spectra: a broad signal from the spin dimer lattice, an
anisotropic contribution, which denotes the presence of
isolated Cu®* impurities, and an additional low-temperature
component arising from dimer-free Cu**—Cu®" interactions.
The evolution of the latter component below 5.5 K suggests
antiferromagnetic correlations between interacting dimer-free
Cu®* spin pairs, which are enhanced with increasing doping.

3.5. High Magnetic Field Electron Spin Resonance
Measurements. Magnetic susceptibility provides an indirect
estimate of the spin gap or so-called “effective” spin gap
through fitting low-temperature data. This effective gap
represents an approximate or averaged measure of the gapped
behavior of magnetic susceptibility and can be affected by the
presence of in-gap states. As a result, even a modest density of
localized spins or in-gap states can lower the effective gap as
deduced from susceptibility fits while leaving the intrinsic
singlet—triplet gap probed by the high-field ESR unchanged.
The intrinsic or actual spin gap, defined as the excitation
energy required for singlet—triplet excitation, can be directly
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determined using microscopic probes such as high-field ESR or
inelastic neutron scattering. The first reported spin gap for
SrCu,(BO;), was A = 34 K in 1999.”° In the present study, to
obtain a more precise measurement of the spin gap for La-
doped SrCu,(BOj;), a group of stacked single crystals with
nominal x = 0.03 was analyzed using high-field ESR at multiple
frequencies up to 500 GHz and magnetic fields up to 160 kG
(Figure 9a).
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Figure 9. (a) Low-temperature high-field ESR spectra of stacked
Sr,_,La,Cu,(BO;), single crystals with x = 0.03 at selected
frequencies. (b) The corresponding frequency-field diagram (x =
0.03) at T = 1.7—2.9 K for H || ¢, comparing thermally excited triplets
and two sets of one-triplet excitations, O, and O,, with literature data
for the undoped system (x = 0), showing a respective 0.6 and 0.7 K
reduction of the spin gap induced by doping.

The main signals previously observed within this frequency-
field range for the undoped system are two low-lying singlet—
triplet excitations, O, and O,, as well as paramagnetic signals
attributed to thermally excited triplets.>

The frequency—field diagram of the undoped system in the
orientation H || ¢, reveals zero-field energy gaps of 764(2) GHz
and 679(2) GHz for O, and O,, respectively, corresponding to
36.7 and 32.6 K.>° Comparing these values to those obtained
experimentally from the frequency-field diagram of the x =
0.03 doped crystals (Figure 9b), the spin gaps are only found
to be slightly reduced to 753 GHz (36.1 K) for O, and 665
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GHz (31.9 K) for O,. These represent decreases of only 0.6
and 0.7 K compared to the undoped system, indicating that the
effect of nominal x = 0.03 La doping has a minimal effect on
the actual spin gap of SrCu,(BO;),. Since the O; and O,
excitations reflect the intrinsic spin dynamics of the dimerized
Cu?* lattice and do not account for the presence of intrinsic
dimer-free Cu* impurities or their local magnetic interactions,
the observed minimal reduction in the spin gap indicates that
the collective spin excitations within the main dimer lattice
remain largely unaffected by nominal x = 0.03 doping.
Consequently, the notable decrease in the effective spin gap
of 47 K, determined from the magnetic susceptibility, is
primarily influenced by localized magnetic moments associated
with intrinsic impurity sites. Capturing additional excitations
caused by intrinsic impurities and their interactions through
high-field ESR will require measurements at higher frequencies
and/or stronger magnetic fields as well as examination of the
remaining samples covering the entire nominal doping range.

4. CONCLUSIONS

This study introduces a facile flux method to grow La-doped
SrCu,(BO;), single crystals with lateral sizes of up to 3 mm. A
large range of La nominal doping concentrations, x = 0.02,
0.03, 0.04, 0.05, 0.10, and 0.15 in Sr,_,La,Cu,(BO;),, is
systematically explored. Doping-induced structural changes are
subtle but systematic, causing a decrease in unit cell parameters
with increasing La concentration. The successful incorporation
of La into the parent SrCu,(BO;), structure is corroborated by
EDS-SEM analysis. The semiquantitative evaluation of
effective doping concentrations reveals that La incorporation
is <50% of the nominal values, reaching up to 2.7(3) mol % for
nominal x = 0.15, highlighting the inherent difficulty of doping
SrCu,(BO;),.

In addition to the structural modifications, La doping also
induces systematic effects on the magnetism of SrCu,(BO;),.
Compared to the undoped system, impurity-induced in-gap
states introduced by La doping lead to a progressive reduction
of the effective spin gap extracted from magnetic susceptibility
measurements from 28.2 K for x = 0 to 20.3 K for nominal La
doping of x = 0.15. Additionally, X-band ESR measurements
reveal a systematic increase in the fraction of the dimer-free
Cu* (S = 1/2) spins with nominal doping, along with the
emergence of antiferromagnetic correlations between dimer-
free Cu®* spin pairs below 5.5 K. High-field ESR measurements
further indicate that at low doping levels, the effective spin gap
reduction observed in susceptibility primarily arises from these
intrinsic impurity spins, while the collective spin dynamics of
the Cu®" dimer lattice remain largely intact. Despite these
systematic changes in structure and magnetism, no super-
conductivity is observed across the entire range of La doping
studied.

The present findings underscore the potential of flux growth
for La doping in SrCu,(BO;),, providing a more efficient and
accessible alternative to optical floating zone growth with the
possibility of extending this method to other dopants.
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Table S1 Room-temperature structural parameters extracted from Rietveld refinement analyses of synchrotron
PXRD data collected on crushed Sri-xLaxCu2(BOs): single crystals of all studied nominal doping concentrations,
x =0.02-0.15, compared with polycrystalline undoped SrCuz(B0O3)2 according to ref. 1. The refinements were
performed in the /42m space group.

Nominal x a, b (A) c(A) Vv (R3)

0 8.9932(1) 6.6509(1) 537.91(2)
0.02 8.9932(1) 6.6493(9) 537.82(1)
0.03 8.9929(1) 6.6500(1) 537.81(2)
0.04 8.9928(5) 6.6500(4) 537.80(9)
0.05 8.9922(1) 6.6500(1) 537.72(2)
0.10 8.9878(1) 6.6453(1) 536.85(2)
0.15 8.9868(1) 6.6454(1) 536.70(1)

x=0 x=0.02 x=0.05 x=0.10 x=0.15

0.5 mm 1mm

1mm 1mm

Figure S1 Photographs of the blue La-doped SrCu2(B03)2 (in mol%) single crystals grown in this study.

0.25 mm
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Figure S2 Rietveld refinement profiles of synchrotron XRD data (A = 0.3502 A) collected on crushed Sri—«LaxCu2(BOs)> single crystals with selected nominal doping concentrations
(a) x = 0.02, (b) 0.05, (c) 0.10, and (d) 0.15, collected at room temperature. The refinements were performed using the /42m space group.
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3)2: Structural and Magnetic Effects

3.2. A-site Sr Aliovalent Substitutions in SrCuy(BO

Table S3 The average semi-quantitative atomic % values of Sr, Cu, O and La in SrixLaxCu2(BOs)2 single crystals with nominal x = 0-0.15, as obtained from SEM-EDS point analyses, together with
La/Cu, La/Sr and Cu/Sr ratios, versus the nominal values. The data was averaged from several crystals per concentration with approximatively 20 points collected on each crystal. Due to the low
atomic number of boron, this element could not be detected by EDS and was therefore omitted from the semi-quantitative analysis.

Concentration (at%)

x=0 x=0.02 x=0.03 x=0.04 x=0.05 x=0.10 x=0.15
Element
Effective | Nominal Effective Nominal Effective Nominal Effective Nominal Effective Nominal Effective Nominal Effective Nominal
Sr 13.9(4) 11.11 12.6(5) 10.89 13.1(7) 10.78 13.1(3) 10.67 12.4(5) 10.56 12.4(2) 10.00 12.4(2) 9.44
Cu 28(2) 22.22 27(1) 22.22 26(3) 22.22 25(1) 22.22 27(2) 22.22 26.0(9) 22.22 26(1) 22.22
o] 59(2) 66.67 61(2) 66.67 61(3) 66.67 62(1) 66.67 60(2) 66.67 62(1) 66.67 62(1) 66.67
La 0 0 0.10(2) 0.22 0.16(5) 0.33 0.15(3) 0.44 0.18(6) 0.56 0.22(3) 1.11 0.30(6) 1.67
Sum, % 100.9 100 100.7 100 100.26 100 100.25 100 99.58 100 100.62 100 100.7 100
La/Cu 0 0 0.0036(8) 0.01 0.006(2) 0.015 0.006(1) 0.02 0.007(2) 0.025 0.009(1) 0.05 0.012(2) 0.075
La/sr 0 0 0.008(2) 0.02 0.012(3) 0.03 0.011(2) 0.04 0.015(4) 0.05 0.018(2) 0.11 0.025(5) 0.18
Cu/Sr 1.99(9) 2 2.10(7) 2.04 2.0(1) 2.06 1.91(4) 2.08 2.2(1) 2.10 2.06(5) 2.22 2.08(6) 2.35
La mol% 0 0 0.9(2) 2 1.4(5) 3 1.3(2) 4 1.7(5) 5 2.0(3) 10 2.7(6) 15
S6
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Figure S3 An SEM image and EDS elemental mapping analysis of a Sri-xLaxCu2(B0Os3)2 single crystal with nominal
x=0.04 (a) and 0.10 (b) reveal a relatively homogeneous distribution of La within the SrCuz(BOs). matrix. Few
LaBOs impurity particles are observed on the surface. The corresponding EDS sum spectra clearly show the
presence of La emission lines for both a) and b) samples. The insets show a magnified region where the La emission
lines are distinctly visible. Few CuO impurity particles are additionally visible in a).

S7



3.2. A-site Sr Aliovalent Substitutions in SrCuy(BOj3)s: Structural and Magnetic Effects 43
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Figure S4 An SEM image (left) and EDS elemental mapping analysis (right) of a Sri«LaxCu2(BOs)2 single crystal with
nominal x = 0.15, showing: (a) the presence of LaBOs impurity particles on the crystal surface and (b) the presence
of both CuO and LaBOs impurity particles on the crystal surface.
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Chapter 3. Tuning the Magnetism of SrCuy(BOs), by Chemical Doping

Table S4 Results of the low-temperature magnetic susceptibility data fits (2-6 K range) for SrixLaxCu2(B03)2 single
crystals with nominal x = 0-0.15 (Equation 3 in the main text). Five fixed 8' values were used due to a high
correlation with C'.

Nominal C' (emu K/mol) Xo(emu/mol) 0' A (K) a (emu/mol)
X

3.4(1) - 107 7.1(6) - 107° 0 28.7(3) 8.3(4) - 1072

4.1(2) - 10 5.7(6) - 107° -0.25 28.5(3) 8.1(4) - 1072

x=0 4.9(2) - 10 4.4(6) - 107 -0.5 28.3(3) 7.9(4) - 1072
5.7(2) - 107 3.1(7)-10°° -0.75 28.2(3) 7.8(3) - 1072

6.6(3) - 107 1.8(7) - 107 -1 28.1(3) 7.7(3) - 1072

1.95(1) - 1073 3.09(6) - 107 0 26.7(3) 6.6(3) - 1072

2.37(1) - 1073 2.31(5) - 107 -0.25 25.9(2) 5.9(2) - 107

x=0.02 2.82(2) - 1073 1.52(6) - 10™ -0.5 25.2(2) 5.4(2) - 1072
3.32(2)- 1073 7.2(7)-10°° -0.75 24.7(2) 5.1(2) - 1072

3.86(3)- 1073 -9(9) - 10°® -1 24.2(2) 4.8(2) - 1072

2.46(2)- 107 3.83(8)- 107 0 25.3(3) 5.4(2) - 1072

2.99(2)- 107 2.82(6) - 107 -0.25 24.4(2) 4.8(1) - 1072

x=0.03 3.58(2) - 1073 1.79(6) - 107 -0.5 23.6(2) 4.4(1) - 107?
4.22(2) - 1073 7.4(7)-107° -0.75 23.0(2) 4.1(1) - 1072

4.91(3) - 1073 -3.2(9) - 10™° -1 22.4(2) 3.8(1) - 1072

2.25(2)- 107 3.65(9) - 107 0 25.4(4) 5.0(3) - 1072

2.74(3) - 1073 2.73(9) - 107 -0.25 24.5(3) 4.5(2) - 107?

x=0.04 3.27(3) - 1073 1.8(1) - 107 -0.5 23.7(3) 4.1(2)-107?
3.86(4)- 107 8(1) - 107 -0.75 23.1(3) 3.8(2) - 1072

4.49(5) - 1073 -1(1) - 107 -1 22.5(3) 3.6(2) 1072

2.39(2) - 1073 4.12(6)-10™ 0 24.8(3) 4.4(2)-107?

2.90(1) - 1073 3.17(5) - 107 -0.25 23.6(2) 3.7(1) - 107

x=0.05 3.46(2) - 107 2.16(5) - 107 -0.5 22.8(2) 3.37(8) - 1072
4.09(2) - 1073 1.13(7) - 10™* -0.75 22.1(2) 3.12(8) - 1072

4.68(3) - 107 3.4(8) - 107° -1 22.0(2) 3.15(9) - 1072

2.50(2) - 1073 5.66(7) - 107 0 23.8(3) 3.0(1) - 1072

3.04(1) - 107 4.60(5) - 107 -0.25 22.6(2) 2.60(7) - 1072

x=0.10 3.64(1) - 107 3.51(4) - 107 -0.5 21.6(1) 2.33(4)- 1072
4.31(2) - 1073 2.39(5) - 107 -0.75 20.8(1) 2.14(4) - 107

5.04(2) - 1073 1.26(7) - 107 -1 20.1(2) 2.00(5) - 1072

2.51(2) - 1073 7.3(1)- 107 0 22.8(4) 2.8(2) - 1072

3.05(3)- 107 6.3(1) - 107 -0.25 21.8(4) 2.5(1) - 1072

x=0.15 3.64(4) - 1073 5.2(1)- 107 -0.5 21.0(4) 2.3(1)- 1072
4.30(5) - 1073 4.1(2)-10™ -0.75 20.3(4) 2.2(1)- 1072

5.02(6) - 1073 3.0(2) - 107 -1 19.7(4) 2.0(1) - 1072
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Figure S5 Inverse magnetic susceptibility data for SriLaxCu2(BOs)2 single crystals with nominal x = 0-0.15,
displaying low-temperature Curie—Weiss fits performed in the 2-3.4 K interval to estimate intrinsic Cu®* (S = )
impurities.
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Figure S6 X-band ESR spectra of SrixLaxCuz2(BO3)2 single crystals with nominal (a) x= 0.02, (b) 0.03, (c) 0.04,
(d) 0.05, (e) 0.10 and (f) 0.15, measured as quasi-polycrystalline samples at temperatures 40, 70, 110, 170 and
250 K, which show the dominant signal of the dimer lattice at high temperatures. Additional narrow absorption
lines for x = 0.10 sample indicate the presence of an extrinsic paramagnetic impurity, not observed in PXRD or

EDS-SEM.
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Figure S7 Low-temperature X-band ESR spectra of SrixLaxCu2(BOs)2 single crystals with nominal (a) x=0.02,
(b) 0.03, (c) 0.10, and (d)0.15 at selected temperatures 5, 10 and 20 K, showing the development of the
characteristic impurity signal correlated to intrinsic impurities—isolated dimer free Cu®* spins. Comparing the
spectra at 5 and 10 K, an additional broadening is observed at 5 K, indicating the presence of an extra component
associated with interactions between dimer-free Cu?*~Cu?* pairs.
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Figure S8 (a) The logarithmic temperature behavior of the X-band ESR linewidth of the main dimer-lattice signal.
(b) The temperature behavior of g-factor for the interacting Cu?*-Cu?* pair component for Sri-xLaxCu2(BOs)2 single
crystals with nominal x=0.02, 0.10, and 0.15. (c) The temperature behavior of X-band ESR linewidth for the
isolated Cu?* impurity component, parallel (AB|)) and perpendicular (AB,) to c crystallographic axis for
Sri-xLaxCu2(B0s)2 single crystals with nominal x = 0.02, 0.03, 0.10, and 0.15. (d) The temperature behavior of
g-factor for the isolated Cu®* impurity component, parallel (g)) and perpendicular (g, ) to ¢ crystallographic axis
for SrixLaxCu2(B03)2 single crystals with nominal x = 0.02, 0.03, 0.10, and 0.15.
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Figure S9 (a) X-band ESR spectrum of Sri-xLaxCu2(BOz)2 single crystals with nominal x = 0.05 at 5 K, showing a clear
uniaxial anisotropy opposed to samples with other nominal doping concentrations, and its simulation as a sum of
three components. (b) The temperature behavior of X-band ESR linewidth for the isolated Cu?* impurity
component, parallel (AB;) and perpendicular (AB,) to ¢ crystallographic axis for nominal x = 0.05, showing a
significant increase in both crystallographic directions with the decreasing temperature, contrary to the rest of the
samples. (c) Temperature dependence of the signal intensity of the isolated Cu?* impurity component for nominal
x =0.05, which follows a Curie-Weiss law, giving a low Curie-Weiss temperature. This indicates minimal spin
correlations, aligning with the rest of the samples. (d) The temperature behavior of X-band ESR linewidth for the
interacting Cu**-Cu?* pair component for nominal x = 0.05. Contrary to the rest of the samples, the linewidth
remains constant and does not show a decrease with the decreasing temperature.
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3.2.2 Effects of Na-doping on the Structure and Magnetism of
SrCuz(BO:s)

This Section covers a systematic investigation of hole-doping effects on the structure and
magnetism of SrCuy(BOs),, experimentally assessing theoretical predictions of
unconventional superconductivity potentially realized upon Sr substitutions with Na. The
study was conducted on polycrystalline Sr;—,Na,Cuy(BOs3), samples with nominal z = 0.05,
0.10 and 0.15, prepared by conventional solid-state method. The undoped reference sample
was taken from the study in Section 3.3 [38].

Background

As highlighted in Section 3.1 and the Introduction of Section 3.2.1, theoretical predictions
anticipated a potential unconventional superconductivity upon A-site electron- or hole-
doping of SrCu,(BOs). — specifically, by substituting the interlayer Sr** with an aliovalent
cation, M*" or M", respectively, resulting in Sri .M,Cuz(BOs); [31].

Similar to electron doping, discussed in Section 3.2.1, experimental investigations of
hole doping of SrCu,y(BOs), have remained scarce and have highlighted challenges in
achieving effective doping. To date, only three studies have explored A-site Na substitution
in SrCus(BOs),. The first study on polycrystalline SrCusy(BOs), reported Na-doping at a
single nominal concentration, x = 0.1, in Sr;_,Na,Cuy(BOs3),. The results indicated only a
minimal doping influence on the magnetic properties, indicating a slight reduction in the
unit cell parameters and a subtle closing of the spin gap from 21.5 to 19.8 K, while
resistivity measurements confirming the retention of insulating behavior [40]. Subsequent
efforts to grow Sri—,Na,Cuy(BOs3), single crystals with nominal z = 0.05 using the optical
floating-zone method proved challenging. The growth process was reportedly highly
sensitive to any minor variations in the growth conditions, yielding multiple grains rather
than large single crystals [41]. The small crystals, isolated from these samples, showed
limited effects of doping on the magnetic properties, consistent with the polycrystalline
material in exhibiting a small reduction of the spin gap induced by doping and further
detecting dimer-free Cu** spins by muon spin relaxation spectroscopy [42].

The identified experimental obstacles highlight the need for further investigations of
the effects of Na~-doping on the structure and magnetism of SrCuz(BO;),. With only a single
nominal concentration assessed in both polycrystalline and single-crystalline samples, it
remains unclear whether the observed effects are systematic across different doping levels.
Additionally, the current studies do not provide any further structural analyses or local
magnetic probes in polycrystalline samples, leaving both the extent of Na incorporation
and its impact on the magnetic properties at the local scale uncertain.

Experimental

Synthesis

Polycrystalline Sr;—,Na,Cuy(BO3), samples with nominal concentrations z = 0.05, 0.10 and
0.15, were prepared by conventional solid-state method. The corresponding reactions are
shown in Eq. (3.1):

1—2 SrCO3+ 2 CuO + 2 H3BO; + I/2 Na,CO3 — Srl,,Na,Cug(BO;g)z + 1—2 CO; + 3 H2O (31)
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High-purity SrCO; (Alfa Aesar, 99.994%), CuO (Aldrich, 99.99%), H;BO; (Alfa Aesar,
99.9995%) and Na,COs; (Chempur, 99.9%) were used as starting materials. The materials
were weighed in stoichiometric proportions and hand-homogenized for one hour in an agate
mortar. The resulting grey powder was pressed into pellets of 8 or 10 mm in diameter
under a pressure of 5 tonnes. The syntheses were conducted in alumina crucibles through
multiple heating cycles with intermediate grinding steps. The thermal treatment consisted
of sequential heating steps at 170 °C and 450 °C (12 h each), followed by heating at 780 °C
for 24 h and, finally, at 810 °C for an additional 24 h, all in air. Subsequently, two
additional cycles of 6 days were performed an oxygen-rich atmosphere at 900 °C. The total
synthesis time was around 20 days. In order to prevent the reaction of Na,CO; with
alumina, the pellets were placed on Pt foil in the alumina crucibles.

PXRD

The phase composition of the polycrystalline Sri_,Na,Cu(BO3), samples was investigated
by powder X-ray diffraction (PXRD) using a Rigaku MiniFlex600-C Benchtop X-ray
Diffractometer with Cu Ka radiation, in the 26 range of 3-120° with a step size of 0.005°
and a speed of 2.5°/min. A Rietveld least-square method was used for structural
refinements, performed using the program GSAS-II [43] For the undoped sample, the
PXRD was performed on a powder diffractometer Panalytical X'Pert Pro with Cu Kal
radiation in 26 range 20-120° with a step size of 0.016° and a counting time of 300 s.

EDS-SEM

The microstructural and compositional analyses of the powders were performed using
Thermo Fisher Quanta 650 ESEM equipped with an energy-dispersive X-ray spectrometer
(Oxford Instruments, AZtec Live, Ultim Max SDD 65 mm?), using a 30 kV accelerating
voltage. Prior to the analyses, polycrystalline Sr;_,Na,Cuy(BOs), with nominal z = 0.05,
0.10 and 0.15 were embedded in an epoxy resin matrix in the form of pellets, polished and
carbon coated using sputter coater Balzers SCD 050 following the removal of the resin after
polishing.

