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CHAPTER 1. Introduction

Oxide compounds containing the transition metal vanadium (V) have attracted a lot of
attention in the field of condensed matter physics owing to their exhibition of interesting
properties including metal-insulator transitons, structural transitions, ferromagnetic and an-
tiferromagnetic orderings, and heavy fermion behavior. Binary vanadium oxides V,,O92,_1
where 2 < n < 9 have triclinic structures and exhibit metal-insulator and antiferromagnetic
transitions.[1-6] The only exception is V70;3 which remains metallic down to 4 K.[7] The
ternary vanadium oxide LiV2O4 has the normal spinel structure, is metallic, does not un-
dergo magnetic ordering and exhibits heavy fermion behavior below 10 K.[8] CaV,0y4 has an
orthorhombic structure[9, 10] with the vanadium spins forming zigzag chains and has been
suggested to be a model system to study the gapless chiral phase.[11, 12] These provide great
motivation for further investigation of some known vanadium compounds as well as to ex-
plore new vanadium compounds in search of new physics. This thesis consists, in part, of
experimental studies involving sample preparation and magnetic, transport, thermal, and x-
ray measurements on some strongly correlated eletron systems containing the transition metal
vanadium. The compounds studied are LiVo0Oy4, YV40s, and YbV40Os.

The recent discovery of superconductivity in RFeAsO;_,F, (R = La, Ce, Pr, Gd, Tb, Dy,
Sm, and Nd), and AFesAsy (A = Ba, Sr, Ca, and Eu) doped with K, Na, or Cs at the A
site with relatively high T, has sparked tremendous activities in the condensed matter physics
community and a renewed interest in the area of superconductivity as occurred following the
discovery of the layered cuprate high T, superconductors in 1986. To discover more supercon-
ductors with hopefully higher T¢’s, it is extremely important to investigate compounds having

crystal structures related to the compounds showing high T, superconductivity. Along with



the vanadium oxide compounds described before, this thesis describes our investigations of
magnetic, structural, thermal and transport properties of EuPdsSbs single crystals which have
a crystal structure closely related to the AFesAss compounds and also a study of the reaction

kinetics of the formation of LaFeAsOq_,F,.

1.1 Heavy fermion LiV,0,

Heavy fermion materials are metallic materials where the current carriers behave as if their
masses have been renormalized to ~ 100 — 1000 times the mass of a free electron. Most of the
known heavy fermion compounds contain lanthanide or actinide atoms.[13] The mechanism
of the heavy fermion formation in these compounds has been explained[14] using the Landau
fermi liquid (FL) theory and the periodic Anderson model. According to the FL theory, the
low level excitations (quasiparticles) of a system of interacting fermions are in a one-to-one
correspondence with the excitations of the system without the interactions. As a result of
the interactions, the effective mass of the quasiparticles is renormalized. For the case of the
lanthanide or actinide heavy fermions, the localized f electrons of the lanthanide or actinide
atoms at every lattice site are weakly hybridized with the itinerant s, p, and/or d electrons of
other elements in the compound, resulting in screening of the f electron spins. This results in a
large enhancement of the quasiparticle mass. The density of states at the Fermi energy D(EFr)
and the mass m* of the quasiparticles can be obtained from heat capacity measurements. The
Sommerfeld coefficient ~, which is the coefficient of the linear term of the expansion of the

electronic heat capacity in temperature T, is related to m* and D(E) by the equations

w2k
V(T =0) = 3BD(EF), (1.1)
m*kpV
D(Er) =~ (1.2)

where kp is Boltzmann constant, kr is the Fermi wave vector, which in a single-band model is
kp = (372N, /V)Y/3, N, is the number of conduction electrons, V is the volume of the system,

and Ep = h%k%/(2m*). Large quasiparticle masses ~ 100-1000 times that of the free electron



mass have been obtained from v(0). The magnetic susceptibility x follows the Curie-Weiss
law depicting local moment behavior at high temperatures and becomes mostly 7" independent
with a large value in the low temperature heavy fermion regime where the local moment spins
are screened by the conduction electron spins. The normalized ratio of (0) and x(0), called

the Sommerfeld-Wilson ratio (Rw), is given as

w22k x(0)

Ry = =X (1.3
312:(0) )

where Lo is the effective magnetic moment. For f-electron heavy fermion compounds, Ry ~ 2
is of the order of unity as is typical for metals. Another universal relationship for the heavy
fermion compounds is the Kadawaki-Wood’s ratio[15] which is the ratio A/y? where A is the
coefficient of the T term in the expansion of the resistivity p in 7. For the f-electron heavy
fermion compounds, that ratio ~ 1.0x107° uf2 cm (mol K?)2/(mJ)2.

LiV,0y4 is a very special material as it shows heavy fermion behavior below 10 K in spite of
being a d-electron metal.[8] This is very unusual because, unlike the f-orbitals, the d-orbitals
have a large spatial extent and as such a much larger hybridization with the conduction elec-
trons. LiVoOy has a face-centered-cubic crystal structure with space group Fd3m. Figure 1.1
shows the crystal structure of LiVoOy4. It is a “normal” spinel structure with the vanadium
atoms coordinated with six O atoms to form a slightly distorted octahedron. The edge-sharing
VOg octahedra form a three-dimensional network containing channels along the [110] direc-
tions. The Li atoms lie in these channels. The V atoms themselves form corner sharing
tetrahedra, often called the “pyrochlore lattice”, which is strongly geometrically frustrated
for antiferromagnetic ordering. Figure 1.2 shows the vanadium sublattice within the spinel

structure.



Figure 1.1 Crystal structure of LiV2QOy4. It is a normal spinel structure with
the vanadium atoms coordinated to six O atoms that form a
slightly distorted octahedron. The edge-sharing VOg octahedra
form a three-dimensional network forming channels along the
[110] directions. The Li atoms lie in these channels. In the
figure, small, medium, and large spheres represent Li, O, and
V atoms, respectively.



Figure 1.2 The vanadium sublattice in the spinel structure of LiV2Oy.
The vanadium atoms form a three-dimensional network of cor-
ner-sharing tetrahedra. The interaction between the vanadium
spins is antiferromagnetic and thus antiferromagnetic ordering
of the V spins is geometrically frustrated.



The vanadium atoms with nominal oxidation state of +3.5 and occupying equivalent sites
in the structure make LiVo0O4 metallic. The heavy fermion nature of LiVo0Oy4 was discovered
to occur from measurements of a large temperature-independent magnetic susceptibility x ~
0.01 cm?3/mol and a large Sommerfeld coefficient v ~ 420 mJ/mol K? below 10 K.[8] A sharp
peak was observed in photoemission experiments just above the Fermi energy with a shape and
temperature dependence very similar to those for f-electron heavy fermion compounds.[16]

There have been attempts to explain the heavy fermion behavior in LiV2O4 as analogous to
that observed in the f-electron materials. The octahedral coordination of the O atoms around
V atoms in LiV2Oy splits the 3d orbitals into three low-lying degenerate to, orbitals and two
degenerate e, orbitals that are 2 eV above the t9, orbitals. The weak trigonal component of
the crystal field arising from a slight elongation of the Og octahedra around the V atoms in the
[111] directions splits the three degenerate to, orbitals into a lower nondegenerate Ay orbital
and two upper degenerate E, orbitals. It has been proposed[17] that of 1.5 d electrons per V
atom, one is localized in the A, orbital while the other 0.5 d electron per V atom partially
fills the E, orbitals to form a conduction band. This model matches the scenario for that
in case of the f-electron heavy fermions. Now, there are two kinds of interactions present
here. One is the on-site Hund’s ferromagnetic coupling between the conduction electrons and
the vanadium local moments. The other is the antiferromagnetic Kondo exchange coupling
between the local moments and the spin of the conduction electron on neighboring sites. The
above theory does not provide an explanation about how the strong ferromagnetic coupling is
cancelled by the antiferromagnetic coupling to give a net antiferromagnetic behavior observed
in the high-temperature magnetic susceptibility.[18]

There are also arguments in favor of the strong frustration[19] and mixed valence on the
pyrochlore lattice[20] being the cause of the heavy fermion behavior. The vanadium spins in the
lattice are strongly magnetically frustrated which prevents the system to order magnetically.
There is no structural transition to lift the frustration.[8, 21] Yasufumi and co-workers[22]
argued that spin-orbital fluctuations are responsible for the enhancement of the quasiparticle

mass in LiVoOy. The spinel structure and strong short-range correlations between the d



electrons have been proposed by Fulde and co-workers[23] as the driving mechanism behind
the heavy fermion behavior. Arita et al. [18] found from their calculations that the A;q
orbital in LiV,0y4 is a lightly hole-doped Mott insulator (orbital-selective Mott insulator).
They proposed that the mass of the quasiparticles is heavily enhanced because of the nearness
to a doping-controlled Mott-Hubbard transition. However, there is still no consensus on the

mechanism of heavy fermion behavior of LiV,Oy.

1.1.1 Magnetic defects in LiV,0,4

Magnetic defects present within the spinel structure have a pronounced effect on the prop-
erties of LiV,04. The magnetic susceptibility of a LiV,0O4 sample containing a high (< 0.8
mol%) magnetic defect concentration shows a Curie-like upturn rather than becoming temper-
ature independent at low temperatures.[24] The "Li nuclear spin-lattice relaxation rate 1,7}
of samples of LiVo0,4 containing magnetic defects shows a peak at temperature ~ 1 K.[25] For
magnetic defect-free samples, 1/T} is proportional to 7" at low temperature (the Korringa law)
which is typical for Fermi liquids. These observations raise the question whether the ground
state of a LiVoO,4 sample containing magnetic defects is still a Fermi liquid or is a non-Fermi
liquid. If the ground state changes to a non-Fermi liquid, then there might be a critical defect
concentration for the transition. Previously, LiVoO,4 samples have been prepared with mag-
netic defect concentrations ngefect ranging from a low of 0.01 mol% to a high of 0.6 mol%.[24]
Ndefect and the spin of the magnetic defects S were found by analyzing the magnetization (M)
versus magnetic field (H) isotherms at low temperatures 1.8 < T < 5 K.[24] Large values of S
ranging from 3-6 were obtained consistently from the M versus H measurements. Such large
spin values suggest that the magnetic defects consist of more than one spin, or form a cluster
of spins.

Johnston et al.[25] proposed a microscopic model which explains the large values of the
spins of the magnetic defects. The only source of the magnetic defects is the crystal defects
and a crystal defect can lift the geometric frustration of the spins around a small region around

it. This allows a condensation of dynamic magnetic order in a finite region around the defect.



The condensation of spins around the defect forming a droplet explains the large values of the
spins of the magnetic defects observed experimentally.

Zong and co-authors[26] performed extensive NMR measurements on samples of LiV2Oy
with varying magnetic defect concentrations. Their experimental observations could be well
explained by a model in which the magnetic defects are point-like and randomly distributed
in the lattice. The assumptions behind the model are that the Fermi liquid still survives in
LiV204 samples with high magnetic defect concentrations and that the properties of the Fermi

liquid and the magnetic defects are separable.

1.1.2 Phase relations in the LisO-V3,03-V,05 ternary system

To study the magnetic defects in detail, we need samples of LiVo0,4 with varying concen-
trations Ngefect Of these defects. An important observation reported earlier was that there was
a dependence of ngefect 0f samples of LiVoOy4 on small amounts of impurity phases present in
the sample.[24] It was observed that there was a sharp low-temperature Curie-like upturn in
the susceptibility of a LiV2O,4 sample containing a small amount of VoO3 as impurity phase
and the analysis of the M versus H isotherms at low T yielded a large value of ngefect- On
the other hand, a sample with a small amount of V3O5 as impurity phase, the magnetic sus-
ceptibility was almost temperature independent at low temperature and the M versus H data
yielded an extremely small value of ngefect- From consideration of the magnetic susceptibilities
of the impurity phases,[24, 27, 28] it was clear that the observed magnetic susceptibilities were
intrinsic to LiV20y4 phase in the different samples. This motivated us to carry out a detailed
phase relation analysis of LiVoOy4 with other compounds which exist in equilibrium with it in
the ternary phase diagram LisO-V203-V2Os, as described in Ch. 3 of this thesis. We mapped
out the detailed phase relations in the LisO-V203-V2Op5 ternary system in the vicinity of the
LiV,04 composition. From this study we proposed a model of formation of magnetic defects

in LiVoOy.



1.1.3 Single crystal growth of LiV,0,4

In addition to polycrystalline samples, high quality single crystals of LiV2oO,4 both magnetic
defect free and containing magnetic defects would help resolve the question of the nature of
the magnetic defects and also shed light on the mechanism for heavy fermion behavior in the
pure material. Unfortunately, crystal growth reports of LiV2O4 are very rare. LiVoOy4 melts
incongruently and thus simply melting and resolidifying a polycrystalline sample of LiVsOy
will not produce crystals.

LiV50y4 crystals were previously grown by hydrothermal reaction of LiVOs and VOs in
aqueous solutions 1N in LiOH sealed in gold tubes and heated to 500-700 °C under a pressure
of 3 kbar for ~ 24 hr.[29] Octahedra-shaped crystals were obtained that were ~ 0.75 mm on
an edge. Electrical resistivity measurements demonstrated for the first time that LiVoQy is
metallic down to a temperature 1" of at least 4 K, with a room temperature resistivity of
300 to 800 pf2 cm depending on the crystal.[29] Electrical resistivity measurements of mag-
netically pure LiVoOy single crystals using crystals grown by this technique were recently
reported[30, 31] down to 0.3 K revealing a T2 dependence between 0.3 and ~ 2 K as expected
for a Fermi liquid. Heat capacity (C) measurements on these crystals yielded an extrapo-
lated zero-temperature C/T value of 350 mJ/mol K? which was comparable to the value of
C/T ~ 430 mJ/mol K? previously obtained at 1 K from measurements on polycrystalline
samples.[8, 32] More recently, the first flux growth of single crystals of LiVoOy was reported
using LiCl — LisMoO,4 — LiBOg as the flux.[33] The crystals were reported to be of high quality
but extremely reactive to air and/or moisture.[33]

From our study of the phase relations of the LioO-V503-V2O5 ternary system, we discovered
a new flux which we used to grow high quality single crystals of LiV5Qy, as described in Ch. 4
of this thesis. Our crystals had a maximum size of ~ 2 mm on a side and did not show
any reactivity towards air or moisture. We carried out magnetic, thermal, transport, x-ray,
and NMR measurements on the crystals. From the magnetic susceptibility and magnetization
measurements, we found that most of the crystals had magnetic defects in the structure with

the defect concentration ranging from 0.2 mol% to 0.6 mol%. However, others with a different
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growth morphology showed extremely small ngefect < 0.01 mol%.

1.1.4 High energy x-ray diffraction of LiV,0, single crystals

Given the pronounced effects of the magnetic defects on the properties of LiVoQy, it is very
important to examine if there are any periodic correlations in the distribution of the crystal
defects which produce the magnetic defects or if they are randomly distributed. In particular, it
will of great importance to investigate if there are short-range correlations among the magnetic
defect spins as suggested by the droplet model in Ref. [25]. If we assume that a single crystal
defect gives rise to a single magnetic defect, then the concentrations of crystal defects are
too small (< 0.8 mol%) to produce any observable change in the intensities of x-ray Bragg
reflections. One way to look for such small effects is to map out complete reciprocal planes
and search for features in addition to the normal Bragg reflections. Any long-range periodicity
of the crystal defects would produce additional peaks in the x-ray diffraction patterns, and
short-range ordering would cause streaking of the Bragg peaks. In Ch. 5, our high-energy
x-ray diffraction study on our single crystals is described that was carried out to address these

questions.

1.2 High pressure powder x-ray diffraction on LiV,0, crystals

There have been suggestions in the literature of a possible structural phase transition under
pressure in LiVoOy4. Powder x-ray diffraction patterns obtained under increasing pressure and
at a fixed temperature of 10 K showed a splitting of the single (440) cubic peak into two
rhombohedral peaks at 12.8 GPa.[34] It was also observed that as the temperature was raised
keeping the pressure constant at 12.8 GPa, the split peaks recombine into a single peak above
200 K.[34] Anomalies in NMR measurements were also observed under pressure up to 4.74
GPa. "Li NMR measurements in LiV,04 under high pressure revealed an increase in the 14
nuclear spin-lattice relaxation rate 1/77 at 4.74 GPa below 10 K.[35] Recently, extended x-
ray absoption fine structure analysis suggested a cubic-to-rhombohedral structural transition

above 12 GPa at room temperature.[36] To determine the high pressure structure, we carried
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out preliminary powder x-ray diffraction measurements at room temperature and at high
pressure up to 24.5 GPa, as described in Ch. 6 of this thesis. These measurements were carried
out at the Advanced Photon Source at Argonne National Laboratory in collaboration with M.
Abliz and G. Shen. Additional high-pressure x-ray diffraction measurements of the structure

are planned.

1.3 Magnetic, and thermal properties of the mixed valent vanadium

oxides YV, 0Oz and LuV,0Og

Geometric frustration often leads to exotic magnetic ground states in materials. As men-
tioned above, the unusual heavy fermion behavior in the three-dimensional normal-spinel
LiV20Oy4 could be due to the strong geometrical frustration experienced by the vanadium spins.
Frustration also plays a major role in altering the properties of low-dimensional spin chains
with antiferromagnetic interactions. A spin S = 1 one-dimensional chain with antiferromag-
netic (AF) nearest-neighbor (NN) interactions (J;) shows a finite energy gap (“Haldane gap”)
between the ground state and the lowest excited magnetic states. However, when a next-
nearest-neighbor (NNN) AF interaction is introduced, the low-temperature magnetic proper-
ties show different behaviors. Theoretical calculations have shown that for a one-dimensional
spin S = 1 chain with antiferromagnetic nearest-neighbor interaction J; and frustrating next-
nearest-neighbor antiferromagnetic interaction Js, the magnetic ground state shows gapped or
gapless chiral ordering depending on the the anisotropy of the spin chain being XY or X XZ
and on the ratio Jo/J1.[37-39] The system does not show any long-range ordering of the spins.

The frustrated spin S = 1 chain system with NN and NNN interactions discussed above is
realized[11, 12] in the compound CaV30,4 which forms in the well-known CaFeyOy4 structure.
The V atoms have spin S = 1 and form a zigzag chain with antiferromagnetic nearest- and
next-nearest-neighbor interactions. The crystal structure is shown in Figs. 1.3 and 1.4. The
V atoms occupy two inequivalent sites to form two sets of V zigzag chains running along
the c-axis. The Ca atoms are located in between these chains. The system undergoes an

orthorhombic to monoclinic structural distortion at a sample-dependent Tg ~ 108 — 145 K
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and an antiferromagnetic transition with noncollinear spin structure at a sample-dependent
Tn =~ 50 — 70 K.[40-42] A peak in the heat capacity versus temperature at T ~ 200 K
has been observed which might be the long-sought chiral phase transition. A detailed study
involving synthesis of polycrystalline and single crystal samples of CaV2Oy, and investigation
of magnetic, structural, and thermal properties of the samples, is given in Appendix A of this
thesis. I actively participated in the structural study of the single crystals which revealed the
mentioned structural distortion. However, since the present author was not the primary author
of this work, the description of this research is placed into an appendix.

Replacing Ca?T in CaV,04 by Na! which makes V mixed valent, the same CaFepOy4 struc-
ture is retained but the system becomes metallic even below the antiferromagnetic transition
at 140 K.[43, 44] These and the above results on CaVoO4 motivated us to carry out further
investigations of compounds having the same or similar CaFesO4 structure in search of novel
physics.

The compounds LV4Og (L = Yb, Y, Lu) are nearly isostructural with CaFeoO,4 with the
modification that in LV4Og, only half of the L cation sites are occupied by L ions.[45] The L
site vacancies are ordered, resulting in a decrease in the lattice symmetry from orthorhombic
to monoclinic. YbV4Og forms in two phases, the low temperature a-phase and the high
temperature S-phase. At 185 K the 3-YbV,4Og undergoes a magnetic phase transition with
the vanadium spins separating into two classes that show Curie-Weiss type and spin-gap type
behaviors, respectively. The magnetic transition is accompanied by a monoclinic to monoclinic
structural phase transition at the same temperature which leads to complete charge ordering
of the V3 and V** ions.[46] YV,Og also exists in o and 3 forms similar to YbV,Og. The
magnetic susceptibilties of a-YV40g and 8-YV40g show Curie-Weiss behavior in the high T
region and drop sharply at temperatures between 50 and 80 K.[47] For a-YV,4Og, the drop at
50 K suggests a first-order transition. This is very different from the magnetic susceptibility of
the isostructural YbV4Og[46] or similiarly structured CaV304.[40, 41] This unusual magnetic
susceptibility provided us with a strong motivation to further study this class of materials and

the results are described in Ch. 7 of this thesis.
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Figure 1.3 Inclined view along the c-axis of the crystal structure of
CaV304. The VOg octahedra form zigzag chains running along
the c-axis.



14

Figure 1.4 The V zigzag chains running along the c-axis in CaV30y4. There
are two crystallographically inequivalent types of V atoms that
reside in two inequivalent zigzag chains, respectively.
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1.4 Iron Pnictide high 7, supercondctors

The recent discovery of high-temperature superconductivity in RFeAsO;_,F, (R = La, Ce,
Pr, Nd, Sm, Gd, Tbh, and Dy)[48-53] compounds with superconducting transition temperatures
T, as high as 56 K has sparked a lot of interest in the search for new superconductors. These
materials crystallize in the tetragonal ZrCuSiAs-type structure with space group P4/nmm.[54]
The structure consists of alternating FeAs and RO layers stacked along the crystallographic ¢
axis. The parent componds RFeAsO exhibit a spin density wave (SDW) at ~ 100 — 200 K.[50,
55, 56] Upon doping with F, the SDW gets suppressed and superconductivity sets in.[49-
53, 55, 57]

One of the biggest challenges in studying the properties of the RFeAsO;_,F, compounds
was the difficulty in preparing single phase high quality samples needed to study the intrin-
sic properties of these materials. The samples reported were made at high temperatures 7'
~ 1100 °C and usually contained impurity phases along with the RFeAsO;_,F, phase. I ac-
tively participated in a study of the reaction kinetics of the formation of LaFeAsO,_,F,. This
x-ray diffraction study was carried out at the Advanced Photon Source at Argonne National
Laboratory in collaboration with a large group of researchers at lowa State University. The
measurements were carried out using real-time high-energy x-ray diffraction on powder sam-
ples of the starting materials as they were heated. The details of the experimental procedure
and results are described in Ref. [58].

Soon after the discovery of the RFeAsO;_,F, compounds, another group of structurally
related compounds with the chemical formula AFeyAsy; (A = Ca, Sr, Ba, and Eu) was dis-
covered to show superconductivity. The AFey;Ass compounds crystallize in the tetragonal
ThCrsSis-type structure with space group I4/mmm (No. 139) and the structure consists of
alternating FeAs and A layers stacked along the ¢ axis. In the FeAs layers, the Fe atoms form
a square planar lattice. The AFeyAss compounds also show SDW and structural transitions
at ~ 100 — 200 K[59-68] which are suppressed upon doping with K, Na, or Cs at the A site
and superconductivity then sets in, with a maximum 7 of 38 K.[69-72]

In both classes of compounds described above, FeAs layers that are stacked along the ¢
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axis seem to be the key chemical and structural element behind these compounds being super-
conductors with relatively high T,. This gives us a strong motivation to investigate similarly
structured compounds in a search for more parent compounds for high 7, superconductors.

The compound EuPdsSby crystallizes in the CaBeaGes-type structure with space group
P4/nmm (space group number 129).[73] The structure is closely related to the AFegAsy struc-
ture. Alternating PdSb and Eu layers are stacked along the ¢ axis, similar to the AFesAs,
structure. However, there is a significant difference between the two structures. The PdSb
layers are of two types. In one type, Pd atoms are arranged in a square planar lattice with
two Sb sublayers on either side of the Pd layer, similar to the FeAs layers. In the other layer
type, Pd and Sb switch positions. We synthesized single crystals of EuPdsSby and studied
their physical properties via magnetic susceptibility, magnetization, specific heat, and electrical
transport measurements, as described in Ch. 8 of this thesis.

Powder X-ray diffraction measurements at room temperature reported in this thesis were
done using a Rigaku Geigerflex diffractometer with Cu K« radiation. Temperature-dependent
powder X-ray diffraction studies were done using a standard Rigaku TTRAX diffractometer
system equipped with a theta/theta wide-angle goniometer and a Mo K« radiation source. Sin-
gle crystal X-ray diffraction measurements were done using a Bruker CCD-1000 diffractometer
with Mo K, (A = 0.71073 A) radiation. High-energy X-ray diffraction measurements at room
temperature were performed at the 6-ID-D station in the MU-CAT sector of the Advanced
Photon Source, Argonne National Laboratory. Differential thermal analysis experiments were
carried out using a Perkin-Elmer differential thermal analyzer (DTA-7). A Quantum Design
Magnetic Property Measurement System (MPMS) was used for magnetization and magnetic
susceptibility measurements. The theory of operation of the SQUID magnetometer is given
in the Ph.D. thesis of Jullienne Hill.[74] Electronic transport and heat capacity measurements
were done using a Quantum Design Physical Property Measurement System (PPMS). For re-
sistivity and Hall coeffcient measurements, platinum or gold leads were attached to the samples
using silver epoxy or spot welding. Standard AC four probe method was used for resistivity

measurements, while, Hall coefficient measurements were carried out using the five-wire con-
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figuration supported by the PPMS. A description of the heat capacity measurement technique

and analysis is described in Ch. 2.
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CHAPTER 2. Heat capacity measurements using a Quantum Design

Physical Property Measurement System (PPMS)

2.1 Introduction

Heat capacity at constant presssure C, electrical resistivity p, and Hall coefficient Ry versus
temperature 7' measurements from 1.8-300 K were done using a Quantum Design PPMS.
C(T), p(T), and Ry were measured in magnetic fields H ranging from 0-9 T. The Quantum
Design PPMS measures the heat capacity of a sample using a thermal relaxation method.[75]
The model employed in extracting the heat capacities of samples from the measurement data
involves fitting the temperature response of the sample during both a heating period and a
cooling period.[76] The Quantum Design PPMS heat capacity instrument and technique have
been reviewed extensively.[77, 78] Here, we present a brief description of the heat capacity
measurement process and our experimental results on the heat capacity measurements of a

high purity copper standard.

2.2 Experimental setup and measurement process

APIEZON GREAS
CONNECTING N EZON GREASE
WIEES SAMPLE
THERMAL : = —
SATH ___PLATFORM___ | HER
(PUCK FRAME) (PUCK FRAME)
THERMOMETER HEATER

Figure 2.1 Schematic of the thermal connections to sample and sample
platform in a PPMS heat capacity measurement. (Reproduced
from the Quantum Design Heat Capacity Option Manual.[75])
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Figure 2.1 shows the schematic of the PPMS heat capacity puck with the thermal connec-
tions to sample and sample platform. The components include a copper puck frame, a sample
platform in the middle, and a copper cap (not shown in the figure) attached to the frame which
encloses the sample platform with the sample on it. The sample platform is connected to the
frame (which acts as a thermal bath) via eight platinum wires which also provide electrical
connections to the platform and hold the platform in place. The temperature of the puck
frame is measured using a 1050 Cernox thermometer. The platform has a RuOs heater and a
1050 Cernox thermometer attached to its lower side as shown in Fig. 2.1. The sample is placed
on the platform with a thin layer of Apiezon N thermal grease between the sample and the
platform providing the required thermal contact between them. Heat capacity measurements
are carried out in high vacuum to ensure that heat flow between the sample platform and the
thermal bath takes place only through the platinum wires.

The determination of the heat capacity of each sample involves two separate measurements.
First the heat capacity of the addenda, i.e., the sample platform plus the thermometer, heater,
and the thermal grease on it, is measured. Second the heat capacity of the sample plus the
addenda is measured. The heat capacity of the sample is obtained by subtracting the previously
determined heat capacity of the addenda from the heat capacity of the sample plus addenda.

To do a heat capacity measurement at a temperature Ty (of the puck frame), a heat-
ing/cooling sequence is applied as shown in Fig. 2.2. These data are analyzed as described in

the following section to obtain the heat capacity at Tj.

2.3 Analysis of the thermal relaxation data

2.3.1 Introduction

Figure 2.3 shows the schematic of the heat flow model. The experimental setup involves
a sample with unknown heat capacity Cg attached to the sample platform using Apiezon N
grease which has a thermal conductance Kg. The sample platform, thermometer, heater, and
N grease (the addenda) have a combined heat capacity Cp. Eight wires having a combined

thermal conductance Kyw connect the sample platform to a heat bath (the heat capacity puck
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Figure 2.2 Typical temperature response of the sample platform obtained
in a heat capacity measurement. A square heater power pulse
is applied between times t = 0 and ¢y (here tg ~ 22 s). (Re-
produced from the Quantum Design Heat Capacity Option
Manual.[75])

frame) maintained at a constant temperature 7p. A small heater attached to the sample
platform supplies heat to the platform. With the heater supplying heat power P(t) at time ¢

to the platform, conservation of energy gives the coupled differential equations

dTp (1)
dt

P(t)=Cp + Ka[Tp(t) — T5(t)] + Kw(Tp(t) — To) (2.1)

dTs(t)

Ka[Tp(t) — Ts(t)] = Cs i

(2.2)

where Tp(t) and T5(t) are the temperatures of the sample platform and the sample, respectively,
at time ¢.

As the heater supplies a square pulse power of height Py and width ¢ty to the sample
platform, the temperature of the sample platform Tp first rises with time until time ¢y and
then relaxes towards the bath temperature Ty when the heater power is turned off. A typical
temperature response of the sample platform obtained in the measurement is shown above in

Fig. 2.2.
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Figure 2.3 Shematic of the heat flow model used in the heat capacity mea-
surement system. Cg and Cp are the heat capacities of the
sample and the sample platform, respectively. Ts, Tp, and Ty
are the temperatures of the sample, sample platform and a con-
stant temperature heat bath, respectively. K¢ is the thermal
conductance of the Apiezon N grease that attaches the sample
to the sample platform, and Ky is the combined thermal con-
ductance of the eight wires that attach the sample platform to
the heat bath.

2.3.2 Simple model: K¢ =0

When the sample is in good thermal contact with the platform, one assumes Kg — oo,
which results in Ts = Tp. Under this condition, Egs. (2.1) and (2.2) reduce to

dTq
Ciotal 7: = —Kw(Tp — Tp) + P(t) (2.3)

where Ciotal = Cs+Cp. The time dependence of this thermal relaxation of the platform-sample

assembly is given by the solution of Eq. (2.3), which is[77]

P,
Toon(t) = To + (1 — e 7) (0 <t <to) (2.4)
total
Pyt —to/7T\ ,—(t—t0) /T
Tpog(t) = To + (1—e""Me 0 (t > to) (2.5)
total

with initial conditions Tpy,(0) = To, Tpeg(to) = Tron(to), where Tpyg is the temperature of
the sample platform with heater power P = 0, Tp,, is the temperature of the sample platform

with heater power P = Py, and the time constant 7 is given by

Ctotal
= 2 2.
T (2.6)
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During the sample heat capacity measurement, the temperature of the sample platform
Tp versus time t is measured. The PPMS software then fits the relaxation (7p, t) data by
Egs. (2.4) and (2.5) using a nonlinear least-square fit alogorithm|[76] to obtain the values of
the unknowns Cigta1 = Cs 4+ Cp, Kw, and Ty. The addenda heat capacity Cp is obtained
in a previous measurement without the sample. The heat capacity of the sample Cg is then
obtained using C's = Ciota1—Cp. In the process mentioned above, only one relaxation described
by 7 takes place between the sample platform and the thermal bath due to the assumed perfect
thermal contact of the sample and the sample platform. When measuring the heat capacity of

the addenda, the software uses the simple model described above.

2.3.3 Two-tau model

When the thermal contact between the sample and the platform is not perfect, as is usually
the case, then Tg(t) # Tp(t). In this case, the solutions of Egs. (2.1) and (2.2) obtained

analytically are given by|[77]

Py Py et/TQ et/‘rl
T =T — <t < 2
Pon(t) 0+ Ky + 26KW - T (0 < tO) ( 7)
PO e*(tfto)/TQ e*(t*to)/ﬁ 1 eftQ/Tz e*tO/Tl
T =T — 9 = _
Poff(t) 0+ ABKw n . 3 - . (t > t())
(2.8)

(T 2
= (aiﬂ) (2.10)
o= Lo | Kot Kw (2.11)

2C5 2Cp

_ \/(CPKG + CsKg + CsKw)? — 4CpCs KwKg
6= 2CrCs . (2.12)
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Now the temperature response involves two relaxation times 71 and 7. The relaxation time
To is the faster relaxation time between the sample and the sample platform, while 77 is the
slower relaxation time between the sample platform and the heat bath. With the value of
Cp obtained from a measurement of the addenda, the PPMS software uses a nonlinear least
square fit algorithm[76] to fit the (¢, Tp) relaxation data such as in Fig. 2.2 by Egs. (2.7) and
(2.8) to get the values of the unknowns Cs, Ty, Kvw, and Kg. If the deviation of the fit from
the data using the two-tau model is smaller than that using the simple model, the software
reports the values obtained using the two-tau model. Otherwise, the values obtained using
the simple single-tau model are reported. If the fit to the data using the two-tau model does
not converge, then also, the simple model is used. Such a divergence of the two-tau model fit
parameters happens when the sample is perfectly attached to the platform (in which case the
simple model is correct).

The software also reports a parameter Sample Coupling(%) = 100 x K¢g/(Kg + Kw).
During a heat capacity measurement of the addenda, a heat capacity measurement of a sample
calculated using the simple single-tau model, and when the fit to the data using the two-
tau model does not converge, the software reports the Sample Coupling to be exactly 100%,
signifying that only the sungle-tau fitting method was used. For reliable measurements using

the two-tau model, the Sample Coupling should be > 90% as mentioned by Quantum Design.

2.4 Heat capacity measurement of a copper standard

We measured the heat capacity of a copper (Puratronic, 99.999% pure, obtained from Alfa
Aesar[79]) standard before measuring our samples in the PPMS. The sample was a 241.3 mg
disk that was 5 mm in length and 0.125 in diameter. It was placed on the sample platform
with one of its flat polished faces in thermal contact with the platform with Apiezon N grease.
Figure 2.4(a) shows the heat capacity of the addenda Cpgq versus temperature T'. Figure 2.4(b)
shows the total heat capacity Ciotal = Cs—+Caqq versus T', where Cg is the sample heat capacity.
Figure 2.4(c) shows Cg/Ciotal versus T'. Figure 2.4(d) shows the Sample Coupling versus 7.

Figures 2.5 and 2.6 show the measured high-T" and low-T specific heat C versus T of the copper
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standard, respectively. The solid lines in Figs. 2.5 and 2.6 are the functions Cgy = > a,T™ in
the temperature range 30-300 K and 1.8-20 K representing the molar specific heat of copper
reported in Refs. [80] and [81] at high-T" and low-T, respectively. The insets in Figs. 2.5 and
2.6 show the percentage deviations [C' — Cjg¢| x 100/C.

The accuracy of the measurement reported in Ref. [80] is 0.1% in the temperature range 30—
300 K and the data were fitted by a polynomial which represented the data within 0.01% below
250 K and within 0.02% at 320 K. The accuracy reported in Ref. [81] is 0.5% for T < 20 K
and the polynomial by which the data were fitted represented the data to within 0.01%. The
maximum deviations of our measured data from the fitted polynomials in Refs. [80] and [81]
are < 1.5% in the T range 30-300 K and < 3% for T' < 20 K. Deviations up to 4% have been
reported[78] below 4 K for the measured heat capacity of copper using the Quantum Design
PPMS from a reference heat capacity function.[80-82] Around room temperature, a deviation
of < 1% has been observed.[78] Our observations are consistent with these earlier observations.
Quantum Design quotes a measurement accuracy < 5% in the temperature range 2-300 K with

a “Typical” accuracy < 2%.[83]
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Figure 2.5 High temperature heat capacity C of a 243.1 mg copper stan-
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CHAPTER 3. Phase Relations in the Li,O-V;,03-V,05 System at 700 °C:

Correlations with Magnetic Defect Concentration in Heavy Fermion LiV,0,

This chapter is based on an article published in Phys. Rev. B 74, 184417 (2006) by S. Das,
X. Ma, X. Zong, A. Niazi, and D. C. Johnston.

Abstract

The phase relations in the LisO-V203-V2Oj5 ternary system at 700 °C for compositions
in equilibrium with LiV2Oy4 are reported. This study clarified the synthesis conditions under
which low and high magnetic defect concentrations can be obtained within the spinel structure
of LiV2Oy4. We confirmed that the LiV,04 phase can be obtained containing low (0.006 mol%)
to high ( 0.83 mol%) magnetic defect concentrations ngefect and with consistently high magnetic
defect spin S values between 3 and 6.5. The high ngefect values were obtained in the LiVoOy
phase in equilibrium with V90O3, LigVOy, or LiVOs and the low values in the LiVoO4 phase in

equilibrium with V305. A model is suggested to explain this correlation.
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3.1 Introduction

Heavy fermion (HF) behavior has mostly been seen in f-electron metals. Such compounds
are called heavy fermions because in these materials the current carriers behave as if they
have a large mass (~ 102-10% times the free electron mass). LiVoOy, first synthesized by
Reuter and Jaskowsky,[84] is one of the few d-electron compounds to show HF behaviour at
low temperatures.[8, 85] LiVoOy4 has the face-centered-cubic spinel structure with the space
group Fd3m. The V atoms are coordinated by six O atoms in slightly distorted octahedron.
The Li atoms are coordinated with four O atoms in a tetrahedron. The Li atoms are located
in the gaps between chains of the VOg edge-sharing octahedra. From NMR measurements
done on LiV,04 samples it has been found that for magnetically pure samples the “Li nuclear
spin-lattice relaxation rate 1/7} is proportional to temperature T at low temperatures (the
Korringa law) which is typical for Fermi liquids.[8, 35, 86] However for samples which contain
magnetic defects within the spinel structure, the relaxation rate has a peak at ~ 1 K and
also shows other signatures which do not agree with the behavior of Fermi liquids.[25] The
occurrence of magnetic defects is easily seen as a low-T Curie-like upturn in the magnetic
susceptibility rather than becoming nearly independant of T below ~ 10 K as observed for the
intrinsic behavior.[24] The mechanism for the formation of the magnetic defects is not known
yet.

Previously, polycrystalline samples of LiVoO,4 had been prepared from the starting ma-
terials LioCOg, V203 and V205 at 700 °C. Typically, the samples contain a concentration
of magnetic defects ngefect Within the structure of the spinel phase, ranging from < 0.01 to
0.7 mol%.[24] Magnetization M versus applied magnetic field H measurements at low 71" were
carried out to estimate ngefect and the defect spin Sgefect. LOW concentrations of defects were
found in samples of LiV2Oy4 containing small amounts of V305 impurity phase while high defect
concentrations were found in samples containing VoO3 impurity phase.[24] Though the reason
behind this correlation is not known yet, these results pointed towards a controllable way to
vary the magnetic defect concentration within the spinel structure. However, it was not clear

that the above-noted V203 and V305 impurity phases were in equilibrium with the LiVoOy
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spinel phase at 700 °C. In addition, it was unknown (in Ref. [24]) how the magnetic defect
concentration in the spinel phase LiVo0y4 varied if other impurity phases were present. To help
resolve these questions, we report here the phase relations in the LioO-V503-V2Os5 system at
700 °C, in the vicinity of the composition LiV2Q4, and report the magnetic properties of a
selection of such compositions.

There have been some studies of the LiosO—V20O5 system which revealed the existence of
three phases in the system, namely LiVOs3, Li3VO, and LiV30s. Reisman et al.[87] reported
the existence of the congruently melting phases LiVO3 (reported as LipO-V20s5) and LizVOy
(reported as 3Lis0-V205) with melting points 616 °C and 1152 °C, respectively. LiV30g has
been reported to be both congruently melting and incongruently melting.[87-89] Manthiram
et al.[90] reported that Li;_,VOs is single phase in the compositional range 0 < x < 0.3 at
650 °C. LiV204 was reported to exist in equilibrium with the compounds VOs and Li;_,VOs
from room temperature to 1000 °C by Goodenough et al.[91] The lithium vanadium oxide
system Li, V2035, also known as the lithium vanadium bronze phase, was reported to exist in
a number of single-phase regions for 0 < x < 1 and temperature T' < 500 °C.[92]

The V203-V205 binary system has been extensively studied and a large number of phases
have been reported. Hoschek and Klemm[93] first studied the system and suggested the pres-
ence of the phase V203, the (-phase (VO;65-VOi.50), the a-phase (VO1.8-VO2), and the
o/-phase (VO32,09-VO3.23). Andersson[94] reported phases with general formula V,, 09,1 with
3 < n < 9. Additional phases reported in this system are VgO17 and V19O19[4]. The phases
with general formula V,,09,_1 with 3 < n < 9 are called the Magnéli phases.[3] The triclinic
structure of the Magnéli phases have been reported.[2, 4-6] The other V-O phases existing
between VOg and V205 are VOi3,[94, 95] V409[96] and V307.[97, 98] Combined with the
work by Kachi and Roy[99], Kosuge[98] proposed a phase diagram of the V203-V205 system
in the temperature-composition plane extending from room temperature to 1200 °C showing
high melting points (> 1200 °C) for V-O phases existing between V203 and VOaq, low melting
points (< 700 °C) for V-O phases existing between VO2 and V205 and also the homogeneity

ranges of all the phases existing between V203 and V50s5.
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3.2 Experimental details

Our samples were prepared by conventional solid state reaction as described by Kondo
et al.[24] The starting materials were LioCO3 (99.995%, Alfa Aesar), V205 (99.995%, M V
Laboratories Inc.) and V203 (99.999%, M V Laboratories Inc.). The samples were made in two
stages. First a (Li2O);(V20s5), precursor was made by thoroughly mixing appropriate amounts
of LisCO3 and V305, pressing into a pellet and then heating in a tube furnace under oxygen
flow at 525 °C until the expected weight loss occured due to the loss of COo from LisCOsg.
The precursor pellet was then crushed and the appropriate amount of V,0O3 was added and
mixed thoroughly inside a helium-filled glove box. The precursor-V2O3 mixture was then again
pressed into a pellet, wrapped in a platinum foil, sealed in a quartz tube under vacuum and then
heated at 700 °C for about ten days. The samples were taken out of the furnace and air-cooled
to room temperature. The different phases present in the samples were identified from X-ray
diffraction patterns at room temperature obtained using a Rikagu Geigerflex diffractometer
with a curved graphite crystal monochromator. The diffraction patterns were matched with
known phases from the JCPDS[100] database using the JADE 7 program.[101] The samples
were repeatedly ground and heated until the X-ray patterns did not show any change to
ensure that the samples were in thermal equilibrium at 700 °C. The magnetization M gps
measurements were done on the samples using a Quantum Design Superconducting Quantum
Interference Device (SQUID) magnetometer over the temperature 7' range 1.8 K — 350 K and

applied magnetic field H range 0.001 T — 5.5 T.

3.3 Results and analysis

3.3.1 Phase relations at 700 °C

The phase relations for phases in equilibrium with LiV2O4 at 700 °C are shown in Fig. 3.1.
The black triangles represent the crystalline phases which exist singly in equilibrium at 700 °C.
The solid dots represent the compositions of our samples from which the phase relations were

determined. The solid straight lines connecting the phases are the tie lines. From a large
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Figure 3.1 Phase relations in the LisO-V203-V205 system at 700 °C for
phases in equilibrium with the LiV2O4 spinel phase. The trian-
gles represent the crystalline phases which exist singly in equi-
librium at 700 °C. The dots represent the compositions of our
samples from which the phase relations were determined. The
solid straight lines connecting the phases are the tie lines. The
compounds in parentheses melt below 700 °C.

number of samples synthesized at the nominal stoichiometric composition LiVsQy, it has been
found that LiV2Oy4 is a “line compound”, i.e, this compound has an extremely small (< 1
at.%) homogeneity range. This situation is very different from the large homogeneity range
0 < z < 1/3 in the similiar spinel phase Li[Li;Tis_;]04.[102] According to the study of
Li;—»VOg by Goodenough et al.[91] mentioned above, there is a tie line between LiVoOy and
LiVOs at 700 °C, consistent with our results. However, our results conflict with their finding
of a tie line between LiVoO4 and VOs. In particular, the observed tie line in Fig. 1 between
V407 and LigVOy precludes a tie line between LiVoO4 and VO9 because the latter would have

to cross the former which is not allowed.
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3.3.2 Magnetic measurements
3.3.2.1 Magnetic susceptibility measurements

Here we present the magnetic susceptibility x versus temperature T' for some of our samples
of LiV2Oy containing small amounts (< 2 wt%) of impurity phases. Based on the X-ray
diffraction patterns, the impurity phases present in the samples are V5Og3 in sample 5A, V305
in sample 8 , LiVOs in sample 5B, and LigVOy in sample S7 as shown in Table 3.1. Sample 6B
was the crystallographically purest sample synthesized and the X-ray diffraction pattern did
not reveal any impurity phases. Figures 3.2 and 3.3 show expanded X-ray diffraction patterns
of these samples.

The observed magnetic susceptibility xobs versus T plots from T = 1.8 K to 350 K at
magnetic field H = 1 T for the five samples are shown in Fig. 3.4 where xobs = Mops/H. It
can be clearly seen that the dependence of s on T for the five samples is similar Curie-Weiss
like for T > 50 K. However for T < 50 K the dependence is strikingly different. Sample 8
containing V3Os impurity phase shows a broad peak at T ~ 20 K, which is characteristic of the
intrinsic behavior of magnetically pure LiV204.[24] Sample 6B which is crystallographically
pure also shows a broad peak but it is masked by a Curie-like upturn at 7' < 10 K. For sample
5A containing V503, S7 containing LisVOy, and 5B containing LiVO, as impurity phases, the
broad peak is totally masked by Curie contributions.

To interpret the origin of the Curie-like low-T" contributions to x(7') of these samples, it is
important to consider the potential contributions of the impurity phases to this term. V3Os
orders antiferromagnetically with its susceptibility showing a very broad maximum between
T = 120 K and 130 K[27, 28] which is much higher than its Néel temperature Ty = 75.5 K
measured by Griffing.[103] The susceptibility for 7' < Tx decreases with decreasing T', has a
value < 2 x 1075 cm?/mol at the lowest temperatures, and shows no evidence for a Curie-like
term. V203 has a Curie-Weiss-like behaviour for 7' > 170 K where it is also metallic. Below
170 K it orders antiferromagnetically at a metal to insulator transition and the susceptibility
remains constant at about 5x10~% em?®/mol down to 7' ~ 80 K. For T < 80 K, the susceptibility

decreases with decreasing T with no sign of a Curie-like upturn.[12, 27] The susceptibility of
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Figure 3.3 Expanded X-ray diffraction pattern of the LiVoO4 sample 6B.
The two indexed peaks are of the LiVoOy4 spinel phase. There
are no observable impurity phases present.
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V2,03 shows a peak at low T" (~ 10 K) as it undergoes antiferromagnetic ordering at around
10 K with no evidence for a Curie-like term at lower T.[27] LisVOy4 is nonmagnetic since
the vanadium atom is in the +5 oxidation state. The only impurity phase exhibiting a low-
temperature Curie-like contribution to its susceptibility is Li; _, VO2, which shows a Curie-like
upturn at 7' < 50 K due to Li deficiency of about 5%.[104, 105] However, the amounts of
impurity phases in our LiVoO,4 samples are small (< 2 wt%). Assuming that z = 0.05 in
Li; _,VOq impurity phase,[104] where each Li vacancy induces a V4 (S = 1/2) defect in that
phase, one obtains a Curie constant of ~ 4 x 10~% ecm® K/mol, which is far smaller than
observed (~ 0.1 cm? K/mol) in our sample 5B having Li;_, VO impurity phase. Thus we can
conclude that the Curie-like upturn in the susceptibility of nearly single-phase LiV,Oy4 arises
from magnetic defects within the spinel structure of this compound and not from impurity

phases, which confirms the previous conclusion of Ref. [24].

3.3.2.2 Isothermal magnetization measurements

The observed magnetization M s versus applied magnetic field H isothermal measure-
ments were done at different temperatures between 1.8 K and 350 K with H varying from
0.001 T to 5.5 T. However, to find ngefect only the low 7' (1.8 K, 2.5 K, 3 K and 5 K) isotherms
were used. The M s versus H curves for different samples at 1.8 K are shown in Fig. 3.5.
The samples showing a Curie-like upturn in the susceptibility show a negative curvature in
their Mg versus H curves, whereas the samples having a very small Curie-like upturn in
the susceptibility show a hardly observable curvature. This correlation shows that the Curie
contribution to the susceptibility is due to field saturable (paramagnetic) defects. The values
of the defect concentrations and the values of the defect spins for different samples were deter-
mined according to the analysis done by Kondo et al.[24] The observed molar magnetization

M o isotherms at low temperatures (7' < 5 K) for each sample were simultaneously fitted by

Mobs = XH + ndefectNAgdefect,uBSdefectBS(x) ) (31)
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Figure 3.5 M versus H isotherms of four samples at 1.8 K. The curves
passing through the data points are fits by Eq. (1) with the
values of the parameters given in Table 3.1.
where ngefect 1S the concentration of the magnetic defects, Na Avogadro’s number, ggefect
the g-factor of the defect spins which was fixed to 2 (the detailed reasoning behind this is
given in Ref. [24]), Sgefect the spin of the defects, Bg(z) the Brillouin function, and x the
intrinsic susceptibility of LiVoOy spinel phase. The argument of the Brillouin function Bg(x)
is & = gaefect 4BS defect H / [KB (T —0defect)] Where Ogegect i the Weiss temperature. The four
fitting parameters x, Ndefect; Sdefect aNd Ogefect for each sample are listed in Table 3.1. Since
the parameters ngefect and Sgefect are strongly correlated in the fits, the products of these are
also listed in Table 3.1.
The grain sizes of our samples were studied using a scanning electron microscope (SEM).
The SEM pictures of some of our samples are shown in Fig. 3.6. As seen from the figure,
the grain sizes are 1 — 10 ym, and from Table 3.1 there is no evident correlation between the

sample grain sizes and the magnetic defect concentrations.
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Table 3.1 Results of the analyses of the M_,_(H,T). The error in the last
digit of a parameter is given in parentheses.

Sample no Impurity X (Cmg/ mOI) Ndefect (mOl%) Sdefect edefect (K) ndefectSdefect (mOI%)

5A V205 0.0123(1) 0.77(3) 20(1)  —0.70(13) 3.08(13)
S7 Li;VO,  0.0115(1) 0.67(2) 3.7(1)  —0.59(9) 2.52(8)
8 V305 0.0098(1)  0.0067(28)  6.3(27) —1.0(10) 0.04(18)
5B LiVO, 0.0127(2) 0.83(3) 3.9(1)  —0.65(12) 3.29(13)
6B no impurity ~ 0.0104(1) 0.21(1) 3.5(2) —0.75(13) 0.73(4)

& A 2 e ‘
| [a] sample 5A "

Figure 3.6 SEM pictures of our LiV2oO,4 powder samples. No evident cor-
relation between the grain sizes and the defect concentrations
was found. The bars at the bottom of each picture are 10 ym
long. The grain sizes are in the range 1 to 10 pym.
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Figure 3.7 Suggested model for the mechanism of the crystal and magnetic
defect formation in LiV2Oy4. The figure shows an enlarged re-
gion around LiV2Oy in the phase relation picture (Fig. 1) where
the circle represents a possible small homogeneity range of the
spinel phase and the filled triangle is stoichiometric LiV5Oy.

3.4 Suggested model

The reason behind the correlation between the presence of the Li-V-O and V-O phases and
the variation of the magnetic defect concentration in LiVaQOy is not known yet. We speculate
that this is due to the formation of vacancies and/or interstitials in the spinel structure due
to the variation of the sample composition from the ideal stoichiometry. A possible model is
shown in Fig. 3.7. The black triangle is stoichiometric LiV2O,4 while the circular region is a
small (< 1 at.%) homogeneity range of LiVoO4. Based on this model, the LiVoOy phase in
the samples having V3Os impurity phase are very close to the ideal stoichiometric LiV2QOy,
the magnetic susceptibility is the intrinsic susceptibility for the ideal stoichiometric spinel
phase and the magnetic defect concentration is very small. The composition of the spinel
phase in samples having V203, Li3VOy4 or LiVO, as impurity phases deviates from the ideal
stoichiometry as can be seen in the figure. This variation from the ideal stoichiometry would
cause the above vacancies and/or interstitial defects to form which in turn cause the formation

of paramagnetic defects. The samples having chemical composition different from the black
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solid triangle (i.e. the ideal stoichiometric composition) but within the circular region will be
by definition single phase LiV2O,4 but not having the ideal stoichiometry. Thus some samples
of LiV504 will have magnetic defects even if there are no impurity phases in them which might
be the case for our sample 6B and also samples 3 and 7 studied by Kondo et al.,[24] where
some samples were essentially impurity free but still had a strong Curie contribution in their

susceptibility.

3.5 Conclusion

In this chapter we have reported the phase relations in the LisO-V903-V2O5 system at
700 °C for compositions in equilibrium with LiVo0O,4. This study helped us to determine the
systhesis conditions under which polycrystalline samples of LiV2Oy4 could be prepared with
variable magnetic defect concentrations ranging from ngefect = 0.006 to 0.83 mol%. High
magnetic defect concentrations were found in samples containing VoOgs, LigVOy, or LiVOq
impurity phases while the samples containing V305 impurity phase had low defect concentra-
tion. We suggested a possible model which might explain this correlation. Our work shows how
to systematically and controllably synthesize LiV2O,4 samples with variable magnetic defect
concentrations within the spinel structure. The results should be helpful to other researchers

synthesizing samples for study of the physical properties of this system.
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CHAPTER 4. Crystallography, magnetic susceptibility, heat capacity, and
electrical resistivity of heavy fermion LiV;0, single crystals grown using a

self-flux technique

This chapter is based on an article published in Phys. Rev. B 76, 054418 (2007) by S. Das,
X. Zong, A. Niazi, A. Ellern, J.-Q. Yan, and D. C. Johnston.

Abstract

Magnetically pure spinel compound LiV2Oy is a rare d-electron heavy fermion. Measure-
ments on single crystals are needed to clarify the mechanism for the heavy fermion behavior in
the pure material. In addition, it is known that small concentrations (< 1 mol%) of magnetic
defects in the structure strongly affect the properties, and measurements on single crystals
containing magnetic defects would help to understand the latter behaviors. Herein, we report
flux growth of LiVo0O,4 and preliminary measurements to help resolve these questions. The
magnetic susceptibility of some as-grown crystals show a Curie-like upturn at low tempera-
tures, showing the presence of magnetic defects within the spinel structure. The magnetic
defects could be removed in some of the crystals by annealing them at 700 °C. A very high
specific heat coefficient v = 450 mJ/(mol K?) was obtained at a temperature of 1.8 K for a
crystal containing a magnetic defect concentration ngefeet = 0.5 mol%. A crystal with ngefect

= 0.01 mol% showed a residual resistivity ratio of 50.
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4.1 Introduction

The spinel lithium vanadium oxide LiV2QOy4 is a material of great interest as it shows heavy
fermion behavior[8, 85] in spite of being a d-electron metal whereas most of the other heavy
fermions are f-electron compounds. The origin of this heavy fermion behavior in LiV5QOy is
controversial. LiVsOy has the normal face-centered-cubic spinel structure with the space group
Fd3m. The V atoms are coordinated by six O atoms in a slightly distorted octahedron. The
Li atoms are coordinated with four O atoms in a tetrahedron. The Li atoms are located in
the gaps between chains of the VOg edge-sharing octahedra. A study of the phase relations
in the Lis0-V203-V20s5 system at 700 °C (Ref. [106]) showed that the homogeneity range of
LiV50y4 is smaller than the experimental resolution of ~ 1 at%. From NMR measurements
done on LiV,04 samples it has been found that for magnetically pure samples the “Li nuclear
spin-lattice relaxation rate 1/77 is proportional to temperature T at low temperatures (the
Korringa law) which is typical for Fermi liquids.[8, 35, 86] However for samples which contain
magnetic defects within the spinel structure, the relaxation rate has a peak at ~ 1 K and
also shows other signatures which do not agree with the behavior of Fermi liquids.[25, 107]
The occurrence of magnetic defects is easily seen as a low-T Curie-like upturn in the magnetic
susceptibility rather than becoming nearly independent of T" below ~ 10 K as observed for
the intrinsic behavior.[24] We have proposed a model in which the magnetic defects arise
from a small homogeneity range of LiV2Oy, in the spinel structure.[106] High quality crystals
containing magnetic defects might help to resolve the question of the nature of these defects
and may shed light on the mechanism for heavy fermion behavior in the pure material and on
whether a Fermi liquid is still present in samples containing magnetic defects. In particular,
there may be a critical concentration separating Fermi liquid from non-Fermi liquid behaviors.

Crystal growth reports of LiVoOy are rare. LiVoOy crystals were first grown by hydrother-
mal reaction of LiVOy and VOs in aqueous solutions 1N in LiOH sealed in gold tubes and
heated to 500 — 700 °C under a pressure of 3 kbar for ~ 24 hr.[29] Octahedra shaped crystals
were obtained that were ~ 0.75 mm on an edge. Electrical resistivity measurements demon-

strated for the first time that LiV5Oy4 is metallic down to a temperature 1" of at least 4 K, with
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a room temperature resistivity of 300 to 800 £) cm depending on the crystal.[29] Electrical re-
sistivity measurements of magnetically pure LiV5Oy single crystals using crystals grown by this
technique were recently reported[30, 31] down to 0.3 K revealing a T? dependence between 0.3
and ~ 2 K as expected for a Fermi liquid. Heat capacity (C') measurements on these crystals
yielded an extrapolated zero-temperature C/T value of 350 mJ/mol K? which was comparable
to the value of C'/T ~ 430 mJ/mol K? previously obtained at 1 K from measurements on
polycrystalline samples.[8, 32] More recently, the first flux growth of single crystals of LiVaOy
was reported using LiCl — LioMoO4 — LiBO; as the flux.[33] The crystals were reported to be
of high quality but extremely reactive to air and/or moisture.[33]

In this chapter we report a new self-flux growth method to obtain single crystals of LiVoOy
along with our initial magnetic, thermal, and transport properties of our crystals. Some of
our as-grown crystals had magnetic defects in them while some were essentially defect free.
Unlike the crystals grown in Ref. [33], our crystals did not show any reactivity towards air and

moisture.

4.2 Experimental details

The starting materials of our samples of LiV,0O4 and LisVO,4 were LioCOs (99.995%, Alfa
Aesar), V205 (99.999%, M V Laboratories Inc.), and V203 (99.999%, M V Laboratories Inc.).
The crystals of LiVoOy4 were grown in a vertical tube furnace. The single crystal X-ray diffrac-
tion measurements were done using a Bruker CCD-1000 diffractometer with Mo K, (A =
0.71073 A) radiation. Powder X-ray diffraction measurements at room temperature were done
using a Rigaku Geigerflex diffractometer with a curved graphite crystal monochromator. Differ-
ential thermal analysis experiments were carried out using a Perkin-Elmer differential thermal
analyzer (DTA-6). The magnetic measurements on the crystals were done using a Quantum
Design superconducting quantum interference device (SQUID) magnetometer in the tempera-
ture range 1.8 K — 350 K and magnetic field range 0 — 5.5 T. The heat capacity and electrical
resistivity measurements were done using a Quantum Design physical property measurement

system (PPMS). For the heat capacity measurements, Apiezon N grease was used for thermal
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coupling between the samples and the sample platform. Heat capacity was measured in the
temperature range 1.8 K — 300 K. For electrical resistivity measurements, 0.001 inch diameter
platinum (99.999%) leads were put on polished crystals using single component Epotek P1011
epoxy glue for electrical connections. Electrical resistivity was measured in the temperature

range 1.8 K — 300 K in 0 and 5 T magnetic fields.