Magnetic susceptibility

Magnetic susceptibility measurements were performed on a Quantum Design MPMS3
SQUID magnetometer in a temperature interval 2—300 K in a static magnetic field of
1 kG. Prior to the measurements, polycrystalline Sri_,Na,Cus(BOj3), samples with nominal
x = 0.05, 0.10 and 0.15 were placed inside a plastic capsule, which was inserted into a
standard straw sample holder and closed with a plastic stopper at one end. The
temperatures at which susceptibility has a maximum, T.x, were determined from
approximating the susceptibility around the maximum to a simple Lorentzian shape.

X-band ESR spectroscopy

Continuous wave (CW) electron spin resonance spectroscopy measurements were
performed on a conventional Bruker E500 spectrometer, operating in the X-band at the
resonant frequency 9.4 GHz, equipped with a Bruker 4122SHQE cylindrical resonator
operating at 9.4 GHz, an Oxford Instruments ESR900 cryostat and an Oxford Instruments
ITC503 temperature controller. The temperature dependency of the linewidth was
measured from room temperature to 3.5 K with a typical modulation amplitude of 5 G,
a modulation frequency of 100 kHz, and microwave power of 2 mW.
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Results and Discussion

Solid-state synthesis of Sri_,Na,Cuy(BOs3), with z = 0.05, 0.10 and 0.15, mainly results in
the targeted SrCusy(BOs), phase, which adopts the I42m space group, as identified from the
laboratory PXRD data (Figure 3.3 a,b). A small amount of unreacted CuO is also detected,
which is consistent with earlier findings on undoped as well as doped samples [36,41], and
its quantity appears to increase with Na nominal Na-doping. An absence of any Na
secondary phases could indicate a successful substitution of Sr by Na.

The unit cell parameters, extracted from Rietveld refinement analysis (details available
in Table 3.1), show an increase in a parameter from 8.9932(1) A to 8.99386(5) A for
z = 0.15. Meanwhile, the ¢ parameter decreases monotonically from 6.6509(1) A to
6.64862(5) A for # = 0.15 (Figure 3.3 ¢). Overall, the unit cell volume shows a small
(~0.03%), yet systematic decrease with nominal doping. Specifically, it decreases from
537.91(2) A3 for the undoped sample [38] to 537.738(5) A3 for nominal z = 0.15
(Figure 3.3 d). This decrease parallels the difference of ionic radii of the substituting ions,
as the radius of the dopant, Na* (1.18 A for coordination number CN = 8), is lower
compared to Sr** (1.26 A, CN = 8). A similar trend was also previously observed in the
study of polycrystalline SrCuy(BO;), samples doped with various A-site dopants, where a
small decrease of both unit cell parameters, ¢ = 8.992 A and ¢ = 6.648 A, was observed
for nominal z = 0.10 in Sr;_,Na,Cuy(BOs3), with respect to the undoped system, which
yielded ¢ = 8.995 A and ¢ = 6.649 A [40]. In the present study, the unit cell parameters
extracted for the x = 0.10 sample give slightly higher values compared with those reported
in the previous study, yielding a = 8.99386(3) A and ¢ = 6.64864(3) A. Interestingly,
single crystals of Sr;_,Na,Cux(BOs), with z = 0.05, grown by optical floating zone in
ref. [41], reportedly showed an increase in unit cell volume with respect to single crystals
of the undoped system, increasing in ¢ parameter from 6.654 to 6.657 A, while the a
parameter retained the same value of 8.998 A.

A further inspection of structural details reveals that the intradimer Cu—Cu distance,
which determines the nearest-neighbor antiferromagnetic exchange J, first increases from
2.9205(9) A of the undoped system [38] to 2.9224(9) A for 2 = 0.05 and further to
2.9509(10) A for the z = 0.10 sample, before decreasing to 2.9375(11) A for # = 0.15. The
Cu—0O—Cu angle shows a subtle decrease from 98.9(1)° for z = 0 [38] to 97.0(1)° for
z = 0.05, then slightly increases to 97.4(1)° for z = 0.10 and, finally, decreases to 95.5(2)°
for z = 0.15. As a higher angle allows a more effective overlap of the orbitals [3], this
indicates a subtle softening antiferromagnetic exchange J with increasing nominal
concentration. Moreover, the interdimer Cu—Cu distance, which determines next-nearest
neighbor exchange J’, retains almost the same wvalue of the undoped system,
5.1267(10) A [38], for 2 = 0.05 sample, where it yields 5.1265(9) A, then decreases to
5.1139(10) A for z = 0.10, and finally subtly increases to 5.1156(11) A for = = 0.15.

As qualitatively estimated from powder diffractograms, the Rietveld refinement analysis
(Figure 3.4 and Table 3.1) also indicates an overall increase in CuO content with nominal
doping. Starting at 0.4 wt% for the undoped system, the CuO content first increases to 2.6
and 2.1 wt% for the z = 0.05 and z = 0.10 samples, and finally increases to 6 wt% for the
highest nominal concentration, z = 0.15. A comparable behavior was reported for
polycrystalline samples upon A-site La doping, as discussed in Section 3.2.1.
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Figure 3.3: a) Laboratory PXRD patterns of polycrystalline Sri—.Na,Cus(BOs), with
nominal z = 0, 0.05, 0.10, and 0.15 after solid-state reaction, which resulted in the main
SrCu,y(BOs), phase, accompanied by minor amounts of unreacted CuO, compared to
undoped SrCuy(BOs), from ref. [38]. b) Enlarged view of the 34°—46° 26 range marked
with a black rectangle in a) for higher clarity. ¢) The evolution of the unit cell
parameters a and ¢, extracted from Rietveld refinement analysis, as a function of
nominal doping. d) The unit cell volume values, determined by Rietveld refinement
analysis, as a function of nominal doping.
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Figure 3.4: Profile fit of room-temperature laboratory PXRD (Cu Ka, X\ = 1.5406 A) of
Sr1 .Na,Cus(BOs), powders with the selected nominal concentration z = 0.05. The
Rietveld refinement analysis was performed using the I42m space group.
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As the PXRD results suggest a possible successful substitution of Sr*" with Na*, a more
detailed chemical analysis is required to confirm or dismiss this. Therefore, SEM/EDS
analyses were employed on all three samples (z = 0.05, 0.10 and 0.15 in Sr;-.Na,Cux(BOs),).
The SEM backscattered electron images (Figure 3.5 a—c) show the lamellar morphology of
the grains in all samples, which reflects the layered SrCuy(BOs), structure [38]. A few
brighter-contrast grains are also observed on the surfaces of the matrix grains, which
correspond to unreacted CuQO, while no additional impurity phases are detected, both in
agreement with the PXRD results (Figure 3.3 a,b).

However, the EDS point analyses on the SrCuy(BOs), matrix (Figure 3.5 a—c) show no
detectable Na, as neither the Na Ka emission line at 1.04 keV nor any other signals
indicative of Na are present. The analysis detects only the constituent elements of the
parent compound — Sr, Cu and O — with B not observed due to its low atomic mass. The
obtained atomic % values are very similar for all three constituent elements regardless of
the nominal doping (Table 3.2). The average values were determined from point analyses
of 15 spots. This indicates that the incorporation of Na into the parent structure is either
not realized during solid-state synthesis or it occurs at concentrations below the EDS
detection limit.
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Figure 3.5: Representative normalized EDS point analysis spectra collected on the matrix
of polycrystalline Sr;—,Na,Cuz(BOs); with nominal a) 2= 0.05, b) 0.10 , and ¢) z = 0.15.
The insets magnify the 0.50-2.00 keV region, where the expected position of Na Ka
emission line is indicated by arrows, with arrows, indicating the absence of Na in the
matrix. The corresponding SEM images for each nominal composition are displayed below
the EDS spectra, with the analyzed area marked by a color-coded sign.
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Table 3.2: The average semi-quantitative atomic percentage values of Sr, Cu, O and Na,
obtained from point analyses collected on the matrix of Sri_.Na,Cus(BOs), samples with
nominal z = 0.05, 0.10, and 0.15, together with Na/Cu, Na/Sr and Cu/Sr ratios. The
values were determined from 15 different SEM-EDS point analyses on each sample matrix.

Sample, Sr;_.Na,Cu:(BOs),

x = 0.05 x = 0.10 x = 0.15
Element | Actual | Nominal Actual ‘ Nominal Actual ‘ Nominal
Concentration (at%)

Sr 12.7(3) 10.56 12.8(2) 10.00 12.7(1) 9.44
Cu 27.0(8) 22.22 26.7(6) 22.22 26.8(3) 22.22
O 60.4(8) 66.67 60.6(8) 66.67 60.5(4) 66.67
Na 0 0.56 0 1.11 0 1.67
Sum, % | 100.1(19) 100 100.1(16) 100 100.0(8) 100
Na/Cu 0 0.025 0 0.05 0 0.075
Na/Sr 0 0.05 0 0.11 0 0.18
Cu/Sr 2.13(7) 2.10 2.09(2) 2.22 2.10(2) 2.35

Concentration, mol%
Na o | 50 | o | w0 | o | 150

EDS elemental mapping analysis reveals a segregation of Na in the intergranular regions
of all the Sri_,Na,Cuy(BOs), samples, which is most pronounced for the highest nominal
doping, = = 0.15 (Figure 3.6).

50 um 50 um

Figure 3.6: A representative SEM image and EDS elemental mapping analysis of
polycrystalline Sr;—,Na,Cuy(BOs), with nominal z = 0.15 reveals a segregation of sodium
in the intergranular regions. Unreacted CuO grains are also detected in this analysis.
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To further investigate the presence of Na in these regions, point analysis spectra were
collected in the vicinity of intergranular regions. These analyses show a clearly detectable
Na Ka peak at 1.04 keV (Figure 3.7 a,b) for the sample with the lowest and highest
nominal doping concentration, z = 0.05 and 0.15, respectively. This indicates that Na is
present in these regions, thus agreeing with the elemental mapping results. These findings
confirm that, rather than incorporating into the parent matrix, Na preferentially remains
within the intergranular regions. As no Na secondary phases are detected in PXRD, it is
likely that Na forms a glassy borate phase, consistent with literature reports that
Na,O—B,0s systems can form both crystalline and glassy phases [44].
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Figure 3.7: Normalized EDS point analysis spectra collected in the vicinity of intergranular
areas of polycrystalline Sri_,Na,Cuy(BO;). with a) nominal z = 0.05 and b) z = 0.15. The
insets magnify the 0.50-2.00 keV region where the characteristic Na Ko emission line is
clearly observed at 1.040 keV, confirming the segregation of Na within the intergranular
areas. The corresponding SEM images for each nominal composition are displayed below
the EDS spectra, with the analyzed area marked by a color-coded sign.

To investigate the possibility of Na being incorporated into the parent structure at
concentrations below the EDS detection limit, magnetic susceptibility, x, was employed to
probe the effect of a possible Na-substitution on the magnetic properties of the parent
compound. Qualitatively, all the doped samples with nominal x = 0.05, 0.10 and 0.15 show
a similar behavior to the undoped system [38] as well as doped with different A- and B-
site dopants according to the literature (Figure 3.8) [40,41]. High-temperature behavior
follows a Curie-Weiss law, reaching a broad susceptibility maximum, 7., around 15 K.
Below Th.x, a sharp decrease down to about 4 K is observed, indicative of the opening of
the spin gap, ending in an upturn below 4 K, which is a hallmark of dimer-free Cu*" § = %
spins in the system. Qualitatively, the magnitude of the upturn increases for doped samples
compared to the undoped parent compound, which indicates an increasing fraction of
dimer-free Cu®" ions in the doped system, thus implying that Na-doping of SrCuy(BOs),
induces spin-dimer breaking. This is consistent with a previous study on a
Sr1-.Na,Cuy(BOs3), single crystal with nominal z = 0.05, grown by optical-floating-zone [42]
where a more pronounced low-temperature susceptibility upturn was observed compared
to the undoped crystal. The influence of Na-doping on the antiferromagnetic interactions
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in the system can be quantitatively estimated by fitting the high-temperature region to a
Curie-Weiss law, Eq. (3.2), and determining the Weiss temperature, ¢ (Table 3.3) [38]:

X =755 + xo. (3.2)

Here, C represents the Curie constant, 7T the temperature and xo a temperature-
independent term, which accounts for diamagnetic contribution of the ion cores and/or the
signal of the sample holder.

2.0
3
3004 | S 151
3 B
5
7, 2001 58
=X Sr1_xNaXCU2(BO3)2
o x=0
o x=0.05
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Figure 3.8: The magnetic susceptibility curves of undoped polycrystalline SrCuy(BOs), [38]
and Sri_.Na,Cuzx(BOs), with nominal z = 0.05, 0.10, and 0.15, measured at uH = 1 kG.
The low-temperature region, 2—10 K, is magnified in the inset, and includes low-
temperature fits on the Curie-Weiss upturn based on Eq. (3.3), performed in the 2-6 K
range with 0' fixed at —0.75 K.

Table 3.3: The complete results of high-temperature magnetic susceptibility data fits in
the interval 100—300 K for Sri_.Na,Cuy(BOs). powders (z = 0—0.15) using the Curie-Weiss
law equation, Eq. (3.2).

C (emu K/mol Cu) 0 (K) X, (emu/mol Cu)
StCus(BOs)s (ref. [38]) 0.553(4) —136(1) —9.2(6) - 107
St1.05N 200 Cia(BOs)s 0.486(3) —127(1) —4.0(5) - 107
Sty oNay , Ca(BO3)» 0.434(2) —131.7(9) ~3.1(4) - 107
St1.05Na0.15Cuz(BO3) 0.414(3) —122.0(9) 45(4) - 1077
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Compared to the undoped sample where takes the value of —136(1) K [38], the samples
show a systematic decrease of the Curie-Weiss temperature to —122(1) K for the z = 0.15
sample (Table 3.3). This suggests a softening of the antiferromagnetic exchange
interactions in the system with increasing doping levels. The temperature at which x(7)
reaches a maximum, 7., shows only small changes, steadily but slightly decreasing from
16.63(2) K for the undoped system [38] to 15.29(1) K for nominal z = 0.15 (Table 3.4).

Table 3.4: Summary of magnetic parameters derived from various fits of susceptibility data
for Sri_,Na,Cuy(BOs3), with z = 0.05, 0.10 and 0.15, compared to parameters of the undoped
system, = 0, from ref. [38]. The parameters were derived as described in the Journal
Article in Section 3.2.1.

C’ (low-T, | Estimated
1.9—-3.5 fraction of ;
Sample/nominal x | A [K] Z[jIIET K) [emu | impurities/ fI;IIg;lEIg
K/ free Cu®* 1%
mol Cu] spins [%]
SI'CIIQ(BO3)2
(vef. [38]) 26.1(2) | 16.63(2) | 3.5(1) - 10~ 0.93(1) —136(1)
x=20
Srl""sN;‘)’_"5€‘(‘)25(Bo3)2 28.2(3) | 15.79(1) | 5.3(2) - 10 1.41(6) —127(1)
Srl"’N;‘)’_lCO“i(()BO3)2 28.2(4) | 15.49(1) | 6.3(1) - 107 1.68(3) —131.7(9)
Srl'“N;‘)’_“g‘fs(Bo3)2 20.4(5) | 15.29(1) | 6.7(2) - 107 1.80(6) —122.0(9)

Below Thax, the susceptibility can be described as a sum of three terms as shown in
Eq. (3.3) [40]:

e}

X =79+ ae™ + 0. (3.3)

The first term describes the Curie-Weiss behaviour of the upturn, with C’ and 6’
representing the Curie constant and the Curie-Weiss temperature, the second term
represents a thermally activated contribution from the dimer lattice characterized by a
spin gap, A, while the last term is added to account for intrinsic diamagnetism of the
sample and/or the sample holder. In order to estimate the spin gap of doped samples, the
data were fitted to Eq. (3.3) in the interval 2-6 K with 0’ fixed at five different values from
0 to —1 (Table 3.5), due to a strong correlation of this parameter with the Curie
constant, C’. Considering the results of the best fit with with 6" = —0.75 K, the spin gap
exhibits a small increase from 26.1(2) [38] to 29.4(5) K for nominal doping up to z = 0.15
(Table 3.4). This behavior contrasts previous studies, which identified a suppression of the
gap upon Na-substitution. In polycrystalline samples with nominal x = 0.10, the spin gap
decreases from 21.5 to 19.8 K at 1 T [40], and a decrease from 27.8 to 24.4 K was also
found for single crystals with nominal z = 0.05 [42].



60 Chapter 3. Tuning the Magnetism of SrCuy(BOs3), by Chemical Doping

Table 3.5: The complete results of magnetic susceptibility data fits in the temperature
interval 2—6 K for different doping concentrations using Eq. (3.3). Due to a high correlation
between fitted parameters C’ and 0’, the fitting was performed using multiple fixed 6’
values between 0 to —1, assuming antiferromagnetic interactions between the intrinsic
impurities — dimer-free Cu®" ions.

C’ (emu K/mol 0 (emu/mol a (emu/mol

( o / X (Cu)/ o | A K ( Cué )

1.72(2) - 10 | 225(6) - 10 | 0 | 27.9(3) | 7.9(4) - 107

SrCus(BOy). 2.07(1) - 10° | 1.59(5) - 10 | —0.25 | 27.2(2) | 7.2(2) - 107
z=0 246(1) - 10° | 9.4(5) - 10° | —05 | 26.6(2) | 6.7(2) - 107

(ref. [38]) 2.88(2) - 107 | 2.8(4) - 107° | —0.75 | 26.1(1) | 6.3(1) - 1072
3.34(2) - 10 | —3.9(5) - 10° | —1 | 256(2) | 5.9(1) - 107

1.35(2) - 10 | 459(8) - 10 | 0 | 30.1(5) | 9.3(8) - 107

1.63(2) - 10 | 4.07(7) - 10 | —0.25 | 20.4(4) | 8.4(6) - 107

S“'%Na‘l_%g%?;BO?’)Q 1.94(2) - 10 | 3.56(7) - 10 | —0.5 | 28.7(3) | 7.8(4) - 102
T 2.27(2) - 107 | 3.04(6) - 10~ | —0.75 | 28.2(3) | 7.2(3) - 102
2.63(2) - 10 | 2.51(5) - 10 | —1 |27.7(2) | 6.8(2) - 107

1.85(3) - 10 | 5.6(1) - 10°* 0 | 31409 | 9) - 107

2.23(3) - 10° | 4.92(9) - 10~ | —0.25 | 30.1(7) | 7.9(8) - 10~

S“'gNa(i%uiE)BO?’)Q 2.64(2) - 10 | 4.23(8) - 10+ | —0.5 | 29.1(5) | 6.9(5) - 10
T 3.10(2) - 107 | 3.52(7) - 10 | —0.75 | 28.2(4) | 6.1(3) - 107
3.59(2) - 10° | 2.81(6) - 10* | —1 | 27.5(3) | 5.6(2) - 107

1.22(3) - 10 | 58(1) - 10°* 0 | 3168) | 1.001) - 10"

1.47(3) - 10 | 5.37(9) - 10 | —0.25 | 30.7(7) | 9(1) - 10

S”&E’Na‘l_lflf;BO?’)Q 174(3) - 10 | 4.91(9) - 10 | —0.5 | 30.0(6) | 8.2(7) - 102
T 2.04(3) - 10 | 4.45(8) - 10 | —0.75 | 29.4(5) | 7.5(6) - 10
2.36(3) - 102 | 3.99(8) - 10 | —1 |28.9(4) | 7.04) - 107

To estimate the amount of dimer-free Cu®*' spins in the doped system, the low-
temperature upturn in inverse susceptibility data is fitted to a Curie-Weiss law in the
temperature range 2-3.4 K (Figure 3.9). The resulting Curie constant, C’, increases with
increasing nominal doping levels, from 3.5(1) - 10~ emu K/mol Cu for the undoped sample
[38], to 5.3(2) - 107 for =z =0.05, 6.3(1) - 10 for z = 0.10, and, finally, to
6.7(2) - 107 emu K/mol Cu for z = 0.15 (Table 3.4). This corresponds to an increase of
estimated fraction of free Cu*" spins from 0.93(1)% for z = 0[38] to 1.41(6)% for z = 0.05,
1.68(3)% for = = 0.10 and, finally, 1.80(6)% for z = 0.15 (Table 3.4). Overall, at the
highest nominal doping concentration, z = 0.15, the number of broken dimers is almost
double compared to the undoped sample. The value obtained for the x = 0.05 sample is
almost five times higher than the fraction of impurity spins in the Na-doped single crystal
with nominal z = 0.05 grown by optical floating zone as reported in ref. [42] and
comparable to 1.49(6)% achieved in La-doped single crystals with nominal z = 0.05 from
ref. [42].



3.2. A-site Sr Aliovalent Substitutions in SrCus(BOs).: Structural and Magnetic Effects 61

As noted earlier upon qualitative assessment of the upturn magnitude in doped samples,
the increasing fractions of dimer-free Cu*' spins as a function of nominal doping, estimated
from the fits indicate that similarly to electron doping of SrCu,(BOs3), with La, hole doping
with Na shows a detrimental effect on the spin-dimer lattice, which increases with nominal
doping. The Cu*" S = 1/2 spin-dimer breaking, induced by Na-doping, can be attributed
to local perturbations in the magnetic Cuy(BOs).*~ layers.
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Figure 3.9: Low-temperature fits (7 = 2-3.4 K) of the 1/x data to a Curie-Weiss lawfor
polycrystalline Sri_.Na,Cuz(BOs). with nominal x = 0.05, 0.10, and 0.15, compared to the
undoped system from ref. [38]. The estimated fraction of dimer-free Cu** S = 1/2 spins in
the system was derived from these fits for all samples.

Magnetic properties of Na-doped samples are further studied by a more sensitive and
local magnetic probe, continuous wave X-band ESR spectroscopy. The temperature
dependent behaviour of the samples is studied from room temperature down to 3.5 K and
compared with the results for the undoped system from ref. [38]. At higher temperatures,
the main dimer-lattice signal is observed for all samples. Upon decreasing the temperature,
this signal gradually decreases in intensity while its linewidth broadens (Figure 3.10),
reflecting the development of spin correlations within the spin-dimer lattice. This is
consistent with previous studies on the undoped [45-48] and La-doped system.
Concurrently, another signal appears around 3200 G, emerging at temperatures as high as
90 K for z = 0.05, 170 K for z = 0.10, and already at room temperature for x = 0.15
(Figure 3.10 b—d), thus persisting to progressively higher temperatures with increasing
nominal doping.
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Figure 3.10: X-band ESR spectra of polycrystalline Sri,Na,Cuy(BOs), with nominal
a) x = 0.05, b) 0.10 and c) 0.15, at selected temperatures 40, 90, 130, 170 and 250 K. The
main dimer-lattice signal decreases with the decreasing temperature, while an additional
signal emerges at 3200 G. As a function of nominal doping, this signal becomes gradually
more pronounced at selected temperatures and also persists to higher temperatures.