4.3 Crystal growth and characterization

4.3.1 LiV;04 — Li3VO, Pseudobinary phase diagram

As a first step to find a self-flux for crystal growth of LiV2Qy4, we melted a prereacted powder
sample under inert atmosphere. The product was a mixture primarily of VO3 and LizgVOy.
Since the phase relations in the solid state at 700 °C showed that LiV2Oy, is in equilibrium
with both V203 and LigVOy,[106] this result indicated that LisVO,4 might be used as a flux to
grow crystals of LiVoO,4. We therefore determined the LiVoO4 — LizVO4 pseudobinary phase
diagram using a DTA under 1 atm He pressure, and the result is shown in Fig. 4.1. We find
that LiVo0O4 decomposes peritectically at 1040 °C. This temperature is comparable to the
maximum stability temperature of 1020 °C for LiVo04 in vacuum found in Ref. [33]. The
eutectic temperature is about 950 °C and the eutectic composition is approximately 53 wt%
LiV50, and 47 wt% LizVO,4. We see from Fig. 4.1 that by cooling a liquid with a composition of
53 — 58 wt% of LiVoOy in LizVOy, crystals of LiVoOy should grow once the temperature reaches
the liquidus temperature, until the growth temperature decreases to the eutectic temperature
950 °C. Our flux LigVO4 has no other elements except Li, V and O, which eliminates the
possibility of incorporating foreign elements in the LiVo0O4 crystals. Also LisVO4 did not
evaporate at high temperatures ~ 1000 — 1100 °C, nor did it react with or even wet platinum
crucibles. The crystals could be separated from the flux by dissolving the flux in water (see

below). All these data indicate that LisVOy, is an ideal flux for LiVoOy crystal growth.



46

1150

1100

Liquid
1050

1000

Temperature ( °C)

I
x
1.

Liv,0, + Li,VO,

900

850l

. 30 40 50 60 70 80 90 100

LIV,O, -— . . Li. VO
Weight % Li_,VO, 34

Figure 4.1 Pseudobinary phase diagram of the LiV204-LisVO, system.
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Note that LiVoO,4 decomposes peritectically at 1040 °C.
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Figure 4.2 Scanning electron microscope pictures of the three LiVoOy crys-
tal morphologies obtained: octahedral (top left), irregular (top
right and bottom right), and plate (bottom left).
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4.3.2 Crystal growth

Polycrystalline LiVoO4 was prepared by the conventional solid state reaction of appropriate
amounts of LisCOg3, V205 and V503.[24] Powder samples of the flux Li3VO, were made by
the solid state reaction of appropriate amounts of VoO5 and LioCOg at 525 °C in air for
~ 5 days. To grow the crystals we mixed powdered samples of LisVO,4 and LiV,04 with the
composition of 58 wt% LiV2Oy4 and 42 wt% LigVO,4. The mass of the LiV,0,/LisVO4 mixture
was typically ~ 5 — 8 gm. The powder was placed in a platinum crucible which was then sealed
under vacuum in a quartz tube. The quartz tube was then heated to 1038 — 1060 °C, was
kept at that temperature for 12 — 24 hours, and then cooled to 930 °C at a slow rate. We
obtained the largest (up to 2.5 mm on a side) crystals when the cooling rate was 1 °C/hour.
At higher cooling rates of 2 °C/hour and 3 °C/hour the crystal size became smaller (0.2 —
0.5 mm on a side). From 930 °C the sample was furnace-cooled to room temperature. The
crystals of LiVoOy4 were extracted by dissolving the flux at 50 to 55 °C in a solution of LiVO3
in deionized water or in pure deionized water in an ultrasonic bath. Finally the crystals were
rinsed in acetone and dried.

Three different kinds of crystal morphologies were obtained. One was octahedral shaped
crystals with well-developed faces and size ~ 1 mm on a side. From Laue x-ray diffraction
measurements, the flat faces of the octahedra were found to be [111] planes. Another was
irregular shaped: they were partly octahedral shaped with a few well-developed faces but also
had irregular faces. Crystals with these two described morphologies were obtained together in
the crystal growth runs. In one of our growth runs, along with the two morphologies, some
plate-shaped crystals were also obtained. These were ~ 2 mm in length, ~ 0.5 mm in width
and about 0.1 mm in thickness. Figure 4.2 shows scanning electron microscope pictures of
some of the crystals. X-ray diffraction measurements of powdered crystals showed single phase
LiV204. Some of the crystals were annealed at 700 °C. To anneal, the crystals were wrapped
in a platinum foil, embedded inside powder LiV204 and then sealed in a quartz tube under
vacuum. The presence of the powdered LiV,0, ensured that even trace amounts of oxygen in

the tube would be taken up by the powder and the crystal would not become oxidized.
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4.3.3 Chemical analysis and crystal structure determination

Chemical analysis was carried out on a collection of ~ 10 single crystals using inductively
coupled plasma atomic emission spectroscopy (ICP-AES).[108] The results gave the composi-
tion Li: (3.67 & 0.37) wt%; V: (54.6 £ 5.5) wt%; O, by difference: (41.7 £ 5.9) wt%. These
values are consistent with the values calculated for LiVoOy: Li, 4.0 wt%; V, 59.0 wt%; O, 37.0
wt%.

A well-shaped octahedral crystal (0.25 x 0.25 x 0.21 mm?) was selected for X-ray structure
determination at T' = 293 K and 7" = 193 K. The initial cell constants were obtained from
three series of w scans at different starting angles. The final cell constants were calculated from
a set of strong reflections from the actual data collection. The data were collected using the full
sphere routine by collecting four sets of frames with 0.3° scans in w with an exposure time 10 sec
per frame with detector-to-crystal distance 3.5 cm. This data set was corrected for Lorentz and
polarization effects. The absorption correction was based on fitting a function to the empirical
transmission surface as sampled by multiple equivalent measurements.[109] X-ray structure
determination and refinement were performed using SHELXTL software package.[110]

Cell parameters and the systematic absences in the diffraction data were consistent with the
space group Fd3m known for this compound. The Least-Squares refinement on F? converged
to R1= 0.064 showing significant extinction, therefore extinction correction was applied. The
final results, presented in Tables 4.1 and 4.2, are in a good agreement with earlier results on

single crystals[33] and powder diffraction.[21]

4.4 Physical property measurements

4.4.1 Magnetic susceptibility

The magnetic susceptibilities of as-grown octahedral, irregular and plate-shaped crystals
are shown in Fig. 4.3(a). The magnetic susceptibility of the octahedral and irregular crys-
tals showed a sharp upturn at low temperatures which indicates that these as-grown crystals

have magnetic defects in them, as also observed in some powder samples.[24] However the
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Table 4.1 Crystal data and structure refinement of LiV,0O4. Here R1

= D [ Fobs| — [Feare|l/>_[Fops| and wR2 = (3] w(’Fobs|2 -
|Feate]?)?]/S°[ w(|Fops|?)?]) /2, where Fopg is the observed struc-
ture factor and F.y. is the calculated structure factor.

Temperature 193(2) K 293(2) K

Crystal system/Space group Cubic, Fd3m Cubic, Fd3m

Unit cell parameter a = 8.2384(6) A a = 8.2427(7) A

Volume 559.15(7) A3 560.03(7) A3

Z 8 8

Density (Calculated) 4.106 Mg/m3 4.106 Mg/m3

Absorption coefficient 6.485 mm~! 6.485 mm™!

F(000) 648 648

Data / restraints / parameters 80 /0 /8 80/0/8

Goodness-of-fit on F? 1.392 1.401

Final R indices [I > 20/(I)] R1 = 0.0148 R1 = 0.0180
wR2 = 0.0409 wR2 = 0.0527

Extinction coefficient 0.0205(15) 0.0280(3)

Table 4.2 Atomic coordinates (10~%) and equivalent isotropic displacement
parameters (1073 A?) for LiV,0y4 at 193 K. U(eq) is defined as
one third of the trace of the orthogonalized Uj; tensor.

x y z Ufeq)

V(1) 5000 5000 5000  2(1)
O (1) 2612(1) 2612(1) 2612(1) 3(1)
Li(1) 1250 1250 1250  2(2)
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Figure 4.3 (a) Observed magnetic susceptibility of an octahedral (crystal
#6), irregular (crystal #1 and #2) and a plate-shaped crystal
of LiVoOy4. The sharp Curie-like upturn at low T in the sus-
ceptibility of the octahedral and the irregular crystals show the
presence of magnetic defects in the spinel structure of LiVoQOy.
(b) Magnetic susceptibility of crystal #1 (irregular shaped),
as-grown and then annealed. The low T sharp upturn for the
as-grown crystal disappears after annealing at 700 °C, showing
the near-elimination of the magnetic defects by annealing.
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magnetic susceptibility of the plate-shaped crystal was strikingly different. The susceptibility
of the plate showed only a tiny low-temperature upturn and therefore revealed the intrinsic
susceptibility[24] of LiV,0y.

The magnetic defect concentration in a crystal was calculated by fitting the observed molar

magnetization M yps isotherms at low temperatures[24] (< 10 K, not shown) by the equation

Mobs = XH + ndefectNAgdefectluBSdefectBS(x) ’ (41)

where ngefect 18 the concentration of the magnetic defects, Na Avogadro’s number, ggefect
the g-factor of the defect spins which was fixed to 2 (the detailed reasoning behind this is
given in Ref. [[24]]), Sdefect the spin of the defects, Bg(x) the Brillouin function, and x the
intrinsic susceptibility of LiV,0y4 spinel phase. The argument of the Brillouin function Bg(z)
is & = gdefect 4B S detect H / [KB (T —0defect )] Where Ogefect 1 the Weiss temperature associated with
the magnetic defects. Using the above analysis we obtained ngefect ~ 0.25 — 0.5 mol% for
the as-grown octahedral and irregular crystals and ngefect < 0.01 mol% for the plate-shaped
crystals.

In some of the octahedral/irregular crystals, annealing at 700 °C led to the near-elimination
of the magnetic defects. The magnetic susceptibilities of one of the irregular shaped crystals,
as-grown and then annealed, are shown in Fig. 4.3(b). The low T' Curie-like upturn in the
susceptibility for the as-grown crystal disappeared after annealing the crystal at 700 °C for
five days, with the susceptibility becoming almost T-independent at low 7', revealing the near-
elimination of the magnetic defects. For the as-grown crystal we found ngefect = 0.38 mol%

and after annealing, the defect concentration ngefect became 0.01 mol%.

4.4.2 Heat capacity and electrical resistivity measurements

Figure 4.4(a) shows the heat capacity C' and Fig. 4.4(b) shows the ratio v = C/T of as-
grown octahedral crystal #6 [see also Fig. 4.3(a)]. Below 20 K, the 7 increases with decreasing
T and at the lowest temperature (1.8 K), it has a very high value of 450 mJ /mol K2, comparable
to the values[32] of 420-430 mJ/mol K? measured for powders. Figure 4.5 shows the low T

~(T') of an octahedral, an irregular and a plate-shaped crystal with different magnetic defect
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Figure 4.4 (a) Specific heat C versus temperature T for an octahedral crys-
tal of LiVoOy4 with magnetic defect concentration ngefect = 0.5
mol%. (b) The data in (a) plotted as C/T versus T'.
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concentrations. The variations of v with T for the octahedral and the irregular crystals are very
similiar with the same value of v at the lowest temperature. However, v for the plate-shaped
crystal is lower (380 mJ/mol K?) at 1.8 K.

Figure 4.6 shows the temperature variation of the four-probe resistivity of a plate-shaped
crystal both in zero magnetic field and in 5 T magnetic field. The applied field of 5 T is seen to
have little influence on the resistivity. The resistivity decreases with decreasing 1" as expected
for a metal. The residual resistivity ratio (RRR) for the plate-shaped crystal is 50, revealing
its high crystal perfection. This value can be compared to the values of &~ 2, ~ 27 and ~ 12

for the crystals in Refs. [29], [30] and [33], respectively.

4.5 Water treatment of LiV,0y4

In view of the results in Ref. [33], we also performed an experiment to see if our crystals
of LiVoQ, are sensitive to water exposure. We performed this experiment on both powdered
samples and single crystals of LiVo0Oy4. We selected a sample of LiVoO,4 powder free of any
magnetic defects. Then we put some of that powder into deionized water and some into a
solution of LiVO3 in deionized water for two weeks. The X-ray diffraction patterns of the two
treated samples remained unchanged from the original sample. The magnetic susceptibilities
of the two treated samples along with that of the original sample are plotted in Fig. 4.7(a).
The susceptibilities of the three samples are nearly identical over the entire temperature range.
With the single crystals, before dissolving the flux, a small crystal was broken off of the solified
button of crystals embedded in the flux. The magnetic susceptibility of that small crystal was
measured. Then it was put in water in an ultrasonic bath to dissolve the flux and after it
was dried with acetone, it was left in water for 5 days. The magnetic susceptibility of that
crystal before and after water treatment is shown in Fig. 4.7(b). Our findings for both powder
and single crystal LiVoOy contradict the results in Ref. [33] where the susceptibility of their

LiV20y4 single crystals changes drastically after being exposed to air and moisture.
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circles) octahedral LiV2QOy single crystal.



58

4.6 Summary

In this chapter we have reported a new self-flux growth method to grow single crystals of
LiV204 using the flux LigVO,4. The selection of Li3VOy4 as the flux led to the study of the
LiV204 — LisVOy4 pseudobinary phase diagram. LiVo0O4 was found to decompose peritectically
at 1040 °C. A eutectic was found with a eutectic temperature of 950 °C and the eutectic
composition being approximately 53 wt% LiV2oOy4 and 47 wt% LigVOy4. The crystals are of
high quality, and as with powder LiV2Qy, are not reactive to air and moisture. The magnetic
susceptibility of some of the crystals showed a Curie-like upturn at low 7' showing the presence
of magnetic defects within the spinel structure. The defects could be nearly eliminated in some
of the crystals by annealing them at 700 °C in vacuum. From the heat capacity measurements,
a very large value of 450 mJ/mole K? was obtained for C/T for crystals having magnetic
defects in them while a value of 380 mJ/mol K? was obtained for crystals which were free of
any magnetic defects. The electrical resistivity measurement on a magnetically pure crystal
revealed the expected metallic behavior down to 1.8 K.

In addition to the further study of heavy fermion behaviors in magnetically pure LiV2QOy,
the present method of crystal growth opens up new research areas associated with the physics
of magnetic defects in LiV2Oy4. From detailed high resolution electron diffraction and/or syn-
chrotron x-ray structural studies one may be able to determine the nature of the crystal defects
giving rise to the magnetic defects. Important fundamental issues that can be addressed include
whether the heavy Fermi liquid in magnetically pure LiV20Oy4 survives when magnetic defects
are present and whether the crystal and magnetic defects drive a metal-insulator transition
at some defect concentration. These questions can initially be addressed in the milliKelvin
temperature range using electrical resistivity, magnetic susceptibility, NMR, and electrical re-
sistivity measurements. A related question is whether a quantum critical point occurs versus

magnetic defect concentration. These are exciting topics for future research.
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CHAPTER 5. Absence of structural correlations of magnetic defects in

the heavy fermion compound LiVoOy

This chapter is based on an article published in Phys. Rev. B 80, 104401 (2009) by S. Das,
A. Kreyssig, S. Nandi, A. I. Goldman, and D. C. Johnston.

Abstract

Magnetic defects arising from structural imperfections have pronounced effects on the mag-
netic properties of the face-centered cubic normal-spinel structure compound LiV,Oy4. High-
energy x-ray diffraction studies were performed on LiVsOy single crystals to search for su-
perstructure peaks or other evidence of spatial correlations in the arrangement of the crystal
defects present in the lattice. Entire reciprocal lattice planes were mapped out with the help of
synchrotron radiation. No noticeable differences in the x-ray diffraction data between a crystal
with high magnetic defect concentration and a crystal with low magnetic defect concentration
were found. This indicates the absence of any long-range periodicity or short-range correlations

in the arrangements of the crystal/magnetic defects.
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5.1 Introduction

LiV50y is a material of great interest as it shows heavy fermion behavior at low tempera-
tures (T' < 10 K) in spite of being a d-electron metal.[8] This is of particular interest because
most of the well known heavy fermion compounds have crystallographically ordered arrays of
f-electron atoms. LiV2Oy has a face-centred cubic crystal structure (space group F'd3m) with
room temperature lattice parameters ¢ = b = ¢ = 8.2393 A.[8] Each V atom is coordinated
with six O atoms to form a slightly distorted octahedron.[111] The V atoms themselves form
corner sharing tetrahedra, often called the “pyrochlore lattice”, which is strongly geometrically
frustrated for antiferromagnetic ordering. The vanadium atoms with nominal oxidation state
of +3.5 occupy equivalent sites in the structure, making LiV30O,4 metallic. The heavy fermion
nature of LiVoOy4 was discovered to occur below ~ 10 K from measurements of a large T-
independent magnetic susceptibility y ~ 0.01 cm®/mol and a large Sommerfeld heat capacity
coefficient v ~ 420 mJ/mol K2.[8]

Magnetic defects in the structure have a pronounced effect on the magnetic properties of
LiV304. For both polycrystalline samples and single crystals with extremely low magnetic
defect concentration (ngefect < 0.01 mol%), the low-T y is T-independent.[8, 24, 33, 106] The
heavy fermion behavior of LiVoOy4 referred to above was inferred from measurements on such
samples with extremely low ngefect- However, in both powder and single crystal samples of
LiV2O4 with high ngefect (up to a maximum of 0.8 mol%), the magnetic susceptibility shows
a Curie-like upturn at low 7.[8, 24, 106, 111] Crystal defects are the only possible source of
these magnetic defects since magnetic impurity phases as the source of the low T Curie-like
upturn was ruled out.[24, 106] Low 7" magnetization measurements on polycrystalline and
single crystal LiV2O4 samples containing magnetic defects revealed large values of the average
spins of these defects.[24, 106, 111] The spin values Sgefect range from ~ 2 to 4.

The presence of magnetic defects has a dramatic influence on “Li NMR measurements of
LiV204. NMR measurements on polycrystalline samples of LiVoO4 with extremely low ngefect
show a linear variation of the "Li nuclear spin-lattice relaxation rate (1/71) versus T at low

T.[25] This is typical for Fermi liquids. However, for polycrystalline samples of LiVoOy with
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higher amounts of magnetic defects, the "Li 1/T} shows a peak at ~ 1 K, and the relaxation
recovery becomes strongly nonexponential.[25, 40] This observation raises the question whether
the ground state of a LiVoOy4 sample with high ngefect s still a Fermi liquid or is a non-Fermi
liquid. If the ground state changes to a non-Fermi liquid, then there might be a critical
Ndefect for the transition. The “Li NMR measurements indicated that the heavy Fermi liquid
survives in the presence of a large concentration of magnetic defects.[40] Johnston et al.[25]
suggested a model in which a crystal defect locally lifts the geometric frustration and thus
allows magnetic order over a finite region around that defect, called a magnetic droplet. This
model is qualitatively consistent with the large average values of Sgefect ~ 2 — 4 obtained from
the low T" magnetization measurements.

The only potential local magnetic moments in the system are V13 (S = 1) and V4
(S =1/2) and from the observed values Sqefect ~ 2 — 4 of the spins of the magnetic defects,
it is clear that a single V ion cannot give rise to a magnetic defect. The magnetic defects
could be a group of V ions forming a cluster or having correlations among them. Given the
pronounced effects of the magnetic defects on the properties of LiVoQy, it is important to
examine if there are any correlations in the spatial distribution of the crystal defects which
produce the magnetic defects or if they are randomly distributed. One way to look for short
and medium range spatial correlations in the defect structure is to map out complete reciprocal
lattice planes and search for features in addition to the normal Bragg reflections. Long-range
periodic ordering of the crystal defects would produce additional peaks in the x-ray diffraction
patterns while short-range ordering can cause streaking of the Bragg peaks or diffuse broad
signals. Here we report on high-energy x-ray studies of single crystals of LiV2O,4 with different

magnetic defect concentrations.

5.2 Experimental details

High quality single crystals of LiV204 used in the experiment were grown in a vertical
tube furnace using LizVOy4 as flux.[111] Three crystals, denoted as crystal 2, crystal 9, and

crystal 10 with respective masses of 0.354 mg, 6.548 mg, and 2.1 mg were examined. The
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magnetic measurements on the crystals were done using a Quantum Design superconducting
quantum interference device (SQUID) magnetometer in the temperature range 1.8 — 350 K
and magnetic field range 0 — 5.5 T. The studied single crystals were selected based on typical
magnetic behavior for low and high defect concentration. Crystals used in the measurements
were of different sizes and shapes since as-grown crystals were used. Cutting or polishing
the crystals would have given them a common size and shape and improve a quantitative
analysis of the scattering data, but at the same time, this procedure had the potential to
introduce additional crystal deformations due to strain and/or other mechanical effects. These
could obscure the features due to the magnetic defects. We, therefore, decided on using as-
grown single crystals. The high-energy x-ray diffraction measurements at room temperature
were performed at the 6-ID-D station in the MU-CAT sector of the Advanced Photon Source,
Argonne National Laboratory. The incident x-ray energy was set to 100 keV to ensure full
penetration of the sample. The corresponding x-ray wavelength A was 0.124 A. The beam size
was 0.3 x 0.3 mm?. To record the full two-dimensional patterns, a MAR345 image-plate was
positioned 705 mm behind the sample. During the experiments, the crystals were set between

two pieces of thin kapton film and mounted on the sample holder.

5.3 Magnetic susceptibility and magnetization

Figure 5.1 shows the magnetic susceptibility x versus temperature 1" of the crystals 2, 9,
and 10 measured in a 1 T magnetic field. The magnetic defect concentrations of the crystals
were calculated by fitting the observed molar magnetization M isotherms at low temperatures

[T <5 K, shown in Figs. 5.2(a), (b), and (c)] by the equation[24, 106]
M = xH + ndefectNAgdefectMBSdefectBS (CC) s (5'1)

where ngefect is the concentration of the magnetic defects, N 4 is Avogadro’s number, ggefect 1S
the g-factor which was fixed to 2 for the spins of the magnetic defects (the detailed reasoning
behind this is given in Ref. [24]), up is the Bohr magneton, Sgefect is the average spin of the
defects, Bg(x) is the Brillouin function, x is the intrinsic susceptibility of the pure LiVoOy

spinel phase in the absence of magnetic defects, and H is the applied magnetic field. The
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(Color online) Magnetic susceptibilities x versus temperature T’
of LiV30y4 crystals containing different concentrations of mag-
netic defects (see Table 5.1). The susceptibilities are measured
in 1 T magnetic field.
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(Color online) Molar magnetization M versus applied magnetic
field H isotherms at low temperatures (7" < 5 K) for crystals (a)
2, (b) 9, and (c) 10, respectively. The four data sets shown in
each of Figs. 5.2 (a), (b), and (c) are the M (H ) isotherms at four
different temperatures 5 K, 3 K, 2.5 K, and 1.8 K. Figure 5.2(d)
shows the magnetic defect contribution to the magnetization for
each crystal Mgefect = M — xH plotted versus H/(T — Ogefect )-
The solid lines are plots of the second term in Eq. (5.1) for each
crystal with the parameters listed in Table 5.1.
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Table 5.1 Magnetic parameters obtained from fits of Eq. (5.1) to the mag-
netization versus field measurements below 5 K in Fig. 5.1 of
the three LiVoOy crystals. ¥, Ndefect; Sdefect; and @defect are
magnetic susceptibility, magnetic defect concentration, spin of
the magnetic defects, and Weiss temperature of the interactions
among the magnetic defects, respectively. A number in paren-
theses indicates the error in the last digit of a quantity.

Sample no x (Cm?’/mOl) Ndefect (mOI%) Sdefect Hdefect (K) ndefectSdefect (mOI%)

crystal 2 0.01158(6)  0.24(1) 3.6(2) —0.7(1)  0.86(1)
crystal 9 0.0135(1) 0.71(3) 3.9(1) —0.6(1)  2.78(7)
crystal 10 0.0127(1) 0.67(2) 3.6(1) —05(1)  2.38(6)

argument of the Brillouin function Bg(x) i & = gdefect 4BS defect H / [KB (T —0defect )] Where O gefect
is the Weiss temperature associated with the magnetic defects and kg is Boltzmann’s constant.
The parameters fitted are X, Nqefect, Sdefect; aNd Ogefect -

The best-fit parameters obtained from the fits of the M (H) isotherm data in Figs. 5.2(a),
(b), and (c) by Eq. (5.1) are tabulated in Table 5.1 for each crystal. Figure 5allimp(d) shows
the defect contributions to the magnetization Myefect = M — x H for each crystal plotted versus
H/(T — Ogefect)- All the data points in Figs. ballimp(a), (b), and (c) collapse onto a universal
curve for each crystal, thus verifying the validity of the model and the fits. The solid lines
in Fig. 5.2(d) are the plots of the second term in Eq. (fiteq) for the three crystals with the
parameters listed in Table 5tablel, respectively. Note that x in Table 5.1 is constant to within
+8% as Mgefect increases by nearly a factor of three. This indicates that the heavy Fermi
liquid survives in the presence of the magnetic defects, consistent with the “"Li NMR analysis

in Ref. [26].

5.4 High-energy x-ray diffraction measurement

In order to search for long-range or short-range order in the arrangement of the crystal
defects giving rise to the magnetic defects within the crystal structure, we carried out high-
energy synchrotron x-ray diffraction measurements over a wide range of reciprocal space. The
rocking technique used to record the diffraction intensities from planes in reciprocal space has

been described in detail in Ref. [112]. Briefly, the patterns were obtained by recording the
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Bragg reflections of all points of a reciprocal lattice plane intersecting the Ewald sphere. The
orientation of the reciprocal lattice relative to the Ewald sphere is given by the orientation
of the crystal with respect to the incident x-ray beam. Tilting the crystal through small
angles allows complete reciprocal lattice planes of the crystal to intersect the Ewald sphere. In
the experiment, diffraction patterns were obtained as in Fig. 5.3 below by tilting the crystal
through two independent angles p and n perpendicular to the incident x-ray beam by +3.2°.
Patterns were recorded by continously scanning through p as  was increased in small steps.
By averaging the recorded patterns obtained at different values of i and 7, a considerable range
of the designated reciprocal lattice planes was mapped out. This averaging over large parts of
a Brillouin zone also enhances very weak broad scattering features making them detectable.
Depending on the kind of modification/deviation of the crystal structure arising from the
crystal defects, we expect to see different modifications/deviations in the diffraction patterns
of the reciprocal planes. A crystallographic superstructure, either commensurate or incom-
mensurate, will produce weak additional Bragg reflections. Lower-dimensional or short-range
order will produce broad features or diffuse scattering. For example, a two-dimensional order
yields a rod-like scattering feature. If the incoming beam is parallel to the axis of the rod, we
will see a spot in the diffraction pattern of that plane. The same feature, however, will yield
a streak of intensity in the diffraction patterns of reciprocal planes perpendicular to the rod.
In our experiment, reflections from reciprocal lattice planes perpendicular to the three
high symmetry directions, namely [001], [101], and [111] of the cubic structure, were recorded.
Figures 5.3(a), (b), and (c) show the room temperature diffraction patterns from planes in
the reciprocal space of crystal 2 (ndefect = 0.24 mol%) perpendicular to [001], [101], and [111]
directions, respectively. The lattice planes perpendicular to the [111] direction are very closely
spaced. Thus in this direction, when we tilt the crystal, higher order reciprocal planes will also
intersect the Ewald sphere and be observed.[112] This out-of-plane scattering was minimized
by limiting the range of the tilts to £2.8°. Nevertheless, the reflections enclosed by the white
lines in (c) and (f) are from the reciprocal layer through the origin which is perpendicular to

the (111) direction [(hkl) reflections with (hkl)-[111] = 0]. The outer spots are from the next
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layers [(hkl)-[111] = £1].

In Figs. 5.3(a), (b), and (c), all the spots observed are allowed by the space group of the
crystal. The intensity at the center of the Bragg reflections are 3—6 orders of magnitude higher
than the intensity shown in black at the maximum in the scale for the contour map. We used
iron slabs, up to 3 cm in thickness, to increase the dynamic range from 10* (intrinsic for the
detector) to 107 by attenuating the incident x-ray beam. The greytone in Fig. 3 represents
the intensity on a logarithmic scale. In each pattern, the scale has been chosen in such a
manner that as much as possible, the details in low signals can be visualized. No extra spots
or Bragg reflections were observed in the patterns. We conclude that there are no other single
crystals or grains oriented in other directions or satellite reflections related to a superstructure
of the given normal spinel structure. The shape of the spots is also as expected for the given
resolution conditions.

Figures 5.3(d), (e), and (f) show the room temperature x-ray diffraction patterns from
reciprocal planes of crystal 9 with high magnetic defect concentration (ngefect = 0.62 mol%)
perpendicular to [001], [101], and [111] directions, respectively. For the planes perpendicular
to the [001] and [101] directions, there are no differences between the patterns obtained for
crystal 2 and crystal 9. From the positions of the Bragg reflections, the lattice parameters
of these two crystals are same to within our precision of one part in one thousand. For the
plane perpendicular to the [111] direction, a few spots were observed marked by solid circles
in Fig. 5.3(f), which are not allowed by the symmetry of the space group and are missing in
Fig. 5.3(c). These extra features are linearly extended compared to the circular spots and have
an intensity 10~° times that of the Bragg reflections. The position of these extra spots is close
to the expected position of reflections from higher layers (e.g. (311) and symmetry equivalent
reflections). By reducing or increasing the range of the rocking angles, the contribution from
the higher layers can be modified. The intensity and shape of the additional features did not
change when the patterns were recorded with different ranges for the rocking angles. This
suggests that the additional features are located on the reciprocal plane close to the origin and

eliminates significant contributions from Bragg reflections of higher layers or from the halos
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around them. We note that twinning or stacking faults of similiarly oriented crystals can allow
such features to appear. Furthermore, as seen from the spots outside the white polygon, these
features are not present in the other Brillouin zones with the same orientation. This excludes
the possibility of periodic arrangement of such crystal defects.

The observed halos surrounding the Bragg reflections are partially caused by exposure of
the adjacent pixels in the detector material due to light scattering between pixels within the de-
tector for strong signals. The diffuse scattering dominating at lower count rates also contributes
to the formation of the halos. Distinguishing between diffuse scattering arising from static dis-
order and thermal diffuse scattering arising from uncorrelated lattice vibrations would require
extensive temperature-dependent studies including detailed two-dimensional profile analysis
and is beyond the scope of the present study. The halos around the Bragg reflections are
similar for both samples with high and low magnetic defect concentrations, respectively. Un-
fortunately, the visibility of the halos in the different patterns is handicapped by the different
signal to background ratios which vary by up to a factor of twenty between the different
patterns. This is due to different sizes and shapes of the samples and the resulting differ-
ent scattering strengths of the samples and different absorptions of the primary beam and
background signals. As a consequence, the halos in Fig. 5.3(b) are barely visible and barely
separable from the background signal. A comparison of the intensity of the halos around strong
reflections [e.g. (404) and (131)] with the intensity of the Bragg reflections themselves yields
a similar ratio for both samples for patterns measured perpendicular to the [101] direction
shown in Figs. 3(b) and (e). The intensities at several data points in the halo of each Bragg
reflection were compared with the maximum value in the center of the Bragg reflection itself.
As long as the count rate in the halo was significantly above the background from incoherent
and air scattering and the reflections were of comparable strength, the variation in the ratio
was minimal. The ratio deviates slightly (by up to a factor of 1.6) for strong reflections, likely
due to extinction effects. A comparison of the intensity of the halos and that of the corre-
sponding Bragg reflections shows no obvious deviation from the expected scaling between the

intensities. The similarity in the strength of the halos relative to the Bragg reflections for both
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types of samples, with low and high magnetic defect concentrations, suggests that the diffuse
scattering is likely dominated by thermal diffuse scattering and cannot explain the observed
difference in their magnetic properties.

To test if the appearance of the extended extra features for crystal 9 [shown in Fig. 5.3(f)] is
an artifact of the particular crystal or is intrinsic, we performed the same experiment on crystal
10 which was grown under similiar conditions and has a similiar magnetic defect concentration
as that of crystal 9. The x-ray diffraction pattern for the reciprocal lattice plane perpendicular
to the [111] direction of crystal 10 is shown in Fig. 5.4. We note that the additional spots present
in Fig. 5.3(f) are missing here. There are a few very weak spots other than those allowed for
the plane perpendicular to [111] direction. These are caused by other misaligned crystals of
the same material or impurities and illustrate the very high sensitivity of the technique to
the smallest deviations/differences in the pattern from that expected for a perfect crystal. If

we focus our beam onto different spots on the same crystal surface, the extra peaks vary in

intensity or disappear.

5.5 Summary

No noticeable difference in the high-energy x-ray diffraction patterns of the reciprocal lattice
planes of a crystal with high magnetic defect concentration and a crystal with low magnetic
defect concentration has been found. This indicates the absence of any long-range periodicity
or order in the arrangement of the crystal defects giving rise to the magnetic defects. We also
did not observe any difference in the diffuse scattering in reciprocal space for both samples and
thus exclude any long-range low-dimensional order or short-range order of the crystal defects
related to the different magnetic defect concentrations. Thus we conclude that the crystal
defects in LiVoO,4 which produce the magnetic defects are randomly distributed within the

spinel structure.
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High-energy x-ray diffraction patterns of LiV2O4 single crys-
tals 2 and 9. Figures 5.3(a), (b), and (c) show the patterns for
reciprocal planes of crystal 2 perpendicular to the [001], [101],
and [111] directions, respectively. Figures 5.3(d), (e), and (f)
show the patterns for reciprocal planes of crystal 9 perpendicu-
lar to the [001], [101], and [111] directions, respectively. In (f),
the extended features indicated by white circles are reflections
that are not allowed by the symmetry. The reflection spots
enclosed by the white lines in (c¢) and (f) are from the recipro-
cal (hkl) layer through the origin which is perpendicular to the
[111] direction with (hkl)-[111] = 0. The outer spots are from
the next layers with (hkl)-[111] = £1. The patterns shown have
the same aspect ratio as that of the patterns recorded in the
detector.
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Figure 5.4 High-energy x-ray diffraction pattern of the reciprocal lattice
plane perpendicular to the [111] direction of LiV,04 crystal 10.
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CHAPTER 6. Structural measurements under high pressure in the heavy

fermion compound LiV,0,

This preliminary work was carried out in collaboration with M. Abliz and G. Shen at the

Advanced Photon Source, Argonne National Laboratory.

6.1 Introduction

LiV20Oy4 is a material of great interest as it shows heavy fermion behavior at low tempera-
tures (7' < 10 K) in spite of being a d-electron metal.[8] This is of particular interest because
most of the well known heavy fermion compounds have crystallographically ordered arrays of
f-electron atoms. LiVoOy has a face-centred cubic crystal structure (space group Fd3m) with
room temperature lattice parameters a = b = ¢ = 8.2393 A.[8] Each V atom is coordinated
with six O atoms to form a slightly distorted octahedron.[111] The V atoms themselves form
corner sharing tetrahedra, often called the “pyrochlore lattice”, which is strongly geometrically
frustrated for antiferromagnetic ordering. The vanadium atoms with nominal oxidation state
of +3.5 occupy equivalent sites in the structure, making LiVoO,4 metallic. The heavy fermion
nature of LiVoO4 was discovered to occur below ~ 10 K from measurements of a large T-
independent magnetic susceptibility x ~ 0.01 cm®/mol and a large Sommerfeld heat capacity
coefficient v ~ 420 mJ/mol K2.[8]

Powder x-ray diffraction patterns obtained under increasing pressure and at a fixed tem-
perature of 10 K showed a splitting of the single (440) cubic peak into two rhombohedral
peaks at 12.8 GPa.[34] It was also observed that as the temperature was raised keeping the
pressure constant at 12.8 GPa, the split peaks recombine into a single peak above 200 K.[34]

"Li NMR measurements in LiV,0, under high pressure revealed an enhanced nuclear spin-
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lattice relaxation rate 1/77 in 4.74 GPa below 10 K.[35] Recently, extended x-ray absoption
fine structure analysis suggested a cubic to rhombohedral structural transition above 12 GPa
at room temperature.[36] To accurately determine the high pressure structure with all the
structural parameters, we carried out preliminary powder x-ray diffraction measurements at

room temperature and at high pressure.

6.2 Experimental

A symmetric diamond-anvil cell with two anvils of 300 micron culets was used to preindent
a Re gasket from an original thickness of 250 pym to 22 pum central thickness. A 150 micron
diameter hole was drilled at the center of the gasket indent to form the sample chamber. A
single crystal sample LiV20O4 was crushed into powder with about 5 micron average grain size.
Then, the powder was pressed into a thin disk and a 40 micron diameter sample was loaded into
the hole of the gasket on the diamond. The sample was Ar gas loaded for a pressure medium
to get a uniform pressure on the sample. The initial pressure was 1.5 GPa after gas loading.
A few 5-10 micron diameter ruby spheres were added to a quadrant of the sample chamber for
pressure measurement. High pressure angle-dispersive diffraction experiments were performed
at the 16BMD station of the HPCAT Sector, Advanced Photon Source, Argonne National
Laboratory. A monochromatic x-ray beam was focused to a diameter of ~ 20 micron at the
sample position. Pressure was measured by the ruby R1 fluorescence with an Ar-ion laser.
The diffraction patterns were collected using a MAR3450 image plate and the exposure time
was typically 300 s. The two-dimensional diffraction rings on the image plate were integrated
with the FIT2D program to produce diffraction patterns of intensity versus Bragg angle 20,
and the lattice parameters were obtained by Rietveld refinement of these diffraction patterns

using the GSAS program suite.[113]

6.3 Results

Figure 6.1 shows the powder x-ray diffraction pattern of powder LiVoO,4 at a pressure of

1.5 GPa. Figure 6.2 shows intensity versus 26 obtained by integrating the pattern in Fig. 6.1
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versus the azimuthal angle. The solid line in Fig. 6.2 is the fitted pattern using the normal
spinel structure of LiVo0,4. All the observed peaks could be indexed using the normal spinel
structure. Figure 6.3 shows the x-ray diffraction pattern in 20 GPa. A new structure is
revealed from the splitting of the third bright ring. Figure 6.4 shows the lattice parameter
a versus applied pressure P, where a is obtained by fitting the integrated intensity versus
260 patterns using Rietveld analysis for pressures up to 13 GPa. The dotted line in Fig. 6.4
is the linear fit to the data in the pressure range 1.5-6.17 GPa while the solid line is the
linear fit to data in the pressure range 8.31-13.17 GPa. The two fitted straight lines have
different slopes as seen in Fig. 6.4. There might be a structural transition at 5.8 GPa where
the two fitted straight lines intersect, as shown by a vertical arrow in Fig. 6.4. Extrapolation
of the dotted line to ambient pressure yields a lattice parameter a = 8.310(2) A. This value is
significantly higher than the value of the lattice parameter a = 8.24 A at room temperature
and at ambient pressure reported earlier,[21, 111] indicating the presence of a systematic error
of unknown origin in the measurements. The calculated bulk modulus in the low-pressure
region is B = —VdP/dV = 124(4) GPa. The obtained bulk modulus is comparable to the

bulk modulus of the spinel MgAlyO4.[114]

6.4 Summary

We have carried out preliminary high pressure powder x-ray diffraction measurements on
polycrystalline LiVoOy4 obtained by powdering single crystals, and found evidence that struc-
tural phase transitions occur at high pressure. The lattice parameter at ambient pressure
obtained by extrapolation of the a versus P data to zero P yields a = 8.31 A which is sig-
nificantly higher than the lattice parameter at ambient pressure reported in the literature.
The reason behind this deviation is not understood at this point. The background intensities
in the two-dimensional diffraction patterns were also very high resulting in the mid and high
angle peaks in the patterns being barely visible. More detailed powder and single crystal x-ray
diffraction measurements at high pressures are required to accurately determine the symmetry

and the structural parameters of the high-pressure phase(s).
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Figure 6.1 X-ray diffraction data of powder LiV,04 at 1.5 GPa pressure.
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Figure 6.2 Observed intensity versus 20 obtained by integrating the diffrac-
tion rings of the powder x-ray diffraction pattern of LiVoOy4 at
296 K and 1.5 GPa, along with the calculated pattern using Re-
itveld refinement. The lower trace shows the difference between
the observed and calculated intensities versus 26.
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Figure 6.3 X-ray diffraction data of powder LiVoO,4 at 20 GPa pressure.
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CHAPTER 7. Magnetic, thermal, and transport properties of the mixed

valent vanadium oxides LuV,0Oz and YV ,Og

This chapter is based on an article submitted to Phys. Rev. B that is currently under
review, by S. Das, A. Niazi, Y. Mudryk, V. K. Pecharsky, and D. C. Johnston.

Abstract

LV,0g (L = Yb, Y, Lu) compounds are reported to crystallize in a structure similar
to that of the orthorhombic CaFe;Oy4 structure-type, and contain four inequivalent V sites
arranged in zigzag chains. We confirm the structure and report the magnetic, thermal, and
transport properties of polycrystalline YV40g and LuV4Og. A first-order like phase transition
is observed at 50 K in both YV40g and LuV40Og. The symmetry remains the same with the
lattice parameters changing discontinously. The structural transition in YV4Og leads to partial
dimerization of the V atoms resulting in a sudden sharp drop in the magnetic susceptibility.
The V spins that do not form dimers order in a canted antiferromagnetic state. The magnetic
susceptibility of LuV4Og shows a sharp peak at ~ 50 K. The magnetic entropies calculated
from heat capacity versus temperature measurements indicate bulk magnetic transitions below

90 K for both YV40g and LuV40Osg.
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7.1 Introduction

Vanadium oxides have been of broad interest owing to their interesting properties. Binary
vanadium oxides V,09,_1 where 2 < n < 9 exhibit metal to insulator and paramagnetic
to antiferromagnetic transitions on cooling.[115] The only exception is V7013 which remains
metallic down to 4 K.[7] Among ternary vanadium oxides, the normal spinel mixed valent
LiV304 does not show any magnetic ordering, remains metallic down to 0.5 K and surprisingly
shows heavy fermion behavior below 10 K.[8] This is very different from the similar normal
spinel LiTiyO4 which shows superconductivity below 13 K.[116]

The compound CaV204 forms in the well-known CaFesO4 type structure with orthorhom-
bic space group Pnam and lattice parameters a = 9.206 A, b = 10.674 A, and ¢ = 3.009 A.[Q,
10, 117] The V atoms have spin S = 1 and form a zigzag chain system. The compound
undergoes an orthorhombic to monoclinic structural distortion below 150 K and an antifer-
romagnetic transition at 63 K, and is an insulator.[40, 117, 118] The low dimensionality of
the V spin structure is very interesting since this can give rise to exotic magnetism. Indeed,
there is a suggestion that a phase transition at ~ 200 K in CaV2Q4 arises from a long- to
short-range chiral ordering transition with no long-range spin order either below or above
this temperature.[117] In a spin S = 1 zigzag chain system, depending on the ratio of the
nearest-neighbor and next-nearest-neighbor interactions, there can be ground states with a
Haldane gap, as well as gapless or gapped chiral ordering.[39] Replacing Ca?* by Na*! the
same CaFeyQy4 structure is retained but becomes metallic even below the antiferromagnetic
transition at 140 K.[43, 44] Further investigations of compounds having the CaFesOy4-type and
related structures are clearly warranted.

The compounds LV4Os (L = Yb, Y, Lu) have structures similar to the CaFeyOy4-type
structure but with the modification that in LV4QOg, only half of the L cation sites are occupied
by L ions in an ordered manner.[45] This results in a reduction of the unit cell symmetry from
orthorhombic to monoclinic with space group P12;/nl (which is a nonisomorphic subgroup
of the orthorhombic space group Pnam of CaV20Oy) and lattice parameters a = 9.0648 A,

b=10.6215 A, ¢ = 5.7607 A, and 3 = 90.184° for the room temperature a-phase (see below)
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(Color online) Crystal structure of the low-temperature a-phase
of LV,40g viewed along the c-axis. The large blue, intermedi-
ate red, and small yellow circles represent L, V and O atoms,
respectively. The VOg octahedra share edges to form V zigzag
chains running along the c-axis. The L ions occupy half of the
cation sites in the CaV9QOy structure in an ordered fashion while
the other half is vacant.
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(Color online) The arrangment of V atoms in the structure as
viewed along the a-axis. Two distinct chains are formed by V
atoms in four inequivalent sites labelled V1, V2, V3, and V4,
respectively. The bond lengths between different V atoms are
labelled as V1V1, V2V2 V3V3, V4V4, V1V31l, V1V32, V1V33,
V2V41, V2V42, and V2V43, respectively.
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of the Yb compound.[45] Note that the monoclinic angle 3 is close to 90° and that the a-axis and
b-axis lattice parameters are nearly the same as in the above orthorhombic room-temperature
structure of CaVo0y4. Figure 7.1 shows the structure of a-LV4Og viewed along the ¢ axis.
The slightly distorted VOg octahedra share edges and corners to form zigzag chains along the
¢ axis. The four V atoms in the structure occupy four inequivalent positions and form two
distinct chains with two inequivalent V positions in each chain. The V-V zigzag chains as
viewed along the a axis are shown in Fig. 7.2.

YbV,40g forms in two monoclinic phases, the low temperature a-phase with space group
P12 /n1 and lattice parameters a = 9.0648 A, b = 10.6215 A, ¢ = 5.7607 A, and 3 = 90.184°
and the high temperature [-phase with space group P2;/nll and lattice parameters a =
9.0625A, b = 11.0086 A, ¢ = 5.7655 A, and o = 105.070°.[45] The two phases differ crystal-
lographically by the z atomic position of the Yb ions, but both contain similar zigzag chains.
At 185 K the 8-YbV4Og undergoes a magnetic phase transition with magnetic behavior of the
vanadium cations separating into Curie-Weiss and spin gap types. The magnetic transition is
accompanied at the same temperature by a monoclinic to monoclinic structural phase transi-
tion arising from complete charge ordering of the V3 and VT ions. [46] YV40g also cystallizes
in @ and 8 forms isomorphous with a- and $-YbV,40s.[47] LuV4Og was reported to have a
homogeneity range from LuV4O793 to LuV4Os,05[119] and its structure is isostructural with
a-YbV,40g.[45]

The structures of the above LV40g compounds are closely related to the Hollandite-type
structure with either tetragonal or monoclinic crystal symmetry and chemical formula A, BgO1¢
(A =K, Li, Sr, Ba, Bi; B = Ti, V, Mn, Ru, Rh; 1 < 2 < 2).[120, 121] In the Hollandites,
edge-sharing BOg octahedra form zigzag chains running parallel to the crystallographic ¢ axis.
The Hollandite Ko VgO1g undergoes a metal-isulator and a structural transition at 170 K which
leads to possible dimerization of the V spins.[122] The presence of a quantum phase transition
from a weakly localized state to a metallic state in BaRugO12 has been reported.[123]

The magnetic susceptibilties of a-YV40g and 3-YV40g show Curie-Weiss behavior in the

high T region and drop sharply on cooling to temperatures between 50 and 80 K.[47] For
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a-YV4Og, the drop at 50 K appears to be a first order transition. This is different from
the magnetic susceptibility of the isostructural YbV,4Og or similiarly structured CaVoOy.[40]
Curie-Weiss fits to the high T susceptibilities yielded negative Weiss temperatures indicating
dominant antiferromagnetic interactions among the V spins and Curie constants much lower
than expected for three V3 (S = 1) and one V** (S = 1/2) spins per formula unit for both
a- and $-YV40g. In order to investigate the origin of the first order-like transition in YV,4Og
and to search for interesting magnetic ground states in these zigzag spin chain systems with
modified CaFesOy crystallographic structure, we have synthesized polycrystalline samples of
YV,40g and LuV40Og and report their structure, magnetic susceptibility y, magnetization M,
specific heat C, and the electrical resistivity p.

The remainder of the chapter is organized as follows. In Sec. 7.2, the synthesis procedure
and other experimental details are reported. The structures from room temperature down to
10 K, magnetic susceptibility, magnetization, heat capacity, and electrical resistivity measure-
ments are presented in Sec. 7.3. We also carried out bond valence analysis to estimate the
valences of the inequivalent V atoms in the mixed valent YV40Og and LuV40Og compounds. The
results of this analysis are reported following the x-ray diffraction measurements in Sec. 7.3. In
Sec. 7.4, we suggest a model to explain the observed magnetic susceptibility and heat capacity
behaviors of YV4Og in light of the structural studies reported in Sec. 7.3, whereas a model
to explain the magnetic susceptibility and heat capacity behaviors of LuV4Og is elusive. A

summary of our results is given in Sec. 7.5.

7.2 Experimental details

The samples of LV,Og (L =Y, Lu) were prepared by solid state reaction. The starting
materials for our samples were Y203 (99.995%, Alfa Aesar), LusOs, V205 (99.999%, MV
Laboratories Inc.), and V203 (99.999%, MV Laboratories Inc.). Stoichiometeric amounts of
L503,V505, and V203 were thoroughly mixed together in a glove box filled with helium gas,
and pressed into pellets. The pellets were wrapped in platinum foils, sealed in evacuated quartz

tubes and heated at 520 °C for 8-10 d. The temperature was then raised to 800 °C for another
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5-7 d. Finally the samples were heated at 1200 °C for another 7 d. The quartz tubes were
then taken out of the furnace at 1200 °C and quenched in air to room temperature.

Powder x-ray diffraction measurements at room temperature were done using a Rigaku
Geigerflex diffractometer with a curved graphite crystal monochromator. Temperature-dependent
powder x-ray diffraction studies were done in the temperature range 10 K — 295 K using a
standard Rigaku TTRAX diffractometer system equipped with a theta/theta wide-angle go-
niometer and a Mo K« radiation source.[124] The magnetic measurements were done using a
Quantum Design superconducting quantum interference device (SQUID) magnetometer in the
temperature range 1.8 K — 350 K and magnetic field range 0 — 5.5 T. The heat capacity and
electrical resistivity measurements were done using a Quantum Design physical property mea-
surement system (PPMS). For the heat capacity measurements, Apiezon N grease was used for
thermal coupling between the samples and the sample platform. Heat capacity was measured
in the temperature range 1.8 K — 320 K in zero, 5 T, and 9 T magnetic fields. Electrical
resistivity measurements were carried out using a standard dc 4-probe technique. Platinum
leads were attached to rectangular shaped pieces of sintered pellets using silver epoxy. An
excitation current of 10 mA was used in the resistivity measurements in the temperature range

1.8 K - 300 K.

7.3 Results

7.3.1 X-ray diffraction measurements

Figures 7.3(a) and (b) show the room temperature x-ray diffraction (XRD) patterns of
powder samples of YV40g and LuV4Os, respectively, along with the calculated patterns. The
calculated patterns were obtained by Rietfeld refinements of the observed patterns using the
GSAS program suite.[113, 125] The refinements for both YV,0g and LuV,0Og were done with
space group P12;/nl (No. 14) (the same space group as for the low-T' a-phase of YbV4Og)
with one position for the L atom, four different positions for V atoms, and eight different
positions for O atoms. All the fractional atomic positions, the lattice parameters, and the

overall thermal parameter for all the atoms were varied in the refinement. The obtained best-
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(Color online) X-ray diffraction patterns of YV4Og (a) and
LuV40s (b), respectively, at room temperature. The solid
crosses are the observed data points while the solid lines are
the Rietveld fits to the data. The tic marks below the data in-
dicate the peak positions. The solid lines below the tick marks
are the difference between the observed and the calculated in-
tensities. Small amounts (< 4 wt%) of VO3 impurity phases
are present in both YV,40Og and LuV,40g samples.
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Table 7.1 Lattice parameters and the fractional atomic positions of YV4Osg
at 295 K, obtained by Rietveld refinement of powder XRD data.
Space group: P12;/nl (No. 14); Z = 4 formula units/unit
cell; lattice parameters: a = 9.1186(2) A, b = 10.6775(2) A,
¢ = 5.7764(1) A, and monoclinic angle 3 = 90.206(1)°;
R(F?) = 0.083. All atoms are in general Wyckoff positions 4(e):
x, Y, z. A number in parentheses gives the error in the last or

last two digits of the respective quantity.

T Y z

Y1 0.7574(2) 0.6581(2)  0.1257(4)
V1 0.4282(3) 0.6175(3)  0.1266(8))
V2 0.4107(3)  0.0989(3)  0.1235(9)
V3 0.4537(3)  0.6111(3)  0.6263(8)
V4 0.4193(3)  0.1043(3)  0.6252(9)
O1 0.1977(9) 0.1516(1)  0.0977(21)
02 0.1154(9)  0.4760(10) 0.1266(29)
03 0.5278(9)  0.7744(9)  0.1285(30)
04 0.4238(11) 0.4297(9)  0.1177(33)
O5 0.2198(9)  0.1492(10) 0.6164(22)
06 0.1195(10) 0.4800(11) 0.6227(27)
O7 0.5119(10) 0.7934(9)  0.6155(28)
08 0.4130(11) 0.4287(9)  0.6450(30)
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Table 7.2 Lattice parameters and the fractional atomic positions of
LuV,40g at 295 K, obtained by Reitveld refinement of pow-
der XRD data. Space group: P12;/nl (No. 14); Z = 4
formula units/unit cell; lattice parameters: a = 9.0598(2) A,
b = 10.6158(2) A, ¢ = 5.7637(1) A, and monoclinic angle
B =90.189(2)°; R(F?) = 0.095. All atoms are in general Wyck-
off positions 4(e): x, y, z. A number in parentheses gives the
error in the last or last two digits of the respective quantity.

T Y z
Lul 0.7573(2) 0.6583(1) 0.159(2)

V1 0.4269(4) 0.6170(4)  0.1281(11)
V2 0.4103(4)  0.0976(4)  0.1217(13)
V3 0.4549(4)  0.6107(4)  0.6332(11)
V4 0.4182(4)  0.1046(4)  0.6230(12)
O1 0.2019(13) 0.1609(13) 0.1091(33)
02  0.1250(15) 0.4698(14) 0.1278(42)
03 0.5299(14) 0.7774(14) 0.1258(45)
04  0.4158(16) 0.4237(12) 0.1341(42)
O5  0.2098(13) 0.1670(12) 0.6358(34)
06  0.1221(16) 0.4747(14) 0.6311(41)
O7 0.5135(14) 0.7938(14) 0.6283(42)
08  0.4095(16) 0.4314(14) 0.6382(43)
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fit lattice parameters and fractional atomic positions at 300 K are listed in Tables 7.1 and
7.2 for YV40g and LuV4Osg, respectively. From the refinements, small amounts (< 4 wt%) of
V503 impurity phases were found in both YV,0g and LuV4Og samples.

Figure 7.4 shows the lattice parameters a, b, ¢, unit cell volume, and the monoclinic angle
0 respectively, of YV4Og versus temperature. At ~ 50 K the a and b axes and the monoclinic
angle a decrease sharply while the ¢ axis and the unit cell volume increase. There is no change
in the symmetry of the unit cell. The sharp change in the lattice parameters and the unit cell
volume indicate a first order phase transition.

For LuV4Og, as shown in Fig. 7.5, the a and b lattice parameters decrease sharply below
45 K while the c lattice parameter and the unit cell volume show a broad peak at ~ 45 K. The
monoclinic angle 3 increases below 100 K.

Figures 7.6(a)-(b) and 7.6(c)-(d) show the V-V bond lengths versus temperature for differ-
ent inequivalent V atoms in YV,40Og and LuV4Og, respectively. For both YV,4Og and LuV,4QOg,
the V atoms at the four inequivalent sites form two different kinds of chains V1-V3 and V2-V4
running along the ¢ axis as shown in Fig. 7.2. For the V1-V3 chain in YV40Og, the V1V32
distance increases while the V1V 31 distance decreases below 50 K. The other V1-V3 distances
also decrease below 50 K. For LuV4Osg, the V2V42 distance decreases while the V2V41 distance

increases below 50 K.

Bond valence analysis

The bond-valence method is used to calculate the valences of individual atoms in a chemical
compound.[126] The atomic valence of an atom is taken to be the sum of the bond valences
of all bonds between that particular atom and the neighbouring atoms to which it is bonded.
The bond-valence is defined as v; = exp|(ro — r;)/B] where B is fixed to the value 0.37, r; is
the interatomic distance between the particular atom and the neighbouring atom it is bonded
to and rg is the bond-valence parameter which is obtained empirically.[127, 128] The valence

for the given atom is then
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v=> v =Y exp|(ro—r)/B, (7.1)
i i
where the sum is over all the nearest-neighbors to the atom of interest.

For YV40Og and YV4Og, we used the bond-valence method to calculate the valences v
of the different inequivalent V atoms. The V atoms are bonded only to the O atoms and
the V-0 interatomic distances r; for the different V-O bonds at different temperatures were
determined by the above Rietveld refinements of the structures of the two compounds at
different temperatures. The bond-valence parameters rg for V-O bonds are listed for V3+—
0%=, V#-0%7, and V®*-0? bonds in Ref. [127]. We obtained an expression for ro(v;) by
fitting the three ro versus v; values for V-O bonds[127] by a second order polynomial. The
valences of the four inequivalent V atoms at different temperatures for YV,0Og and LuV40g

from Eq. (7.1) are shown in Fig. 7.7.

7.3.2 Magnetic measurements
7.3.2.1 Magnetic susceptibility

Figure 7.8(a) shows the magnetic susceptibility x = M/H versus temperature T of YV4Osg
in magnetic field H = 100 G. These data are in good agreement with the x(7') of YV4Og
reported in Ref. [47]. There is a sharp fall in the susceptibility at 7' = 50 K followed by a
bifurcation in the zero-field-cooled (ZFC) and field-cooled (FC) susceptibility x(7") below 16 K.
In addition, there are two small anomalies at T' = 90 K and 7" = 78 K. The field dependence
of x is shown in Fig. 7.8(b). The sharp peak at 16 K and the small anomaly at 90 K for
H =100 G disappear at H = 5000 G.

Figure 7.8(d) shows the ZFC and FC magnetic susceptibilities of LuV4Og in H = 100 G.
The FC susceptibility shows a sudden slope change at ~ 100 K, a broad peak at ~ 70 K and
then a sharp peak at 49 K followed by an almost T-independent behavior below 25 K. There
is a strong bifurcation in the FC and ZFC susceptibility for 7" < 100 K. The magnetic field
dependence of the peak at 49 K and the small anomaly at ~ 100 K are shown in Fig. 7.8(e).

Overall, the behavior of x(7T') of YV40g and LuV4Og are distinctly different.
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data in the temperature range 200 — 300 K.
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Table 7.3 Curie constant Couie, Weiss temperature #, and temperature
independent susceptibility xo of YV4Og and LuV4Og obtained
from different types of Curie-Weiss fits to the inverse suscepti-
bility 1/x versus temperature 7' data in the range 200 to 300 K.
The numbers in parentheses give the error in the last digit of a
quantity. The parameters which do not have errors in their val-
ues were fixed during the fittings. o2/DOF is the goodness of fit
where 02 = >".[1/x(T;) — f(T;)]* and DOF (degrees of freedom)
= number of data points minus the number of fit parameters.
Here x(7;) is the measured susceptibility x at temperature T' =
T; and f(T;) is the value of the fit function f at T = T;.

Compound ¢%/DOF Courie X0 0
(107! mol/ecm?3)?  (cm® K/mol) (107* cm3/mol)  (K)

YV,Os 0.062 2.08(1) 11.8(2) —74(1)
0.66 2.508(2) 5.55 —105.4(3)
1.89 2.917(5) 0 ~133.0(7)
3.67 3.375 _5.7(1) —161.9(5)

LuViOs  0.12 1.71(1) 12.9(2) —87(1)
1.39 2.254(2) 5.5 —136.3(4)
3.32 2.698(4) 0 —172.4(7)
5.96 3.375 —6.78(8) —216.8(5)

The high temperature x(7") of both YV,40g and LuV4Og were fitted by the Curie-Weiss

law

X(T) =Xo0+ CCurie/(T - 0) , (72)

where g is the T-independent magnetic susceptibility, Ccurie is the Curie constant, and 6 is the
Weiss temperature. The temperature range over which the data were fitted is T' = 200—300 K.
For YV,4Og, when we let all the parameters vary, we obtained yo = 11.8x10™% c¢cm? /mol, Ccurie
= 2.08 cm3®K/mol, and 6 = —74 K. If we assume YV4Og to be an insulator, then yo = xvv +
Xdia Where xvv is the paramagnetic Van Vleck susceptibility and ygi, is the diamagnetic core
susceptibility. From the standard tables,[20] we have for YV4Os, xdia = —1.45 X 10~ cm? /mol.
The V3* compound V203 has a xyv ~ 2x 1074 cm?/mol V.[129, 130] The V4* compound VOq
has xyv ~ 1 x 107% ¢cm?/mol V.[131] Thus, considering that there are three moles of V3* and
one mole of V4* ions in one mole of YV,Og, we get an estimate of xo = 5.55x 10~* cm?/mol for
YV,0g. For LuV,Og, we have an estimate of yo = 5.5x 1074 cmg/mol. Thus, the above value of

xo = 11.8 x 10~* ecm? /mol for YV,Og that we obtained by fitting the data by Eq. (7.2) with all
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the parameters varying is much too large. Keeping the value of xq fixed to 5.55x10~* cm? /mol,
we obtain a Couie = 2.476(2) cm® K /mol which is much less than the value 3.375 cm® K /mol
expected for 3 V3T (spin S = 1) and 1 V4 (S = 1/2) atoms per formula unit with g-factor g
= 2. Keeping g fixed to zero, we obtain a Ccurie = 2.917(5) cm® K/mol which is closer to the
expected Coyrie = 3.375 cm® K/mol. A similar analysis was done for LuV4Og. Table 7.3 lists
the best-fit values of the parameters Ccurie, X0, and 6 for YV4Og and LuV4Og obtained in these
different fits. The solid lines in Figs. 7.8(c) and 7.8(f) are the Curie-Weiss fits to the 1/x data in
the temperature range 200-300 K with xq fixed to 5.55x 10~% cm?® /mol and 5.5x 10~* cm? /mol,
respectively. As shown in Figs. 7.8(c¢) and 7.8(f), the observed inverse susceptibilities 1/x show
stronger negative curvatures than the fits for both YV4Og and LuV40Og. The reason might
be that the temperature range of the fits is still not high enough for the Curie-Weiss law to
hold. For all the fits for each compound, we see that 6 is consistently negative indicating

predominantly antiferromagnetic interactions between the V spins in both compounds.