The intensity of this signal, only weakly detected in the undoped system below 14 K
(Figure 3.11 a, [38]), gradually increases upon cooling, becoming dominant below
approximately 20 K, where it shows a clear axial g-factor anisotropy (Figure 3.11 b—d).
Being a hallmark of Cu®" ions, it unambiguously confirms the presence of dimer-free Cu**
in the system and thus aligns with magnetic susceptibility results, confirming a Cu®*" spin-
dimer breaking in the system induced by Na-doping. The observation of dimer breaking in
the Na-doped system is consistent with previously reported muon spin relaxation
spectroscopy results on a Sri—,Na,Cuy(BOs3), single crystal (nominal z = 0.05), grown by
the optical floating zone method [42]. A fast Fourier transform of the transverse-field muon
precession signal revealed three clearly distinguished frequency peaks for the doped crystal,
whereas only two peaks were observed for the undoped sample. These two peaks resulted
from two free Cu®" spins, created by the muon perturbing the Cu—Cu spin dimer in the
parent lattice. If the dimer had been broken as a result of doping, the muon would be in
proximity only to one dimer-free Cu*" spin, producing a smaller frequency shift and thereby
explaining the emergence of the additional peak [42].

In the present study, the characteristic Cu*" spin signal dominates the ESR spectrum,
while the main dimer-lattice signal disappears at progressively higher temperatures with
increasing nominal doping. This qualitatively indicates a growing fraction of dimer-free
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Cu?" spins, aligning with results obtained from low-temperature inverse susceptibility fits
and confirming that some Na was incorporated, inducing spin-dimer breaking increases
with increasing nominal doping.
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Figure 3.11: Low-temperature X-band ESR spectra of polycrystalline Sri.Na,Cuz(BOs),
with nominal a) z = 0 at selected temperatures 11 and 20 K [38], b) 0.05, ¢) z = 0.10, and
d) 0.15, at selected temperatures 5, 10 and 20 K. In all doped samples, the dimer-free Cu**
impurity signal with axial ¢-factor anisotropy is dominant at low temperatures, while
remaining barely detected for the undoped system. The main dimer-lattice disappears at
progressively higher temperatures with nominal doping, indicating a higher fraction of Cu**
S = % spins and thus a progressively more pronounced spin-dimer breaking as a function
of nominal doping.

Overall, structural characterization of polycrystalline Sr;—.Na,Cuy(BOs); samples by
PXRD reveals subtle structural changes, while EDS detects no Na incorporation in the
parent matrix. The observed segregation of Na in the intergranular regions, together with
the absence of Na secondary phases in PXRD, suggests that Na preferentially forms glassy
borate phases. Although structural analyses do not confirm a Na incorporation, a
significant effect on the magnetic properties is still detected.

Magnetization measurements and ESR spectroscopy, reveal the emergence of dimer-
free Cu®" spins, with their fraction rising with nominal doping. The prominent free Cu**
signal with axial g-factor anisotropy observed in ESR experiments, which dominates the
spectrum at low temperatures for all samples and persists up to room temperature at the
highest nominal concentration (z = 0.15), clearly indicates a significant Na-doping-induced
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spin-dimer breaking upon solid-state synthesis. These observations indicate that even
minor Na-doping, undetectable by local structural or compositional analyses, exerts a
significantly detrimental effect on the spin-dimer lattice and its magnetic properties.

Conclusions

This study experimentally investigates the effect of hole doping of the Shastry-Sutherland
compound SrCu,(BOs), with Na in polycrystalline samples with three nominal doping
concentrations, z = 0.05, 0.10 and 0.15, in Sri_,Na,Cus(BOj3),. Powder X-ray diffraction
shows only subtle structural changes and no Na-based secondary phases, suggesting a
potential Na incorporation into the parent structure. However, SEM-EDS analysis detects
no signs of Na within the SrCuy(BOs), matrix, instead locating Na within the intergranular
regions. The combined PXRD and SEM-EDS results indicate that Na is not effectively
incorporated into the parent lattice, and is instead likely segregated into amorphous
secondary phases, with any lattice incorporation remaining below the EDS detection limit.
Despite this, magnetic susceptibility measurements, which indicate a subtle increase in the
spin gap from 26.1 to 29.5 K, clearly reveal an emergence of dimer-free Cu®" spins in the
doped samples, with their fraction increasing systematically with nominal doping levels.
These observations are corroborated by electron spin resonance spectroscopy, which
unambiguously confirms both the presence and the progressive increase of dimer-free Cu®*
spins with nominal doping. Remarkably, at the highest nominal doping level, x = 0.15, the
characteristic ESR signal of free Cu®" spins with axial g-factor anisotropy persists up to
room temperature, indicating a substantial dimer-spin breaking induced by Na-doping.
Collectively, these results suggest that although Na incorporation remains below the
detection limit of local structural analyses, it is nevertheless sufficient to induce
Cu®" S = 1/2 spin-dimer breaking upon solid-state synthesis, significantly affecting the
spin-dimer lattice and its magnetic properties.
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3.3 B-site Cu Nonmagnetic Substitutions in SrCuz(BOs3)a:
Magnetic Dilution Effects

This Section covers a systematic study of magnetic dilution effects on the structure and
magnetism of SrCuy(BOs),, which experimentally investigates theoretical predictions of a
possible QSL state, which may be realized upon B-site isovalent doping, via Mg-doping.
The study is conducted on four polycrystalline SrCu,_.Mg,(BO3), samples with nominal
x =0, 0.03, 0.05 and 0.10, prepared by a conventional solid-state method.

The samples show a subtle, yet systematic lattice expansion as a consequence of a
partially successful substitution of Cu with Mg in the parent SrCuy(BOj;),. The effective
dopant incorporation is estimated at 7 mol%, demonstrating that the Mg-doping boundary
can be pushed to higher values.

The effective Mg-doping achieved by this method leads to softening of antiferromagnetic
exchange interactions in the system, resulting in a spin gap reduction from 26.1(2) to
15.9(4) K as well as a decrease of the Curie-Weiss temperature and the magnetic
susceptibility maximum. The presence of dimer-free Cu®* S = 1/2 spins, which increase in
concentration with higher doping levels, points to a successful magnetic dilution, evidenced
by Cu?" dimer breaking.

Furthermore, the study of magnetization plateaus in Mg-doped system via high-field
magnetic susceptibility up to 35 T reveals a suppression of the 1/8 pseudo-plateau at
nominal z = 0.10, experimentally confirming a previously proposed expectation of
suppression of this plateau at doping levels beyond z = 0.05 [49]. Additionally, an anomaly
at an onset critical field wH'co = 9 T, previously only weakly observed at nominal
x = 0.05, is clearly detected at nominal x = 0.10, indicating the formation of impurity-
driven spin configurations. This anomaly is indicative of impurity-driven spin
configurations involving dimer-free Cu*" S = 1/2 spins coupled coupled beyond Cu**
intradimer distances, supporting the emergence of novel magnetic states stabilized at higher
Mg-doping levels.

Although tuning of the SrCu,(BO3), ground state by Mg-doping up to nominal z = 0.10
does not lead to a quantum spin liquid state, it shows a significant softening of
antiferromagnetic interactions in the system, stabilizing novel impurity-driven magnetic
states.

This Section addresses Aims 1 and 2 and evaluates Hypotheses 2-4.
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approach to investigate the robustness of their ground state against the Lo . m oI M ;f!;
competing phases. Predictions of doping effects on the ground state of the ~ *®*] &<+ = [ /. .f‘f‘iﬁ il
Shastry—Sutherland dimer model are here verified experimentally on Mg- _ o< I N &
doped SrCu,(BOj3),. A partial incorporation of Mg®* on the Cu®* site in the 3 °*'®1 o g Ho 4 1
SrCu,(BO;), structure leads to a subtle but systematic lattice expansion 3 e gy o "%,
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with the increasing Mg-doping concentration, which is accompanied by a 3 00 & o |
slight decrease in the spin gap, the Curie—Weiss temperature, and the peak *B o w0 ww am Mo A:-.a‘ |
temperature of the susceptibility. These findings indicate a doping-induced =~ %7 M, »‘ﬁﬁ:ﬁ? S'C“?:Mix(f:;); 1
breaking of Cu®* spin-1/2 dimers that is also corroborated by X-band EPR 9 xm'm“:::'glm- P
spectroscopy that points to a systematic increase in the intensity of free 0»000—“5!11'--!!%....' adan . . __+ x=010
Cu’" sites with increasing Mg-doping concentration. Extending the Mg- ® 1 15“0,_, - » » %

doping up to nominal x = 0.10 yielding SrCu;,Mg,,;(BO;), in the
magnetization measurements taken up to 35 T, a suppression of the
pseudo-1/8 plateau is found along with a clear presence of an anomaly at an onset critical field yoH'co & 9 T. The latter, absent in
pure SrCu,(BOj;),, emerges due to the pairwise coupling of liberated Cu®* spin-1/2 entities in the vicinity of Mg-doping induced

impurities.

1. INTRODUCTION

Quantum fluctuations, low dimensionality and geometric
frustration are considered important ingredients for exotic
states of matter such as quantum spin liquids"” or high-T¢
superconductivity.” In particular, low-dimensional materials
with antiferromagnetic (AFM) interactions and coupled
S = 1/2 moments are the most promising to experimentally
explore the realization of such exotic states."”” In the last
decades, transition metal oxides exhibiting such physics have
been actively studied. A particular interest is devoted to the
family of high-T¢ cuprate superconductors where the
observation of two-dimensional (2D) antiferromagnetism in
Mott-insulating parent compounds led to the suggestion of an
intimate correlation of the gapped spin excitations with
unconventional superconductivity in charge-doped com-
pounds.® Following this discovery, numerous studies focused
on other 2D spin systems with spin-gapped ground states.”"’
While the spin-singlet ground state is commonly found in one-
dimensional (1D) or quasi-1D materials,"' ~"° there are only
few examples of 2D spin-gapped systems'®™'® due to their
tendency of long-range ordering guided by the interlayer
exchange interactions.

One rare example of a spin-gapped 2D material is strontium
copper orthoborate, SrCu,(BOs),.'® As the first experimental
realization of the theoretical Shastry-Sutherland model,'” this

© 2024 The Authors. Published by
American Chemical Society
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frustrated 2D spin system contains spin dimers which are
orthogonally coupled on a square lattice. In this model, the in-
plane coupling of Cu®" (S = 1/2) spins is described by the
antiferromagnetic nearest neighbor (NN) coupling ] and the
next-nearest neighbor (NNN) coupling J:

A=7) SS+] ) SS +guB ) S
NN NNN i (1)

The last term in eq 1 is the Zeeman interaction with the
external magnetic field, B. The model Hamiltonian has been
successfully applied to SrCu,(BO;), to interpret, e-g, the
results of electron paramagnetic resonance (EPR)*°™*° and
nuclear magnetic resonance (NMR) studies.”*™%’ Importantly,
the J'/J ratio in eq 1 dictates the magnetic ground state.'”’
For J'/] < 0.69, the ground state is the exact dimer phase that is
a product of singlets on Cu-dimers,”" while a gapped plaquette
singlet state or a plaquette valence bond solid phase is found
for 0.69 < J'/J < 0.86.°>*' For J'/] > 0.86, the Néel phase or
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the dimer valence bond solid phase is stabilized. Recently, a
novel quantum spin liquid phase has been predicted to exist
between the gapped plaquette-singlet phase and the anti-
ferromagnetic phase.”” Experimentally, the J'/]J ratio in
SrCu,(B0O;), was determined to be 0.68
(J = 100 K, J = 68 K),” with more recent reports claiming
a slightly smaller value of 0.63(1).***° The value of J'/J
positions SrCu,(BO;), to the exact singlet-dimer state of the
Shastry-Sutherland phase diagram. However, it is also very
close to the quantum critical point that separates the singlet-
dimer state to other competing phases.” This specific property
of SrCu,(BO;), opens up an intriguing possibility to
investigate the stability and behavior of a frustrated quantum
antiferromagnet close to a quantum critical point.

The exact dimer phase of SrCu,(BO;), was first challenged
in high-magnetic field experiments aiming to close the spin
gap, A. The first estimate of a spin gap A of 19(1) K was from
low-temperature magnetic susceptibility,”® but more precise
values of 34(1) K were obtained from other experiments such
as high-field EPR.”” Upon closing A with magnetic field, the
presence of strong frustration is responsible for the Wigner-like
crystallization of triplets at critical fields, giving rise to
characteristic magnetization plateaus.”® Namely, the magnet-
ization plateaus at fractional values of the saturated magnet-
ization of 1/8 and 1/4 were initially observed. %3¢ Later, other
intermediate fractional plateaus were also reported such as
1/3* and 1/9, 1/7, 1/6, 1/5, 2/9,%° adding to the extreme
richness of the SrCu,(BO;), phase diagram. A very recent
study showed evidence of a spin nematic phase or bound-state
condensate in SrCu,(BO;), before the 1/8 plateau and beyond
21 T, which is understood as a condensate of bosonic Cooper
pairs.”’ Alternatively, the ground state of SrCu,(BO;), may be
altered by means of physical pressure or chemical pressure
through substitutions. Applying hydrostatic pressure on
SrCu,(BO;),” """ was shown to induce two quantum
phase transitions: (i) around 1.7 GPa, where the dimer singlet
phase transitions to a plaquette singlet phase below 2 K, (ii) at
3—4 GPa, where another antiferromagnetic phase is realized
below 4 K.**

On the other hand, the effects of chemical pressure or
chemical-doping-induced impurities on the ground state of
SrCu,(BO;), are less understood due to difficulties in chemical
modifications of this compound. However, theoretical studies
have predicted that altering the ground state of SrCu,(BO;),
by chemical doping could result in exotic magnetic states such
as quantum spin liquids or superconductors.*”*® In spite of
these promising theoretical predictions, the literature on the
experimental doping of SrCu,(BO,), is scarce’’ > as
introducing dopants into the crystal structure of SrCu,(BO;),
has been proven to be a very challenging process even for low
doping concentrations.

The chemical substitutions on the Sr site, located between
the Cu—O—B layers in the SrCu,(BO,), structure, could exert
both chemical pressure on the Cu—Cu exchange pathways and
charge imbalance through a different valence state of the
dopant, affecting the Cu magnetic moment. Doping on the Sr
site with Y, Na, La, Zn or Al led to a suppression of the spin
gap in polycrystalline samples,” but the gap was not fully
closed and no superconductivity was observed. Single crystals
of Na- and La-doped SrCu,(BO;), have also been grown by
the optical floating zone method.”® Although the X-ray
diffraction (XRD) measurements showed that these com-
pounds are single-phase and their in-plane lattice parameter

depends systematically on the dopant content x, a detailed
structural and local-probe investigation such as EPR or NMR
of these dopants is still missing. Moreover, a quantum spin
liquid is anticipated to be realized by magnetic dilution—
partially substituting the magnetic Cu®" ions with nonmagnetic
isovalent cations, which could break the spin dimers and
establish a long-range quantum entanglement at the lowest
temperatures.47 Magnetic dilution, ie., Mg“ substitutions on
the Cu®* site, has been proven to be chemically even more
challenging and only a few reports exist on Mg-doped
SrCu,(BO;),. Previous studies focused on SrCu,_,Mg,(BO;),
with nominal x < 0.05 including measurements such as muon
spin relaxation studies (uSR)*’ magnetometry at high
magnetic fields,” and neutron scattering.51 Subtle changes in
magnetism with Mg doping have been suggested. The uSR
studies on single crystals of nominal x = 0.05" revealed that
Mg doping disrupts the formation of local singlets, as
evidenced by the emergence of a third frequency shift branch
attributable to the dopant effect. This third branch represents
the case when the muon resides at a site in the superexchange
path where a local singlet cannot form due to doping, leading
to the conclusion that Mg-doping prevents the formation of
some singlets both in and out of the Cu—B—O planes.

High-field magnetometry studies showed that impurities
disrupt the formation of superstructures of bound triplet states,
breaking them into smaller patches. This significant softening
of the superstructures causes the smearing of the pseudo-1/n
plateaus in the doped sample, with the expectation that these
plateaus would be totally suppressed with increased doping.
Further studies are desired to better understand the impurity-
induced emergent states, to search for other possible novel
phases at high fields, in particular on samples with higher Mg
concentrations.

Neutron-scattering experiments have shown the appearance
of new magnetic excitations into the singlet—triplet gap.’'
High resolution time-of-flight neutron scattering measure-
ments on single crystals of SrCu,_,Mg,(BO;), with nominal x
= 0.05 Mg have shown that doping of the magnetic Cu®* site
with nonmagnetic, isoelectronic Mg** introduces new mag-
netic excitations into the singlet energy gap, and gives a finite
lifetime to all three single-triplet excitations, while also
substantially broadening the two-triplet bound state. However,
there are no studies on samples with Mg concentrations
x > 0.05. Moreover, there are no studies on the local structure
around the dopants using local-probe magnetic resonance
techniques such as EPR or NMR.

As the ionic radii of Cu®* and Mg*" are almost identical
(~0.57 A) for a square planar coordination,” the observed
subtle and nonsystematic structural changes are not surprising.
This renders also the determination of the true range of doping
difficult. However, while Cu** can adopt both an octahedral
and a square planar coordination, as in SrCu,(BO;),, Mg
chemically prefers an octahedral coordination. Therefore,
achieving a substantial concentration of Mg incorporated
into the SrCu,(BO;), structure still remains a challenge. With
the aim of pushing the doping level to higher values and
addressing the robustness of the exact dimer phase, this paper
reports a comprehensive study of Mg-doping of polycrystalline
SrCu,(BO;),, targeting the 10 mol % nominal doping
concentration or x = 0.10 in SrCu,_,Mg,(BO;),. To achieve
such high doping levels, a different source of magnesium was
used, namely Mg,CO;(OH), - 3.75 H,0O, which is expected to
increase the reactivity and help with Mg-incorporation. A
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Figure 1. (a) The SrCu,(BO;), structure viewed along the b-axis. The Cu—B—O layers can be seen separated by Sr** ions. (b) View perpendicular
to the Cu—B—0 layer which shows the orthogonal Cu®* spins coupled across the dimer bonds with the NN coupling J, represented by the blue
solid line, and across the next-neighbor bonds with the NNN coupling [, represented by the green solid line.

successful substitution of Cu with Mg in the parent
SrCu,(BO;), structure is proven by powder XRD and
energy-dispersive X-ray spectroscopy. It is then shown that
Mg-doping leads to a softening of the magnetism in
SrCu,(BO;), as suggested by a systematic decrease in the
spin gap, A, the Curie—Weiss temperature, 6, and the
maximum of the magnetic susceptibility, T,,,,. The effects of
Mg-doping on the Cu*" dimers are further evaluated with EPR
spectroscopy. These measurements show that the EPR spectra
broaden with Mg-doping due to the increase in the
concentration of intrinsic paramagnetic dimer-free Cu’* sites
that are coupled to the spin dimers. Finally, the weak anomaly
at an onset critical field of H'y & 9 T, previously first observed
by Shi et al.*® for their x = 0.05 Mg-doped SrCu,_Mg,(BO,),,
is here investigated using high-field magnetization measure-
ments up to 35 T. We find that this anomaly is more
pronounced for x = 0.10 and its intensity systematically
increases with Mg concentration. This work thus constitutes a
systematic study of the effect of magnetic dilution on the
magnetic properties of SrCu,(BO;), and opens alternative
pathways toward higher substitutional doping of SrCu,(BO3),.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. Pristine and Mg-doped
SrCu,(BO;), polycrystalline samples SrCu, Mg, (BO;), with «
being 0.03, 0.05, and 0.1, respectively, were synthesized by the
traditional solid-state method and using boric acid as the boron
source. The overall reactions are summarized in eqs 2 and 3:

SrCO, + 2CuO + 2H,BO, — SrCu,(BO,), + CO, + 3H,0
2)
SrCO; + (2 — x)CuO + 2H;BO, + (x/2)Mg,CO,(OH)-yH,0
— StCu,_ Mg (BO;), + (x/Z)CO2 + [(x-y)/Z]HZO ()
The starting materials were high-purity SrCO; (Alfa Aesar,
99.994%), CuO (Aldrich, 99.99%) and H;BO, (Alfa Aesar,

99.9995%). The starting material used as Mg-source was
Mg,CO;(OH), - yH,0 (y ~ 3) (Alfa Aesar, 99.996%). The

coefficient y in Mg,CO5(OH), - yH,0 (y ~ 3) was determined to
be 3.75 by thermal gravimetric analysis. This precursor was stored and
weighed in a MBraun glovebox under an argon atmosphere of
<0.1 ppm of O, and <0.1 ppm of H,O.

The starting materials were weighed in stoichiometric ratios and
hand-homogenized in an agate mortar for an hour. The homogenized
gray powder was then pressed into pellets with an 8 or 10 mm
diameter with a force of S tonnes. The pellets were fired for multiple
cycles with several intermediate grindings, following the thermal
profile: 780 °C for 24 h and 810 °C for 24 h in air plus multiple 3- or
6-day cycles at 900 °C in O, atmosphere, until no changes were
noticed in the PXRD pattern. More details about this synthesis
procedure can be found in reference.**

2.2. Characterization. 2.2.1. X-ray Powder Diffraction (PXRD).
The phase composition of the obtained samples was investigated by
powder X-ray diffraction (PXRD) using a PANalytical X'Pert Pro
powder diffractometer with CuKa, radiation in 26 range 10—120°
with a step size of 0.016° and a counting time of 300 s per step.

Synchrotron powder X-ray diffraction data were also collected at
the Brockhouse high energy wiggler beamline at the Canadian Light
Source (CLS) using an area detector of a 200 X 200 ym pixel size,
and a A = 0.3502 A radiation with Ni as calibrant. The powders were
packed into Kapton capillaries and measured in 26 range 1—26°. The
structural refinements were performed with the Rietveld method
using the program GSAS-IL*°

2.2.2. Scanning Electron Microscopy (SEM) and Energy-
Dispersive X-ray Spectroscopy (EDS). For the microstructural
investigations, Mg-doped SrCu,(BO;), powders were embedded in
an epoxy resin matrix polished and carbon coated using a sputter
coater model Balzers SCD 050. The imaging and compositional
analyses were performed using Thermo Fisher Quanta 650 ESEM
equipped with an energy-dispersive X-ray spectrometer (Oxford
Instruments, AZtec Live, Ultim Max SDD 65 mm?) and a field-
emission-gun scanning electron microscope (FE-SEM; JEOL JSM-
7600) further equipped with an energy-dispersive X-ray spectrometer
(EDS; INCA Oxford 350 EDS SDD), electron backscatter diffraction
(EBSD) and a wavelength-dispersive X-ray spectrometer (WDXS;
INCAWave 500). The accelerating voltage was 20 kV.