7.3.2.2 Magnetization versus applied magnetic field isotherms

Figures 7.9(a) and (b) show the magnetization M versus applied magnetic field H isotherms
at selected temperatures for LuV,0Og and LuV4QOg, respectively. The saturation magnetization

Mg is obtained by fitting the high field (1.5 T < H < 5.5 T) M(H) data by
M(H,T) = Ms(T) + x(T)H. (73

The solid lines in Figs. 7.9(a) and (b) are the fits of the data by Eq. (7.3). The fitted Ms(T')
for YV4Og and LuV,4Og are shown in Fig. 7.9(c).

For YV4Og, Mg varies rapidly with temperature below 50 K. As temperature decreases,
Mg goes to a positive value of 4.13x10~% pup/F.U. (F.U. means formula unit) at 50 K, where
up is the Bohr magneton. In view of the negative Weiss temperature found in Sec. 3 B1, this
suggests a canted antiferromagnetic (AF) state. Then at 45 K, Mg decreases sharply to a
negative value of 4.35x10~% ug/F.U. which arises from an upward curvature to M (H) which
suggests the disappearance of canting and a sudden development of purely antiferromagnetic

ordering. This is consistent with the observed susceptibility x where xy was increasing with
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decreasing temperature but suddenly drops sharply at 49 K. As the temperature is further
lowered, Mg gradually increases and finally becomes positive at 25 K and goes to a small
positive value of 6.36x10™* up/F.U. at 1.8 K.

For LuV,40s, the behavior of Mg(T') versus T is distinctly different from that of YV4Osg.
As temperature decreases, Mg increases sharply from zero to 3.3x1073 up/F.U. at 45 K in
what appears to be a first-order transition. The data suggest the development of a canted
AF state below 50 K, where the canting continuously goes to zero by 20 K, which can also be
observed in the susceptibility data in Fig. 7.8(d) where x increases sharply at 49 K. Then, as
the temperature is further lowered, Mg starts decreasing, becoming negative at 25 K and then
remaining almost constant down to 1.8 K.

Figures 7.10(a)—(d) and 7.10(e)—(h) show the M (H) loops at different temperatures for
YV,40g and LuV4Og, respectively. For YV4Og, measurable hysteresis is observed below 16 K.
At 1.8 K, the remanent magnetization is 0.0007 pp/F.U. and the coercive field is 400 G. For
LuV40Og, on the other hand, hysteresis is observed only around the transition at 50 K. At 45 K,
the magnetization loop shows a remanent magnetization of 0.003 pup/F.U. and a coercive field

of 1050 G. As we move away from the transition at 50 K, the hysteresis disappears.

7.3.3 Heat capacity measurements

Figure 7.11(a) shows the molar heat capacity C versus temperature T' of YV4Og in zero
and 9 T magnetic fields. C(T') shows a sharp peak at 7' = 77 K and two small anomalies at
T = 81 K (pointed by the arrow) and 7" = 45 K. There is a small magnetic field dependence
of C(T) at 45 K as shown in the inset of Fig. 7.11(a).

The magnetic contribution to the heat capacity Ciag (1) was obtained by Ciag (1) = C(T)—
Chatt (T') where the lattice heat capacity Clatt(T) is estimated from the Debye model

on /T
T

3 dey
Cus(T) = 9anNaka () [

T 4 4
= o 12 (7.4)
0

where n is the number of atoms per formula unit, Na is Avagadro’s number, kg is Boltzman’s

constant, fp is the Debye temperature, and x is a scaling factor which we had to introduce to
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Figure 7.11 (Color online) (a) Heat capacity C versus temperature T of
YV40s in 0 and 9 T magnetic fields. The arrow points to a
tiny anomaly at 81 K. The inset shows a small magnetic field
dependence of the heat capacity anomaly at 45 K. (b) The
C(T) in zero field from (a) along with the Cla(7") obtained
using Eq. (7.4) with 2 = 0.96 and 6p = 600 K. (¢) Cmag(T)/T
versus 1. The arrow points to the tiny anomaly at 81 K also
seen in Fig. 7.11(a). (d) Magnetic entropy Smag(7") obtained
from Eq. (7.5).
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seen in Fig. 7.12(a). (d) Magnetic entropy Smag(7") obtained
from Eq. (7.5).
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get a considerable overlap of Eq. (7.4) with the measured C at high 7. Plots of Clu versus
T were obtained for various values of the Debye temperature fp and x, and were compared to
the plot of measured C(T') versus T.. The Cla4+(T") with the maximum overlap with the plot of
C(T) data at high temperatures was chosen.

For YV40g, we obtained the best fit of Cl.4+(T") by Eq. (7.4) with 6p = 600 K and x = 0.96
for T' > 200 K. Figure 7.11(b) shows the plot of Cia(7T") along with the measured C(T") for
YV,40g. Figure 7.11(c) shows the magnetic contribution to the heat capacity Cmag(T)/T =
[C(T) — Chaee(T)]/T for YV40g and Fig. 7.11(d) shows the magnetic entropy Smag(T") versus

T of YV40g given by
T

Smag (T) = / Cmaj%(T)dT. (7.5)
0

The change in Syag over the temperature range 0 K to 90 K in which the magnetic transitions
occur is 32.5 J/mol K. If the V spins order, then the magnetic entropy associated with the

spin ordering Sgpin is given by
Sepin = Y _ niRIn(2S; + 1), (7.6)

where the sum is over V spins 5; in a formula unit, n; is the number of spins S;, and R is the
molar gas constant. Using n; = 3 V™3 (S = 1) and 1 V** (S = 1/2) per formula unit gives
Smag = 33.14 J/mol K which is very close (within 2%) to the value of Spae obtained above.
This indicates that our estimation of Cy,(7") is reasonable.

Figure 7.12(a) shows the C'(T') of LuV4Og in zero and 9 T magnetic fields. There is a peak
at T'= 80 K and two small kinks at 62 K and 48 K, pointed out by two arrows, respectively.
The magnetic field dependence of C(T) is negligible. Figure 7.12(b) shows the zero field C(T)
and the Cp(7T) for LuV,4Og from Eq. (7.4). For LuV4Og, the values p = 600 K and x
= 0.96 produced the Ci(7T) with the maximum overlap with C(T') at high 7' > 150 K.
Figure 7.12(c) shows Cag(T)/T versus T for LuV4Og. The two kinks pointed out by the
arrows in Fig. 7.12(a) can be seen prominently here. The magnetic entropy Smag calculated
from Eq. (7.5) versus T is shown in Fig. 7.12(d). The total magnetic entropy change up to

150 K is 34.0 J/mol K, which again agrees very well with the the above value of 33.1 J/mol K
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Figure 7.13 Electrical resistivity p versus temperature T measured on sin-
tered pellets of (a) LuV,0g and (b) YV40g. Insets in (a) and
(b) show log(p) versus T" for LuV4Og and YV4Osg, respectively.
(c) In(p) versus 1/T for LuV,Og. The solid line in (c) is the
fit to the data by Eq. (7.7) in the temperature range 55 K
(1/T = 0.018 K) to 75 K (1/7 = 0.0133 K) where the data
are approximately linear.

for disordered V spins. A sharp peak occurs in Cag (7)) at ~ 80 K with two additional kinks

highlighted by two vertical arrows at 45 K and ~ 60 K, respectively, as shown in Fig. 7.12(c).

7.3.4 Electrical resistivity measurements

Figures 7.13(a) and (b) show the electrical resistivity p versus temperature 7' measured
on pieces of sintered pellets of LuV40g and YV4Os, respectively. On the scale of the figures,
the resistivities are nearly temperature-independent above 50 K and 60 K, respectively, and
strongly increase below those temperatures, suggesting the occurrence of metal to insulator

transitions upon cooling below those temperatures. The insets in Figs. 7.13(a) and (b) show
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Table 7.4 Different temperatures at which anomalies were observed in
x(T), C(T), and p(T), respectively, for YV,Os.

x C »p
T, 16
T, 50 45
Ty 60
T, 78 77
Ty 81
Ts 90

Table 7.5 Different temperatures at which anomalies were observed in
x(T), C(T), and p(T), respectively, for LuV40Os.

x C »p
T, 25
T, 50 48 50
Ts 62
Ty 80
Ts 100

the respective logio(p) versus T' for the two compounds. For both compounds, logig(p) in-
creases with decreasing T' showing apparent semiconducting behaviors over the whole T" range.
However, the nearly T-independent behaviors at the highest temperatures suggest metallic
behavior as just noted. Polycrystalline pellets of metallic oxides are notorious for showing
semiconducting-like behavior due to insulating material in the grain boundaries. A plot of

In(p) versus 1/T for LuV4Osg is shown in Fig. 7.13(c). We fitted these data by
p = poexp[A/kgT], (7.7)

where A is the activation energy, pg is a constant, and kp is Boltzmann’s constant. The solid
line in Fig. 7.13(c) is the fit in the T range 55 K (1/7" = 0.018 K) to 75 K (1/T = 0.0133
K) where the In[p(1/T)] data are approximately linear. The obtained fit parameters are py =
7.44(3) 2 cm and A = 84.6(1) meV.

7.4 Discussion

Tables 7.4 and 7.5 list the temperatures at which anomalies were observed in the x(7),

C(T), and p(T) measurements of YV,4Og and LuV,40Og, respectively. Upon cooling below
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~ 50 K, a sharp decrease of the V1V31 distance, increase of the V1V32 distance, and an
increase in the other V1-V3 distances as shown in Fig. 7.6(b) suggest dimerization of the V1
and V3 spins in the V1-V3 chain (see Fig. 7.2) in YV40g. The valences of V1 and V3 from
Fig. 7.7(a) are close to 3 suggesting that both have spin S = 1. From the Curie-Weiss fit
of the magnetic susceptibility in Fig. 7.8(c), the dominant interactions between the V spins
are antiferromagnetic. We infer that the dimerization leads to a suppression of the magnetic
susceptibility in the V1-V3 chain below 50 K. For the other V2-V4 chain, below 50 K, all
the V-V interatomic distances increase as shown in Fig. 7.6(a), allowing the spins to order
antiferromagnetically. The calculated valences of the V2 and V4 atoms in Fig. 7.7(a) point
towards a decrease in the spin states of those V atoms. Both effects probably contribute to
the sudden sharp drop in the magnetic susceptibility below 50 K in Figs. 7.8(a) and (b).

The transition observed in x(7) at 50 K in Figs. 7.8(a) and (b) for YV,Og also appears
in Cpmag(T) and p(T') for this compound at a similar temperature in Figs. 7.11(a), (c), and
Fig. 7.13(b). The presence of the anomaly in C(T') strengthens our interpretation of dimeriza-
tion due to structural transition and long range antiferromagnetic ordering at 50 K. However,
there is no anomaly in Cpag at 16 K where the ZFC-FC x(T') data in Fig. 7.8(a) show a strong
bifurcation which disappears at high fields as shown in Fig. 7.8(b). No change in Cpag(T')
in Fig. 7.11(c) is observed at 16 K, suggesting that the bifurcation of the ZFC-FC x(T') may
be due to weak canting of the antiferromagnetically ordered V spins. The presence of mag-
netic hysteresis with a very small (0.0007 pup/F.U.) remnant magnetization at 2 K shown in
Fig. 7.10(a) and a small almost T-independent Mg(T') below 16 K shown in Fig. 7.9(c) are
all consistent with the occurrence of canted antiferromagnetism below 16 K. There are two
additional anomalies at 75 K and 90 K which appear in both x(7") and Chag(T'), the origins
of which are unclear.

The dimerization of the V spins in one of the chains and formation of spin singlets in
YV4Og is very similar to the spin-Peierls transition observed in CuGeOgz at 14 K.[132] The
occurrence of a metal to insulator transition at 60 K (which is very close to the temperature

of the spin singlet formation) as shown in Fig. 7.13(b) suggests that YV4Os is a rare example
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where a metal to spin singlet insulator transition takes place. Such a Peierls-like transition
has been observed in the tetragonal rutile VOg at 340 K[133, 134] and in the spinel MgTiyO4
at 260 K.[135, 136] In both VO3 and MgTi20Oy4, a complete structural transition occurs at the
temperature of the metal to spin singlet transition,[135, 137] unlike YV4Og, where only the
lattice parameters change without a lowering of the crystal symmetry.

For LuV40Og, the magnetic susceptibility in Figs. 7.8(d) and (e) shows no evidence of
formation of spin singlets. There is no anomaly in Cpae(T) in Fig. 7.12(c) at ~ 100 K at
which a slope change occurs in x(7') in Fig. 7.8(d). On the other hand, a sharp peak occurs
in Chag(T) at = 80 K, where no anomaly in x(7") occurs. This might indicate the onset of
short-range ordering at ~ 100 K followed by long-range ordering at ~ 80 K. From Figs. 7.8(d)
and (e), the x(7T') shows a sharp increase at ~ 50 K, whereas in Fig. 7.12(c) there is only a
small kink in Cpag(7") at this 7. The absence of a sharp anomaly in Chae at 50 K might
indicate the development of a canted AF state at that temperature.

The Curie-Weiss fits to the high T" x for both YV40Og and YV4Og yield Curie constants that
are considerably lower than expected, which leads to the possibility of both these compounds

being metallic.

7.5 Summary

We have synthesized powder samples of YV40Og and LuV4Og whose crystallographic struc-
ture consists of two distinct one-dimensional zigzag chains running along the crystallographic
c-axis. X-ray diffraction measurements down to 10 K reveal a first-order-like phase transition
with a sudden change in the lattice parameters and unit cell volume at 50 K in YV40g5. How-
ever, the high and low temperature structures could be refined using the same space group
indicating no lowering of the symmetry of the unit cell due to the structural transition. As
a result of the transition, one of the chains dimerizes. The magnetic susceptibility of YV40g
exhibits a sharp first-order-like decrease at 50 K followed by a bifurcation in the ZFC-FC
susecptibility below 16 K. The anomaly at 50 K is suggested to arise from the dimerization of

the S = 1 chain and antiferromagnetic (AF) ordering of the other chain. The AF ordered spins
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then become canted below 16 K. The change in the magnetic entropy calculated from heat
capacity measurements also agrees very well with ordering of three S = 1 and one S = 1/2
disordered spins per formula unit. The lattice parameters of LuV4Og exhibit a small anomaly
at ~ 50 K but not as sharp as in YV4Og. The magnetic susceptibility of LuV40g shows a
broad peak at ~ 60 K followed by a sharp first order-like increase at 50 K. The 50 K anomaly is
suppressed at higher fields. For both compounds, Curie-Weiss fits to the high T" susceptibilities
yield Curie constants which are much lower than expected. Electrical resistivity measurements
on sintered pellets indicate metal to insulator-like transition at 60 K and 50 K for YV,0Og and
LuV40sg, respectively. It would be very interesting to study single crystals of these compounds.
Single crystal resistivity measurements are needed to determine if these materials are metallic
or not at high temperatures. Measurements such as NMR or neutron scattering that would
provide microscopic information about the spin dynamics would also be valuable to clarify the

nature of the magnetic ordering transitions in YV4Og and LuV40Osg.
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CHAPTER 8. Structure and magnetic, thermal, and electronic transport

properties of single crystal EuPd;Sb,

This chapter is based on an article to be submitted to Phys. Rev. B by S. Das, K. McFadden,
Y. Singh, R. Nath, A. Ellern, and D. C. Johnston.

Abstract

Single crystals of EuPdsSby have been grown from PdSb self-flux. The properties of the
single crystals have been investigated by x-ray diffraction, magnetic susceptibility x, magne-
tization M, electrical resistivity p, Hall coefficient Ry, and heat capacity C}, measurements
versus temperature T and magnetic field H. Single crystal x-ray diffraction studies confirmed
that EuPdaSbe crystallizes in the CaBegGea-type structure. The x(7') measurements suggest
antiferromagnetic ordering at 6.0 K with the easy axis or plane in the crystallographic ab
plane. An additional transition occurs at 4.5 K that may be a spin reorientation transition.
The C,(T) data also show the two transitions at 6.1 K and 4.4 K, respectively, indicating
the bulk nature of the transitions. The 4.4 K transition is suppressed below 1.8 K while the
6.1 K transition moves down to 3.3 K in H = 8 T. The p(T) data show metallic behavior
down to 1.8 K along with an anomaly at 5.5 K in zero field. The anomaly is suppressed to
2.7 K in an 8 T field. The Ry measurements indicated that the dominant charge carriers are
electrons. The M (H) isotherms show three field-induced transitions at 2.75 T, 3.90 T, and
4.2 T magnetic fields parallel to the ab plane at 1.8 K. No transitions are observed in M (H)

for fields parallel to the ¢ axis.
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8.1 Introduction

The recent discovery of high-temperature superconductivity in RFeAsO;_,F, (R = La, Ce,
Pr, Nd, Sm, Gd, Tbh, and Dy)[48-53] compounds with superconducting transition temperatures
T, as high as 55 K has sparked a lot of interest in the search for new superconductors. These
materials crystallize in the tetragonal ZrCuSiAs-type structure with space group P4/nmm.[54]
The structure consists of alternating FeAs and RO layers stacked along the crystallographic ¢
axis. The parent compounds RFeAsO exhibit spin density wave (SDW) transitions at temper-
atures < 200 K.[50, 55, 56] Upon doping with F, the SDW is suppressed and superconductivity
appears.[49-53, 55, 57|

Another group of structurally related parent compounds with the chemical formula AFesAss
(A = Ca, Sr, Ba, and Eu) was soon discovered to show superconductivity upon doping or
application of pressure. These compounds crystallize in the tetragonal ThCreSis-type structure
with space group I4/mmm (No. 139). The structure consists of alternating FeAs and A layers
stacked along the ¢ axis as shown in Fig. 8.1(a). In the FeAs layers, the Fe atoms form a
square planar lattice. The AFesAs, compounds also show SDW and structural transitions at
high temperatures[59-68] which are suppressed by doping with K, Na, and Cs at the A site
and accompanied by the onset of superconductivity.[69-72]

In both classes of RFeAsO;_,F, and AFe;Ass compounds described above, FeAs layers
that are stacked along the ¢ axis are evidently a key building block yielding superconductors
with relatively high T.. This gives a strong motivation to investigate similarly structured
compounds in a search for additional high-T. superconductors.

The compound EuPdsSby crystallizes in the CaBeaGes-type structure with space group
P4 /nmm (No. 129),[73] as shown in Fig. 8.1(b). The structure is closely related to the AFesAso
structure. Alternating PdSb and Eu layers are stacked along the ¢ axis, similar to the AFesAs,
structure. However, there is a distinct difference between the two structures. In half of the
PdSh layers in the EuPdsShs structure, the Pd atoms are arranged in a planar square lattice
with two Sb layers on either side of each Pd layer, resulting in a tetrahedral coordination of Pd

by Sb as in the FeAs-type layers. However, alternating with these layers are layers in which
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Figure 8.1 (Color online) (a) Crystal structure of BaFesAss with the
tetragonal ThCrySis-type structure. The structure consists of
alternating FeAs and Ba layers stacked along the crystallo-
graphic ¢ axis. (b) Crystal structure of EuPdaSbe with the ori-
gin of the unit cell shifted by (1/4 1/4 1/4) compared to that in
the space group P4/nmm, for comparison purposes. The struc-
ture consists of alternating PdSb and Eu layers stacked along
the crystallographic ¢ axis similar to the BaFeaAss shown in (a).
However, half of the PdSb layers are inverted (the Pd and Sb
atoms switch positions) with respect to the FeAs-type layers.

the Pd and Sb positions are switched, as shown in Fig. 8.1(b).

There have been reports of structural instabilities and antiferromagnetic ordering in some
compounds forming in the CaBeyGes-type structure. UCu; 5Sno orders antiferromagnetically
at 110 °C which is very high among uranium intermetallics.[138] CePd2Gay undergoes a tetrag-
onal to monoclinic second order structural transition at 125 K and orders antiferromagnetically
at 2.3 K.[139] LaPdyGas is superconducting below 1.9 K. [139] Eu was reported to be in a
mixed valent state between Eu™? (spin S = 7/2) and Eu*? (spin § = 0) in polycrystalline sam-
ples of EuPdySbe.[73] In this chapter, we report the synthesis and structure of single crystals
of EuPdsSby and their physical properties including magnetic susceptibility, magnetization,

specific heat, and electronic transport measurements.
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Figure 8.2 An as-grown crystal of EuPdsSby. The grid size in 1 mm.
8.2 Experimental details

Single crystals of EuPdsSby were grown using PdSb self-flux which melts at ~ 805 °C. The
Eu (99.999% pure) was obtained from the Ames Laboratory Materials Preparation Center.
The Pd (99.95% pure) and Sb (99.999% pure) were obtained from Alfa-Aesar. Pd and Sb
powders were thoroughly mixed inside a helium-filled glove box, and then poured on top of
a chunk of Eu (~ 0.1 g) that was placed at the bottom of a 2 mL alumina crucible. The
elements were in the atomic ratio Eu:Pd:Sb = 1:5:5. The top of the crucible was packed with
quartz wool. The crucible was then sealed in a quartz tube under vacuum and was placed
vertically in a box furnace and heated to 1000 °C at a rate of 76 °C/h and held there for 6
h. The tube was then cooled to 850 °C at the rate of 1.5 °C/h and at this temperature the
tube was removed from the oven and centrifuged to partially separate the crystals from the
flux. A single conglomerated chunk (about 0.4 g) was found in the crucible after removing the
quartz wool. Plate-like gold-colored crystals were isolated mechanically. The largest crystals
had dimensions ~ 2x2x0.1 mm?. The crystals are brittle and are easily broken into smaller
pieces. Figure 8.2 shows an as-grown crystal on a mm grid.

Single crystal x-ray diffraction measurements were done using a Bruker CCD-1000 diffrac-
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tometer with Mo K,, (A = 0.71073 A) radiation. Magnetic measurements on the crystals were
carried out using a Quantum Design superconducting quantum interference device (SQUID)
magnetometer in the temperature 7" range 1.8-350 K and magnetic field H range 0-5.5 T. Heat
capacity, electrical resistivity, and Hall coefficient measurements were done using a Quantum
Design physical property measurement system (PPMS). For the heat capacity measurements,
Apiezon N grease was used for thermal coupling between a sample and the sample platform.
The heat capacity was measured in the temperature range 1.8-300 K in H = 0, 2, 5, 7, and
9 T. For electrical resistivity and Hall coefficient measurements, platinum leads were attached
to the crystals using silver epoxy. Electrical resistivity measurements were carried out using
the standard AC four probe method with 10 mA excitation current in the temperature range
1.8-300 K and magnetic field range 0-8 T. Hall coefficient measurements were carried out using
the five-wire configuration supported by the PPMS ACTI[75] option with 100 mA excitation
current in the temperature range 1.8-310 K and magnetic field range 0-8 T. The Hall voltage
was computed at each temperaure from the odd part of the measured transverse voltage upon
reversing the sign of the applied magnetic field. The even part was much smaller than the odd

part at each measured temperature.

8.3 Results

8.3.1 Structure and chemical composition determination

3 was selected for single crystal

A well-shaped crystal with dimensions 0.21 x 0.18 x 0.11 mm
x-ray diffraction at 173 K. X-ray structure determination and refinement were performed using
the SHELXTL software package.[110] The refined unit cell parameters, the isotropic thermal
parameters, and the atomic positions are listed in Tables 8.1 and 8.2. Our results confirm that
EuPdsShy crystallizes in the CaBeaGeg structure.[73] The unit cell dimensions and the atomic
positions are similar to those found from single crystal x-ray diffraction measurements at room
temperature in Ref. [73], which were a = 4.629(1) A, ¢ = 10.568(2) A, Eu: z = 0.2424(1);
Pd(2): z = 0.6284(2); Sb(2): z = 0.8745(1). The significant difference between the lattice

parameters in Ref. [73] and lattice parameters obtained by us suggests a difference in crystal
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Table 8.1 Crystal data and structure refinement of EuPdsSby at a tem-

perature of 173 K. Here R1 = > ||Fobs| — |Flealcl|/D_|Fobs| and
wR2 = (Z[ w(’Fobs|2 - |Fcalc|2)2]/2[ w(|Fobs|2>2])1/27 where
Fops is the observed structure factor and F'., is the calculated

structure factor.

Crystal system/Space group Tetragonal, P4/nmm

Unit cell parameters

Unit cell volume

Z (formula units/unit cell)
Density (Calculated)
Absorption coefficient
F(000)

Goodness-of-fit on F?
Final R indices [I > 20(I)]

Extinction coeflicient

a = 4.653(2) A
c=10.627(4) A
230.1(3) A3

2

8.779 Mg/m?
32.47 mm~!
514

1.235

R1 = 0.0737
wR2 = 0.02506
0.033(9)

Table 8.2  Atomic coordinates x, y, and z (10~%) and equivalent isotropic

displacement, parameters U (1073 A?) for EuPdyShy at 173 K.

T y z U(eq)
Eu 2500 2500 2425(1) 13(1)
Pd(1) 7500 2500 0 16(1)
Pd(2) 2500 2500 6292(2) 17(1)
Sb(1) 7500 2500 5000 13(1)
Sb(2) 2500 2500 8738(1) 14(1)
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stoichiometry between the samples in Ref. [73] and ours, although both studies indicate nearly
stoichiometric compositions. The temperature difference between the two studies cannot be
responsible, since the lattice parameter differences are opposite to expectation in that case.

The stoichiometry of a representative crystal was checked by semiquantitative energy-
dispersive x-ray (EDX) microanalysis. The results gave the following composition: Eu, 24.9 + 1.1 wt%;
Pd, 35.5 & 0.8 wt%; Sb, 39.7 & 1.0 wt%. These values are consistent with the values calculated

for the composition EuPdsSbs: Eu, 24.98 wt%; Pd, 34.98 wt%; Sb, 40.03 wt%.

8.3.2 Magnetic measurements
8.3.2.1 Magnetic susceptibility measurements

Figure 8.3(a) shows the magnetic susceptibility x of EuPdsShy versus temperature 7' with
the magnetic field H parallel to the crystallographic ¢ axis (x|) and to the ab plane (x1),
respectively. At high-T', the x(7") shows nearly isotropic paramagnetic behavior. Figure 8.3(b)
shows the inverse susceptibility 1/x for H || ¢ versus T. An excellent fit to the data in the T’

range 125 — 300 K was obtained using the Curie-Weiss behavior

_

1
X xo+C/T=0)

(8.1)

where yg is the T-independent susceptibility, C' is the Curie constant, and 6 is the Weiss
temperature. The values of the parameters obtained from the fit are C' = 7.333(8) cm? K/mol,
6 = —12.9(2) K, and xo = —0.00024(3) cm?3/mol. Keeping xo fixed to zero, the Curie-Weiss
fits to the 1/x|(T") data in the different temperature ranges between 25-300 K and 200-300 K
yielded C' = 7.23(3) cm® K/mol and § = —11.8(8) K. The obtained Curie constants are
significantly lower than the value C' = 7.88 cm® K/mol expected for Eu*? (spin S = 7/2) with

g-factor g = 2. This indicates that Eu is in an intermediate valent state Eut207

as previously
suggested in Ref. [73]. The negative Weiss temperature indicates dominant antiferromagnetic
interactions between the nearest-neighbor FEu spins.

At low temperatures, x| becomes almost T-independent below 6.0 K with a cusp at T =

4.5 K as shown in the inset of Fig. 8.3(a). x1 shows a peak at 6.0 K and decreases monotonically
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(Color online) (a) Magnetic susceptibility x versus temperature
T of EuPdySby with the magnetic field H parallel to the crys-
tallographic ¢ axis and to the ab plane, respectively. The inset
shows the low-T" part of the x(7') plot. The two transitions
at 4.5 K and 6.0 K are indicated by the vertical arrows. (b)
Inverse susceptibility 1/x(7T") for H || ¢. The solid curve is the
Curie-Weiss fit [Eq. (8.1)] to the 1/x(T) data in the tempera-
ture range 125-300 K with the parameters listed in the text.



117

4 4
3| 3/
2t 2¢
1t 1
0 0
3l 3
2| 2
1/ 1
0 0
3 3
—~ 2 —~ 2
:
o 2o
s 3 =3l 5K
2 2;
cl) ; Hllc
3| 3 10K
2| 2
1} 1 Hllc
% 1 2 3 4 5 % 123 45
H (T) H(T)

Figure 8.4 Magnetization M versus applied magnetic field H of EuPd,;Sbs
with H parallel to the crystallographic ¢ axis (left-hand panels)
and to the ab plane (right-hand panels), respectively.

at lower 7. The data suggest antiferromagnetic ordering of the FEu spins at 6.0 K with the

easy axis or plane within the ab plane, with a possible spin reorientation transition at 4.5 K.

8.3.2.2 Magnetization versus applied magnetic field isotherm measurements

Figure 8.4 shows the magnetization M of EuPdsShs versus magnetic field H with H par-
allel to the crystallographic ¢ axis (right-hand panels) and to the ab plane (left-hand panels),
respectively. For H || ab, anomalies in M (H) are clearly visible for T < 5 K. Above 10 K,

M(H) is proportional to H. To illustrate the anomalies more clearly, Fig. 8.5(a) shows the
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derivative dM/dH versus H with H || ab. The dM/dH data for M || ab show three peaks at
H., =27T, H, =390 T, and H., = 4.20 T, respectively, at 1.8 K. The temperature de-
pendences of the fields at which these field-induced transitions occur are shown in Fig. 8.5(b).
The transition fields are seen to decrease with increasing 7', and disappear between 5 and
10 K. At 1.8 Kin H = 5.5 T, the value of M || ab in Fig. 8.4 is 3.8 ug/f.u. This value is much
less than the expected Eut? saturation moment of 7 up. This difference suggests that the
metamagnetic transitions take place between different antiferromagnetic states. In contrast,
M || ¢ is proportional to H at all T'. Qualitatively similar M (H) observations were previously

reported for single crystals of EuRhgAss.[140]

8.3.3 Heat capacity measurements

Figure 8.6(a) shows the heat capacity C}, of a 2.619 mg EuPdsSby crystal versus temper-
ature T in zero magnetic field. The inset of Fig. 8.6(a) shows C,/T versus T for T' < 10 K.
Two anomalies are observed at 6.1 K and 4.4 K, respectively, indicating that the transitions
observed in x(T') in the inset of Fig. 8.3(a) at similar temperatures are bulk long-range mag-
netic ordering transitions. The data at high T" ~ 300 K approach the Dulong-Petit classical
lattice heat capacity value of 15R ~ 125 J/mol K, where R is the molar gas constant.

Figure 8.6(b) shows the calculated magnetic entropy Smag = f[Cmag(T) /T)dT versus T at
low temperatures T' < 10 K, where Ciag = Cp — Clagt is the mag;netic contribution and Cl,t
is the lattice contribution to the specific heat. We assumed Clnyy = ST for T < 10 K with
B = 1.93(4) mJ/mol K* obtained for BaRhaAsy from Ref. [141]. A linear extrapolation to zero
of Cinag /T, as shown by the dotted straight line in the inset of Fig. 8.6(b), was assumed in order
to approximate the missing Cinag /T data between 0 K and 1.8 K. The magnetic entropy Smag =
16.4 J/mol K at 10 K is close to the expected entropy Smas = RIn(25 + 1) = 17.3 J/mol K
due to ordering of one spin S = 7/2 per formula unit.

Figures 8.7(a)—(e) show Cp(T) in different magnetic fields parallel to the crystallographic
c axis. For H =0 T, C,(T) shows a jump at Ty = 6.1 K and then a cusp at Tn; = 4.4 K.

The shapes of the C}, anomalies at the two transitions are thus distinctly different. As H is
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(Color online) (a) Heat capacity C, versus temperature 7" of
EuPd3Sbs in zero magnetic field. The inset shows Cp, /T versus
T for T < 10 K. Two anomalies in C,(T")/T are observed at

4.4 K and 6.1 K indicated by vertical arrows in the inset. (b)
T

Calculated magnetic entropy Smag = [[Crmag(T)/T)dT versus
0

T. A linear extrapolation to zero of C,(T")/T as shown by the
dotted straight line in the inset was used to approximate the
missing C,/T data between 0 K and 1.8 K. The solid line in
the inset is a plot of the lattice contribution Clay = ST? with
B = 1.92 mJ/mol K* obtained for BaRhyAsy in Ref. [141]. The
inset shows that the lattice heat capacity is negligible compared
to the magnetic heat capacity below 10 K.
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Figure 8.7 Heat capacity C, versus temperature 7" of EuPdaSbs in different
magnetic fields parallel to the ¢ axis. The two transitions at
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Figure 8.8 (Color online) Transition temperatures 7Ty, and Ty, of
EuPdsSby versus magnetic field H || ¢ as determined from the
heat capacity measurements versus H in Fig. 8.7. The solid
curves are guides to the eye.

increased, Ty, decreases below 1.8 K at 9 T, while the T, goes down to 3.2 K in 9 T. The

transition at T, remains sharp while the transition at Ty, broadens for H > 2T. Figure 8.8

shows plots of T, and T, versus H.

8.3.4 Electronic transport measurements
8.3.4.1 Electrical resistivity measurements

Figure 8.9 shows the electrical resistance ratio p/psoo of EuPdaSby for current parallel to
the ab-plane versus temperature 7' in 0 and 8 T magnetic fields parallel to the ¢ axis, where p
is the resistance at temperature 7" and p3pp = (50 & 25)u$2 cm is the resistance at 300 K. The
large fractional uncertainty in psgg arises due to the uncertainty in the geometric factor for
the irregularly-shaped crystal. The inset shows the low-T" region below 10 K. The resistance
data exhibit metallic behavior down to the lowest temperature. The residual resistance ratio
RRR = p(300 K)/p(2 K) ~ 10. This value is comparable to the values found in the ab-
plane resistivity for single crystals of other layered pnictides.[59, 60, 63, 67] From the inset of
Fig. 8.9, in zero magnetic field p(7") shows an anomaly at 5.4 K which gets suppressed to 2.9 K

in H =8 T. The anomaly is evidently due to the antiferromagnetic ordering at T, = 6.1 K
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Figure 8.9 (Color online) Electrical resistance ratio p/pspp versus temper-
ature T of EuPdySby for current in the ab-plane in 0 and 8 T
magnetic fields parallel to the ¢ axis where p is the resistance
at temperature T and psoo = (50 +25) ) cm is the resistance
at 300 K. The inset shows the low-T" region below 10 K.

as observed from the C,(T") and x(7') measurements.

8.3.4.2 Hall coefficient measurements

Figure 8.10(a) shows the Hall resistivity pg = VigA/Il versus H where Vj is the measured
Hall voltage, A is the cross sectional area of the sample, [ is the separation of the transverse
voltage leads, and I is the longitudinal current. In Fig. 8.10(a), pyg versus magnetic field H
is seen to deviate from a proportional behavior below 100 K. This behavior is more clearly
seen in the plot of py/H versus H in Fig. 8.10(b). The measured pg(H) data were fitted by
the function pg(H) = a1H + asH? + asH® and a; (the coefficient of the linear term) is the
Hall coefficient Ry. Ry versus T' is shown in Fig. 8.10(c), where Ry becomes more negative
by a factor of 3 on cooling from 310 K to 2 K. The temperature dependence is very similar to
Ru(T) of BaRhgAsy (Ref. [141]) which crystallizes in the tetragonal ThCraSis-type structure.
The consistently negative Ry indicates that the dominant charge carriers are electrons. If one
uses a single band model, one obtains a conduction electron concentration n = (Ryge)~! = 3

and 11 (fu.)~! at 310 K and 2 K, respectively.
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that the dominant current carriers are electrons.

12



125

8.4 Summary and discussion

We have synthesized single crystals of EuPdsShs and characterized them using single crystal
x-ray diffraction, anisotropic magnetic susceptibility and magnetization, specific heat, electrical
resistivity, and Hall coefficient measurements. The magnetic susceptibility indicates antifer-
romagnetic ordering at 6.0 K with an easy axis or plane within the crystallographic ab plane
followed by another transition at 4.5 K. The transitions are also observed in heat capacity
measurements indicating their bulk nature. The transition at 4.5 K is suppressed below 1.8 K
in a magnetic field of 8 T as observed from the heat capacity and electrical resistivity mea-
surements. The transition at 6 K is pushed down to 3.5 K in a field of 8 T. M (H) isotherms
show three field-induced transitions at 2.75 T, 3.90 T, and 4.2 T for magnetic fields parallel
to the ab plane below 5 K. No transitions are observed for fields parallel to the ¢ axis. The
Hall coefficient is consistently negative from 1.8 to 310 K indicating electrons as the dominant
charge carriers.

The related compound EuFesAso forms in the ThCroSis-type structure and shows su-
perconducting behavior under pressure[142] as well as under doping at the Eu site.[71] The
antiferromagnetic ordering temperature of EuPdsSbs is 6 K compared to the AF ordering
temperature of 20 K of EuFesAsy. Thus the Eu-Eu spin interactions are different in the
two compounds. The c¢/a ratio in EuPdsShy is 2.28, which is quite different from 3.10 in
EuFesAsy. In Eug 5Kg 5Fes Ass which is superconducting below 32 K, however, AF ordering of
the Eu spins take place below 10 K. The calculated effective moment 7.67 up/f.u of the Eu
spins in EuPdaSbsg is close to the calculated effective moment 7.79 up/f.u.[67] of Eu spins in
EuFesAsy. The Hall coefficient of EuPdsShs remains negative between 1.8 — 300 K like that in
the superconducting Ba(Fe;_,Coz)2Asy and Ba(Fe;_,Cuy)2Asg.[143] However, in EuFeaAss,

the Hall coefficient changes sign from negative to positive at ~ 175 K.
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CHAPTER 9. Summary

We have synthesized polycrystalline samples as well as single crystals of very interesting
vanadium compounds LiV20y4, YV40Og, and LuV4Og, and also of EuPdsSby which has a crystal
structure closely related to the recently discovered AFezAsy high T. superconductors. We
carried out detailed investigations of their physical properties via magnetic, thermal, structural,
and electrical transport measurements.

We studied the phase relations in the LisO-V203-V20Os5 system at 700 °C for compositions
in equilibrium with LiV50,4. This study helped us to determine the synthesis conditions un-
der which polycrystalline samples of LiVoOy4 could be prepared with variable magnetic defect
concentrations ranging from ngefect = 0.006 to 0.83 mol%. High magnetic defect concentra-
tions were found in samples containing V9Os, LizVOy, or LiVOy impurity phases while the
samples containing V3Ogs impurity phase had low defect concentration. Based on our findings,
we suggested a model which might explain this correlation. Our work shows how to systemati-
cally and controllably synthesize LiVo0O4 samples with variable magnetic defect concentrations
within the spinel structure.

In the course of our study of the phase relations in the LioO-V203-V20Os5 ternary system, we
discovered that LiV2Oy4 exists in equilibrium with Li3VO,4 at 700 °C. This led to the possibility
of using LisVO4 as a flux to grow single crystals of LiV2Oy4. Following up on this idea, we
studied the LiVo04—LizVO, pseudobinary phase diagram. LiVoO4 was found to decompose
peritectically at 1040 °C. A eutectic was found with a eutectic temperature of 950 °C and
with the eutectic composition being approximately 53 wt% LiVoO4 and 47 wt% LisVOy4. The
discovery of the eutectic lead to our succesful growth of LiVoQy single crystals using LisVOy

as the flux. The crystals were of high quality, and as with powder LiV2Qy, are not reactive to
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air and moisture. While the magnetic susceptibility of some of the crystals showed a Curie-
like upturn at low T showing the presence of magnetic defects within the spinel structure,
the susceptibility of a few crystals with a different morphology showed almost temperature
independent behavior at low temperatures, indicating absence of magnetic defects in them.
From the heat capacity measurements, a very large value of 450 mJ/mole K? was obtained for
C/T for crystals having magnetic defects in them while a value of 380 m.J/mol K? was obtained
for crystals which were free of any magnetic defects. The electrical resistivity measurements
on magnetically pure crystals as well as crystals with magnetic defects revealed the expected
metallic behavior down to 1.8 K.

To investigate if there were any periodic correlations among the magnetic defects present
within the LiVoOy spinel structure, we carried out high energy x-ray diffraction experiments
on the crystals. No noticeable difference in the x-ray diffraction patterns of the reciprocal
lattice planes of a crystal with a high magnetic defect concentration and a crystal with a low
magnetic defect concentration was found. This observation points towards the absence of any
long-range or short-range periodicity or order in the arrangement of the crystal defects giving
rise to the magnetic defects. We observed some diffuse scattering in our diffraction patterns.
However, the observed diffuse scattering was similar for crystals with high and low magnetic
defect concentrations. We thus exclude any long-range order or short-range order of the crystal
defects related to the different magnetic defect concentrations. Our observations lead to the
conclusion that the crystal defects in LiVoO,4 which produce the magnetic defects are randomly
distributed within the spinel structure. Preliminary high pressure x-ray diffraction studies on
LiV50y4 crystals revealed possible phase crystallographic phase transition(s) around 6 and
20 GPa. Additional measurements to determine the structure(s) are planned.

Important fundamental issues regarding LiV2Oy4 include whether the heavy Fermi liquid
in magnetically pure LiV2Oy4 survives when magnetic defects are present and whether the
crystal and magnetic defects drive a metal-insulator transition at some defect concentration.
These questions can initially be addressed in the millikelvin temperature range using electrical

resistivity, magnetic susceptibility, NMR, and electrical resistivity measurements. A related
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question is whether a quantum critical point occurs versus magnetic defect concentration.
Professor Ruslan Prozorov’s group tried to measure the electrical resistivity of some of the our
LiV204 crystals in the milliKelvin temperature range using a dilution refrigerator. However,
they did not obtain usable results due to low signal-to-noise ratio. The measurements of the
physical properties of LiVoO,4 with magnetic defects in the milliKelvin temperature range are
exciting topics for future research.

Apart from the spinel LiV2Oy4, we also studied some low dimensional vanadium spin chain
compounds as spin chain compounds often show interesting magnetism. Interesting crystallo-
graphic and magnetic phase transitions were found in CaV,Q4 as described in Appendix A.
We have also synthesized single phase powder samples of YV4Og and LuV4Og whose crys-
tallographic structure consist of two distinct one dimensional zigzag chains running along the
crystallographic c-axis and carried out a detailed investigation of their structure, magnetic
susceptibility, magnetization, specific heat, and electrical transport.

X-ray diffraction measaurements exhibit a first order-like phase transition with a sudden
change in the lattice parameters and unit cell volume at 50 K in YV4Og. Interestingly, the
high and low temperature structures have the same monoclinic symmetry. As a result of the
transition, one of the chains dimerizes. The dimerization is also observed in the magnetic
susceptibility which shows a sharp drop at 50 K. The other chain undergoes antiferromagnetic
ordering at 50 K and the ordered spins then become canted below 16 K. The change in the
magnetic entropy calculated from heat capacity measurements agrees very well with ordering
of three S = 1 and one S = 1/2 disordered spins per formula unit. The lattice parameters
of LuV40Og exhibit a small anomaly at ~ 50 K but not as sharp as in YV40Og. The magnetic
susceptibility of LuV40g shows a broad peak at ~ 60 K followed by a sharp first order-like
increase at 50 K. The 50 K anomaly is suppressed at higher fields. For both compounds,
Curie-Weiss fits to the high T" susceptibilities yield Curie constants which are much lower than
expected. Electrical resistivity measurements on sintered pellets indicate metal to insulator-
like transition at 60 K and 50 K for YV4Og and LuV4Osg, respectively. It would be very

interesting to study single crystals of these compounds. Single crystal resistivity measurements
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are needed to determine if these materials are metallic or not. Measurements like NMR or
neutron scattering that would provide microscopic information about the spin dynamics would
also be valuable to clarify the nature of the magnetic ordering transitions in YV40Og and
LuV40s.

Our x-ray diffraction study of the reaction kinetics of the formation of LaFeAsO;_,F,
componds, as described in Ref. [58], revealed that LaFeAsO, forms over a range of oxygen
stoichiometry with 0.1 < z < 0.3 at high temperatures. We also found that the control of the
reaction in the proximity of the Fe-FesAs eutectic temperature is essential for high reaction
rates and sample homogeneity.

Magnetic susceptibility and heat capacity measurements on EuPdsSbs single crystals re-
vealed long-range antiferromagnetic ordering below 6 K in the crystallographic ab plane and
a possible spin reorientation transition at 4.5 K. Magnetization versus magnetic field mea-
surements at 1.8 K showed anomalies at 2.75 T, 3.90 T, and 4.2 T magnetic field parallel to
the ab plane which point towards metamagnetic transitions between antiferromagnetic states.
Hall coefficient measurements indicated that electrons are the dominant charge carriers in
EuPdsSby. No spin density waves or structural transitions were observed. It will be very
interesting to grow single crystals of EuPd;_,Fe,Sby and study their physical properties. The
doping of Fe at the Pd site will eventually make the Pd(Fe)-Sb layers magnetic, like they are in
the AFesAss compounds. In addition, synthesizing polycrystalline and single crystal samples
of other compounds which form in the CaBeyGes-type structure and with magnetic ions at the

Be site might lead to new high 7. superconductors.
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APPENDIX A. Single Crystal Growth, Crystallography, Magnetic
Susceptibility, Heat Capacity, and Thermal Expansion of the

Antiferromagnetic S =1 Chain Compound CaV;0,4

This appendix is based on a paper published in Phys. Rev. B 79, 104432 (2009) by A.
Niazi, S. L. Budko, D. L. Schlagel, J.-Q. Yan, T. A. Lograsso, A. Kreyssig, S. Das, S. Nandi,
A. I. Goldman, A. Honecker, R. W. McCallum, M. Reehuis, O. Pieper, B. Lake, and D. C.
Johnston.

Abstract

The compound CaV,0,4 contains V13 cations with spin S = 1 and has an orthorhombic
structure at room temperature containing zigzag chains of V atoms running along the c-axis.
We have grown single crystals of CaV20,4 and report crystallography, static magnetization,
magnetic susceptibility x, ac magnetic susceptibility, heat capacity C},, and thermal expan-
sion measurements in the temperature 1" range of 1.8-350 K on the single crystals and on
polycrystalline samples. An orthorhombic to monoclinic structural distortion and a long-range
antiferromagnetic (AF) transition were found at sample-dependent temperatures Ty ~ 108-
145 K and Tx =~ 51-76 K, respectively. In two annealed single crystals, another transition
was found at =~ 200 K. In one of the crystals, this transition is mostly due to VoO3 impurity
phase that grows coherently in the crystals during annealing. However, in the other crystal
the origin of this transition at 200 K is unknown. The x(7") shows a broad maximum at
~ 300 K associated with short-range AF ordering and the anisotropy of x above Ty is small.
The anisotropic x(7" — 0) data below Ty show that the (average) easy axis of the AF magnetic
structure is the b-axis. The Cp(T") data indicate strong short-range AF ordering above T¥,

consistent with the x(7") data. We fitted our y data by a Ji-J2 S = 1 Heisenberg chain model,
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where Ji(J2) is the (next)-nearest-neighbor exchange interaction. We find J; ~ 230 K, and
surprisingly, Jo/J1 = 0 (or J1/J3 =~ 0). The interaction J| between these S = 1 chains leading

to long-range AF ordering at Ty is estimated to be J, /J1 2 0.04.
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A.1 Introduction

Low-dimensional frustrated spin systems have rich phase diagrams arising from a complex
interplay of thermal and quantum fluctuations and competing magnetic interactions at low
temperatures. While spin S = 1/2 antiferromagnetic (AF) chains[144] and odd-leg ladders[85,
145] have gapless magnetic excitations, S = 1 chains and S = 1/2 even-leg ladders with
nearest-neighbor (NN, J;) interactions exhibit a finite energy gap between the ground state
and the lowest excited magnetic states. However, numerical calculations have shown that the
influence of frustrating next-nearest-neighbor (NNN, .J3) interactions play a significant role and
depending on the Jy/J; ratio, can lead to incommensurate helical spin structures which may
be gapped or gapless. [37, 38, 146-148] Such a system is described by the X X Z Hamiltonian
[38]

2
H=> T, > (SFSE,+ SIS}, +ASSii,), (A1)
p=1 !

where S; is the spin operator at the lth site, J, is the AF interaction between the NN (p = 1)
and NNN (p = 2) spin pairs, and A is the exchange anisotropy. For j = Jo/J; > 1/4, the
classical AF chain exhibits incommensurate helical long-range ordering described by the wave
vector ¢ = arccos[—1/(47)] and a finite vector chirality kK = S; X S;4+1 which describes the sense
of rotation (left or right handed) of the spins along the helix. In the large-j, small-\ limit of the
S =1 chain, one finds a corresponding phase[146] where spin correlations decay, as required for
a one-dimensional system, although only algebraically, but chirality is still long-range ordered.
This phase is called the chiral gapless phase and is seen to exist for all spin quantum numbers
S.[37, 147] For smaller j, a chiral gapped phase is observed in the S = 1 chain,[146] with chiral
long-range order and exponentially decaying spin correlations.

The above chiral phases are ground state phases of a spin system. In a related prediction,
Villain suggested three decades ago that a long-range ordered vector chiral phase can exist
above the Néel temperature Ty of a quasi-one-dimensional spin chain system showing helical
magnetic ordering below Tx.[149] This chiral phase would have a transition temperature Ty >

Tn that could be detected using heat capacity measurements.[149]
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The compound CaV,Qy, containing crystallographic V3 spin S = 1 zigzag chains, has been
suggested as a model experimental system to study the above chiral gapless phase. [11, 12]
CaV20y crystallizes in the CaFeoOy structure at room temperature[9, 10] with the orthorhom-
bic space group Pnam and with all the atoms in distinct Wyckoff positions 4(c) (x,y,1/4) in
the unit cell. As shown in Figs. A.1 and A.2, two zigzag chains of distorted edge- and corner-
sharing VOg octrahedra occur within the unit cell and run parallel to the c-axis, with the Ca
ions situated in tunnels between the chains. Two sets of crystallographically inequivalent V
atoms occupy the two zigzag chains, respectively. The VOg octahedra within a zigzag chain
share corners with the octahedra in the adjacent zigzag chain. Within each zigzag chain, in
order to be consistent with our theoretical modeling later in Sec. A.4 of the paper, the near-
est neighbors are defined to be those on different legs of the zigzag chain where the NN V-V
distance is 3.07 A. The NNN V-V distance (3.01 A) is defined to be along a leg of the zigzag
chain. The similarity between these two distances in CaV20, suggests that J; &~ Js, which
would result in geometrically frustrated AF interactions in this insulating low-dimensional
system.[11, 12]

Previous studies on polycrystalline samples of CaV20O4 have offered contrasting views on the
nature of the magnetic ground state. Magnetic neutron diffraction measurements on CaVyOy
(Ref. [10]) gave clear evidence for the presence of long-range antiferromagnetic ordering at 4.2 K
(the temperature dependence was not studied, and the Néel temperature was not determined).
A doubled magnetic unit cell along the b and c¢ directions was found with AF propagation
vector (0 % %) and three collinear AF models with the V ordered moments parallel to the b-
axis were considered. Interestingly, the ordered moment was found to be 1.06(6) pp/(V atom),
where pp is the Bohr magneton. This value is a factor of two smaller than the value ¢gSup =
2.0 up/(V atom) expected for a spin S = 1 with spectroscopic splitting factor (g-factor) g = 2.
Magnetic susceptibility measurements|[11, 12| showed a broad maximum at ~ 250 K, indicating
the onset of strong short-range AF ordering in a low-dimensional spin system upon cooling.
The data also showed a finite value at the lowest temperatures, indicating that an energy

gap for spin excitations did not occur, consistent with the neutron diffraction measurements.
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End-on (top) and inclined (bottom) views along the c-axis of
the CaV0y structure showing the V zigzag chains with the V
atoms in distorted edge- and corner-sharing octahedral coordi-
nation by oxygen.
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Figure A.2 Top panel: the skeletal structure of CaVoO,4 showing the zigzag
V-V chains. The large spheres represent V atoms, the small
dark spheres Ca atoms, and the small light spheres O atoms.
Middle and bottom panels: cross-sections of the b-¢ and a-b
planes, with the V and O atoms labeled as described in Ta-
ble A.2. The Ca atoms have been omitted for clarity.
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However, these magnetic susceptibility data also showed a bifurcation below ~ 20 K between
low field (100 Oe) zero-field-cooled and field-cooled measurements that was suggestive of a
spin-glass-like freezing rather than long-range AF ordering. 'V nuclear magnetic resonance
(NMR) measurements[11, 12] showed a nuclear spin-lattice relaxation rate 1/77 o< T" at low
temperatures from 2 K to 30 K, of unknown origin, but again indicating lack of an energy gap
for magnetic excitations. The authors[11, 12] proposed a chiral gapless ordered phase at low
temperatures in accordance with theoretical predictions for a S = 1 frustrated XY or X X7
chain. The chiral phase implies a helical spin arrangement in contrast to the collinear spin
models proposed[10] in the neutron diffraction study. Furthermore, the observation of a *!V
nuclear resonance at the normal >'V Larmor frequency[11, 12] at temperatures at and below
4 K is not consistent with the long-range antiferromagnetic ordering found at 4 K from the
neutron diffraction measurements,[10] since such ordering produces a very large static local
magnetic field of order 20 T at the positions of the V nuclei.

In order to resolve the above inconsistencies regarding the magnetic ground state of CaVoOy
and to search for interesting physics in this system associated with possible geometric frus-
tration within the zigzag spin chains, we have for the first time (to our knowledge) grown
single crystals of this compound, and report herein crystal structure, static magnetization
and magnetic susceptibility x(7'), ac magnetic susceptibility xac(7'), heat capacity Cp(T'), and
anisotropic linear thermal expansion «;(7T) (i = x,y, z) measurements over the temperature
T range 1.8 to 350 K on polycrystalline and single crystal samples. Our x(7') and xac(7)
measurements do not show any signature of a spin-glass transition around 20 K as previously
reported.[11, 12] We instead observe long-range antiferromagnetic (AF) ordering at sample-
dependent Néel temperatures Ty =~ 51-76 K.

We have recently reported elsewhere the results of 17O NMR measurements on a polycrys-
talline sample of CaV,04 and find a clear signature of AF ordering at Ty ~ 78 K.[150] We find
no evidence of a 'V NMR signal at the normal Larmor frequency at temperatures between
4 K and 300 K, in conflict with the above previous 'V NMR studies which did find such a

resonance.[11, 12] In single crystals, at temperatures below 45 K we do find a zero-field *'V
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NMR signal where the 'V nuclei resonate in the static component of the local magnetic field
generated by the long-range AF order below Ty =~ 70 K.[150] The ordered moment at 4.2 K
in the crystals was estimated from the zero-field 'V NMR measurements to be 1.3(3) ug/(V
atom), somewhat larger than but still consistent with the value 1.06(6) up/(V atom) from the
above neutron diffraction measurements. [10] An energy gap A for antiferromagnetic spin wave
excitations was found with a value A/kg = 80(20) K in the temperature range 4-45 K, where
kp is Boltzmann’s constant. This energy gap was proposed to arise from single-ion anisotropy
associated with the S = 1 V*3 ion. A model for the antiferromagnetic structure at 4 K was
formulated in which the magnetic structure consists of two substructures, each of which ex-
hibits collinear antiferromagnetic order, but where the easy axes of the two substructures are
at an angle of 19(1)° with respect to each other. The average easy axis direction is along
the b-axis, consistent with our magnetic susceptibility measurements to be presented here,
and with the easy-axis direction proposed in the earlier neutron diffraction measurements.[10]
Our magnetic neutron diffraction studies of the antiferromagnetic structure of CaVsOy sin-
gle crystals are qualitatively consistent with the NMR analyses; these results together with
high-temperature (7" < 1000 K) magnetic susceptibility measurements and their analysis are
presented elsewhere.[151]

We also find that CaV,04 exhibits a weak orthorhombic to monoclinic structural distortion
upon cooling below a sample-dependent temperature Tg = 108-147 K, discovered from our
neutron and x-ray diffraction measurements to be reported in detail elsewhere.[152] In our two
annealed single crystals only, anomalies in the heat capacity and thermal expansion are also
found at Tg; =~ 200 K. From high-energy x-ray diffraction measurements reported here, we
find that in one of the crystals the anomaly is most likely primarily due to the metal-insulator
and structural transitions in VO3 impurity phase that grows coherently in the crystal when
it is annealed. In the other crystal, we still find a small anomaly in the heat capacity at Tg;
but where the transition in the VO3 impurity phase is at much lower temperature. Hence
we infer that there is an intrinsic transition in our two annealed CaVyOy4 crystals at Tg; with

an unknown origin. We speculate that this transition may be the long-sought chiral ordering
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transition envisioned by Villain[149] that was mentioned above.

From our inelastic neutron scattering results to be published elsewhere,[153] we know that
the magnetic character of CaV2Qy is quasi-one-dimensional as might be inferred from the crys-
tal structure. The largest dispersion of the magnetic excitations is along the zigzag chains,
which is along the orthorhombic c-axis direction, with the dispersion along the two perpendic-
ular directions roughly a factor of four smaller. This indicates that the exchange interactions
perpendicular to the zigzag chains are roughly an order of magnitude smaller than within a
chain. We therefore analyze the magnetic susceptibility results here in terms of theory for the
S =1 Jj-Jo linear Heisenberg chain, where Ji(J2) is the (next-)nearest-neighbor interaction
along the chain. With respect to the interactions, this chain is topologically the same as a
zigzag chain where J; is the nearest-neighbor interaction between spins in the two different
legs of the zigzag chain and Jo is the nearest-neighbor interaction between spins within the
same leg. We utilize exact diagonalization to calculate the magnetic susceptibility and mag-
netic heat capacity for chains containing up to 14 spins S = 1, and quantum Monte Carlo
simulations of the magnetic susceptibility and heat capacity for chains of 30 and 60 spins.
We obtain estimates of Jy, Ja/Jp, the temperature-independent orbital susceptibility xo, and
the zero-temperature spin susceptibilities in CaV,0y4 from comparison of the theory with the
experimental x(7') data near room temperature. Remarkably, we find that one of the two
exchange constants is very small compared to the other near room temperature, as opposed to
J1/J2 = 1 that is expected from the crystal structure. Thus, with respect to the magnetic in-
teractions, the zigzag crystallographic chain compound acts instead like a linear S = 1 Haldane
spin chain compound. In Ref. [151], we propose that partial orbital ordering is responsible for
this unexpected result, and suggest a particular orbital ordering configuration. In Ref. [151],
we also deduce that below Tg ~ 150 K, the monoclinic distortion results in a change in the
orbital ordering that in turn changes the nature of the spin interactions from those of a Hal-
dane chain to those of a S = 1 two-leg spin ladder. Here we also compare the theory for the
magnetic heat capacity with the results of our heat capacity experiments. We estimate the

coupling J| between these chains that leads to the long-range AF order at Tn.
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The remainder of this paper is organized as follows. The synthesis and structural studies are
presented in Sec. A.2. The magnetization, magnetic susceptibility, heat capacity and thermal
expansion measurements are presented in Sec. A.3. In Sec. A.4 we consider the origin of the
heat capacity and thermal expansion anomalies at Tg; ~ 200 K. We then analyze the x(7)
data in terms of the predictions of exact diagonalization calculations and quantum Monte
Carlo simulations to obtain Ji, J2/J; and xo. Using the same J; and Jo/J; parameters, we
compare the predicted behavior of the magnetic heat capacity with the experimentally observed
heat capacity data. We also obtain an estimate of the interchain coupling J, giving rise to

long-range AF order at Ty. A summary of our results is given in Sec. A.5.