2.2.3. Magnetic Susceptibility. The magnetic susceptibility
measurements were performed on an MPMS-XL-5 SQUID magneto-
meter from Quantum Design within the 1.9-300 K temperature
range and an applied magnetic field of 1 kG. Powder samples were
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Figure 2. (a) A selected region of the room-temperature synchrotron PXRD patterns of SrCu,_ Mg, (BO;), with x = 0.03, 0.05 and 0.10,
respectively. The formation of the dominant tetragonal SrCu,(BO,), phase can be seen in all patterns. Some CuO impurity (marked with solid
circles), Mg-based secondary phases (open triangles) and Sr;(BO;), (solid diamonds) were also detected in the doped samples. A systematic
increase in the unit cell parameters (b) and the unit cell volume (c) with Mg-doping is observed.

placed inside a plastic capsule, which was inserted into a standard
straw sample-holder and closed with a plastic stopper at one end.

2.2.4. High-Field Magnetic Susceptibility. High-field magnet-
ization measurements were performed at 0.4 K in pulsed magnetic
fields up to 35 T at Institute for Materials Research, Tohoku
University. About S0 mg of polycrystalline Mg-doped SrCu,(BO;),
was inserted into Kapton tubes, which were closed with stoppers from
both sides. Measurements for each sample composition were
performed multiple times. The reported results were binned in 0.5
T wide intervals and averaged between the data acquisition runs. The
individual measurements are presented in the Supporting Informa-
tion.

2.2.5. Electron Paramagnetic Resonance Spectroscopy (EPR).
The continuous wave (CW) X-band electron paramagnetic resonance
spectroscopy experiments were performed on a Bruker ES00
spectrometer operating at 9.37 GHz, equipped with a Varian
TEMI104 dual cavity resonator, an Ozxford Instruments ESR900
cryostat and an Oxford Instruments ITCS03 temperature controller.
Samples were measured at temperatures ranging from room
temperature down to 4 K, typically applying 2 mW of microwave
power and a 5 G modulation amplitude with the modulation
frequency of 50 kHz. In a typical experiment, approximately 30 mg of
powder sample, sealed in a standard 4 mm EPR quartz tubes under
dynamic vacuum, were used for each measurement.

20338

3. RESULTS AND DISCUSSION

3.1. Powder X-ray Diffraction (PXRD). At room
temperature, SrCu,(BO,), crystallizes in the I42m space
group—first reported in 1991 by Smith and Keszler,”® where
distorted planar CuO, units and rigid BOj; triangular groups
form two-dimensional puckered layers of [Cu(BO;),]*” units
at z ® 1/4 stacked along the [001] direction. These layers are
separated by nonmagnetic Sr** ions located at z = 0, 1/2 —
Figure la. The distortion from planar CuO, rectangles is a
consequence of sharing an O—O edge with a B atom while the
other O—O edge is shared with a Cu atom. As a result of this
distortion, the [Cu(BO,),]*" layers are corrugated. The Cu—O
distances measured along the c-axis are larger than 3.25 A. All
the in-plane Cu®* sites (S = 1/2) are crystallographically
equivalent and a two-dimensional network of copper dimers is
formed with the neighboring pairs oriented orthogonal to each
other — Figure 1b. The first nearest neighbor (NN) Cu** pairs
are distanced by 2.903 A while the next-nearest neighbor
(NNN) distance is at 5.133 A.

High-resolution X-ray powder diffractogram of the pristine
SrCu,(BO;), shows the presence of the main SrCu,(BO;),
phase, with traces of CuO — Figure 2a. We note that the
minute presence of the persistent CuO impurity could not be
avoided in powder samples, which is in agreement with
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Figure 3. Representative EDS point analysis spectra collected on the matrix for SrCu,_,Mg,(BO;), with nominal x = 0.03 (a), x = 0.05 (b), and
x = 0.1 (c). The corresponding SEM images can be seen below the EDS spectra. Colored squares mark the regions which EDS spectra were

collected from.

previous reports.””*® The Rietveld refinement analysis of the

powder diffraction data yields a = 8.9932(1) A and
¢ =6.6509(1) A. These parameters are in very good agreement
with the values reported in the literature, e.g, a = 8.998(1) A
and ¢ = 6.654(1) A from reference’® versus a = 8.991(1) A and
¢ = 6.660(3) A in reference® or a = 8.995(1) A and
¢ = 6.649(1) A reported in references.*”>>

Upon Mg-doping, the same two phases are consistently
observed: the majority of the SrCu,(BO,), phase accompanied
by the minor CuO impurity. However, the presence of CuO
impurity grows with the nominal Mg concentration.
Magnesium-based secondary phases are also present in the
samples, as detected later with EDS analysis, with amounts
increasing with the Mg concentration — Figure 2a.

The presence of these impurities underlines difficulties to
incorporate Mg into the square planar coordination of Cu in
the parent SrCu,(BO;), structure and suggests that the actual
Mg-doping values are lower than the nominal values.
Nevertheless, the current synthesis approach leads to Mg
incorporation judging from a monotonic shift of the diffraction
peaks toward lower 20 values and a systematic increase of the
unit cell parameters and volume with the increasing Mg-doping
concentration — Figure 2b,c. The Rietveld refinement profiles
are available in the Supporting Information, Figure S1. The
unit cell parameters and unit cell volumes for
SrCu,_,Mg,(BO;), with different x as obtained from Rietveld
refinement analysis are directly compared in the Supporting
Information, Table S1. Up to nominal x = 0.05, both a and ¢
lattice parameters show a steady increase with Mg concen-
tration, but then tend to saturate toward nominal x = 0.10.
Specifically, the refined room temperature unit cell parameters
increase to a = 8.9961(1) A and ¢ = 6.6552(1) A for nominal
x=0.03,to a = 8.9966(2) A and ¢ = 6.6566(2) A for nominal
x = 0.05 and up to a = 8.9985(3) and ¢ = 6.6584(3) A for
nominal x = 0.10, respectively — Figure 2b. Comparing these
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unit cell parameters with the available literature data for
nominal x = 0.0S, showing a = 8.994(1) A, and ¢ = 6.648(1) A
,*° this study shows a slightly larger Mg-doping induced lattice
expansion for this doping concentration. However, the
difference is still within the 3% tolerance of the unit cell
volume regularly reported for undoped SrCu,(BOj;),.***>%
Compared to the parent pristine sample, the largest unit cell
volume expansion of 0.23% is for the nominal x = 0.10. This
increase is small and reflects the similarity in the ionic radius of
Cu®* and Mg®" ions as well as the limited amount of the
incorporated Mg*". When comparing x = 0.05 and x = 0.10
samples, the relative change in both lattice parameters is
extremely small and it amounts only about 0.002 A. This
suggests that the synthesis approach used in this study may
have an upper limit for the effective Mg-doping into the
SrCu,(BO;), structure up to these values.

A closer look at the structural details further reveals a
systematic decrease in the Cu—Cu distance between Cu** pairs
from 2.9205(9) A for pristine SrCu,(BO;), (x = 0) to
2.9085(13) A for SrCujosMgyos(BOs), (x = 0.05) and
2.9025(24) A for SrCu,;oMg,,(BO;), (x = 0.10). A shorter
Cu—Cu bond length (blue line labeled J in Figure 1b) should
also reduce the Cu—O—Cu bond angle. The Cu—O—Cu bond
angle indeed slightly decreases with Mg doping, from 98.9(1)°
for the undoped sample (x = 0) to 98.5(2)° for x = 0.0S, and
98.3(3)° for x = 0.10. As the Cu—O—Cu bond angle plays a
substantial role in defining the effective superexchange
interaction in strongly correlated transition metal oxides,”’
this decrease in the bond angle tuned by the chemical pressure
in the Mg-doped samples may lead to a small decrease in the
strength of the intradimer antiferromagnetic exchange J.
Meanwhile, a systematic increase in the interdimer distance
Cu—Cu between the orthogonal dimers (green line labeled J’
in Figure 1b) from 5.1267(10) A for SrCu,(BO;), (x = 0) to
5.1326(13) A for SrCu,osMgyos(BOs), (x = 0.05) and
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Table 1. Average Semiquantitative Atomic % Values of O, Mg, Cu and Sr together with the Mg/Cu, Mg/Sr and Cu/Sr Ratios”

Sample, SrCu,_ Mg (BO;),

x = 0.03 x = 0.05 x =0.10
Element Actual Nominal Actual Nominal Actual Nominal
Concentration, at %
o 63(2) 66.67 57(7) 66.67 57(7) 66.67
Mg 0.4(1) 0.33 0.6(1) 0.54 0.8(3) 1.11
Cu 24(2) 21.89 27(4) 21.67 28(4) 21.11
Sr 12.6(4) 1111 15(3) 1111 14(3) 1111
Sum, % 100.0(2) 100.0 99.6(4) 100.0 99.8(3) 100.0
Mg/Cu 0.016 0.015 0.02 0.025 0.03 0.053
Mg/Sr 0.030 0.03 0.04 0.05 0.06 0.1
Cu/Sr 1.94 1.97 1.8 1.95 2.0 1.9
Concentration, mol %
Mg 3.4(8) 3.0 5(1) 5.0 7(2) 10.0

“These results were obtained from ~35 different SEM-EDS point analyses on SrCu,_,Mg,(BO;), samples with x = 0.03, 0.0S, and 0.10. The semi-
quantifications were performed excluding boron as it was not possible to detect such a light element.
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Figure 4. Magnetic susceptibility curves measured at yoH = 1 kG for SrCu,_ Mg, (BO;), powders with x = 0, 0.03, 0.0S, and 0.10 nominal doping
concentration. The inset shows the expanded low-temperature 1.9—10 K region where the upturn in the magnetic susceptibility can be clearly seen
to increase with Mg concentration. Black lines represent the fitted data with eq 4 for the high-T regime, 100—300 K, and using eq S for the low-T

region, 2—6 K — here 6’ was fixed at —0.75 K.

5.1369(25) A for SrCu, Mg, ,(BO;), (x = 0.10) is observed.
This is consistent with the overall lattice expansion — Figure
2c.

3.2. Scanning Electron Microscopy (SEM) and Energy-
Dispersive X-ray Spectroscopy (EDS). The PXRD data
clearly shows that the substitution of Cu** with Mg*" in
SrCu,(BO;), is possible, although not fully up to the nominal
Mg concentrations. However, a detailed chemical analysis is
mandatory to unambiguously confirm the incorporation of Mg
and to obtain more quantitative information on the actual
dopant concentration and distribution within the matrix as well
as the morphology of the samples. For this reason, SEM and
EDS analyses were carried out next. From the backscattered
electron images, the lamellar SrCu,(BO;), matrix can be
observed along with the presence of darker and lighter zones,
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which suggest the presence of impurities containing lighter and
heavier elements, respectively. The lighter zone corresponds to
the CuO impurity thus corroborating the PXRD results in
Figure 2. The darker zones are attributed to the Mg-rich
regions in the sample—more details on this can be found in the
Supporting Information, Figure S2.

Representative EDS point analysis spectra collected on ~35
spots on SrCu,_,Mg,(BO;), samples with nominal x = 0.03,
0.05, and 0.10 and the corresponding SEM images are
summarized in Figures 3a—c. The line at 1.25 eV in the EDS
spectrum is the hallmark of the Mg emission and should thus
be taken as a semiquantitative measure for the presence of Mg
in the sample — Table 1. From the EDS point analysis, a clearly
distinguished Mg emission peak is visible in all cases and thus
unambiguously confirms the presence of Mg in the matrix for
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Table 2. Variation of Spin Gap, A, Extracted from Low-Temperature Susceptibility Fits in the Range 1.9—6 K, the T,,,,, Which
Is the y Maximum Temperature, the Curie Constant C’ for the Low-Temperature Upturn in y (for the Optimal Fit, a 6’ =
—0.5 K Was Used) and the Estimated Concentrations of Unpaired Cu®>* Moments, and the Curie—Weiss Temperature, 0,
Extracted from Curie—Weiss Fits of the Susceptibility Data in the Temperature Interval 100—300 K, for Different Mg-Doping

Concentrations

C’ (low-T, 1.9-3.5 K) in

Sample/Nominal x A [K] Toee K] emu K/mol Cu

SrCu,(BO;), 261(2)  16.6(2) 3.6(1) - 1073
x=0

SrCu, 9;Mgoo3(BO;),  22.0(2)  162(3) 52(2) - 1073
x = 0.03

SrCu,osMgoos(BO3),  19.6(2)  14.8(2) 72(2) - 1073
x = 0.08

SrCu, Mg, (BO;), 159(4)  122(1) 10.7(2) - 1073
x = 0.10

Estimated fraction of impurities /

Estimated Mg, in

free Cu spins in % mol % / actual x

High-T fit, 6 [K]

0.95(1) —135(1)
1.37(4) 2.7(1) —136(1)
1.9(1) 3.9(1) —129(1)
2.85(5) 5.7(1) —110(1)

all three doping concentrations. Although the average
semiquantitative values yield an approximate x = 0.07 for the
nominal x = 0.10 sample, a clear trend showing an increase in x
with the nominal doping concentrations is observed—see Table
1. The EDS point analysis also reveals a saturation of the Mg
concentration that is successfully incorporated into the parent
SrCu,(BO;), structure, which is in qualitative agreement with
the conclusions drawn from PXRD in Figure 2b,c.

The presence of CuO and Mg-based secondary phase
impurities observed in PXRD as well as in SEM stem from the
partial incorporation of Mg into the parent SrCu,(BO;),
structure.

The actual relative percentages of these impurities were
difficult to calculate since a structural information file for the
Mg,(BO,), phase is missing. However, we roughly estimated
that the amount of impurities is below 1 wt % for Sr;(BO;),
and below 2 wt % for CuO. The difficulty in reaching higher
Mg concentrations in the SrCu,(BO;), lattice could be linked
to the low mobility of the Mg>* ions, which can be rationalized
based on the fundamental diffusion mechanism and theory.>®
The atomic diffusivity depends on the composition, temper-
ature and pressure. In our case, the low SrCu,(BO;),
decomposition temperature of ~950 °C limits the maximum
annealing temperatures to 900 °C. At this temperature, Mg>*
diffusion processes are slow, with diffusion constant values
between 107'*—107"" m> s™' which severely limits the
possibility for successful Mg-doping.

3.3. Magnetic Susceptibility. Next, an investigation of
the Mg-doping effects on the magnetic properties is presented.
The magnetic susceptibilities, ¥ = M/H, measured for undoped
and Mg-doped SrCu,(BO;), powders in the 1.9-300 K
temperature range are compared in Figure 4. All samples
generally show a qualitatively similar behavior: at high
temperatures, y follows the Curie—Weiss law, reaching a
maximum at around ~15 K, followed by a rapid suppression
upon further cooling before it starts to increase again at the
lowest temperatures. In order to quantitatively compare all
samples, a fit of y to a Curie—Weiss law in the high-
temperature range of the data, between 100—300 K, is
performed — eq 4:

T T-0
Here C denotes the Curie constant, € is the Curie—Weiss
temperature, while y, represents a small temperature-
independent diamagnetic contribution of the ion cores and/

or the remnant signal of the sample holder. For the parent
SrCu,(BO,), sample, the fit to eq 4 yields a 8 = —135(1) K,
which is in excellent agreement with the literature data and can
be described with the Shastry-Sutherland model given in eq 1.
For Mg-doped samples, a systematic and quite pronounced
reduction in @ is observed — Table 2: 6 decreases to —129(1)
K and then to —110(1) K for nominal x = 0.05 and 0.10,
respectively. Although one has to take these values with a grain
of salt, the systematic reduction in € with Mg-content implies a
softening of the antiferromagnetic exchange interactions driven
by the small structural changes observed in PXRD in Figure 2.

It can be further noticed that the temperature at which y(T)
has a maximum, T, also decreases from 16.6(2) K for the
undoped sample to 12.2(1) K for the nominal x = 0.10 sample.
This parallels the reduction in € discussed above and is also
consistent with the softening of antiferromagnetic exchange
interactions.

Similarly, the introduction of nonmagnetic Mg>* ions into
the lattice affects also the low-temperature magnetic
susceptibility.

Magnetic susceptibility data, as shown in the inset of Figure
4, show a characteristic Curie upturn at low temperatures,
which is a hallmark of unpaired Cu*"* ions. In an attempt to
quantitatively analyze y(T) at low temperatures, we assume
that it has three contributions’” — a dominant thermally
activated contribution from the spin-dimer lattice characterized
by the spin-gap A, a Curie—Weiss contribution from the
unpaired Cu®* moments in the lattice introduced by Mg-
doping and quantified by their Curie constant C’, and the same
temperature-independent contribution y, that was considered
also in the high-temperature analysis:

!

-A/T
X + ae /+XO

(5)

In these fits, a very small Curie—Weiss temperature §' =
—0.5 K was fixed for optimal fitting. This minute 6' probably
accounts for weak residual interactions between orphan Cu**
moments. Remarkably, just like § and T, the effective spin
gap also decreases with Mg-content from 26.1(2) K for x = 0
to just 15.9(4) K for the nominal x = 0.10 sample, respectively.
It should be stressed that the extracted A for the undoped
sample matches the value from the literature where the same
modeling was applied.*” Moreover, for nominal x = 0.05, a spin
gap of 19.6(1) K is obtained which is in good agreement with
the value reported in reference®” for the same nominal doping
concentration.

TT_o
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Figure S. (a) The comparison of X-band EPR spectra of undoped SrCu,(BO;), and Mg-doped SrCu,(BO;), measured at 40 K. The EPR spectra
of Mg-doped SrCu,(BO;), powders clearly show the presence of intrinsic Cu moments from broken Cu®** dimers, represented by the sharp
component with an axial g-factor anisotropy. (b) The temperature behavior of X-band EPR line width data for low-temperature impurity peaks in
the ab-plane, (AB,) and along the c-axis-plane (AB)) for SrCu, Mg (BO;), with nominalx = 0, 0.03, 0.0S, and 0.10. Solid lines are fits to the
empirical A + B exp(—E,/T) expression yielding a thermally activated energy E, ~ 30 K for all sample compositions.

Although the presented analysis of y for the spin-dimer
phase may not yield exact values for the different magnetic
parameters, the systematic decrease in 6, Tj,, as well as in A —
Table 2 — clearly points to a detrimental effect that Mg-doping
has on the quantum magnetism of SrCu,(BO;),. The minute
structural changes of the Cu®* dimer lattice in the Mg-doped
samples — Figure 2 — are probably not sufficient to adequately
change the J'/J ratio and trigger the transition to a plaquette-
singlet, quantum spin liquid or Néel states as the spin gap
remains open for all Mg concentrations. Yet, these structural
changes are sufficient to fine-tune the intradimer and/or
interdimer exchange interactions and thus to affect the
extracted susceptibility parameters.

It is very intriguing that these changes occur concomitantly
with the enhanced low-temperature Curie upturn in y (for the
full analysis see the Supporting Information, Tables S2 and
S$3). This upturn cannot be attributed to any of the CuO and
Mg-based secondary impurity phases detected in PXRD, as
none of them is expected to show a similar paramagnetic
contribution. We therefore conclude that the low-temperature
upturn in y is in fact intrinsic to Mg-doped SrCu,(BO;), and is
associated with the intrinsic lattice defects emerging when the
nonmagnetic substitutional Mg** ions break the Cu-spin
dimers. This conclusion is further supported by low temper-
ature X-band EPR data (vide infra).

In order to quantify the paramagnetic defects in the lattice
introduced by Mg-doping, the low-temperature Curie constant
C’ is calculated from Curie—Weiss fits in the temperature
interval 1.9 K — 3.5 K and listed in Table 2. The individual fits
are presented in the Supporting Information, Figure S3. A
systematic increase in the C’ constant with Mg concentration is
observed and thus the estimated fraction of impurities also
increases with Mg concentration. Note that a similar Curie
upturn is found already in the undoped powder sample for
which the calculated Cu?**-impurity concentration corresponds
to ~0.95%. Such concentration is comparable to the literature
data for powder samples.*® Moreover, for the nominal x = 0.03,
the low-temperature upturn in doped samples is comparable
with the literature.”® However, for the highest nominal x =
0.05 and 0.10, C’ significantly exceeds literature values thus
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implying that our approach to Mg doping allows for higher
Mg-concentrations in the SrCu,(BO;), lattice.

3.4. X-Band Electron Paramagnetic Resonance Meas-
urements (EPR). In the next step, a local probe technique, X-
band EPR is employed to investigate the intrinsic Cu®** defects
that are created in the lattice upon Mg-doping. While EPR
studies have been previously reported for undoged
SrCu,(BO;), in the form of single crystals or powders,2 w2
there are, however, no reports on EPR spectroscopy studies on
doped SrCu,(BO;), yet. For Mg-doped samples, high
temperature EPR spectra are still dominated by the well-
known signal of the dimer lattice — Supporting Information,
Figure S4. This signal broadens upon cooling due to the
development of spin correlations and its intensity approx-
imately mimics the temperature dependence of y. The main
broad signal almost completely disappears below 10 K, i.e.,
when T < A. At low temperatures, another signal with an axial
g-factor anisotropy becomes visible — Supporting Information,
Figure S4. While it is barely detectable for undoped
SrCu,(BO;),, it becomes significantly more pronounced in
Mg-doped samples. Its presence is especially evident in the
nominal x = 0.10 sample, where it dominates the spectrum
already at 40 K as shown in Figure Sa, and can still be traced
up to room temperature — Supporting Information, Figure
S4(d). The intensity of this EPR component increases with the
decrease in temperature and with increasing Mg-doping
concentration, as it is shown in Supporting Information,
Figure SS(d). This parallels the low-temperature dependence
of the magnetic susceptibility and it is thus concluded that
both contributions have the same origin—the intrinsic Cu
moments from broken Cu*" dimers.

The EPR spectra are thus simulated to a sum of two
components: a broad Lorentzian line with a large line width
AB,/, that considers the main signal of the dimer lattice and
the low-temperature component with an axial g-factor
anisotropy characterized by g; and g, as the two g-factor
eigen-values along the c-axis and in the ab-plane crystallo-
graphic directions. In the latter case, a similar uniaxial
anisotropy in the line width with two values for the line
width ABj and AB,, respectively, is also assumed. For the
main component at g = 2.095, AB,,, = 1400 G at room
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Figure 6. (a) High-field magnetic susceptibility measurements for SrCu,_ Mg, (BO;), with nominal x = 0.03, 0.0S, and 0.10 powders in the region

up to the pseudo-1/8 plateau. The critical field notations are termed after reference.*®

The presented measurements are a result of an average of

multiple pulsed experiments. The data shown here is the binned average of the individual measurements with a bin interval of 0.5 T - see

Supporting Information, Figure S7 for individual results. (b) Special 2-impurity configurations of dimer-free Cu*

S = 1/2 spins remaining from

Mg-magnetic dilution and coupled at distances beyond intradimer Cu** bonds. The anomaly at u,H'cy ~ 9 T highlighted in the inset of (a) is due

to such next-nearest Cu** impurity pairs.

temperature is nearly identical for undoped as well as Mg-
doped samples — Supporting Information, Figure SSa, and is
consistent with the values determined for undoped
SrCu,(BO,), powders from the literature.*’

On cooling, AB,/, initially monotonically increases in all
samples, showing a similar temperature dependence that has
also been previously reported for undoped SrCu,(BO;),.
However, below 40 K, we find a m ore significant in crease in
AB, /, for nominal x = 0.05 and 0.10 samples when compared
to x = 0 or undoped SrCu,(BO,), — Supporting Information,
Figure SSa. This indicates the emergence of internal fields in
doped samples that provide additional broadening mechanism
associated with the presence of intrinsic impurities. The low-
temperature “impurity” EPR component can be described in all
samples with similar EPR parameters: g= 2.38, ¢, = 2.008 —
Supporting Information, Figure SSc¢, and a similarly pro-
nounced line width anisotropy AB, 320 G and
AB; ~ 120 G — Figure 5b.