A.2 Synthesis, single crystal growth, and crystal structure of CaV,;0,4

A.2.1 Synthesis and Crystal Growth

Polycrystalline CaVo0O4 was synthesized via solid state reaction by first mixing V2Ogs
(99.995%, MV Labs) with CaCOgz (99.995%, Aithaca Chemicals) or CaO obtained by cal-
cining the CaCOg3 at 1100 °C. The chemicals were ground inside a He glove-box, pressed and
sintered at 1200 °C for 96 hours in flowing 4.5%Hs-He, as well as in sealed quartz tubes when
using CaO, with intermediate grindings. Phase purity was confirmed by powder x-ray diffrac-
tion (XRD) patterns obtained using a Rigaku Geigerflex diffractometer with Cu Ko radiation
in the angular range 260 = 10-90° accumulated for 5 s per 0.02° step. Thermogravimetric anal-
ysis (TGA) at 800 °C using a Perkin Elmer TGA 7 was used to check the oxygen content by
oxidizing the sample to CaV,0g. A typical oxygen content of CaV503.98+0.05 was determined,
consistent with the initial stoichiometric composition CaV4Oy.

CaV,04 was found to melt congruently in an Ar arc furnace with negligible mass loss by
evaporation. Therefore crystal growth was attempted by pulling a crystal from the melt in
a triarc furnace (99.995% Ar) using a tungsten seed rod.[154] The triarc furnace was custom
made for us by Materials Research Furnaces, Inc. Using 15-20 g premelted buttons of CaV2Oy,
pulling rates of 0.2-0.5 mm/min were used to grow ingots of about 3-6 mm diameter and 3.0

4.7 cm length. The length of the ingot was limited by contraction of the molten region as
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power was lowered to control the crystal diameter. Obtaining a single grain was difficult
because small fluctuations in the arcs coupled with high mobility of the CaVo04 melt easily
caused nucleation of new grains. Out of multiple growth runs, a reasonably large single grain
section could be cut out of one of the ingots. The as-grown ingot from the triarc furnace and a
single crystal isolated and aligned from it are shown in Figs. A.3(a) and (b), respectively. Due
to the tendency for multiple nucleations in the triarc furnace, an optical floating zone (OFZ)
furnace was subsequently used for crystal growth.[154] Growth rates and Ar atmosphere flow
rates were optimized to successfully grow large crystals of 4-5 mm diameter and 4-5 cm length
starting from sintered polycrystalline rods with masses of 8-10 g. An as-grown rod from the
OFZ furnace is shown in Fig. A.3(c).

Powder XRD of crushed sections from the triarc grown ingots as well as from the OFZ grown
crystals showed single phase CaV50,. Laue x-ray diffraction patterns of a single-grain section
confirmed its single-crystalline character and the crystal was found to grow approximately
along its crystallographic c-axis. The crystals were oriented and cut to obtain faces aligned
perpendicular to the principal axes. They were measured as grown (only for the triarc grown

crystals) as well as after annealing in flowing 5%Hs-He gas at 1200 °C for up to 96 hours.

A.2.2 Powder and Single Crystal X-ray and Neutron Diffraction Measurements

Rietveld refinements of the powder x-ray diffraction data obtained at room temperature
were carried out using the program DBWS9807a.[155] The refined powder XRD patterns from a
polycrystalline sample and crushed pieces of the triarc and optical floating zone grown crystals
are shown in Fig. A.4 and the refinement results are presented in Tables A.1, A.2, and A.3. The
XRD of the powdered annealed single crystal samples showed a trace amount (~ 1-2 mol%) of
V203. It is curious that no trace was found of VoO3 impurity phase in the as-grown crystals,
and that this impurity phase only formed after annealing the crystals. From the refinement
results, the structural parameters remain relatively unchanged between polycrystalline samples
prepared by the solid state route and both as-grown and annealed single crystals grown from

the melt.
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| Triarc grown
CaV,0,

Figure A.3 (Color online) Single crystals of CaV204 grown using (a), (b)
a triarc furnace (a numbered division on the scale is 1 mm)
and (c) an optical floating zone furnace (compared with a U.S.

penny).
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Figure A.4 Rietveld refinement of room temperature powder XRD data of
CaV0y showing Iops (4) Lealc (), difference (-), and peak posi-
tions (|) for (a) a polycrystalline sample, (b) an as-grown triarc
crystal, (¢) an annealed triarc crystal, and (d) an annealed op-
tical floating zone (OFZ) crystal. The annealed single crystal
samples contain small XRD peaks from ~ 1-2 mol% of V503,
shown as the lower sets of peak position markers.
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Single-crystal neutron diffraction data were collected on the four-circle diffractometer E5 at
the BERII reactor of the Helmholtz-Zentrum Berlin, Germany. A pyrolytic graphite monochro-
mator was used to select the neutron wavelength A = 2.36 A. Second order contamination was
suppressed below 1072 of first order by a pyrolytic graphite filter. Bragg reflections of CaVyOy

2 in area.

were measured with a two-dimensional position sensitive 3He detector, 90 x 90 mm
The sample was mounted in a closed-cycle refrigerator, where the temperature was controlled
between 290 K and 6 K. A structural phase transition at temperature Tg from the high tem-
perature orthorhombic structure to a low temperature monoclinic structure was found.[152]
This transition is reflected in Fig. A.5 by a sudden change in the (0 3 1) Bragg peak intensity
which occurs at a temperature Tg ~ 112 K for the as-grown triarc crystal, and ~ 141 K and
~ 147 K for the annealed triarc and OFZ-grown crystals, respectively. Due to twinning the
orthorhombic (0 3 1) reflection splits below the structural phase transition into the (0 3 1)
and (0 3 1) monoclinic reflections. The total integrated intensity at this position increases at
Ts because of the increased mosaic which results in a reduction of the extinction effect. The
peak in the intensity at 105 K for the as-grown triarc crystal is an experimental artifact due
to multiple scattering. The lattice parameters of the low temperature monoclinic phase differ
very little from the orthorhombic phase and the monoclinic angle o ~ 89.3° is close to 90°.
This result and the smoothly varying signatures in the thermodynamic properties suggest that
the structural transition is of second order and involves a small distortion of the orthorhombic
structure. Full details of the neutron and x-ray diffraction structural measurements and results
will be presented elsewhere.[152]

A higher temperature anomaly in the temperature dependence of the lattice parameters
of a powder sample was observed by x-ray diffraction over a temperature range of 175-200 K.
This transition with Tg; ~ 200 K was also observed in the magnetic susceptibility, thermal
expansion, and heat capacity measurements of two annealed single crystals as described in
Sec. A.3 below. In the next section we investigate whether there is a structural aspect to this

phase transition.
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Table A.1  Structure parameters at room temperature for CaVyOy form-
ing in the CaFeyQy4 structure, refined from powder XRD data.
Space Group: Pnam (#62); Z = 4; Atomic positions: 4(c),
(z,y,1/4); Profile: Pseudo-Voigt. The overall isotropic thermal
parameter B is defined within the temperature factor of the
intensity as e 28 sin /A%
Sample  Synthesis a (A) b (A) c (A) B (A?) Ryw(%) R, (%)
an-2-116 1200 °C solid state 9.2064(1) 10.6741(1) 3.0090(1) 2.33(4) 11.17  8.24
an-2-50  Triarc as grown 9.2241(11) 10.6976(13) 3.0046(4) 1.72(5) 12.05 9.27
an-2-50  Triarc annealed 1200 °C 9.2054(3)  10.6748(3)  3.0042(1) 1.58(5) 14.54  10.95
an-3-074 OFZ annealed 1200 °C 9.2089(2)  10.6774(3)  3.0067(1) 0.75(5) 17.46  12.77
Table A.2  Atomic positions (z,y,1/4) for CaV20,4 obtained by Rietveld
refinement of powder XRD data at room temperature for four
samples.
Sample No. an-2-116 an-2-50-c1 an-2-50-c1 an-3-074
Synthesis Solid State Triarc Triarc OFZ
(1200 °C) (as grown) (annealed)! (annealed)?
T,y T,y T,y T,y
Ca 0.7550(3), 0.6545(2)  0.7562(4), 0.6536(3)  0.7542(4), 0.6544(3)  0.7536(4), 0.6550(3)
V1 0.4329(2), 0.6117(1)  0.4320(3), 0.6120(2)  0.4336(3), 0.6120(2)  0.4331(3), 0.6114(2)
V2 0.4202(2), 0.1040(1)  0.4204(3), 0.1041(2)  0.4200(3), 0.1043(2)  0.4209(3), 0.1043(2)
01 0.2083(6), 0.1615(5)  0.2128(8), 0.1593(7)  0.2049(8), 0.1603(8)  0.2074(9), 0.1635(9)
02 0.1176(5), 0.4744(5)  0.1157(7), 0.4745(8)  0.1144(7), 0.4756(8)  0.1181(9), 0.4738(9)
03 0.5190(7), 0.7823(5)  0.5153(11), 0.7812(7) 0.5166(0), 0.7806(7) 0.5169(11), 0.7797(8)
04 0.4203(6), 0.4270(5)  0.4207(8), 0.4282(7)  0.4244(8), 0.4325(7)  0.4280(9), 0.4251(9)
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Figure A.5 Temperature variation of intensity of the (0 3 1) structural
Bragg peak across the orthorhombic to monoclinic struc-
tural transition temperature (7g) in single crystal samples of
CaV204 measured by neutron diffraction. The (0 3 1) peak is
present in both the orthorhombic and monoclinic phases.
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Table A.3  Bond angles V-O-V and bond lengths V-V for CaV2QOy4 at
room temperature refined from powder XRD data and calcu-
lated using Atoms for Windows, version 5.0. The V;—-O and
Vo—O bond lengths varied from 1.92 A to 2.08 A. The accuracy
of the bond angles calculated is +0.1 °.

Sample Number an-2-116 an-2-50-cl  an-2-50-cl an-3-074
Synthesis Sintered powder Triarc Triarc Optical float zone
(1200 °C) (as grown) (annealed) (annealed)
V1-01-V1 (NN)(°) 93.9 92.9 95.0 93.7
V1-04-V; (N )(°) 93.6 93.0 94.4 96.6
Vi-Vi (NN)(A) 3.009 3.005 3.004 3.004
V1-04-V1 (NNN)(°) 99.3 99.9 101.8 100.3
V1-Vi (NNN)(A) 3.078 3.094 3.077 3.071
Vo—02-Vy (NN)(°) 93.1 93.0 93.7 92.5
Vo—03-Va (NN)(°) 96.8 95.6 95.6 97.5
Va-Vy (NN)(A) 3.009 3.005 3.004 3.004
V2-03-Va (NNN)(°) 97.3 98.0 98.3 97.1
Vy- Vs (NNN)(A) 3.058 3.062 3.062 3.055
V1-01-Vs (0)1 121.7 122.9 121.8 121.0
Vi-Vy (A)? 3.583 3.581 3.582 3.589
V1-03-Vy (°)2 131.6 132.2 132.2 132.2
Vi-Vy (A)? 3.647 3.652 3.652 3.643
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A.2.3 High Energy X-ray Diffraction Measurements on Annealed CaV,0, Single

Crystals

In order to unambiguously determine the crystallographic structure of CaVsOy at various
temperatures, to characterize structural phase transitions, and to check the crystal perfection,
high-energy x-ray diffraction measurements (E = 99.43 keV) using an area detector were
performed on two annealed single crystals at the Advanced Photon Source at Argonne National
Laboratory. At this high energy, x-rays probe the bulk of a crystal rather than just the
near-surface region and, by rocking the crystal about both the horizontal and vertical axes
perpendicular to the incident x-ray beam, an extended range of a chosen reciprocal plane
can be recorded.[156] For these measurements, a crystal was mounted on the cold-finger of a
closed-cycle refrigerator surrounded by the heat shield and vacuum containment using Kapton
windows to avoid extraneous reflections associated with Be or the aluminum housing. Two
orientations of the crystal, with either the [001] or [100] direction parallel to the incident beam,
were studied allowing the recording of the (hk0) or (0kl) reciprocal planes. For each data set,
the horizontal angle, 1, was scanned over a range of £2.4 deg for each value of the vertical
angle, 1, between +2.4 deg with a step size of 0.2 deg. The total exposure time for each
frame was 338 sec. The x-ray diffraction patterns were recorded with different intensities of
the incident beam that were selected by attenuation to increase the dynamic range to a total

of 107 counts. A beam size of 0.3 x 0.3 mm?

was chosen to optimize the intensity/resolution
condition and to allow probing different sections of the crystal by stepwise translations of the

crystal in directions perpendicular to the incident beam.

A.2.3.1 Annealed Triarc-Grown Crystal

Figure A.6 shows the (hk0) diffraction plane of the annealed triarc sample an-2-50-c1 at
205 K. The reciprocal space image reveals well-defined diffraction spots that correspond to
the “primary” CaV20Q, lattice, as well as spots that can be indexed to an impurity phase
inclusion of V203 coherently oriented with respect to the CaV,04. No additional reflections

were observed. Indeed, we find two coherent twins of VO3 related by an inversion across
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0 100 Counts 200 300 O 100 Counts 200

Figure A.6  High-energy x-ray diffraction patterns of the annealed triarc
CaV20y4 crystal (an-2-50-c1), oriented with the (hk0) plane co-
incident with the scattering plane at 7' = 205 K (left panel)
and 165 K (right panel). The white circles in the lower cen-
ter of each pattern depict the excluded areas around the pri-
mary x-ray beam direction. Several peaks corresponding to
the main phase, CaV20y, as well as the coherently oriented
second phase, V9Os, are labeled by indices (hkl) and (hkl)*,
respectively. For V2Os, the hexagonal Miller indices for the
rhombohedral lattice are used. The insets of both panels dis-
play enlarged regions of the diffraction pattern to highlight the
rhombohedral-to-monoclinic transition for VoOs.
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ergy x-ray diffraction pattern related to the rhombohedral (top
panel) and monoclinic (bottom panel) phases of VoOs3 as a func-
tion of temperature for the annealed triarc crystal (an-2-50-c1).
The direction of the temperature change is indicated by ar-
rows. The inset displays the pattern observed at 180 K (with
increasing temperature) for the (220) reflection from V9Og3 in
the coexistence temperature range. This region is the same as
that displayed in the insets of Fig. A.6.
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a mirror plane of the CaVsQy4 lattice as depicted by the black and white rectangles in the
left panel of Fig. A.6. By comparing the integrated intensities of reflections from the two
phases, we estimate that VoO3 comprises a volume fraction of approximately 1-2 percent of
the sample. This is in excellent agreement with the result of the x-ray diffraction analysis of the
polycrystalline sample prepared from the same annealed crystal that was described above. The
volume fraction of VoOs3 varies only slightly in different parts of the crystal probed by scanning
the x-ray beam over the crystal. This indicates that the inclusions of VoO3 are approximately
equally distributed over the volume of the crystal.

Upon lowering the temperature of the crystal to 165 K, below Tg; ~ 200 K, we ob-
serve changes in the V503 structure consistent with the known first-order rhombohedral-to-
monoclinic structural transition at 170 K (measured on heating). [157, 158] In particular, the
upper left corners of both panels of Fig. A.6 show enlarged views of the region near the (380)
reflection from CaV,04 and the (220) reflection (in hexagonal notation) for the rhombohedral
lattice of V2O3. Below Tg; the (220) reflection splits into three reflections in the monoclinic
phase. The temperature dependence of this transition is displayed in Fig. A.7. Here, we note
that there is a finite range of coexistence between the rhombohedral and monoclinic phases of
V203 (see the inset to Fig. A.7) and the transition itself has a hysteresis of roughly 5-10 K.

Several points regarding Figs. A.6 and A.7 are relevant to our interpretation of the specific
heat and thermal expansion measurements of the annealed triarc crystal (an-2-50-c1) to be
presented below in Figs. A.15 and A.16, respectively. First, we note that over the temperature
range encompassing the features at Tg; ~ 200 K, there is no apparent change in the diffraction
pattern of CaV,0Oy4. These anomalies are instead strongly correlated with the rhombohedral-to-
monoclinic transition in VoO3. We further note that the temperature for this latter transition
is somewhat higher than the accepted value of ~ 170 K (determined on warming) found in
the literature.[157, 159, 160] This difference is, perhaps, due to the fact that the VoO3 and
CaV,04 lattices are coupled, as evidenced by the coherent orientation relationship between
them, so that strains at the phase boundaries come into play and can raise the transition

temperature.[161] In addition, it is reported[159, 160] that deviations of the stoichiometry
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from V503 can affect the transition temperature significantly.

We now turn our attention to changes in the diffraction pattern of CaV,o0O4 associated
with anomalies in the heat capacity and thermal expansion measurements at temperatures
Ts ~ 150 K in Figs. A.15 and A.16 below, respectively. The annealed triarc crystal (an-2-50-
cl) was reoriented so that the CaVo0y4 (0kl) reciprocal lattice plane was set perpendicular to
the incident beam. Figure A.8 shows the diffraction patterns obtained at 205 K (above Tg) and
13 K (well below Tg). The strong reflections in Fig. A.8 are associated with the main CaV,04
lattice while the weaker diffraction peaks are, again, associated with the coherently oriented
V503 second phase. At low temperatures, we observe a splitting of the main reflections that is
the signature of the orthorhombic-to-monoclinic transition at Tg for the CaVsOy lattice. The
splitting of reflections associated with the transition at Tg; for VO3, in this reciprocal lattice
plane, is not readily observed.

For the low-temperature monoclinic phase of CaV,04 two possible space groups have been
considered.[152] The space groups P 2;/n 1 1 and P n 1 1 can be separated by testing the
occurrence or absence of (0k0) reflections with & odd, respectively. The systematic absence of
such reflections was proven by recording (hk0) planes with varying conditions to evaluate the
sporadic occurrence of these reflections by Rengers or multiple scattering. The space group
P 21/n 11 is confirmed for the low-temperature phase of the studied CaVyOy4 crystal. No
changes in the diffraction pattern were observed related to the onset of antiferromagnetic order
in CaV504 below Ty = 69 K.

The details of the orthorhombic-to-monoclinic transition at Tg for CaV,0, are shown in
Fig. A.9 where we plot the monoclinic distortion angle as a function of temperature. The
monoclinic angle was determined from the splitting of the peaks along the b-direction through
the position of the (042) reflection. Below Ts = 138(2) K, the monoclinic angle evolves con-
tinuously, consistent with a second order transition, and saturates at approximately 89.2 deg

at low temperatures.
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High-energy x-ray diffraction patterns of the (0kl) recipro-
cal lattice plane of CaV50, from the annealed triarc crystal
(an-2-50-c1) at 205 K (top panel) and 13 K (bottom panel).
The white circles in the center of the patterns depict the ex-
cluded areas around the primary x-ray beam direction. Most
of the reflections related to CaVs0O,4 show intensities above 10*
counts (see intensity scale). The (020) and (002) reflections of
CaV90, are marked in the top panel. The area bounded by
the black rectangle in the top panel depicts the region close
to the orthorhombic (042) reflection of CaVy0y4, analyzed in
Fig. A.9.
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Figure A.9  Temperature dependence of the monoclinic angle in the
low-temperature phase of CaVsQy, extracted from diffraction
data such as shown in the inset for temperatures of 140 K and
13 K. Such diffraction line scans were extracted from high-
-energy x-ray diffraction patterns by summing up the intensity
perpendicular to the b direction for the sector marked by the
rectangle in the top panel of Fig. A.8.

A.2.3.2 Annealed OFZ-Grown Crystal

The annealed optical floating zone crystal (an-3-074 OFZ) shows a diffraction pattern
similar to that of the annealed triarc-grown crystal (an-2-50-cl) in measurements of (hkO0)
planes at room temperature. The observed VO3 inclusions are again coherently oriented
with respect to the CaV,04 lattice. The intensities of the diffraction peaks related to VoOg3
are similar to those in the annealed triarc crystal (an-2-50-c1) and also vary only slightly
upon scanning different spots of the crystal which indicates a homogeneous distribution of
the V203 inclusions with a similar volume fraction. However, the temperature dependence
of the diffraction pattern is different for the two crystals. Measurements taken on cooling
show that in the annealed floating-zone crystal (an-3-074 OFZ), the shape and position of
the peaks originating from V,Og are stable from room temperature down to 130 K where the
onset of the structural transition occurs. Around 120 K strong changes are observed similar to

the observations around 180 K in the annealed triarc crystal (an-2-50-c1). Below 110 K, the
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transition to the low-temperature monoclinic structure of VoOg is complete. Therefore, the
temperature for the rhombohedral-to-monoclinic transition is reduced by ~ 60 K compared to

the corresponding temperature in the annealed triarc crystal (an-2-50-c1).

A.3 Magnetization, Magnetic Susceptibility, Heat Capacity and Thermal

Expansion Measurements

In the following, we describe our results of magnetization, magnetic susceptibility, heat
capacity, and thermal expansion measurements of both polycrystalline and single crystal sam-
ples. These and additional measurements consistently identify temperatures at which the
antiferromagnetic transition (7y), the orthorhombic-to-monoclinic structural transition (7%)
and the transition at ~ 200 K (Ts;) occur in these samples. In Table A.4, we summarize these

transition temperatures for the different samples obtained using the various measurements.

A.3.1 Magnetization and Magnetic Susceptibility Measurements

The static magnetic susceptibility versus temperature x(7') = M(T")/H of a polycrystalline
sample as well as of the oriented crystals was measured using a Quantum Design MPMS SQUID
magnetometer in a 1 T field from 1.8 K to 350 K, where M is the magnetization of the sample
and H is the magnitude of the applied magnetic field. In addition, low field (100 Oe) zero-
field-cooled and field-cooled (zfc, fc) measurements of M (T') at fixed H were carried out from
1.8 K to 100 K. A Quantum Design MPMS ac SQUID magnetometer was used to measure
the ac susceptibility xac(7') of the annealed triarc grown crystal from 5 to 100 K in an ac
field Hye = 1 Oe and frequency 10 Hz. The powder was contained in polycarbonate capsules
mounted in clear plastic straws. Each crystal was glued to a small piece of clear plastic
transparency sheet with GE 7031 varnish or Duco cement, which was then aligned inside the
plastic straws with the a, b or ¢ axis direction parallel to the external magnetic field. M (H)
isotherms were measured in fields up to H = 5.5 T at various temperatures.

The x(T) in H =1 T is plotted in Fig. A.10 for a CaV50y4 polycrystalline sample and for

aligned single crystals grown using a triarc furnace and using an optical floating zone (OFZ)
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Table A.4  Antiferromagnetic ordering (Néel) temperature (T ), high tem-
perature orthorhombic to low-temperature monoclinic struc-
tural transition temperature (7g), and the transition tempera-
ture at ~ 200 K (7g1) observed by static magnetic susceptibility
X (peak of d(xT")/dT), heat capacity C}, (peak of AC}), ther-
mal expansion « [peak of «(T'), except for Ts; where the onset
of « slope change is used|, powder synchrotron x-ray diffrac-
tion (XRD), single crystal neutron diffraction (ND), and single
crystal high-energy x-ray diffraction (HEXRD) measurements
for polycrystalline (powder) and single crystal CaVoO,4 samples.
The single crystals were grown using either a triarc furnace or
an optical floating zone (OFZ) furnace.

Sample  Synthesis Method 1Tn (K) Ts (K) Ts1 (K)
an-2-116 powder X 76 147 1
1200 °C Cp 75 144 !
XRD - 150 200
an-2-50  Triarc crystal X 51 108 !
as-grown Cp 51 108 2
ND 53 112 2
an-2-50  Triarc crystal X 68 133 195
annealed 1200 °C Cp 68 133 193
a 68 136 198
ND 69 141 2
HEXRD —~ 138(2) 192(7)3
an-3-074 OFZ crystal X 69 136 192
annealed 1200 °C Cp 71 132 191

ND 69 147 2
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Figure A.10 Magnetic susceptibility x versus temperature in a field of 1 T
of CaV,04 (a) polycrystalline sample, (b) as-grown triarc—
grown single crystal, (c) annealed triarc-grown single crys-
tal, and (d) annealed OFZ-grown single crystal. The axes
(a, b, or ¢) along which the measurements were carried out
are as indicated. The insets show d(x7")/dT versus T to high-
light the transition temperatures. The oscillatory behavior of
d(xT")/dT at the higher temperatures, most pronounced in
the inset in (b), is an artifact generated by the SQUID mag-

netometer.
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Figure A.11 Zero-field-cooled and field-cooled susceptibility of CaVsOy4 in
a field of 100 Oe measured on (a) polycrystalline powder,
(b) unannealed triarc grown single crystal (c) annealed tri-
arc grown single crystal, and (d) annealed OFZ grown single
crystal. Part (c) also shows the ac-susceptibility x/.(7") along
the easy b-axis of the annealed crystal measured in a field
H,. =1 Oe at a frequency of 10 Hz. The antiferromagnetic
transition temperatures Ty are marked as shown.
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Figure A.12 Magnetization M versus applied magnetic field H isotherms

at a temperature of 1.8 K of a polycrystalline sample and of

an annealed triarc grown single crystal of CaVoOy.
furnace. The broad maximum in x(7') around 300 K is characteristic of a low-dimensional
spin system with dominant antiferromagnetic exchange interactions with magnitude of order
300 K. For the single crystal samples, clear evidence is seen for long-range antiferromagnetic
ordering at Néel temperatures Ty = 51 to 69 K, depending on the sample. The easy axis of the
antiferromagnetic ordering (with the lowest susceptibility as T — 0) is seen to be the b-axis,
perpendicular to the zigzag V chains. At temperatures above Ty, the susceptibility of the
crystals is nearly isotropic, but with small anisotropies which typically showed x3 > Xxa > Xe-
However, occasionally variations of 5% in the absolute value of x;(T") were observed between
different runs for the same crystal axis ¢ that we attribute to sample size and positioning
effects (radial off-centering) in the second order gradiometer coils of the Quantum Design
MPMS SQUID magnetometer.[162, 163]

The ordering temperatures observed are marked by vertical arrows in Fig. A.10 and are
highlighted in the plots of d(xT')/dT versus T shown in the insets. The various transition tem-
peratures are summarized in Table A.4. As is typical for a low-dimensional antiferromagnetic
system, the polycrystalline sample shows only a very weak cusp at Ty = 76 K due to averaging
over the three principal axis directions, but it is still well-defined as observed in the d(xT')/dT
vs T plot shown in the inset of Fig. A.10(a). In a related study, O NMR measurements

on a polycrystalline sample of 1"O-enriched CaV,0,4 gave a clear signature of antiferromag-



158

netic ordering at 78 K.[150] In contrast to the polycrystalline sample, the as-grown crystal
in Fig. A.10(b) shows a clear and distinct antiferromagnetic ordering temperature but with a
much lower value Ty ~ 51 K. After annealing the crystals, Figs. A.10(c) and A.10(d) show
that Ty increases to &~ 69 K, closer to that observed in the polycrystalline sample. However,
the powder average of the annealed single crystal susceptibility below Tx does not match the
susceptibility of the polycrystalline sample. The reason for this disagreement is unclear at this
time. In any case the slow upturn in the susceptibility of the powder sample below 40 K in
Fig. A.10 is evidently intrinsic, due to the powder average of the anisotropic susceptibilities,
and is not due to magnetic impurities.

The zero-field-cooled (zfc) and field-cooled (fc) x(7') measured in a field of 100 Oe for
polycrystalline and single crystal samples of CaVoOy are plotted in Figs. A.11(a)—(d). Also
shown in Fig. A.11(c) is the real part of the ac susceptibility x..(7) along the easy b-axis
direction of the annealed triarc crystal measured in an ac field of amplitude 1 Oe at a frequency
of 10 Hz. A small irreversibility is observed in Fig. A.11 in all samples between the zfc and
fc susceptibilities below ~ 30 K. However, the x/.(7T) measurement in Fig. A.11(c) does not
show any peak in that temperature region, ruling out spin glass-like spin freezing which was
suggested to occur in powder samples from earlier reports.[11, 12] The slight irreversibility
observed may be associated with antiferromagnetic domain wall effects.

In Fig. A.12 we show isothermal M (H) measurements up to H = 5.5 T measured at 1.8 K
for the polycrystalline sample and for the annealed triarc-grown single crystal. The behavior
is representative of all samples measured. We find that M is proportional to H at fields up
to at least ~ 2 T, indicating the absence of any significant ferromagnetic impurities and the

absence of a ferromagnetic component to the ordered magnetic structure.

A.3.2 Heat Capacity Measurements

The heat capacity C}, versus temperature I’ of a sintered polycrystalline pellet of CaV,04
as well as of crystals (as-grown and annealed) was measured using a Quantum Design PPMS

system at T' = 1.8 to 200-300 K in zero applied magnetic field. The C,(T) was also measured of
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Figure A.13 Heat Capacity C}, versus temperature 7" in zero magnetic field
of one polycrystalline sample and three single crystal samples
of CaV,0,4 and of a polycrystalline sample of isostructural
nonmagnetic CaSceO4. On this scale, the data for the four
CaV70y samples are hardly distinguishable.

a polycrystalline sintered pellet of isostructural (at room temperature) nonmagnetic CaScaOy4
whose lattice parameters and formula weight are very similar to those of CaV204.[164] The
CaScy04 sample was synthesized from ScoO3 (99.99%, Alfa) and CaCOg3 (99.995%, Aithaca)
by reacting a stoichiometric mixture in air at 1000 °C for 24 hr and then at 1200 °C for 96 hr
with intermediate grindings, and checked for phase purity using powder XRD.

In Fig. A.13 we plot the measured C,(T") of four CaVo0O4 samples and of isostructural
nonmagnetic CaScpOy4. The difference AC, versus T' for the four CaV,04 samples is plotted
in Fig. A.14(a). Here AC}, is the difference between the heat capacity of CaV,04 and that
of CaScy0y4, but where the temperature axis of C}, for CaScaO4 was multiplied by a scaling
factor to take account of the difference in the formula weights of CaV20O,4 and CaSceO4. This
factor is given by [Myi(CaSca04)/Myi(CaV204)]Y/2=0.9705 where My is the molar mass of
the respective compound. If the lattice heat capacity of CaV,04 and the (renormalized) heat
capacity of CaScpOy4 had been the same, the difference AC,(T') would presumably have been
the magnetic heat capacity of CaVo0,4. However, due to the structural transition at Tg and the
transition at Ts;, AC,(T') contains a lattice contribution as well. The lattice contribution to

AC], is expected to be minimal at low temperatures, where only the long wavelength acoustic
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(a) AC}, versus temperature T for four CaVoO4 samples. Here
AC, is the difference between the heat capacity of CaVyOy
and that of CaScyOy4, but where the temperature axis of Cj,
for CaScy04 was multiplied by 0.9705 to take account of the
difference in the formula weights of CaVy04 and CaScyOy.
(b) Entropy AS(T') associated with the AC,(7T") data in (a),
obtained by integrating AC,/T in (a) versus T. The AS is
normalized by the entropy 2R In(3) of two moles of disordered
spins S = 1, where R is the molar gas constant.
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Figure A.15 AC)} versus temperature 1" for four CaVo0O4 samples. The
data are the same as in Fig. A.14(a) except for vertical offsets
to separate the data sets. The symbol T labels the long-range
antiferromagnetic transition and Ty labels the high tempera-
ture orthorhombic to low temperature monoclinic structural
transition. An additional transition at Tg; ~ 200 K is seen
in the two annealed single crystals. The small anomaly for
the AFZ crystal and for the triarc crystal that rides on top
of the broader peak appear to be intrinsic to CaV,0y4. The
broad peak in the latter crystal appears to be due to coher-
ently grown VoOg3 impurity phase that grows during annealing
(see text).
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phonon modes are excited, and possibly also above Tg; where the two compounds are known
to be isostructural.