Below S0 K, ABj and AB, start to decrease with the
decreasing temperature. This temperature dependence can be
empirically described by a thermally activated mechanism, AB
« exp (—E,/T) — Figure Sb, with the activation energy
E, = 30 K for all cases. The extracted value for E, is very
similar to the spin-gap values from spin susceptibility
measurements, which suggests that these “impurity” spins are
directly detecting the spin dynamics of the nearby unbroken
Cu spin dimers.

The spins contributing to this low-temperature signal are
thus indeed intrinsic Cu** defects from Mg-broken spin dimers
sitting in the [Cu(BO,;)]™ layers. Mg-doping is thus indeed
successful and creates intrinsic Cu®* defects that couple to the
parent dimer lattice and effectively probe its s pin dynamics.

3.5. High Magnetic Field Measurements. Variations in
the parameters extracted from y and X-band EPR with the
increasing concentration of intrinsic defects may influence the
magnetization plateaus and stabilize some novel states.
Therefore, next, the magnetization curves, M(H), to fields up

~
~
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to 35 T for SrCu,_,Mg,(BO;), with nominal x = 0.03, 0.0,
and 0.10 samples at T = 0.4 K are reported. The onset of
different p hases that are s tabilized as a function o f magnetic

fielda re b est o bservedi nd M/dH p lots — F igure 6 a.In

dM/dH, a plateau and a step appear as a dip and a peak,
respectively. The dip can be seen as a kink when there is
another increasing dM/dH component. In Figure 6a, it can be
seen that dM/dH displays a peak at poHc, = 2 9T that
corresponds to the onset of pseudo-1/8 plateau, analogous to
the 1/8 plateau found in undoped SrCu,(BO;),.** We also
found a reduction of dM/dH related to the 1/8 plateau phase
in higher field s ite. W ith i ncreasing M g-doping, t he peak

slightly shifts toward lower fields and, m ost importantly, it is

severely suppressed. This is consistent with expectations
presented in reference 48 that the pseudo-1/n plateaus
would be suppressed with increasing doping. The anomalies
in dM/dH at pH'c; & 25.0 T and uoH'c, & 21.7 T are less
prominent in the present measurements, presumably because
of the powder nature of the studied samples. According to
reference,” H'c, corresponds to localized bound states of
triplets, whereas H'c; is the anomaly of the localized bound
states with extra localized triplets in the vicinity. The bump in
dM/dH at poH'c; = 17.1 T is observed for all the Mg-doping
concentrations. Following iPEPS calculations from reference
48, this anomaly appears upon doping when two magnesium
impurities break nearest-neighboring dimers. The two liberated
Cu®*S = 1/2 spins couple to a singlet that converts to a triplet
at H'c,. Strong coupling of these pairs of Cu”*liberated spins
renders them unobservable in X-band EPR spectra. Interest-
ingly, for nominal ¥ = 0.10, this anomaly appears the least
pronounced. The most important result of these measurements
is the observance of a clear maximum in dM/dH at yH ~ 9 T.
The scaling of the dM/dH maximum at H’c, with the intrinsic
defect concentration determined from magnetic susceptibility
and “impurity-peak” X-band EPR intensity suggests that
liberated Cu* * moments must contribute to the stabilization
of novel impurity-driven spin configurations. P reviously, hints
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of an extra magnetic structure stabilized at this field were

deduced from tunnel diode oscillator magnetic susceptibility
measurements and were attributed to the stabilization of the
coupled Cu®* moments liberated by Mg-doping on the next-
nearest (or even more distant) dimers.”® Four examples of
possible arrangements of pairs of liberated Cu®* S = 1/2 spins
are represented in Figure 6b. Due to the longer exchange
pathways, the coupling of liberated Cu® *spins is weaker for
these configurations and thus the gap to the excited triplet state
closes at lower fields than in case of nearest-neighboring
liberated spins.

We thus next calculate the probability for the occurrence of
next-nearest liberated Cu® " moments. For this purpose, we
make an approximation where we substitute the spin dimer
lattice with a square lattice, where each lattice site represents
the center of a nonmagnetic spin dimer — Supporting
Information, Figure S6(a) and (b). When two Mg impurities
locate on two next-nearest dimers, this translates to two Cu®
moments on next-nearest sites of the square lattice —
Supporting Information, Figure S6(c) and (d). Following
reference 59, we calculate the probability doping dependence
P («x) for such configurations, shown in S upporting Informa-
tion, Figure S6(e). These results show, that with increasing
doping values, the probability for the next-nearest confi-
guration of liberated Cu®* *moments initially increases and
reaches a maximum at nominal x & 0.07. This analysis is thus
in agreement with the observed increase of the dM/dH
maximum at H’'cy and provides an additional support for the
origin of H'c,.

The X-band EPR data discussed above may provide an extra
insight into such next-nearest neighboring configurations of
coupled Cu” *spins. At elevated temperatures, liberated Cu**
spins relax mainly via nearby triplet excitations thermally
activated across the spin gap A = 30 K — as a result, AB
follows the thermally activated temperature dependence as
shown in Figure Sb. However, at temperatures well below A,
this broadening mechanism becomes less efficient an d thus
spin correlations between Cu® "moments on next-nearest
broken dimers provide an additional broadening mechanism.
This is especially pronounced in the samples with nominal
x = 0.05 and 0.10, where ABj starts to increase again below
~15 K, which roughly corresponds to a critical field H'cy. A
combined high-field magnetization study together with X-band
EPR data therefore supports the picture of coupled Cu®*
moments on nearest and next-nearest broken dimers as
derived from iPEPS computations in reference 48.

4. CONCLUSIONS

This work shows that it is possible to push the Mg-doping
boundary to higher values and thus tackle the phase diagram of
SrCu,(BO;), over broader parameter space. It is demonstrated
that by changing the source of Mg during the synthesis, the
doping is pushed to an upper nominal limit of nominal
x = 0.10 in SrCu,_,Mg,(BO;),. This large concentration of Mg
as dopant has not been reported before, as it is notoriously
difficult to introduce Mg impurities into SrCu,(BO;), due to
low Mg** diffusion constants at applied reaction temperatures.
At these higher Mg-doping levels more pronounced structural
changes in Mg-doped samples are observed: the unit cell
parameters and volume show a systematic increase with the
increasing doping concentration. However, the incorporation
of Mg in the SrCu,(BO;), structure does not equal the
nominal Mg concentration and even tends to saturate at lower

values according to PXRD and SEM-EDS analyses. Never-
theless, the achieved Mg doping concentrations are already
sufficient to affect the magnetic properties as expressed by a
significant and systematic reduction of the spin gap, the
Curie—Weiss temperature and the magnetic susceptibility
maximum temperature with the increasing dopant concen-
tration. These measurements are thus consistent with the
breaking of Cu** dimers by magnetic dilution and are further
corroborated by X-band EPR spectroscopy. Finally, reaching
higher Mg** doping levels allows the detection of the yoH’c,
~ 9 T anomaly more clearly. This anomaly is indicative of
special configurations of dimer-free Cu** S = 1/2 spins
remaining from magnetic dilution and coupled at distances
beyond the intradimer Cu?* bonds.”® While the presented data
on powder samples shows the potential of this synthesis
approach, it also opens the next challenge of growing single
crystals with incorporated nominal ¥ = 0.10 or higher
concentration of Mg to perform a more in-debt study of the
9 T anomaly.
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Figure S1. Profile fits of SrCu>—«Mgx(BO3)2 with x = 0 (a), 0.03 (b), 0.05 (c), and 0.10 (d) using the /42m space group.
The synchrotron PXRD data (A = 0.3502 A) was collected at room-temperature.
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3.3. B-site Cu Nonmagnetic Substitutions in SrCus(BO3)s: Magnetic Dilution Effects
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Figure S2. Normalised EDS point analysis spectra collected on the impurity sites for SrCu2—xMgx(BO3)2, with
x=0.03, (a), x=0.05 (b) and x = 0.10 (c). A higher concentration of Mg is suggested from the impurity sites
compared to the doped SrCuz(BO3)2 matrix. The corresponding SEM images can be seen below the EDS spectra.

Table S2. The complete results of magnetic susceptibility data fits in the temperature interval 2-6 K for different
doping concentrations using the equation for total susceptibility at low temperatures (Equation 5 in the main
text). Due to a high correlation between the fitted parameters C’ and 0', the fitting was performed using multiple
fixed 6’ values between 0 to -1, assuming antiferromagnetic interactions between the intrinsic impurities —

dimer-free Cu?* ions.
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Table S3. The complete results of high-temperature magnetic susceptibility data fits in the interval 100-300 K
for different doping concentrations using the Curie-Weiss law equation (Equation 4 in the main text).

C (emu K/mol Cu) 0 (K) Xo (emu/mol Cu)
SrCu,(BO3); 0.553(4) -136(1) -9.2(6) - 10"
SrCus1.97Mgo.03(BO3); 0.517(2) -133.3(7) -1.09(4) - 10
SrCu1.9sMgo.05(BO3)2 0.480(2) -129.9(6) -6.9(3)-10°°
SrCu1.5Mgo.1(BO3); 0.379(2) -110.1(9) 2.1(4) - 107
1.50 T T T T T
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Figure S3. The low-temperature fits of the 1/x data to Equation 4 (main text) at T = 1.8-3.5 K for undoped and
doped SrCuz-«Mgx(B0O3)2 samples with x =0, 0.03, 0.05, and 0.10. The concentration of Cu?* S = 1/2 impurities was
extracted from these fits for all doping concentrations.
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Figure S4. The EPR spectra of undoped SrCuz(B0Os)2 or x = 0 (a) and SrCu2-xMgx(BO3)2 with x = 0.03 (b), x=0.05 (c),
and x = 0.10 (d) measured at temperatures of 40, 50, 90, 170, and 250 K, respectively, which show the
development of low-temperature impurity peak that increases in intensity with increasing Mg-doping

concentration.



84 Chapter 3. Tuning the Magnetism of SrCuy(BOj3); by Chemical Doping

(a) (b)
r Rk T 211 : T . T
8000 - -
A . SrCu, Mg (BO,), a ® : | | 2 a2
- = .
A * x=0 m ¢
m x=003 - ¢
° A x=005 * *
A x *
6000 - ., o x=010 g 2.10 . A X * * * A
o A *
o A = " o x
htd ** A ] *
©
Q % [ b
N " a*y S o *
4000 4 A, 1 . > SrCu, Mg,(BO,),
* 2.09 .
u :: * * x=0
h* ® x=003
% Il A x=005
2000 A *.*.“.. E ® x=0.10
Susned
r . 2.08 ; , : : ; .
10 100 100 150 200 250 300
T (K) T(K)
(c) (d)
244 T T T T T 10 I. T T T T T T
249 0 x=003-g, A x=005-g, O x=010-g, | ~ SrCu, Mg (BO,),
m x=003-g A x=005-g ® x=0.10-g 5 81 ® ® x=003 1
© A x=0.05
2404 m . - ° ® x=0.10
| .- Emmpgnm e - ™ “(% 64 ° i
S 23] e%46es - . 3 °
G = S48 o o, c
8 ] S O T 4] @ .
> S 4 °
2.36 . o it
2} 1
= = e ..
5 o & 2 ° .
208 wppob6888 8 8 o 6 6 6. ‘A::: o .
® o
| $rCu, Mg,(8O,), o] ™mmat 4 44228020 23 24
T T T T T T T T T T T T
0 10 20 30 40 50 0 50 100 150 200 250 300
T (K) T (K)

Figure S5. (a) The logarithmic temperature behaviour of the X-band EPR linewidth of the main dimer-lattice
signal. (b) The temperature behaviour of the g-factor of the main dimer-lattice signal in SrCuz-xMgx(BO3z)2 with
x=0, 0.03, 0.05, and 0.10. (c) The temperature behaviour of the X-band EPR g-factors g|, and g, as the two
g- factor values along the ¢ and ab-plane crystallographic directions for low-temperature “impurity” peaks for
SrCu2-xMgx(BO3)2 with x =0.03, 0.05 and 0.10. (d) The temperature dependence of the X-band EPR signal intensity
for low-temperature “impurity” peaks for x = 0.03, 0.05 and 0.10 samples.
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Figure S6. (a) Schematic image of Cu?* spin dimer lattice, shown as two solid blue circles joined by a solid blue
line. (b) Square lattice of Cu?* spin dimers, where every lattice site marks the position of a centre of a dimer. Each
dimer is represented by a solid blue circle. (c) Schematic image of a Cu?* spin dimer lattice with two dimer-
breaking impurity Mg?* ions (solid red circles). Open blue circles show liberated magnetic Cu?* spins. The shaded
ellipse shows coupling of the two next-nearest-neighbouring magnetic Cu?* spins. (d) Transformation of the spin
dimer lattice with two impurities to the square lattice, similar as in (b). Solid blue circles show non-magnetic spin
dimers and open blue circles magnetic Cu?*. The shaded ellipse shows the case of coupling of two next-nearest-
neighbouring Cu?* and the dashed circles mark the interaction range for this case. (e) Calculated doping
dependence of probability Pc(x) for the formation of two next-nearest-neighbouring liberated magnetic Cu?
spins as shown in (d). Blue, green and magenta points on the curve show the probability values for the
experimentally determined doping x = 0.034, 0.05 and 0.07. Respective colour-shaded parts of the curve show
the range of the uncertainty in x.
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Figure S7. High magnetic field measurements performed in a pulsed magnetic field on SrCu2-xMgx(BOs)2 powders.
On the left the derivative dM/dH (poH) is shown for x = 0.03 (a), 0.05 (b), and 0.10 (c). The derivative was
numerically calculated from the time series of the raw magnetisation data and the magnetic field. A Savitzky-
Golay filter with window length of 21 and a polynomial order of 1 (linear approximation) was applied for
smoothing. The plots were vertically offset for clarity. The data for the lowest and highest 5% of magnetic fields
reached during the pulse were omitted because the magnetic field changes slowly at these fields, resulting in
higher errors. On the right side, the corresponding averaged magnetisation curves are shown for x = 0.03 (d),
0.05 (e), and 0.10 (f).
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3.4 Conclusions

The first part of the dissertation presents a systematic study of chemical doping of
SrCuy(BOs3),, with particular emphasis on the effects of doping on the structure and
magnetism of the parent compound. The investigation examines A-site electron doping
with La and hole doping with Na as well as B-site substitutions with Mg.

Firstly, within the scope of electron doping with La, the flux method is introduced as
a simple and widely accessible technique to grow La-doped SrCuy(BOs), single crystals.
Crystal growth was performed using polycrystalline Sri_,La,Cus(BOs), samples as starting
materials, since the polycrystalline samples did not indicate any successful incorporation
of La. Plate-like Sri_,La,Cus(BO;), single crystals of excellent crystallinity were successfully
grown across a broad selection of nominal doping concentrations, x = 0.02, 0.03, 0.04,
0.05, 0.10, and 0.15, measuring up to 3 mm in lateral directions. Synchrotron PXRD on
crushed crystals reveals an absence of La secondary phases up to z = 0.05 along with an
overall unit cell volume decrease (from 537.91(2) A® for the undoped system to
536.68(1) A?for nominal z = 0.15), indicating a successful incorporation of La in the parent
structure upon doping. The incorporation is unambiguously confirmed by EDS-SEM, which
provides a semi-quantitative estimate of effective La-doping at <50% of the nominal values.

Besides the structural modifications, systematic effects on the magnetism of
SrCuy(BOs), are induced by La-doping. Magnetic susceptibility reveals a progressive
reduction of the effective spin gap, from 28.2 K to 20.3 K for nominal x = 0.15. Moreover,
the low-temperature susceptibility upturn indicates the presence of dimer-free Cu**
(S = 1/2) spins and a systematic increase in their proportion as a function of nominal
doping. This is corroborated by ESR, which further identifies antiferromagnetic
correlations emerging between dimer-free Cu** spin pairs below ~5.5 K, which become more
pronounced with increasing nominal doping. Overall, the magnetic studies show that La-
doping of SrCuy(BO;), results in progressive spin-dimer breaking with nominal doping. It
is further demonstrated that at low doping levels, the gradual reduction of the spin-gap
primarily emanates from spin-dimer breaking, whereas the collective spin dynamics of the
Cu?* dimer lattice remain largely preserved.

The results thus establish the feasibility of the flux method to incorporate La into the
parent SrCus(BOs), structure as a practical alternative to optical floating zone growth,
with the potential to extend this approach to other dopants.

Secondly, hole doping of SrCuy(BOs), with Na was investigated in polycrystalline
samples at three nominal doping concentrations, z = 0.05, 0.10 and 0.15, in
Sri—.Na,Cuy(BOs).. The absence of Na secondary phases in powder X-ray diffraction, along
with subtle changes in the unit cell parameters (a volume decrease from 537.91(2) A? to
537.738(5) A3 to for nominal z = 0.15), initially suggest a potentially successful
incorporation of Na into the parent structure. However, no signs of Na incorporation within
the SrCuy(BOs), matrix are detected by SEM-EDS analysis, which identifies Na within the
intergranular regions instead. The combination of PXRD and SEM-EDS results indicates
that instead of incorporating into the parent structure upon solid-state synthesis, Na likely
segregates into glassy secondary phases, while any lattice incorporation might remain below
the EDS detection limit. A possible incorporation of Na below the EDS detection limit was
examined by two magnetic probes of higher sensitivity.

Magnetic susceptibility indicates a subtle increase in the spin gap from 26.1 to 29.5 K,
yet also clearly reveals a presence of dimer-free Cu?" spins in the doped samples, which
exhibit a systematic increase in fraction with nominal doping. Electron spin resonance
spectroscopy corroborates these findings, unambiguously confirming both the presence of
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dimer-free Cu®" spins as well as the progressive increase in their concentration with nominal
doping. The detection of a clear free Cu®" spin signal with axial g-factor anisotropy,
persisting up to room temperature for the highest nominal doping, x = 0.15, demonstrates
that Na-doping induces significant spin-dimer breaking upon solid-state synthesis and
thereby substantially affects the spin-dimer lattice and its magnetic properties.

A-site electron doping with La and hole doping with Na show different levels of
incorporation into the parent lattice. Although the dopant incorporation remains below
the nominal concentration in both cases, the effective incorporation of La in single crystals
is higher than that of Na in polycrystalline samples. Both dopants induce a subtle decrease
in the unit cell volume, which is more pronounced for La. The latter also exhibits a more
pronounced influence on the spin gap — a decrease from 28.2 to 20.3 K, while for Na-doping,
the gap increases only from 26.6 to 29.4 K. The introduction of both dopants in the
structure disrupts the dimer lattice by inducing spin-dimer breaking. This is more
pronounced for La-doping, where dimer-free Cu®" S = 1/2 spins additionally develop
correlations below 5.5 K, which are not detected for Na-doping. No superconductivity is
observed for either dopant.

Thirdly, B-site magnetic dilution with Mg was studied in polycrystalline
SrCu,-,Mg,(BOs), samples with nominal z = 0.03, 0.05 and 0.10. The study reveals that
the effective Mg-doping can be realized at higher values than previously reported for single-
crystalline samples. Despite the presence of secondary Mg phases in PXRD, a systematic
increase in the unit cell parameters and volume is observed with increasing nominal doping
concentration (from 537.91(2) A® to 539.15(5) A® for nominal z = 0.10). A partially effective
incorporation of Mg in the parent structure is unambiguously confirmed by EDS-SEM,
giving a semi-quantitative estimate of the highest effective Mg-doping at approximately
x = 0.07 for nominal x = 0.10.

Magnetic studies reveal a systematic softening of antiferromagnetic interactions within
the dimer lattice upon Mg-doping, manifested in a significant closing of the spin gap from
26.6 to 12.1 K, and a systematic decrease of the Curie-Weiss temperature and the magnetic
susceptibility maximum temperature with increasing nominal doping. These results,
corroborated by X-band ESR spectroscopy, are consistent with Cu*" spin-dimer breaking
due to magnetic dilution. Investigating the effect of Mg-doping on the magnetization
plateaus up to 35 T shows a clear observation of the tH'co = 9 T anomaly at the highest
nominal doping, z = 0.10. This anomaly reflects special configurations of dimer-free Cu**
S = 1/2 spins resulting from magnetic dilution, which interact at distances exceeding the
intra-dimer Cu*" bonds. Furthermore, the pseudo-1/8 plateau exhibits a slight shift
towards lower fields with increasing doping and is significantly suppressed at nominal
x = 0.10. This is consistent with expectations from a previous study on single crystals with
nominal doping up to z = 0.05 which predicted a suppression of pseudo-1/n plateaus at
higher doping levels. The study thus demonstrates a pronounced detrimental effect of
Mg-doping on the spin-dimer lattice.

Similarly to previous reports, both B-site magnetic dilution and A-site charge doping
indicate that achieving effective doping in this system remains challenging, as the
incorporation is only partial in both cases, leading to subtle yet systematic changes in the
SrCu,(BOs3); unit cell parameters. However, at high nominal doping levels, the achieved
effective doping is nevertheless sufficient to induce spin-dimer breaking, which increases
with nominal doping. The dimer-breaking is more pronounced for magnetic dilution, which
also results in a more pronounced spin-gap reduction, almost twice as large for Mg-doping
(12.1 K) compared to La-doping (20.1 K) at z = 0.10.
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Chapter 4

Single-Crystal Growth of Rare-Earth
Heptatantalates RETa;0.9 with a

Perfect Triangular Lattice

4.1 Motivation

The search for new quantum spin liquid candidates continues to drive extensive research
into low-dimensional and geometrically frustrated magnetic systems. Originally, the first
systems in which magnetic frustration was recognized were triangular-lattice
antiferromagnets [50]. These were later regarded as prototypical two-dimensional systems
anticipated to host a QSL state upon the introduction of this concept by Anderson in 1973
[16]. This seminal work in QSL research considered isotropic Heisenberg exchange
interactions between spin-1/2 moments. In contrast, it was subsequently theoretically
proposed [51] and experimentally demonstrated that such interactions stabilize long-range
magnetic order [52-54]. More recently, theoretical studies have proposed that a quantum
spin liquid phase may instead emerge in triangular two-dimensional systems with
anisotropic interactions arising from spin-orbit coupling [55-57]. This occurs in ions with
unquenched orbital angular momentum, such as low-coordinate transition metals and
fblock elements [58].

A particularly promising case of such a system are rare-earth heptatantalates,
RETa-O19, which have been investigated since the mid-20" century for their potential in
laser devices and nonlinear optical applications [59-62]. Crystallizing in the
noncentrosymmetric P6¢2 space group (structure displayed in Results and Discussion,
Section 4.2), these compounds are free of chemical disorder or intersite ion mixing, an
important structural characteristic that, alongside a perfect triangular lattice and weak
interlayer magnetic interactions, represents key structural factors associated with the
emergence of QSL behavior [32,63].

Recently, a representative of this family, NdTa;O., was identified as the first
triangular-lattice quantum spin-liquid candidate with dominant Ising-like spin correlations
[32]. Multiple magnetic measurements performed on a high-quality polycrystalline sample
revealed no signs of magnetic order in this compound down to 40 mK and indicated the
presence of a large magnetic anisotropy [32]. However, the understanding of such states
crucially relies on studies performed on high-quality single crystals, which allow a precise
determination of anisotropy and momentum-resolved investigations of spin correlations.
To enable such studies, an optimized flux-growth method was developed, yielding high-
quality NdTa;O single crystals suitable for advanced magnetic characterization.
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This Chapter presents the optimization process and key parameters for successful single-
crystal growth, along with evidence for enhanced magnetic anisotropy compared to
polycrystalline samples.

As noted in [32], an alternative experimental approach to examine the effects of
anisotropy in triangular-lattice antiferromagnets is studying additional members of the
RETa;Oy family. In 2023, this was pursued in [63], which reported on the synthesis,
structure and magnetism of polycrystalline candidates with RE = Pr, Sm, Eu, Gd, Dy and
Ho. Magnetic measurements revealed an absence of long-range magnetic order or field-
induced magnetic transitions down to 2 K in all cases. In agreement with [32], these findings
highlight the potential of the heptatantalate family to realize further exotic states and
quantum phenomena.

Furthermore, a very recent report presented solid-state synthesis of CeTa;Oi9 and
single-crystal growth of YbTa;O19 by flux method, employing polycrystalline YbOCI as Yb
source and a mixture of Ta;Os and Ta as a flux. The results suggest that a quantum spin-
liquid state may also be realized in these candidates [64].

The optimized method for NdTa;O9 growth, presented in Section 4.2, was successfully
extended to other members of the RETa;0O family (RE = Er, Gd, Dy) to examine the
influence of different rare-earth ions on the magnetic behavior and explore the possibility
of additional QSL candidates within the heptatantalate series. However, for YbTa;Ou,
difficulties in obtaining single crystals by this method were encountered. Further
information and background of the study are provided in the Introduction in Section 4.2.

4.2 Optimized Flux Single-Crystal Growth of the Quantum
Spin Liquid Candidate NdTa7O19 and Other Rare-Earth
Heptatantalates, ErTa;O. and GdTarO9

This Section introduces a flux growth protocol for obtaining high quality single crystals of
NdTazOu, the first Ising-type quantum spin liquid candidate on a perfect triangular lattice.
The resulting crystals exhibit predominantly plate-like and hexagonal morphologies, with
lateral dimensions up to 3.5 mm and thicknesses up to 2 mm, the largest reported to date.

Additionally, the established growth conditions for NdTa;O9 were further applied to
two other rare-earth heptatantalate candidates, ErTa;O.9 and GdTa;O.. The ErTa;Oq
crystals exhibit lateral sizes up to 2.5 mm and thicknesses up to 0.5 mm, while GdTa;O1q
attain lateral sizes up to 4 mm and thicknesses up to 0.5 mm.

The resulting crystals of all three heptatantalate representatives are suitable for
multiple magnetic measurements, allowing a more precise and detailed characterization of
the ground state compared to previously available polycrystalline materials. The magnetic
characterization included in this dissertation comprises magnetic susceptibility, presented
below, and ESR spectroscopy results for NdTa;O1, given in Appendix A. The susceptibility
shows no signs of magnetic ordering for NdTa;O,9 and ErTa;O., while revealing a
paramagnetic behavior for GdTa;O1. The established flux method offers a promising route
towards successful growth of additional rare-earth heptatantalates in the series.

This Section addresses Aims 4-7 and evaluates Hypotheses 7-10.
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ABSTRACT: Single crystals are essential for characterizing a wide
range of magnetic states, including exotic ones such as quantum
spin liquids. This study reports a flux method for growing single
crystals of NdTa,O,q, the first quantum spin liquid candidate on a
triangular spin-lattice with dominant Ising-like spin correlations.
Purple NdTa,O,y single crystals with hexagonal morphology were
successfully grown by using a K,;Mo03;0,y—B,0; flux. With lateral
sizes up to 3.5 mm and a thickness up to 2 mm, these are the
largest dimensions reported to date. The chemical composition
was confirmed by powder and single-crystal X-ray diffraction along
with scanning electron microscopy with energy dispersive X-ray
spectroscopy. Aiming for an accurate determination of the
magnetic anisotropy and its effect on the magnetic properties, NdTa,O,9 crystals were additionally analyzed by magnetic
susceptibility, revealing a substantial anisotropy without long-range magnetic ordering down to 2 K. Single crystals of two novel rare-
earth heptatantalates, ErTa;O;y and GdTa,;O,, were also grown, and their magnetic properties investigated. The magnetic
anisotropy of ErTa;Oyy closely resembles that of isostructural NdTa,0,,, indicating the possibility of a similar exotic magnetic
ground state. In contrast, GdTa,O,y shows paramagnetic behavior, consistent with previous results obtained for polycrystalline
samples.
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1. INTRODUCTION measurements on this material further suggested the presence
Rare-earth heptatantalates, abbreviated as RETa;0,, with RE of large magnetic anisotropy.” However, since these measure-
representing a trivalent rare-earth element, are promising ments were conducted on polycrystalline NdTa;O,, a more
materials for nonlinear optics and laser technology due to their precise determination of magnetic anisotropy is dependent on
noncentrosymmetric structure as well as high chemical and the availability of single crystals.”'" Single crystals would also
thermal stability, high concentration of optically active ions, allow for more refined magnetic measurements, e.g., enabling

high mechanical strength, and high thermal conductivity.'™
Among this series, NdTa,0py is regarded as the most
auspicious candidate for such applications.”*

Recently, NdTa,0,y has also been identified as a very

wave-vector-resolved insight into spin correlations or the
detection of the anticipated fractionalized excitations.
Furthermore, given that materials with frustrated lattices and

intriguing magnetic material, more specifically, a potential enhanced quantum properties tend to be particularly sensitive
triangular antiferromagnet with an Ising quantum spin liquid to defects (e.g, chemical disorder, undesirable impurities,
ground state.” Low-dimensional antiferromagnets realized on a etc,),s’11 there is a clear preference for high-quality single
perfect triangular lattice, such as NdTa;O,, are highly desired crystals of NdTa,O 4 over polycrystalline samples, where such

as a large magnetic anisotropy could explain a possible
quantum spin liquid ground state.*” Indication of a spin liquid
ground state in NdTa,; 0,y was found via absence of magnetic
Bragg peaks in neutron powder diffraction at temperatures
down to 40 mK,’ the presence of magnetic diffuse scattering,
and persistent, low-temperature spin dynamics detected via
muon spectroscopy, thus combining most suitable experimen-
tal techniques that can be used to detect such elusive states.”
The splitting of crystal-electric field levels and bulk magnetic

defects are minimized.
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Single crystals of NdTa,O, have been previously grown for
optical aipplications by a flux method using two different fluxes,
Li,B,0,"" and K,Mo0,0,,—with a small addition of B,0;.**
The literature reports showed a preference for starting from
the constituent oxides Nd,O; and Ta,O,'"* instead of
polycrystalline NdTa,;0,y, which could be due to the fact
that solid-state synthesis resulted in nonstoichiometric
powders.” The largest crystals grown from the oxides were
limited to 1.5 mm in lateral size.'> Starting with constituent
oxides is, however, less advantageous than starting from a
polycrystalline powder of the correct composition. Different
dissolution rates of the constituent oxides affect concentrations
of reagents in the melts and drive the melt into a different
supersaturated regime, from which nucleation of undesired
phases takes place."’ Indeed, the phase diagrams showed a
narrow primary crystallization region of the NdTa,0,, phase
as well as multiple regions of formation of secondary phases,
which included Nd;,TaO; and NdTaO,.">* This could also
be the reason why these reports'™* only provide rough
guidelines rather than exact protocols required for the growth
of high-quality, millimeter-sized single crystals.

With the aim of growing NdTa,O,y crystals of suitable size
for magnetic measurements and other techniques that require
larger crystals, such as neutron scattering or muon spectros-
copy, and of establishing a more precise protocol that could be
extended to other rare-earth members of the RETa,0, family,
in this study, we chose in this study to explore a flux growth
method using K;Mo;0,,—B,0; as the flux.'* This flux has a
high dissolution ability due to the high chemical activity of
alkali polymolybdates, as well as a relatively low melting
temperature.” The presence of small amounts of B,O;
increases the solubility, decreases the saturation temperature,
and reduces the flux volatility without significantly altering the
flux viscosity.'” These benefits have previously been success-
fully exploited for single-crystal growth of other systems such
as rare-earth borates REAL;(BO,),'"*” or rare-earth phos-
phates.”

In this study, nearly single-phase polycrystalline NdTa,O,
was successfully prepared. A previously reported solid-state
method”* was optimized, resulting in a 98(1) wt % of the main
phase, which was used as a starting material for flux growth of
NdTa,0,y single crystals of predominantly hexagonal, plate-
like morphologies with lateral sizes up to 3.5 mm and
thicknesses up to 2 mm—the largest NdTa,O, single crystals
reported to date. The flux method presented here was further
employed to grow single crystals of two other novel rare-earth
heptatantalates, ErTa,O,y and GdTa,O,y. The composition
and morphology of all newly grown crystals were characterized
by powder X-ray diffraction (PXRD) and single-crystal X-ray
diffraction (SCXRD) as well as scanning electron microscopy
(SEM) coupled with energy dispersive X-ray spectroscopy
(EDS). Furthermore, magnetic susceptibility measurements
were employed to investigate the magnetic anisotropy.

2. EXPERIMENTAL SECTION

2.1. Solid-State Synthesis. Three polycrystalline RETa,0
members, NdTa;0,y, ErTa,O,y, and GdTa,0,y, were synthesized
by a solid-state reaction similar to a previously reported procedure.”*
Stoichiometric amounts of Nd,O; (Thermo Scientific, 99.99%),
Er,0; (Thermo Scientific, 99.99%), and Gd,0; (Thermo Scientific,
99.99%), together with Ta,O5 (Alpha Aesar, 99.85 or 99.99%), were
weighed, hand-homogenized in an agate mortar, and pressed into
pellets with a 10 mm diameter using a force of 50 kN. Prior to the
synthesis, all three rare-earth oxides were preannealed at 1000 °C for
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24 h. Multiple synthesis cycles (5—9) were performed at temperatures
T = 900—1200 °C with intermediate regrinding, resulting in about 8.5
g (5 mmol) of the polycrystalline product. As the main flux
component, potassium molybdate (K,Mo;0,,, about 30 mmol), is
not commercially available, it was synthesized using K,CO;
(Chempur, 99.9%) and MoO; (Merck, 99.9%) by a solid-state
reaction at 500 °C, for two cycles of 72 h each, with intermediate
grinding (eq 1)

K,CO; + 3MoO; — K,Mo,0,, + CO,1 (1)

2.2. Single-Crystal Growth. Polycrystalline RETa,0,, samples,
obtained by solid-state reactions, were used as starting materials for
flux-growth experiments, employing a K,Mo0;0,,—B,0; flux. In each
growth experiment, polycrystalline RETa,0;9, K,Mo0;0,, and B,0;
were weighed in the predetermined mass ratio, hand-homogenized in
an agate mortar, and placed into platinum (Pt) crucibles, which were
placed into alumina crucibles covered by alumina caps (Figure 1). For
the NdTa,0,, single-crystal growth experiments, Pt crucibles with a
volume of S mL were used, while ErTa;O;9 and GdTa,0,y growths
were performed in 10 mL Pt crucibles.

Pt crucible

\Alumina crucible

RETa,0,4 powder + flux (K,;M0;0,,—B,03)

Figure 1. Experimental setup for single-crystal growth, showing a
platinum crucible containing the reaction mixture of NdTa,O,9 and
the K,Mo0;0,,—B,0; flux, placed inside an alumina crucible, which
was covered with an alumina cap.

In NdTa,0,y single-crystal growth, cooling was done in two steps;
first, a slower cooling step of 0.5, 1, or 2 °C/h was employed, followed
by a rapid cooling step of 10 or S0 °C/h (Table 1) with a minimal

Table 1. Summary of Tested Parameters for NdTa 0,4 Flux
Growth

tested conditions
0.6,0.7,09,1,1.1,1.2, 1.6, 2.2, 3,
4.4
S:1, 8:1, 9:1, 10:1, 15:1
2.3:1, 4:1, 8:1, 9:1, 99:1

parameter

batch size (g)

flux-to-material mass ratio

flux composition
(K,Mo0;0,,—B,0; mass ratio)

dwell temperature (°C) 700, 1100, 1150, 1200

dwell time (h) 2, 24, 48
slower cooling rate (°C/h) 0.5, 1,2
transition temperature (°C) 500, 950
rapid cooling rate (°C/h) 10, S0

dwell time at the transition temperature in between the steps. At the
end of rapid cooling, the reaction mixture was allowed to cool
naturally. The crystals were separated from the crucible by using
deionized water in an ultrasonic bath.

The following growth parameters were optimized for NdTa,O:
(i) batch size, (ii) flux-to-material mass ratio, (jii) flux composition
(K,Mo0;0,,—B,0; mass ratio), (iv) dwell temperature, (v) dwell time,
and (vi) cooling rate. These parameters were varied and optimized in
order to grow the largest number of NdTa,0, single crystals (Table
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1). The optimal conditions were slightly modified for subsequent
growth experiments of ErTa;O,, (Table 2). The dwell time, dwell
temperature, transition temperature, and rapid cooling rate were kept
constant at 24 h, 1100 °C, 950 and 10 °C/h.

Table 2. Summary of Tested Parameters for ErTa,0,, Flux
Growth

tested conditions

0.8, 0.9, .1, 1.22, 1.35, 2.2

parameter

batch size (g)

flux-to-material mass ratio
flux composition (K,Mo0;0,,—B,05 mass ratio)

slow cooling rate (°C/h)

6:1, 7:1, 8:1, 9:1, 10:1
3:1, 4:1, 5:1, 9:1
03,05,07,08.1,2,5

Flux growth of GdTa,O,y was performed using a 4:1 K,Mo0;0,,—
B,0; mass ratio, an 8:1 flux-to-material mass ratio, and a batch size of
0.90 g. Two slow cooling rates were tested, 0.8 and 0.5 °C/h. The
remaining parameters of the temperature profile were identical to
those employed for ErTa; 0,y growth.

2.3. Powder X-ray Diffraction. Polycrystalline RETa,0,
samples obtained by solid-state synthesis were first examined by
PXRD using a Rigaku MiniFlex600-C Benchtop XRD with Cu Ka
radiation in the 26 range 3—120° with a step size of 0.010° and a
speed of 2.5°/min. The primary flux component, K,Mo;0,,, was also
examined using the same conditions, albeit with a smaller 26 range of
3—90°. Phase identification was performed using SmartLab Studio II
software. The Rietveld refinements were performed using the least-
squares method in GSAS-IL>®

2.4. Single-Crystal X-ray Diffraction. The grown crystals were
first examined under a polarizing microscope. Selected crystals of
appropriate sizes were mounted on MiTeGen Dual Thickness

MicroLoops with Baysilone-Paste (Bayer-Silicone, Mittelviskos) and
measured on a Rigaku OD XtaLAB Synergy-S Dualflex diffractometer
equipped with a PhotonJet-S microfocus Ag Ka X-ray source and an
Eiger2 R CdTe IM hybrid-photon-counting detector. CrysAlisPro
software® was employed for data collection and reduction. Crystal
structures were solved by olex2.solve and refined by SHELXL*” within
OLEX2 ];)rogram.28

2.5. Laue Diffraction. White beam X-ray backscatter diffraction
was used to assess the surface quality and the crystallographic
orientation of the single crystals. A real-time Laue system (Laue-
Camera GmbH) was used with an X-ray Seifert ID3003 generator
equipped with an MWL 120 detector.

2.6. SEM and EDS. For the SEM analyses, a few small NdTa,0,y
single crystals were placed on carbon tape and carbon coated using a
Balzers SCD 050 sputter coater. The imaging and compositional
analyses were performed on a Thermo Fisher Quanta 650 ESEM
instrument equipped with an energy-dispersive X-ray spectrometer—
EDS (Oxford Instruments, AZtec Live, Ultim Max SDD 65 mm?).
The accelerating voltage used was 20 kV in all cases.

2.7. Magnetic Susceptibility. The magnetic susceptibility
measurements were carried out using an MPMS-XL-5 SQUID
magnetometer from Quantum Design in the 2—300 K temperature
range in an applied magnetic field of 1 kOe. A single crystal of
NdTa,0, (16 mg), ErTa,0, (4 mg), and GdTa,0,, (2 mg) was
glued to a straw with diamagnetic Apiezon N grease in different
orientations to the external magnetic field. The field dependence of
the isothermal magnetization was measured between —50 and 50 kOe
at 2 K.

3. RESULTS AND DISCUSSION

3.1. Solid-State Synthesis. The primary flux component,
K,Mo;0,, was synthesized using a solid-state thermal method
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Figure 2. Rietveld refinement profiles of laboratory PXRD data (Cu Ka, T = 293 K) of (a) the primary flux component, K;Mo;0,, (b) NdTa,0,,,
(c) ErTa,0y, and (d) GdTa,;0,,. The Bragg 20 positions are marked as bars below each diffractogram.
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Figure 3. (a) Hexagonal NdTa,Oy, crystal grown in this study on a
millimeter grid and (b) corresponding X-ray Laue back-reflection
pattern observed along the ¢ crystallographic direction, displaying the
6-fold symmetry.

1100 °C

Figure 4. Optimal temperature profile for flux growth of NdTa,O,,
using the K,Mo030,y—B,0; flux. The dwell temperature, 1100 °C, and
the cooling rate of the first step, 0.5 °C/h, were identified as critical
crystal-growth parameters.

Table 3. Optimal Growth Parameters for NdTa,O,,

parameter optimal conditions
batch size (g) 0.9-1.1
flux-to-material mass ratio 8:1—10:1
flux composition (K,Mo;0,o—B,0; mass ratio) 4:1
dwell temperature (°C) 1100
slow cooling rate (°C/h) 0.5

Table 4. Optimal Growth Parameters for ErTa ;0

parameter optimal conditions
batch size (g) 0.8—0.9
flux-to-material mass ratio 7:1-8:1
flux composition (K,;Mo;0,0—B,0; mass ratio) 3:1-5:1
dwell temperature (°C) 1100
slow cooling rate (°C/h) 0.8

according to eq 1, as it is not commercially available. Rietveld
refinement analysis on the resulting polycrystalline K,Mo30,,
showed 82.0(4) wt % of the main phase (C2/c space group),
9.2(2) wt % of K,Mo,0;; and 8.8(3) wt % of K,Mo,0,
(Figure 2a). The additional molybdates were likely formed by
the loss of potassium. This was subsequently optimized to an
almost pure phase, 98(1) wt %, K,Mo;0,,. However, the
crystal growths were performed using the batch presented in
Figure 2a.

As mentioned in the previous section, this study aimed to
perform single-crystal growth experiments starting from
polycrystalline RETa,0,y to avoid the secondary phases
previously reported in the literature.'* Thus, the three phases
NdTa,0,y, ErTa;O,y, and GdTa,O,, were first prepared by
solid-state synthesis. The phase identifications and Rietveld
refinement analyses of the powder data indicated that the three
members of the series are isostructural and adopt the P6c2
space group, in good agreement with the literature (Figure
2b—d).*”*" Detailed results of the Rietveld refinement analysis
are available in the Supporting Information, Table S1. A 0.6%
decrease in the unit cell volume is observed from Nd (V =
668.536(4) A®) to Gd (V = 664.780(7) A®) and a 1%
reduction to the Er member (V = 661.418(5) A®), as expected
following the decreasing radii of the rare-earth ions due to the
lanthanoid contraction.”" A parallel trend is observed with the
magnetic intralayer RE—RE distance, which decreases from
6.2228(1) A for Nd to 6.2119(1) A for Gd and 6.2018(1) A
for the Er member, while the magnetic interlayer distances
decrease from 9.9678(1) A for Nd to 9.9465(1) A for Gd and
9.9285(1) A for the Er member.

A small fraction of secondary phases was observed in the
powder X-ray diffractograms of each heptatantalate (Figure
2b—d), identified as unreacted Ta, O and two additional rare-
earth tantalates. The Rietveld refinement analysis revealed
1.2(2) wt % of Ta,Og and 1.2(1) wt % of Nd,;;TaO; for the
NdTa,0,y sample, while the ErTa,O,y sample contained
5.1(1) wt % of Ta,Oy and 2.2(1) wt % of ErTaO,, with the
GdTa,0,y sample containing a slighter larger content of
impurities, namely, 7.9(1) wt % Ta,0s, 1.6(1) wt % GdTaO,,
and 1.0(1) wt % Gdy33Ta0;. One way to minimize the
amount of these phases is to increase the annealing
temperature in the solid-state reactions and the dwell time.
Despite the small amount of impurities, the powders were used
for single-crystal growth, as the process can also serve as a

500 um

i

Ay

Figure 5. (a) ErTa,0, single crystal grown by the flux method. (b) Expected orientation of the crystallographic c-axis of an ErTa,O, crystal. (c)
Corresponding X-ray Laue back-reflection pattern collected on an ErTa;O,, single crystal showing the 6-fold axis along the c-crystallographic

direction.
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Figure 6. (a) Largest as-grown pseudohexagonal GdTa,O, crystal. (b) Frontal view and (c) side view of another, smaller, hexagonal GdTa,0,

single crystal grown in this study.

Figure 7. (a) Crystal structure of RETa,0,, (here RE = Nd). (b)
View from the c-axis as projected onto the ab-plane, showing the
perfect triangular lattice within the magnetic layers, separated by two
nonmagnetic layers of TaO; polyhedra. The oxygen atoms in (b) are
omitted for clarity.

purification method, ensuring no significant impact on the
study.

3.2. Single-Crystal Growth. The optimized single-crystal
growth procedure employed in this study resulted in purple
transparent NdTa,0,y crystals of predominantly hexagonal
morphologies (Figure 3a), which measured up to 3.5 mm in
lateral size and up to 2 mm in thickness.

The orientation of the crystals'~*'*—with hexagonal planes
being parallel to the ab plane and perpendicular to the c-
crystallographic direction (Figure 3a)—was confirmed by Laue
X-ray diffraction (Figure 3b).

The optimization of the temperature profile for NdTa,0,
flux growth identified the dwell temperature and the slow
cooling rate as pivotal parameters (Figure 4). The optimal
dwell temperature was determined to be 1100 °C. While
previous studies”* reported higher dwell temperatures of 1150
and 1200 °C, in the present study, these elevated temperatures
resulted in increased flux volatility, which led to the formation
of numerous nucleation sites and, consequently, smaller single
crystals (see Supporting Information, Figure S2 for pictures of
the resulting crystals). The optimized cooling rate of the first
step, which yielded the largest crystal sizes, was 0.5 °C/h.
Higher cooling rates of 1 or 2 °C/h resulted in multiple smaller
crystals. The dwell time was found to be a less significant
parameter; observations indicated that a 48 h dwell time did
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not result in substantially different crystal sizes compared to a
shorter 24 h dwell time.

Other parameters tested during the growth process
(displayed in Table 1) included the following: (i) the batch
size, (ii) the flux-to-material mass ratio, and (iii) the flux
composition.

(i) The optimal batch size was determined to be
approximately 1 g. Attempts to increase crystal sizes by
doubling or further increasing the mass proved
ineffective, resulting only in the formation of multiple
smaller crystals.

The optimal range of flux-to-material mass ratios was
found to be between 8:1 and 10:1. Other ratios,
including S:1 and 15:1, were also investigated; however,
they did not yield any large single crystals.

The flux composition also turned out to be a crucial
parameter, being the primary factor affecting the crystal
morphology, while additionally influencing the crystal
size. Experiments with a K,Mo;0,,—B,0; mass ratio of
9:1 resulted in plate-like crystals. An increase of the
B,0; content in the K,Mo0;0,,—B,0; mass ratio led to
increased thicknesses of the crystals, transitioning from
plate-like toward isometric morphologies (Supporting
Information, Figure S1), which was also observed in
previous literature reports.z_4

The optimal K,Mo0;0,,—B,0; mass ratio of 4:1 yielded
predominantly hexagonal crystals of approximately 1 mm
thickness. Elongated morphologies, as previously reported in
the literature,”™" were not observed. Further experiments with
higher or lower ratios (Table 1) failed to produce large single
crystals (Figure S2). The optimal parameters for NdTa,O,,
growth are summarized in Table 3.

Seeding, which plays a crucial role in crystal growth, was also
investigated in this study. A small crystal ('seed’) obtained from
a previous experiment was placed at the bottom of the crucible
to hinder multiple nucleation.”> This method promotes
controlled nucleation and facilitates the growth of high-quality
single crystals with fewer defects. However, in our case, seeding
had minimal impact on crystal size, indicating that it is not a
critical factor in these growth processes.

The optimal NdTa,O crystal growth conditions were also
employed for the growth of ErTa,O,y single crystals, with
some optimization of the cooling rates (Table 2). The largest
crystals were grown using a cooling rate of 0.8 °C/h, while
lower rates of 0.5 and 0.3 °C/h resulted in increased flux
volatility, as deduced from the mass loss.

The flux-to-material mass ratios that yielded the largest
crystal sizes were 7:1 and 8:1, while the optimal batch size was
found to be 0.8—0.9 g. Higher masses resulted in the formation

(i)

(iii)
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Figure 8. (a) SEM—EDS spectrum of a hexagonal NdTa;O, crystal,
with the analysis area marked by a violet square, confirming
stoichiometric Nd, Ta, and O ratios. (b) SEM—EDS spectrum of
an ErTa;0 y crystal, with the analysis area indicated by a pink square,
confirming Er, Ta, and O. (c) SEM—EDS spectrum of a GdTa;0,,
crystal, with the analysis area marked by a yellow square (inset),
detecting Gd, Ta, O, and traces of K and Mo (from the residual flux
on the surface).

of multiple smaller crystals. The optimal K,Mo;0,,—B,0;
mass ratios ranged from 3:1 to S:1. Similarly as in the
NdTa,0,y growth, the crystal morphology was influenced by
the flux composition. Specifically, a higher content of B,0O; in
the K,Mo0;0,,—B,0; flux resulted in decreased lateral sizes of
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the crystals and increased thicknesses. The optimal growth
parameters are summarized in Table 4.

Pink ErTa,Oy crystals exhibited predominantly hexagonal
morphologies (Figure Sa) with lateral sizes of up to 2.5 mm
and thicknesses of up to 0.5 mm. The orientation of ErTa,O,
crystals (Figure Sb) was confirmed by X-ray Laue diffraction
(Figure Sc).

For GdTa;0y single-crystal growth, the optimal NdTa,O,
growth conditions were employed, as listed in Table 3. Similar
to the other two representatives of the series, yellow GdTa,0
single crystals exhibited pseudohexagonal morphologies with
lateral sizes up to 4 mm and thicknesses up to 0.5 mm (Figure
6a—c).

3.3. Chemical Analysis. The grown single crystals of
NdTa,0,, ErTa,0,y, and GdTa,0,y were analyzed by PXRD
and SCXRD. All structural information can be found in the
Supporting Information, Tables S1—S6. All the structures were
solved and refined in the P6¢2 space group.”” Initially, the P65/
mcm space group was identified for CeTa,O;y and the
RETa,0,, series.”> However, a year later, the same author
reported a preference for the P6c2 space group.™

The RE ions form a perfect triangular lattice (side view:
Figure 7a, top view: Figure 7b), where each RE ion is
coordinated by eight oxygen ions, forming distorted REO,
polyhedra that share edges with neighboring TaOg4 octahedra.
The magnetic layers are separated by two nonmagnetic Ta
layers composed of TaO, polyhedra.

A systematic decrease in the unit cell volume (Supporting
Information, Table S2), the magnetic interlayer distances, and
the RE—RE distances is observed from RE = Nd to Er,
following the decrease in the ionic radii (Supporting
Information, Tables $4—S6).>' These findings are consistent
with the observations on the polycrystalline heptatantalates
(see Section 3.1 and Table S1).

The SEM—EDS point analysis was employed for elemental
analysis and to identify possible flux inclusions. A representa-
tive SEM—EDS point analysis spectrum of a NdTa,0, crystal,
along with the corresponding SEM image of the crystal (Figure
8a), shows peaks of all the constituent elements without any
flux components or other impurities. The average atomic
percent values obtained from 11 point analyses are 3.7(1)
atom% Nd, 26.0(1) atom% Ta, and 70.4(1) atom% O,
perfectly corresponding to the theoretical ratio 1:7:19 and
thereby confirming the stoichiometry of the sample. A few dark
spots observed on the surface correspond to particles of the
main flux component, K,Mo;0,.

The EDS point analyses of ErTa,O;, (Figure 8b) and
GdTa,0y, single crystals (Figure 8c) confirm the presence of
Er, Gd, Ta, and O. For ErTa,0,, the average elemental
composition from 10 point analyses is 3.5(2) atom % Er,
25.8(1) atom % Ta, and 70.4 atom % of O with trace amounts
of K, 0.1(1) atom %, and Mo, 0.2(1) atom %, likely from the
flux on the surface. The GdTa,0,, crystal shows slightly higher
flux residues (Figure 8c) with 7-point analyses yielding 3.5(3)
atom % Gd, 21.6(7) atom % Ta, 67.1(3) atom % O, 6.3(4)
atom % K, and 1.5(6) atom % Mo.

3.4. Magnetic Properties. The magnetic susceptibility of
NdTa,0,, (Figure 9a) shows no signs of magnetic ordering
down to 2 K, which suggests a possible dynamical magnetic
ground state and is consistent with previous results obtained
on polycrystalline NdTa,0,.°

When the magnetic field H of 1 kOe is applied parallel (H ||
¢) and perpendicular (H L ¢) to the c-axis (Figure 9b), a very
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Figure 9. Magnetic susceptibility of a NdTa,0,, single crystal (a) and M(H) curves (b), showing a pronounced difference in the magnetic response
in both principal crystallographic directions, H || ¢ and H L ¢, which represents direct evidence of the easy-axis magnetic anisotropy.
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Figure 10. (a) Magnetic susceptibility of a ErTa,O, single crystal showing a significant difference in the magnetic response in the crystallographic
directions H || ¢ and H L ¢ as a consequence of large magnetic anisotropy. (b) M(H) curves for H L c and H || ¢ at 2 K. A significant magnetic

anisotropy is also observed, similar to (a).
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Figure 11. (a) Magnetic susceptibility of a GdTa;O, single crystal showing the absence of anisotropy, i.e., a nearly identical paramagnetic response
for both H || ¢, and H L ¢, typical of a paramagnet. (b) M(H) curves for H || c and H L ¢ at 2 K, showing a similar magnetic response in both

directions, in line with observations in (a).

similar paramagnetic response is observed for both crystallo-
graphic directions as the temperature decreases. However,
below 90 K, the magnetic responses of the two orientations
become increasingly different in size and behavior. This
divergence is evident in both the magnetic susceptibility
(Figure 9a) and field-dependent magnetization at 2 K, M(H)
(Figure 9b), providing clear evidence of easy-axis single-ion
magnetic anisotropy, as previously suggested by crystal-
electric-field modeling of polycrystalline samples.’
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A similar magnetic response to NdTa,O,, is also observed in
the magnetic susceptibility and field-dependent magnetization
of ErTa;0,, (Figure 10a,b). In the external field of 1 kOe, a
paramagnetic behavior is observed in both crystallographic
directions at high temperatures to about 150 K. However, as
the temperature decreases to 2 K, a significant divergence in
the magnetic response for both crystallographic directions is
observed, H || ¢ and H L ¢, again providing evidence of easy-
axis-type magnetic anisotropy. The absence of magnetic
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ordering down to 2 K suggests a similar dynamic magnetic
ground state as previously observed for NdTa,O,.”

The magnetic response of GdTa,0,y to a field of 1 kOe
(Figure 1la) is substantially different from those of the
previous two representatives of the RETa,O,y series and
corresponds to that of an isotropic paramagnet. The results of
susceptibility and field-dependent magnetization (Figure 11b)
are very similar for both crystallographic directions, showing
the absence of anisotropy in the magnetism of this compound.
This isotropic magnetic behavior is consistent with findings
from a recent study,” which reported rare-earth dependent
magnetic properties for six polycrystalline RETa,0,y com-
pounds RE = Pr, Sm, Eu, Gd, Dy, and Ho.

4. CONCLUSIONS

High-quality single crystals of NdTa,O, the first Ising
quantum spin liquid candidate on a triangular lattice, were
successfully grown using the K,Mo;0,,—B,0; flux. With
lateral sizes up to 3.5 mm, thicknesses up to 2 mm, and
hexagonal, plate-like morphologies, these crystals are the
largest reported to date.

To maximize the yield and reduce the formation of
secondary neodymium phases, the crystals were grown from
polycrystalline NdTa,O,, obtained by optimizing a previously
reported solid-state method.”* This optimized flux method was
extended to grow large, high-quality single crystals of two
additional compounds in the series, ErTa;O,y and GdTa,0,.

A substantial easy-axis magnetic anisotropy in NdTa,O,g
was observed in its magnetic susceptibility at low temperatures
down to 2 K, providing clear proof of the anisotropy indicated
by earlier modeling of the crystal electric field in the
polycrystalline sample.” Similarly, ErTa,0,y also exhibited a
pronounced magnetic anisotropy of the same type. No
evidence of magnetic ordering is found down to 2 K
suggesting a possible exotic magnetic ground state for this
representative. In contrast, GdTa,;0,y showed a paramagnetic
behavior, in agreement with findings from polycrystalline
samples.”

The obtained high-quality single crystals will allow new
insight into the exciting magnetism of these frustrated magnets.
More detailed and g-resolved investigations of the magnetic
ground state, magnetic correlations, and excitations are now
possible. Furthermore, the flux method holds the potential for
successful growth of additional rare-earth heptatantalates in the
series.
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Figure S1. Single crystals of NdTa;O19. (a) A plate-like crystal grown with a 9:1 K2Mo03010/B203
flux mass ratio. (b) A crystal with larger thickness, grown with a 4:1 KaMo30O10/B203 mass ratio.

Figure S2. Representative images of small NdTa;Oi9 single crystals, grown in the process of
optimization that did not yield crystals of significant size: (a) displayed on a millimeter grid for size
reference and (b) magnified optical microscope image on a millimeter grid, emphasizing the crystal

morphology.
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Table S2. Summary of single-crystal X-ray diffraction crystal data, data collection and structure

refinement details for the crystal structures of NdTas019, GdTa7019, and ErTa;O19.

Compound NdTa7019 GdTa7019 ErTa7019
M; 1714.89 1727.90 1737.91
Crystal system hexagonal hexagonal hexagonal
Space group P6c2 P6c2 P6c2
a[A] 6.21494(10) 6.20871(10) 6.19718(6)
b[A] 6.21494(10) 6.20871(10) 6.19718(6)
c[A] 19.9382(4) 19.9087(4) 19.8613(2)
a[°] 90 90 90
L1°] 90 90 90
7 [°] 120 120 120
VIA3] 666.94(3) 664.62(3) 660.581(16)
Z 2 2 2
Pealc [g/cm’] 8.539 8.634 8.737
Crystal size [mm?] 0.090 x 0.077 x 0.050|0.208 % 0.135 % 0.029|0.160 % 0.139 x 0.077
Radiation type AgKa AgKa AgKa
A[A] 0.56087 0.56087 0.56087
T [K] 100 100 100
1 [mm™'] 32.772 33.482 34.408
F(000) 1446 1454 1462
Omax [°] 32.324 32.245 30.653
Index ranges —11<h<l1l -11<h<10 -11<h<10
—9<k<11 -11<k<9 -11<k<11
-36</<35 —35</<37 -36</<35
Reflections collected 13542 16495 40463
Independent reflections 1471 1525 1431
Reflections with [/ > 1432 1462 1374
26())]
Rint 0.0473 0.0573 0.1374
Rsigma 0.0231 0.0249 0.0335
Data/restraints/parameters 1471/0/45 1525/6/45 1431/6/46
S 1.174 1.158 1.201
Ri,wR> [1>20(1)] 0.0198, 0.0447 0.0196, 0.0408 0.0237, 0.0524
R1,wR; [all data] 0.0208, 0.0450 0.0213, 0.0415 0.0254, 0.0545
Apmin, Apmax [€A7] —1.528, 2.546 —2.330, 2.121 —3.816, 3.301
Flack x —0.010(15) 0.007(14) BASF =0.63(4) *

2 refined as an inversion twin
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CSD Deposition Numbers 2407250 (for NaTa;019), 2407251 (for GdTas019), and 2407252 (for
ErTa;019) contain the supplementary crystallographic data for this paper. These data can be obtained

free of charge from FIZ Karlsruhe via www.ccdc.cam.ac.uk/structures.

The anisotropic thermal ellipsoid of atom O1 in crystal structures of GdTa;019, and ErTa;O19 was
restrained with ISOR 0.001 to prevent it from becoming non-positive definite.

Note: the checkCIF reports show two alerts level A for the NaTa7O19 and four for ErTa;O19. These are
caused by large residual electron density minima and maxima. Full single-crystal datasets have been
measured on several different crystals of each compound. The aforementioned issues were observed
consistently in all analyzed single crystals. Typically, the problems were exacerbated in larger

crystals, which indicates possible absorption effects.

Table S3. Fractional atomic coordinates and equivalent isotropic displacement parameters (A?) for

the crystal structures of NdTa;019, GdTa7019, and ErTa;O1o.

Atom X y z Ueq
Tal | 03333 0.6667 0 0.00588(14)
NdTa:Or | Ta2 | 0.63907(7) | 0.63951(6) | 0.15602(2) | 0.00639(6)
Ndl | 0.6667 0.3333 0 0.0069(2)
O1 | 0.7512(10) | 1.0016(18) | 0.15375(15) | 0.0086(5)
02 | 05709(8) | 0.6222(7) | 0.0568(2) | 0.0072(6)
03 | 0.6246(10) | 0.5791(11) | 025 0.0068(9)
04 | 03333 0.6667 | 0.1681(4) | 0.0064(9)
05 0.6667 03333 | 0.1314(4) | 0.0072(11)
Tal | 03333 0.6667 0 0.00573(14)
Ta2 | 0.63905(7) | 0.63898(6) | 0.15581(2) | 0.00605(5)
GdTar010 G541 | 0.6667 0.3333 0 0.0069(2)
O1 | 0.7529(10) | 1.0037(18) | 0.15345(15) | 0.0080(5)
02 | 05718(7) | 0.61946) | 0.05606(19) | 0.0064(6)
03 | 0.6243(9) | 0.5791(10) | 025 0.0081(9)
04 | 03333 0.6667 | 0.1677(4) | 0.0073(9)
05 | 0.6667 03333 | 0.13104) | 0.0091(11)
Tal | 03333 0.6667 0 0.0091(2)
ErTaOn | Ta2 | 0.63927(9) | 0.63829(8) | 0.15558(2) | 0.00901(8)
Erl | 0.6667 0.3333 0 0.0097(2)
Ol | 0.7524(14) | 1.002(3) | 0.15316(19) | 0.0113(6)
02 | 05723(9) | 0.6156(8) | 0.0553(3) | 0.0103(9)
03 | 0.6226(11) | 0.5786(13) | 025 0.0100(12)
04 | 03333 0.6667 | 0.1663(5) | 0.0088(12)
05 0.6667 03333 | 0.1311(5) | 0.0106(14)

5/8


http://www.ccdc.cam.ac.uk/structures
file:///C:/Users/Lia/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/2ZTVZR5K/ndta7o19_1%20_atom_site_label
file:///C:/Users/Lia/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/2ZTVZR5K/ndta7o19_1%20_atom_site_label

106

Chapter 4. Single-Crystal Growth of Rare-Earth Heptatantalates RETa;09 with a Perfect Triangular Lattice

Table S4. Selected bond distances (A) and angles (°) for the crystal structure of NdTazO1o.

Bond distance (A)
Nd-02 2.435(4) Ta2-01 1.996(10)
Nd-05 2.620(8) Ta2-02 2.014(4)
Tal-02 1.987(4) Ta2-03 1.9043(10)
Ta2-01" 1.982(10) Ta2-04 2.0044(11)
Ta2-01V 2.422(4) Ta2-05 2.054(2)
Angle (°)
02"-Tal-02 166.2(2) 03-Ta2-05 94.0(3)
02/-Tal-02 99.9(2) 04-Ta2-01" 64.8(2)
02-Tal-02 90.72(17) 04-Ta2-02 86.5(2)
02'-Tal-02 80.4(2) 04-Ta—05 128.94(5)
01-Ta2-01"v 137.8(3) 05-Ta2-01" 64.5(2)
01-Ta2-01 85.0(2) 02'-Nd1-02 63.53(19)
01Y-Ta2-01V 137.1(3) 02*-Nd1-02 100.62(19)
01-Ta2-02 89.05(14) 02"i-Nd1-02 155.57(19)
01Y-Ta2-02 99.58(15) 02"i-Nd1-02 100.11(11)
01-Ta2-04 73.68(12) 02-Nd1-05' 117.72(9)
01-Ta2-04 157.75(14) 02-Nd1-05 62.28(9)
01V-Ta2-05 73.30(13) Ta2*-01-Ta2' 102.8(3)
01-Ta2-05 153.57(16) Ta2-01-Ta2iii 102.1(3)
02-Ta2-01" 81.41(14) Ta2*~01-Ta2 154.9(2)
02-Ta2-05 80.1(2) Ta2¥-03-Ta2 159.5(3)
03-Ta2-01 101.53(19) Ta2V-04-Ta2 118.58(9)
03-Ta2-01" 84.01(18) Ta2"-05-Ta2 114.49(16)
03-Ta2-01" 91.41(18) Ta2-02-Ndl 111.94(16)
03-Ta2-02 165.4(2) Ta2-05-Ndl 103.8(2)
03-Ta2-04 86.9(3) Tal-02-Ndl 108.06(17)

Symmetry codes: (i) —y + 1, —x+ 1, —z; (i) x, x—y+ 1,z (iii)) —y+ Lx—py+ 1,z (iv) x+y,—x + 1, z
(V) =x+y,y,—z; (Vi) =y +2,x —y+ 1,z (vii) -y + 1, x =y, z; (viii) x, x =, =z; (ix) x +y + 1, y, =z, (x) —x

+y+1,—x+2,zzxi)x, y,—z+1/2.
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Table S5. Selected bond distances (A) and angles (°) for the crystal structure of GdTa7O1o.

Bond distance (A)
Gd1-02 2.407(3) Ta2-01 2.007(9)
Gd1-05 2.607(8) Ta2-02 2.020(4)
Tal-02 1.990(3) Ta2-03 1.9049(10)
Ta2-01"il 1.968(9) Ta2-04 2.0036(11)
Ta2-01" 2.422(3) Ta2-05 2.050(2)
Angle (°)
02/-Tal-02 99.7(2) 03-Ta2-05 94.3(3)
02'-Tal-02 91.60(15) 04-Ta2-01V 65.1(2)
02'-Tal-02 165.3(2) 04-Ta2-02 86.8(2)
02-Tal-02' 78.9(2) 04-Ta2-05 129.00(5)
01Y-Ta2-01V 137.0(3) 05-Ta2-01V 64.4(2)
01"-Ta2-01 84.67(18) 02*-Gd1-02 100.22(11)
01-Ta2-01" 138.2(3) 02'-Gd1-02 63.36(17)
01v-Ta2-02 99.24(14) 02Yi-Gd1-02 155.53(18)
01-Ta2-02 89.45(13) 02"-Gd1-02 100.56(18)
O1v-Ta2-04 157.58(12) 02-Gd1-05' 117.63(9)
04-Ta2-01 73.76(11) 02-Gd1-05 62.37(8)
O1v-Ta2-05 73.42(11) Ta2¥-01-Ta2! 102.9(3)
01-Ta2-05 153.33(16) Ta2¥-01-Ta2 155.15(17)
02-Ta2-01" 81.29(13) Ta2-01-Ta2! 101.7(3)
02-Ta2-05 79.5(2) Ta2-03-Ta2" 159.7(3)
03-Ta2-01 101.46(18) Ta2'-04-Ta2 118.63(9)
03-Ta2-01" 84.05(18) Ta2*~05-Ta2 114.37(17)
03-Ta2-01v 91.57(17) Ta2-05-Gdl1 104.0(2)
03-Ta2-02 165.3(2) Ta2-02-Gdl1 112.37(14)
03-Ta2-04 86.9(3) Tal-02-Gdl 108.87(16)

Symmetry codes: (i) —y+ L, x —y+ 1,z (i) —p+ 1, x+ 1,z (iii) x, x —y + 1, —z; (iv) x + y, x + 1, z;
V) x+y,y,—z; (Vi) v+ 2, x—y+ 1,z (vi))x+y+ 1,y —z (viii)x,x —y, 2z (ix) x+y+1,—x+ 1,z

X))yt Lx-y,z(X)x+y+1,—~x+2zx)x,y z+1/2
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Table S6. Selected bond distances (A) and angles (°) for the crystal structure of ErTa;O1o.

Bond distance (A)
Erl-02 2.373(4) Ta2-0l 1.997(13)
Erl-05 2.603(10) Ta2-02 2.024(5)
Tal-02 1.993(5) Ta2-03 1.9042(12)
Ta2-01"ii 1.972(13) Ta2-04 2.0011(13)
Ta2-O1" 2.419(4) Ta2-05 2.039(3)
Angle (°)
02-Tal-021 92.5(2) 03-Ta2-05 94.4(3)
02-Tal-02! 99.9(3) 04-Ta2-011 64.8(3)
02-Tal-02 77.3(3) 04-Ta2-02 86.6(3)
02-Tal-02" 164.2(3) 04-Ta2-05 128.94(7)
01-Ta2-01' 137.7(4) 05-Ta2-011 64.7(3)
01'-Ta2-01 84.4(2) 02"ii-Er1-02 100.7(2)
01'-Ta2-01' 137.7(4) 02"i-Er1-02 155.4(2)
01v-Ta2-02 99.00(18) 02-Er1-02i 63.2(2)
01-Ta2-02 89.93(16) 02*-Er1-02 100.27(15)
01¥-Ta2-04 157.35(16) 02i-Er1-05 117.59(12)
01-Ta2-04 73.58(15) 02-Er1-05 62.41(12)
01-Ta2-05 153.5(2) Ta2*-01-Ta2 155.4(2)
01V-Ta2-05 73.71(15) Ta2*-01-Ta2" 102.2(4)
02-Ta2-011 81.00(17) Ta2-O1-Ta2 102.2(4)
02-Ta2-05 79.1(3) Ta2-03-Ta2" 160.0(4)
03-Ta2-011 84.0(2) Ta2-04-Ta2 118.88(10)
03-Ta2-01 101.4(2) Ta2*-05-Ta2 114.5(2)
03-Ta2-01" 92.0(2) Ta2-02-Erl 112.90(19)
03-Ta2-02 165.0(3) Ta2-05-Erl 103.8(3)
03-Ta2-04 87.2(3) Tal-0O2-Erl 109.8(2)

Symmetry codes: (i) x,x—y+ 1,z (ii)) —~x+y, —x+ 1,z (iii)) —y+ 1,~x+1,—=z (iv) y+ L, x—y+ 1,z
V)~x+y,y,—z;(Vi)~y+2,x—y+ 1,z (vi) x,x =y, —z; (viil)) x +y+ 1, y, -z, (ix) -y + L, x =y, z; (X) —x

+y+1,—x+2,z xi)x,y,—z+ 1/2.
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4.3 Synthesis and Crystal Growth of Other RETa;Oi
Candidates, DyTazO19 and YbTarO19

The RETa7044 single-crystal growth studies included two additional candidates, DyTa;Oq9
and YbTas;Oq9, aiming to obtain crystals and investigating their magnetic behavior.

Experimental

Solid-state synthesis and single-crystal growth of DyTa;O19 and YbTa;O19, as well as their
characterization by PXRD), single-crystal XRD and magnetic susceptibility were performed
following the procedures described in Chapter 4.2 for the first three rare-earth
heptatantalates studied (RE = Nd, Gd, Er), with a sole difference of 0.005° 26 step in
PXRD for the YbTa;O19 sample. In solid-state synthesis, Dy>O3 (Thermo Scientific, 99.9%),
and Yb,Os (Thermo Scientific, 99.9%) were used as precursors of the rare-earth elements,
and both oxides were pre-annealed at 1000 °C for 24 hours prior to synthesis. Single-crystal
growth of DyTa;O,9 and YbTa;Oy was performed using the same conditions as for
GdTa;0,9, with a single slow cooling rate of 0.8 °C/h applied for DyTa;O1q.

Results and discussion

Two additional representatives of the rare-earth heptatantalate series, DyTa;O;y and
YbTazO19, were successfully prepared via conventional solid-state synthesis. Rietveld
refinement analysis of the powder X-ray diffraction data (Figure 4.1, Table 4.1) confirms
that both compounds adopt the same crystal structure and space group (P(_SCQ) as the
previously discussed members of the series (Section 4.1), indicating structural robustness
of the framework across the rare-earth substitution.

A clear systematic decrease of the unit cell parameters is observed with decreasing rare-
carth ionic radius (Figure 4.2). The unit cell volume decreases from 668.536(4) A® for
NdTa:Ou to 662.870(7) A? for DyTa;01 and 660.146(15) A? for YbTa;O,, corresponding
to volume reductions of 0.9% and 1.3%, respectively. This behavior is consistent with the
lanthanoid contraction and confirms that the structural framework responds predictably
to chemical pressure introduced by smaller R*" ions.

Importantly, this lattice contraction directly affects the magnetic sublattice. Both
intralayer and interlayer RE-RE distances decrease progressively from Nd to Dy and Yb
(from 6.2228(1) A/9.9678(1) A to 6.1979(1) A/9.9218(1) A), which is expected to modify
magnetic exchange pathways and interaction strengths. Thus, rare-earth substitution
provides an effective route to tune the magnetic lattice geometry without altering the
overall structural topology.
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Figure 4.1: Rietveld refinement profiles of laboratory PXRD data (Cu Ka, T = 293 K) of

a) DyTa:Oy and b) YbTa:Oy. The Bragg 26 positions are marked as bars below each
diffractogram.
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Table 4.1: Results of Rietveld refinement analysis on polycrystalline DyTa:O: and
YbTa7O, performed on room-temperature data collected using Cu Ka radiation

(N = 1.5406 A).
DyTa7019 YbTa7019
Space group P6¢2 P6¢2
a, b (A) 6.2061(1) 6.1979(1)
c (A) 19.8728(1) 19.8436(27)
V (A% 662.870(7) 660.146(15)
R, (%) 4.58 12.69
Rexy (%) 3.07 4.57
S (Rup/Rexp) 1.49 2.78
x/y/z ) y/
Atom U (Az) U (Az)
R 0.66667,/0.33333/0 0.66667,/0.33333/0
0.0050 0.0188(16)
Tal 0.33330/0.66670,/0.00000 0.33330/0.66670,/0.00000
0.0075(8) 0.0080(16)
Ta2 0.6401(4)/0.6398(5)/0.155539(22) 0.6354(5)/0.6429(6),/0.15556(5)
0.0053(3) 0.0050
o1 0.7549(27)/0.995(5) /0.15286/(24) 0.726(5)/0.941(8)/0.1558(7)
0.0050 0.006(7)
02 0.6092(29)/0.5882(26)/0.05724(24) 0.592(4)/0.549(4) /0.0600(7)
0.0143(26) 0.0050
03 0.622(6)/0.587(6),/0.25000 0.637(6)/0.531(5),/0.25000
0.026(5) 0.0050
04 0.33330/0.66670/0.1636(6) 0.33330/0.66670/0.1652(15)
0.0050 0.0050
05 0.66670/0.33330/0.1264(8) 0.66670/0.33330,/0.1003(19)
0.019(6) 0.005
670
RETa,0,,
668 - ®
o RE = Nd
<
= 666
g °
3 664 - RE = Gd
g 662 - RE = Dy
[
=3 RE = Er
RE = Yb
658 . . : . . .

58 60 62 64 66
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68 70 72

Figure 4.2: The comparison of unit cell volume of five polycrystalline RETa;O19 samples
from Chapter 4, as determined by Rietveld refinement analysis.
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In PXRD patterns of DyTa;O19 and YbTa;O19 samples, additional phases were observed
in addition to the main phase. In case of DyTa;O19, the main phase was at 96.2(1) wt%,
while the unreacted Ta;O;s constituted 3.8(1) wt% of the sample. A few low-intensity peaks
remained unidentified. Consequently, at least one additional phase was excluded from the
Rietveld refinement analysis. The amount of this phase, or of multiple unidentified phases,
is estimated to approximately 1-2 wt%.

In case of YbTa;O1y, a considerable presence of secondary phases is detected in PXRD,
in agreement with ref. [64]. Rietveld refinement analysis revealed a significantly smaller
amount of the main phase compared to the other series candidates, yielding only
74.0(2) wt% of YbTa;O19. The two additional identified phases comprised 11.2(2) wt% of
YbTaOs and 14.8(2) wt% of unreacted Ta,Os, while additional unidentified phases were
excluded from the refinement. Performing additional solid-state synthesis cycles at higher
temperatures to facilitate the formation of the main phase led to YbTa;O9 decomposition.
The significantly lower phase purity observed for this series representative after solid-state
synthesis suggests that this compound is more difficult to stabilize under the employed
synthesis conditions compared to the other rare-earth heptatantalates. This may be related
to the small ionic radius of Yb*—the smallest within the rare-earth series studied—which
can influence the relative stability of competing Yb-Ta-O phases, thereby shifting the
phase formation equilibrium.

Figure 4.3: A DyTa;Oy single crystal, obtained in this work.

Performing single-crystal growth of DyTa;O19 using the optimal growth conditions
for GdTa;O19 as listed in Section 4.2 at a cooling rate of 0.8 °C/h successfully yielded
yellow DyTa;0Oy9 single crystals, which exhibited hexagonal morphologies and lateral
sizes up to 1.5 mm, with heights reaching up to 1 mm (Figure 4.3). The main,
DyTazO, phase, was confirmed by both powder and single-crystal XRD.

In contrast, the YbTa;O19 growth experiments did not result in the formation of
the targeted phase. Instead, multiple small single crystals formed, which were identified
as secondary phases, such as YbsTa;7O4 and YbTaO,, using single-crystal XRD.
Additional crystalline phases were also present but could not be identified. This
outcome is consistent with the reduced phase stability of YbTa;Oyy already indicated
by the results of solid-state synthesis.

The magnetic behavior of DyTa;O (Figure 4.4 a,b) resembles that of NdTa;O
and ErTa;O, described in Section 4.2. Under an applied field of 1 kOe, magnetic
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susceptibility shows a paramagnetic behavior from high temperatures down to about
200 K in both principal crystallographic directions, H || ¢ and H L ¢. With further
temperature decrease, the magnetic response starts to differ, exhibiting a pronounced
divergence in both crystallographic directions at low temperatures. This suggests a
significant magnetic anisotropy of easy-axis type also for this candidate. The absence
of any signs magnetic ordering down to 2 K indicates a possible dynamical magnetic
ground state similar to that observed for NdTa;Ons.
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Figure 4.4: a) Magnetic susceptibility of a DyTa;O1single crystal, exhibiting a significant
difference in the magnetic response in both principal crystallographic directions, H || ¢ and
H 1 ¢, resulting from large magnetic anisotropy. b) M(H) curves for H | cand H || ¢ at
2 K, showing a pronounced magnetic anisotropy, similar to (a).
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4.4 Conclusions

Motivated by the recent identification of NdTa7O1y as the first perfect triangular-lattice
quantum spin liquid candidate with dominant Ising-like correlations, the second part of
this dissertation highlights the importance of access to single crystals in QSL research for
a precise determination of the ground state. This Chapter presents a procedure to grow
single crystals of four rare-earth heptatantalates, RETa;O19 (RE = Nd, Er, Gd and Dy),
which represent a family of perfect triangular lattice antiferromagnets. This study
establishes a robust protocol to obtain high-quality single crystals of NdTa;O19, employing
KoMo3019-B20Os as the main flux. The resulting purple NdTa;O crystals exhibit hexagonal,
plate-like morphologies. Reaching lateral sizes up to 3.5 mm and thicknesses up to 2 mm,
the crystals are the largest reported to date. The morphologies are primarily governed by
the KsMo3;O10—-B2Os mass ratio, with higher B,Os content promoting increased thicknesses
of the crystals, transitioning from plate-like towards isometric morphologies. The chemical
composition was confirmed by powder and single-crystal X-ray diffraction, complemented
by scanning electron microscopy equipped with energy-dispersive X-ray spectroscopy. Low-
temperature magnetic susceptibility and ESR spectroscopy confirm a pronounced easy-axis
magnetic anisotropy, supporting earlier crystal electric field modelling in the polycrystalline
sample [32], yet identifying a considerably more pronounced anisotropy for single crystals.
The crystals are suitable for further measurements, allowing a precise magnetic
characterization of a disordered magnetic ground state for this compound.

The crystal growth protocol for NdTa;O.y was adapted to three other rare-earth
heptatantalate representatives — ErTa;Oi, GdTa;O19 and DyTa;Oi. Similar magnetic
anisotropy to that of NdTa;O, is observed in ErTa;O; and DyTa;O, suggesting a
potentially similar exotic magnetic ground state. Conversely, GdTa;O.9 exhibits
paramagnetism, corroborating earlier studies on polycrystalline samples [63]. The
availability of high-quality single crystals of these additional heptatantalates enables
comprehensive, momentum-resolved investigations of the magnetic ground state,
correlations, and excitations, and demonstrate that the flux method could be extended to
the growth of further rare-earth heptatantalates within the series.



Chapter 5
Conclusions and Outlook

This dissertation investigated the synthesis, crystal growth and magnetic properties of
two-dimensional magnets, focusing on chemical doping of the first experimental realization
of the Shastry-Sutherland model, SrCuy(BO3),, and flux single-crystal growth of four rare-
earth heptatantalates, RETa;0y, which include the quantum spin liquid candidate
NdTZ‘lﬂOm.

To date, efforts to tune the magnetic exchange couplings in SrCus(BOs),, aimed at
realizing exotic quantum states, have focused predominantly on applying pressure, while
the alternative strategy of chemical doping has received only limited attention. The first
part of the present work advances this direction by providing a comprehensive and
systematic investigation of chemical doping of SrCu,y(BOs3),, examining the effects of both
A- and B-site substitutions on the structure and magnetism of this system. A-site charge
doping is explored through electron doping with La and hole doping with Na, while B-site
magnetic dilution is examined via Mg-doping. By extending the range of nominal
concentrations to higher values than previously studied, this work provides additional
analyses of the doped system, including a detailed structural analysis through Rietveld
refinement and SEM-EDS, as well as ESR spectroscopy as a local magnetic probe,
supporting Hypothesis 3. Furthermore, the flux method is identified as a viable alternative
to the optical floating-zone technique for the growth of La-doped SrCuy(BOs)s, supporting
Hypotheses 5 and 6.

The overall findings indicate that Aims 1-3 were achieved and demonstrate the
following:

1. All the studied dopants induce small yet systematic changes in the unit cell
parameters as a function of nominal doping, supporting Hypothesis 4. However, the
effective doping levels are lower than the nominal values. The highest effective
doping is achieved with Mg, while the incorporation of Na into the parent structure
appears to occur only in trace amounts. This corroborates previous observations
that achieving effective doping in SrCuy(BOs3), is inherently challenging. Within the
scope of the present synthesis approaches, the system is thus found to accommodate
only limited substitutions.

2. Although the effective doping remains below the nominal levels, it is sufficient to
induce pronounced changes in the magnetic properties, which increase
systematically with nominal doping. Firstly, both La- and Mg-doping induce a
pronounced reduction of the effective spin gap, with Mg achieving nearly twice the
gap reduction compared to La. Secondly, both charge doping and magnetic dilution
give rise to spin-dimer breaking, which is most pronounced in the case of Mg.
Considering both the spin gap decrease and dimer breaking, it can be concluded
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that both A- and B-site doping locally disrupt the dimer lattice, with direct
substitution of Cu ions being more effective than charge doping. Finally, for La-
and Mg-doping, correlations between dimer-free Cu®' ions, resulting from dimer
breaking, develop at low temperatures. For La-doping, these correlations showcase
antiferromagnetic nature, whereas for Mg-doping, they are reflected by the
emergence of the H'co = 9 T anomaly and the suppression of the pseudo-1/8
plateau for Mg-doping. These findings support Hypothesis 2.

3. Experimental verification of theoretical predictions, anticipating a potential
superconductivity for A-site charge doping and quantum spin liquid state for
magnetic dilution of SrCuy(BOs3),, demonstrates that, within the employed methods
and nominal concentrations, these states are not realized, rejecting Hypothesis 1.
This could be attributed to the small amount of dopant incorporated in the parent
structure.

In conclusion, to enhance effective dopant incorporation, systematic optimization of
optical floating-zone growth is proposed, followed by in-depth structural and compositional
analyses to determine effective dopant incorporation. The nominal doping levels would
range from lower values (up to z = 0.05) to higher concentrations than previously reported
(e.g., z = 0.10 and 0.15).

In addition, to extend the doping studies employing methods discussed in the
dissertation, the following investigations could be pursued:

e Investigating the local atomic environment and oxidation state of Cu®* using X-ray

absorption spectroscopy (XAS).

e [Examining the effect of A-site charge doping on the magnetization plateaus of

SrCuz(BOs); at high magnetic fields.

The second part of the dissertation focuses on single-crystal growth of four rare-earth
heptatantalates, RETa;0 (RE = Nd, Er, Gd, and Dy). This work enabled the growth of
high-quality single crystals of NdTa;O1g, the first Ising-spin QSL candidate realized on a
perfect triangular lattice, with the largest crystal dimensions reported to date. This
supports Hypotheses 7 and 8. The crystals now allow a precise magnetic characterization
of this distinct type of QSL candidate, which was previously limited to polycrystalline
samples. This provides new insights into the exotic magnetism of triangular
antiferromagnet QSL candidates.

The optimized growth protocol allowed obtaining crystals of three additional
representatives of the heptatantalate family, with ErTa;O: and GdTa;O4 reported for the
first time. This partially supports Hypothesis 9 with the exception of the Yb member. An
advantage of the approach lies in its simplicity, as it does not require complex or specialized
equipment. Both ErTa;O; and DyTa7O19 exhibit magnetic anisotropies similar to that of
NdTa;Ou, suggesting a potentially similar exotic ground state for these compounds.
Further investigations on the Er candidate revealed a distinct magnetic phenomenon,
highlighting the importance of these materials to extend the field of two-dimensional
magnets, and supporting Hypothesis 10.

These results indicate that Aims 4-7 were achieved to different extents, with Aim 4
fully achieved and Aims 5-7 largely achieved. With respect to Aim 5, the ErTa;O,
GdTa;09 and DyTa;O49 single crystals were successfully grown, whereas YbTa;Oq9 could
not be obtained. The magnetic ground state of the RETa;Oy9 candidates, addressed in
Aim 6, was determined only for GdTa;O19, which remains paramagnetic down to 2K. For
the remaining compounds, the present work established a pronounced magnetic anisotropy.
A full determination of the ground state was completed for ErTa;Oi in subsequent
collaborative studies, which also advanced its investigation for NdTa;O.9. The phase
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relationships in the RE;O3;—TaxO; systems, addressed in Aim 7, were explored through
solid-state synthesis of the RETa;O19 precursors, revealing the formation of competing
secondary phases such as RETaO,. The obtained results provide relevant insight into phase
relations under the employed synthesis conditions; however, the aim itself is inherently
broad and extends beyond the scope of the present study.

The use of more advanced growth techniques, such as the optical floating-zone method
or chemical vapor transport, is proposed as a future approach to obtain high-quality
crystals of potentially larger dimensions.

In summary, the work presented in this dissertation advances the field of two-
dimensional magnetism along two independent directions. The systematic doping study of
the Shastry—Sutherland compound SrCuy(BOs); clarifies the intrinsic limitations and effects
of chemical substitution on the parent lattice at both the local and bulk scales, while the
growth and characterization of rare-earth heptatantalates establish a new platform for
exploring perfect triangular lattice physics and exotic low-temperature magnetic behavior,
including potential quantum-spin-liquid states. The successful substitution of La for Sr in
SrCuy(BOs), demonstrates that flux growth can enable dopant incorporation where
standard solid-state synthesis fails.

While it has long been predicted that perturbations of spin-dimer lattices could induce
novel magnetic states, experimental demonstrations are scarce. The present study bridges
this gap by showing that spin-dimer breaking, achieved in this case by chemical doping in
SrCu,(BOs3),, leads to the emergence of new correlations and in-gap states, demonstrating
these effects in a real material. The optimized flux method to grow NdTa;Oi9 enables
detailed studies of properties and spin dynamics of this novel type of quantum spin liquids.
Application of this protocol to Er, Gd, and Dy heptatantalate members demonstrates its
potential to grow additional representatives of the series, opening the door to systematic
investigation of potentially novel and exotic magnetic states as well as the study of the
influence of different cations on spin dynamics. Furthermore, the initial studies of ErTa;O1q
ground state have already revealed a novel magnetic phenomenon in the field of low-
dimensional magnets.
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Appendix A

NdTa7019 Single Crystal Anisotropy
Determined by ESR

For a detailed determination of NdTa;O19 anisotropy, a NdTa;O single crystal was
analyzed by X-band ESR spectroscopy. The angular dependence of the ¢g-factor and ESR
linewidth were measured at 10 K in the direction B || ¢ (Figure A.1 a,b).

Experimental

The continuous wave (CW) electron spin resonance spectroscopy measurements were
performed using a conventional Bruker E500 spectrometer, operating in the X-band at the
resonant frequency 1 of 9.40 GHz. The spectrometer was equipped with a Varian TEM104
dual cavity resonator, an Oxford Instruments ESR900 cryostat and an Oxford Instruments
ITC503 temperature controller. A small, mm-sized single crystal was glued to a (type)
sample holder, which was placed in a 4 mm Suprasil® quartz ESR tubes (Wilmad). The
measurements were conducted at 10 K with the modulation amplitude of 5 G, modulation
frequency of 100 kHz, and microwave power of 2 mW.

Results

To determine the anisotropy and extract g¢-factor eigenvalues, 9, and g, , the angular
dependence of the g-factor was fitted using Eq. (A.1):

g= \/gﬁcosz(ﬁ —0,) +glsin?(0—96,). (A.1)

The fit yields g = 3.266(6) and g, = 0.41(3) with an angular offset of 6, = —4.7(1).
For comparison, the values extracted from CEF simulation in polycrystalline NdTazOs,
were g = 249 and g, =124 [32]. The values obtained from single-crystal measurements
thus reveal a considerably more pronounced anisotropy compared to the polycrystalline
sample, highlighting the importance of single crystals for accurate determination of
anisotropic properties.
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Figure A.1: The angular dependence of a) g-factor and b) ESR linewidth for the NdTa;O
single crystal, confirming a pronounced anisotropy of this system with a considerable
difference in g, and g, values.
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