Figure A.14(a) shows that the AC,(T') data for the four CaV,04 samples are similar except
for the different sizes and temperatures of the anomalies associated with three transitions. In
order to more clearly illustrate the differences between samples, Fig. A.15 shows the same
data for each sample but vertically displaced from each other to avoid overlap. The magnetic
ordering transition at Tx as well as the ordering temperatures Tg and Tg; are clearly evident
from the AC,(T) data in Fig. A.15. The ordering temperatures observed are summarized
above in Table A.4.

The entropy versus temperature associated with the AC,(T') data of each sample in
Fig. A.14(a) is shown in Fig. A.14(b), obtained from AS(T') = fOT[ACp(T)/T]dT. In Fig. A.14(b),
AS is normalized by the entropy 2RIn(2S + 1) = 2RIn(3) for two moles of fully disordered spins
S =1, where R is the molar gas constant. As noted above, at least at low temperatures, we
associate AS(T) with the magnetic entropy of the system. At the antiferromagnetic order-
ing temperature 7, the normalized value of AS(Tx)/2R1In(3) ~ 6-8% is very small and is
about the same for all samples. This small value indicates that short-range antiferromagnetic
ordering is very strong above Ty and the data in Fig. A.14(b) indicate that the maximum
spin entropy of the system is not attained even at room temperature. This is qualitatively
consistent with our estimate J; ~ 230 K obtained below in Sec. A.4 by comparison of our x(7')
data with calculations of x (7).

The small observed magnetic entropy at T is consistent with the values of the heat capacity
discontinuities ACar at Ty in Fig. A.15, as follows. In mean field theory, for a system con-
taining N spins S the discontinuity in the magnetic heat capacity at the ordering temperature
for either ferromagnetic or antiferromagnetic ordering is predicted to be[165]

2 12 -1
ACap — >Nk 25+ 1)

27 P2 +1)2+ 1 (8.2)

where N is the number of spins and kg is Boltzmann’s constant. Using S = 1 relevant to V13
and Nkp = 2R, where R is the molar gas constant, one obtains ACyp = 4R= 33.3 J/mol K,

where a “mol” refers to a mole of CaV,0, formula units. From Fig. A.15, the experimental
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Figure A.16 Coefficients of linear thermal expansion agp . of an annealed
single crystal of CaV504 measured along the orthorhombic a,
b, and c-axes versus temperature (left-hand scale), and the
volume expansion coeflicient oy + v + @ versus temperature
(right-hand scale).

ACur is about 0.5 to 2 J/mol K, which is only 1.5-6% of the mean field value. This small
jump in Cp(TN) is consistent with the above small value of S(Tx). When short range magnetic
ordering removes most of the magnetic entropy of a system at high temperatures, then thermal

effects associated with three-dimensional magnetic ordering of the system at low temperatures

will necessarily be much smaller than otherwise expected.

A.3.3 Thermal Expansion Measurements

The thermal expansion of the annealed triarc grown CaVoOy4 crystal an-2-50-c1 was mea-
sured versus temperature using capacitance dilatometry[166] from 1.8 to 300 K along the three
orthorhombic axes a, b and c¢. The crystal is the same annealed triarc crystal measured by

magnetic susceptibility and heat capacity in Figs. A.10 and A.11(c) and in Figs. A.13-A.15,
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Table A.5 Relative length changes along the orthorhombic a-, b- and c-axis
directions and of the volume V that are associated with the
three transitions at Ty ~ 70 K, Tg ~ 140 K, and Tg; ~ 195 K
in annealed triarc CaVoQy single crystal an-2-50-c1. The tem-
perature 1" range over which the changes were measured are as

indicated.
IN Ts Ts
T range (K)  52-75 120-153 174-198
Aaja (1079) 1.2 4.9 —7.5
Ab/b (1075)  —43  —0.9 —-0.1
Ac/e (1079) 1.1 19.6 —6.3
AV/V (107%)  —2.0 23.6 ~13.9

respectively. In Fig. A.16 the linear coefficients of thermal expansion are plotted versus tem-
perature (left-hand scale), along with the volume thermal expansion coefficient (right-hand
scale). At high temperatures 7" ~ 300 K the « values tend to become temperature indepen-
dent. Below 200 K, the ordering transitions observed above in the magnetic susceptibility and
heat capacity are reflected in distinct anomalies in the thermal expansion coefficients at the
corresponding temperatures. The ordering temperatures observed are summarized above in
Table A 4.

The normalized length changes along the orthorhombic a, b and ¢ axis directions and the
normalized change in the volume V associated with the three transitions at Ty, Ts and Tg;
are listed in Table A.5. These changes were calculated by determining the areas under the
respective peaks in the thermal expansion coefficients in Fig. A.16, and then subtracting the

estimated respective background changes over the same temperature intervals.

A.4  Analysis of Experimental Data

A.4.1 Origin of the Transition at Ts; ~ 200 K in Annealed CaV30, Single Crystals

From Table A.5 above, the relative volume change of the annealed triarc crystal an-2-50-c1
on heating through Ts; from the thermal expansion data is AV/V ~ —1.4 x 10~%. This value
is about 1% of the value for pure V203 at its transition.[157] The height of the heat capacity

anomaly above “background” in Fig. A.15 for this crystal is ~ 2.5 J/mol K, which is about
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0.8% of the value[159] at the structural transition for pure Vo2Os. These estimates are both
consistent with our estimates from x-ray diffraction data in Sec. A.2 of a 1-2 percent volume
fraction of V5Os in this crystal. Our data therefore indicate that for the annealed triarc-grown
crystal (an-2-50-c1), the anomalous features found above in the heat capacity and thermal
expansion data at Tg; arise mainly from this transition in the VoOs impurity phase.

Furthermore, the temperature dependences of the linear thermal expansion coefficients at
the transition Tg; ~ 200 K in Fig. A.16 are significantly different than near the transitions
Tn ~ 70 K and Tg ~ 140 K. There appears to be a discontinuity in the slopes of «;(T") as the
transition Tg is approached from above, whereas a continuous change in the slopes occurs as Ty
and Ty are approached from above. The reason for this difference is evidently that the former
transition is mainly due to the first order structural transition in the VoOgs coherently-grown
impurity phase in this annealed crystal as investigated previously in Sec. A.2.3.1, whereas the
latter two transitions are second order.

However, we also found in Sec. A.2 that for the annealed floating-zone crystal (an-3-074
OFZ), the structural transition of the VO3 impurity phase was reduced by ~ 60 K from
that of the V203 impurity phase in the annealed triarc grown crystal, and hence cannot be
responsible for heat capacity anomaly at Tg; ~ 200 K for the annealed float-zone crystal in
Fig. A.15. Indeed, the relatively small heat capacity anomaly at Tg; in Fig. A.15 for the float-
zone crystal appears to also be present at the same temperature for the annealed triarc-grown
crystal, but rides on top of a broader anomaly that is evidently due to the structural transition
of the V203 impurity phase in that crystal. Furthermore, the double peak structure in the
heat capacity for the annealed triarc crystal at Tg ~ 140 K evidently arises due to the overlap
of the onsets of the structural transitions in Vo035 and CaV30y.

An issue of interest is the cause(s) of the variability in the structural rhombohedral-to-
monoclinic transition temperature of the coherently grown V203 impurity phase in our an-
nealed CaVoOy4 crystals. Due to the first order nature of the transition, the transition is
hysteretic. The transition temperature of bulk stoichiometric VoO3 has been reported to be

at ~ 170 K on heating and ~ 150 K on cooling.[159, 167-169] The transition temperature



166

decreases rapidly under pressure.[170] A pressure of only 9 kbar lowers the transition tempera-
ture by 60 K, and the transition is completely suppressed at a pressure of &~ 20 kbar.[170] The
transition temperature is also rapidly suppressed if the sample contains V vacancies; a crystal
of composition Vi 93503 showed a transition temperature of ~ 50 K.[169] Furthermore, it was
found that when V5Oj5 is epitaxially grown on LiTaOs, the transition temperature is enhanced
from the bulk value by 20 K.[161] Given the possibilities of compressive or tensile forces acting
on the V203 due to the epitaxial relationship of the VoOg3 impurity with the CaV04 host and
the possibility of nonstoichiometry of the VoO3 impurity phase, one can see how the transition
temperature of the VoO3 might be depressed or enhanced from the bulk value by ~ 30 K
as we found for the coherently grown V,Og3 impurity phases in our two annealed crystals in
Sec. A.2.3.

In summary, then, it appears that there is an intrinsic phase transition in the two annealed
CaV,0y4 crystals at about 200 K that has no obvious source. We speculate that this transition
may be the long-sought chiral phase transition originally postulated by Villain,[149] where
there is long-range chiral order but no long-range spin order below the transition temperature,

and the long-range chiral order is lost above the transition temperature.

A.4.2 Magnetic Susceptibility and Magnetic Heat Capacity

In separate experiments to be described elsewhere,[153] we have carried out inelastic neu-
tron scattering measurements of the magnetic excitation dispersion relations for CaV,QOy single
crystals. We find that the dispersion along the c-axis (in the vanadium chain direction) is sig-
nificantly larger than in the two perpendicular directions. Above the Néel temperature Ty,
the magnetic susceptibility in Fig. A.10 is nearly isotropic. Thus a quasi-one-dimensional
Heisenberg model appears to be appropriate for the spin interactions in CaVoQOy.

The crystal structure suggests the presence of spin S = 1 zigzag spin chains along the
orthorhombic c-axis. We report here exact diagonalization (ED) calculations of the magnetic
spin susceptibility versus temperature x(7") and the magnetic heat capacity C(T') of spin S = 1

J1-J2 Heisenberg chains containing N = 8, 10, and 12 spins for Jy/.J; ratios from —1 to 5, and
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containing 14 spins for Jo/J; = 0. We also report the results of quantum Monte Carlo (QMC)
simulations of x(7T") and C(T'). These simulations were carried out with the ALPS directed loop
application[171] in the stochastic series expansion framework[172] for chains with N = 30 and
60 spins and Jo/J; = 0. Here J; and Jo are the nearest-neighbor and next-nearest-neighbor
interactions on a linear chain, respectively. The spin Hamiltonian is the A = 1 special case of
Eq. (A.1), given by

N
H= Z(Jlsz -Sitr1 + JoS; - SZ'+2), <A3)
=1

where S is a spin-1 operator. Periodic boundary conditions are imposed, so the chains become
rings. Jp is always positive (antiferromagnetic) whereas Jo was taken to be either positive
or negative (ferromagnetic). This chain is topologically the same as a zigzag chain in which
J1 is the nearest-neighbor interaction between the two legs of the zigzag chain and Js is the
nearest-neighbor interaction along either leg of the zigzag chain. For Js = 0, the N spins are all
part of the same nearest-neighbor exchange (J;) chain. For J; = 0, two independent isolated
equivalent chains are formed, each containing N/2 spins and with nearest-neighbor exchange
Jo. This effect can be quantified using the T' = 0 correlation length & which has been computed
in Ref. [173]. We find that we can reach ratios N/§ which are at least 2 for Jo/J; < 0.6 whereas
& becomes comparable to or even bigger than the system sizes N which are accessible by ED
for larger Jo/J;. Accordingly, our finite chain data become a poorer approximation to the
infinite Ji-Jy chain for large Jo/J;. This is exemplified below in Fig. A.20 where the data
for chains containing different numbers N of spins exhibit an increasing divergence from each
other with increasing Ja/J;.

We will compare the spin susceptibility calculations with the experimental magnetic sus-
ceptibility data to estimate the J; and Jo/J; values in the Ji-Jy chain model for CaVaOy.
These values will also be used as input to compare the calculated magnetic heat capacity

versus temperature with the experimental heat capacity data.
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Figure A.17 Calculated magnetic spin susceptibility y for spin S =1 Ji-Jo
Heisenberg chains containing N = 12 spins versus tempera-
ture T, where J; and Jy are the nearest-neighbor and nex-
t-nearest-neighbor exchange interactions in the chain. The
curves from top to bottom on the right are for J,/J; = 0, 0.2,
04,...,20,25,...,5.0.

A.4.2.1 Magnetic Susceptibility

The calculated magnetic spin susceptibility x(7") data for the spin S = 1 J;-Jo Heisenberg

chain model are in the dimensionless form

B
— A4
versus —-—, (A.4)

where N is the number of spins, g is the spectroscopic splitting factor (g-factor) of the magnetic
moments for a particular direction of the applied magnetic field with respect to the crystal
axes, up is the Bohr magneton, and kp is Boltzmann’s constant. Calculated x(T') data sets
for N = 12 were obtained by exact diagonalization assuming periodic boundary conditions
(ring geometry) for Jo/J; ratios of —1, —0.8, ..., 2.0, 2.5, ..., 5. Examples of the calculations
for a selection of Jy/J; values are shown in Fig. A.17. Each chain has an energy gap (spin
gap) from the nonmagnetic singlet ground state to the lowest magnetic excited states.[173]
No interchain (between adjacent zigzag chains) interactions are included in the calculations.
These calculations are not expected to apply to our system at low temperatures where we see
long-range antiferromagnetic ordering. However, we expect to be able to obtain approximate

estimates of J; and Js by fitting the observed susceptibility data around the broad peak in the
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Figure A.18 Magnetic susceptibility x versus temperature 7' for the spin
S =1 Ji-Jo Heisenberg chain containing N = 12 spins. Here,
Jmax = max(Jy, Jo). Pairs of curves for Jo/J; ratios that are
reciprocals of each other become the same at high tempera-
tures.
susceptibility at ~ 300 K.

At high temperatures kgT > Jax, where Jyax = max(Jy, J2), one expects that the calcu-
lated X Jmax versus kpT'/Jmax should be nearly the same upon interchange of J; and Jy, i.e.,
the same for pairs of Jy/J; ratios that are reciprocals of each other. [This is because all spins
in the zigzag chain are equivalent, and at high temperatures the Curie-Weiss law is obtained.
The Weiss temperature 6 only depends on the numbers of nearest neighbors z to a given spin
and the corresponding interaction strengths J (6 ~ z1J1 + zoJo with 21 = 29 = 2), which is
invariant upon interchange of J; and Jy.] This expectation is confirmed in Fig. A.18 where
such plots are shown for J5/J; = 1/5 and 5; 1/2 and 2; and 1. The data for Jo/J; = 1/2 and 2,
and for Jo/J; = 1/5 and 5, are seen to be about the same for temperatures kgT"/Jmax 2 4,
respectively.

The experimental magnetic susceptibility data of CaV,0,4 will be fitted below by the cal-
culated susceptibility x(7') of a single S = 1 chain (J2/J; = 0). Such integer-spin chains are
known as Haldane chains. [174] We will therefore test here the sensitivity of the calculations
to the number of spins N in the chain for this fixed Jy/.J; value. Shown in Fig. A.19 are exact

diagonalization (ED) calculations of x(T") for Jy/J1 = 0 and N = 12 and 14, and quantum
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The product x™**T™# versus Jy/J; for the spin S =1 Ji-Jy
Heisenberg chain containing N = 8, 10, 12, 30 or 60 spins,
where we have assumed N = 2N, and g = 1.97. The data for
N =8, 10, and 12 were obtained using exact diagonalization
calculations. The data for N = 30 and 60 were obtained from
quantum Monte Carlo simulations; most of these data were
obtained for N = 60, except for Jo/J; = 0.2, 1.8 and 2 where
we used N = 30. The horizontal dashed line is the experimen-
tal value of x™*T™a* for CaV9Oy from Eq. (A.7). Compari-
son of this experimental value with the calculations indicates
that within the Ji-J2 model, Jo/J; ~ 0 (or J;/J2 =~ 0) in
CaV204.
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Monte Carlo (QMC) simulations for Jy/J; = 0 and N = 60. On the scale of the figure, the
results of the three calculations can hardly be distinguished. These data are fully consistent
with previous transfer-matrix renormalization-group results for x(7°).[175, 176] In Table A.6,

max and also of the magnetic heat

the values of the maxima in the magnetic susceptibility x
capacity C™** (see below) and the temperatures Ty*** and T#** at which they respectively
occur are listed for the different calculations. For all three calculations, the maximum in the
susceptibility occurs at about the same temperature kpT)*** /J1 =~ 1.30, which may be com-
pared with previous values of 1.35 (Ref. [177]) and 1.32(3).[178] Probably the most accurate
values for the susceptibility are those of Ref. [176], as listed in Table A.6.

From the theoretical x(T") data, for each value of J5/J; one can obtain the value of the
normalized temperature kg7™?*/.J; at which the maximum in the susceptibility occurs, and
the normalized value of the susceptibility x™**.J; /N gzu% at the maximum. For a given value

of Jo/Ji1, the product of these two values is a particular dimensionless number

mameaX

XL
Ng2ug/ks
that does not contain either exchange constant.
The spectroscopic splitting tensor (g-tensor) for vanadium cations is found to not depend
much on either the oxidation (spin) state of the V cation or on its detailed environment in
insulating hosts. The physical origin of this insensitivity is the small magnitude of the spin-
orbit coupling constant for the vanadium atom. Typical values for the spherically-averaged
g-factor (g) are between approximately 1.93 and 1.97, with the individual components of the
diagonal g-tensor lying between 1.90 and 2.00. For example, for V*2 in single crystals of
AgCl, one obtains (g) = 1.970(3);[179] for V*3 in guanidinium vanadium sulfate hexahydrate,
(g) = 1.94(1);[180] for V™* in TiOs, (g) = 1.973(4).[181]
On the basis of the above discussion we set g = 1.97 for the V3 spin S = 1 in Eq. (A.5).
Then setting N = 2N, where Ny is Avogadro’s number and the factor of 2 comes from two
atoms of V per formula unit of CaVoQy, the expression in Eq. (A.5) becomes

mameax

X

2.91 ¢cm?® K/mol ’ (4.6)
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Table A.6  Calculated values of the maxima in the magnetic spin suscep-
tibility x™* and magnetic heat capacity C™#* and tempera-
tures T\ and TF™* at which they occur, respectively, for the
linear spin S = 1 Heisenberg chain (Haldane chain) with near-
est-neighbor exchange interaction J; and next-nearest-neighbor
interaction Jy = 0. The results of exact diagonalization (ED)
and quantum Monte Carlo (QMC) calculations are shown. Here
N is the number of spins in the chain, g is the g-factor, up is
the Bohr magneton, and kg is Boltzmann’s constant. Also in-
cluded are the results of Ref. [176], which are probably the most
accurate values currently available for the susceptibility.

T, T o T

Ng2u% J1 Nkg J1
QMC N =60 0.174686(9) 1.301(10) 0.5431(4) 0.857(10)
ED N =12 0.174662 1.2992 0.5520 0.8295
EDN =14 0.174677 1.2980 0.5466 0.8398
Ref. [176] 0.17496(2)  1.2952(16)

where a “mol” refers to a mole of CaVy0, formula units. Then from Eq. (A.6) and the
calculated x(T") data for different values of J/J1, the calculated x™*T™** versus .Jo/.J; for
CaV30y is shown in Fig. A.20. From the figure, the dependence of x™**T™4* on Jy/.J; is about
the same for N = 8, 10, and 12 for J»/J; < 0.6 which is consistent with a short correlation
length & < 6 for 0 < Jy/J; < 0.6 (see Ref. [173]). However, the curves for the different
values of N are quite different at larger values of Jo/J;; the behavior versus N even becomes
nonmonotonic in this parameter region. The QMC results also shown in Fig. A.20 nevertheless
indicate that the ED calculations for N = 12 sites yield a good approximation to the infinite N
limit also for Jy/J; > 1.8. Unfortunately, the QMC sign problems are so severe in the region
0.2 < Jo/J1 < 1.8 that here we cannot resolve the maximum of y with our QMC simulations.

The experimental susceptibility xexp(7') data for CaV,Oy4 in Fig. A.10 can be written as the
sum Xexp(Z') = x(T') + xo0, where x(T") is the spin susceptibility (which is the part calculated
above) and X is the temperature-independent orbital susceptibility. From the data in Ref. [129]
for V503, we estimate yo ~ 0.4 x 1073 cm3/mol for CaV20y4. From Fig. A.10 we then obtain
the experimental value for the spin susceptibility at the maximum x™#* ~ 2.2 x 1073 cm? /mol

and for the temperature at the maximum 7\*** ~ 300 K, yielding for CaV204

XPHET™ 22 0,66 cm® K /mol . (A.7)
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Figure A.21 Calculated magnetic susceptibility x versus temperature T'
for the Ji-Jy chain with Jy/kg = 230 K, Jo = 0, and
g = 1.97, and with a temperature-independent orbital contri-
bution xo = 0.4 x 1073 ¢cm3 /mol (solid curve). The calculated
spin susceptibility at 7' = 0 is zero, so the zero-temperature
value of the calculated solid curve is xo. Experimental data
for annealed CaV2Qy crystal 2-50-c1 from Fig. A.10 are also
shown. Comparison of these data for 7' — 0 with the calcu-
lated curve shows that the spin susceptibility along the easy
b-axis of CaVoQy is rather large for T' — 0.

Comparison of this value with the theoretical spin susceptibility data in Fig. A.20 yields
Ja/J1 = 0 (or Ji/Jo = 0). This ratio of Jy/J; is quite different from the value of unity
that we and others[11, 12] initially expected. The temperature 7"** ~ 300 K, combined with
kpTy'™*/J1 =~ 1.30 from Table A.6, yields Ji/kg = 230 K. Although the numerical results
shown in Fig. A.20 are the least accurate in the vicinity of Jy/J1 & 1, it seems rather unlikely
that the value of x™**T™2% ghtained from the J;-J2 chain model in the region 0.6 < Jo/J; < 1.8
could be consistent with the value in Eq. (A.7) expected for CaV2Oy.

The calculated total susceptibility versus temperature for J/kg = 230 K, Jo = 0 and
Xo = 0.4 x 1073 ¢cm?/mol is shown in Fig. A.21. Also shown are the experimental susceptibility
data for annealed CaVy0, crystal an-2-50-c1 from Fig. A.10, where an excellent fit of the
average anisotropic x(7') data near 300 K is seen.

Above the Néel temperature, one sees from Figs. A.10 and A.21 that the susceptibility

is nearly isotropic. The relatively small anisotropy observed can come from anisotropy in
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the orbital Van Vleck paramagnetic susceptibility, from g-anisotropy arising from spin-orbit
interactions, from single-ion anisotropy of the form DS? + E(S2 — 55)7 and/or from anisotropy
in the spin exchange part of the spin Hamiltonian. The relative importances of these sources to
the observed susceptibility anisotropies are not yet clear. The experimental data below 200 K
in Fig. A.21 increasingly deviate from the fit with decreasing temperature. This suggests that
other interactions besides J; and Jy and/or the presence of magnetic anisotropies may be
important to determining the spin susceptibility above Tn in CaV50y.

For collinear antiferromagnetic (AF) ordering, one nominally expects the spin susceptibility
along the easy axis to go to zero as T — 0. Comparison of the theoretical curve with the
experimental easy axis (b-axis) data x3(7") in Fig. A.21 indicates that the zero-temperature
b-axis spin susceptibility is not zero, but is instead a rather large value szin(T — 0) =~
0.9 x 1072 em3/mol. This finite spin susceptibility indicates either that the spin structure in
the AF state is not collinear, that not all vanadium spins become part of the ordered magnetic
structure below Ty, and/or that quantum fluctuations are present that induce a nonzero spin
susceptibility. Such quantum fluctuations can arise from the low-dimensionality of the spin
lattice and/or from frustration effects. As discussed in the Introduction, our recent NMR and
magnetic neutron diffraction experiments on single crystal CaV2QOy indicated that the magnetic
structure at 4 K is noncollinear,[150, 151] which can at least partially explain the nonzero spin
susceptibility along the (average) easy b-axis at low temperatures. In addition, the reduction
in the local ordered moment 1.0-1.6 pp/(V atom) of the ordered vanadium spins found in these
studies from the expected value gSupg = 2 up/(V atom) suggests that quantum zero-point spin

fluctuations could be strong and could contribute to the large finite szin(T —0).

A.4.2.2 Magnetic Heat Capacity

The magnetic heat capacity C versus temperature T was calculated by exact diagonalization
for N = 12 spins S = 1 over the range —1 < Jy/J; < 5. Representative results are plotted
in Fig. A.22. The variation in C(T) with N is illustrated in Fig. A.23 for Jy/J; = 0 and

N =12 and 14 from exact diagonalization calculations, and for N = 60 from quantum Monte
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N=12 J1-J2 Chain

Magnetic heat capacity C' versus temperature 1" for the spin
S =1 J1-J2 Heisenberg chain with Jy/J; values from —1 to 5,
calculated using exact diagonalization with N = 12. Here N
is the number of spins, kg is Boltzmann’s constant, and J; > 0
and Jy are the nearest-neighbor and next-nearest-neighbor ex-
change interactions, respectively.
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Figure A.23 Magnetic heat capacity C versus temperature T for the S =1

Ji-J2 chain with Jy/J; = 0 (“Haldane chain”), calculated
using exact diagonalization (ED) with N = 10 and 12, and
quantum Monte Carlo (QMC) simulations for N = 60.
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Figure A.24 Magnetic heat capacity C' versus temperature T for the spin
S =1 Jj-Ja chain with Jo/J; = 0 and J;/kp = 230 K, calcu-
lated using exact diagonalization with N = 14 (solid curve)
from Fig. A.23. The data points are the AC(T") data for an-
nealed crystal an-2-50-c1 from Fig. A.15.

Carlo simulations. The data for the different N are seen to be nearly the same. The values
of the maxima C™®* in the magnetic heat capacity and the temperatures T5** at which
they occur are listed above in Table A.6. Our results for the specific heat are consistent
with previous transfer-matrix renormalization-group computations.[175, 176] The two transfer-
matrix renormalization-group results differ at high temperatures. Our QMC results for C
obtained from rings with N = 60 sites are in better agreement with the older results which
apply to the infinite N limit[175] than the more recent results obtained for open chains with
N = 64 sites.[176] The C(T') data in Ref. [176] were calculated from a numerical derivative
which resulted in systematic errors in the data at high temperatures.[182]

We cannot confidently derive the exchange constants in CaVsOy from fits of our heat
capacity data by the theory. Extraction of the magnetic part of the experimental heat capacity
is tenuous because of the presence of the orthorhombic to monoclinic structural transition at
Ts ~ 150 K and the transition(s) at Tg; =~ 200 K. Therefore the relationship of the heat
capacities AC(T') in Figs. A.14(a) and A.15 to the magnetic heat capacities of the samples is
unclear. Here, we will just compare the theoretical magnetic heat capacity calculated for the
exchange constants J; = 230 K and Jo = 0, that were already deduced in the previous section,

with the experimental AC(T) data to see if theory and experiment are at least roughly in
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agreement. This comparison is shown in Fig. A.24 for annealed CaV2Qy4 crystal an-2-50-c1
from Fig. A.15. Overall, the theory and experimental data have roughly the same magnitude,
but the data are systematically below the theoretical prediction. This is likely caused by the
heat capacity of the nonmagnetic reference compound CaScaO4 being somewhat different from
the lattice heat capacity of CaVoOy4. We note from Fig. A.13 that a difference of 5 J/mol K
between the theory and experiment in Fig. A.24 is only about 5% of the total heat capacity
of the samples at 200 K. In addition, we have not included in the theory interchain couplings
that lead to long-range antiferromagnetic order, or the effect of the magnetic ordering on the

heat capacity including the effect of the energy gap in the spin wave spectrum below Tx.

A.4.3 Interchain Coupling

Within the S = 1 Jj-Jo Heisenberg spin chain model, we found above that Jy/J; =~
0 and J; =~ 230 K in CaVy04 near room temperature. Thus the crystallographic zigzag
vanadium chains in CaVy0y4 act like S = 1 linear spin chains with nearest-neighbor interaction
Ji. This is a so-called Haldane chain[174] with a nonmagnetic singlet ground state and an
energy gap for spin excitations given by[183, 184] ~ 0.4105J;. An interchain coupling J|
must be present in order to overcome this spin gap and induce long-range antiferromagnetic
ordering at Tn. Pedrini et al. [178, 185] have recently estimated the dependence of Tn/.Ji
on J, /Ji using a random-phase approximation for the interchain coupling for S = 1 Haldane
chains. Using our values Ty = 68 K, J; = 230 K and 7™ = 300 K, we obtain J, /J; ~
0.04 and J;, = 5-10 K. However, it should be emphasized that the treatment of Refs. [178]
and [185] assumes a nonfrustrated interchain coupling geometry such that the result J;, ~ 10 K
should be considered as a lower bound. Still, the value of J,; /J; is sufficiently small that a
redetermination of Jy/J; and Jp, from a Ji-Jo-J; model fitted to the observed susceptibility
data for CaV20O4 near room temperature, would yield very similar values of Jo/J; and J; to
those we have already estimated using the isolated chain Ji-Jo model. Additional and more
conclusive information about the interchain coupling strength(s) will become available from

analysis of inelastic neutron scattering measurements of the magnetic excitation dispersion
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relations.[153]

A.5 Summary

We have synthesized the S = 1 spin chain compound CaV30y in high purity polycrystalline
form and as single crystals. Our magnetic susceptibility x(7') and ac magnetic susceptibility
Xac(T') measurements do not show any signature of a spin glass-like transition around 20 K that
was previously reported.[11, 12] We instead observe long-range antiferromagnetic ordering at
sample-dependent Néel temperatures Ty ~ 50-70 K as shown in Table A.4. The Néel temper-
ature and the orthorhombic-to-monoclinic structural transition temperature Ty in Table A.4
both show a large systematic variation between different samples. Those temperatures for an
unannealed crystal are each less than those for an annealed crystal which in turn are less than
those for a sintered polycrystalline sample. The cause of these large temperature differences,
especially between as-grown and annealed single crystals, is unclear. The transition temper-
ature differences may arise from small changes in oxygen stoichiometry (< 1 at.%, below the
threshold of detection by TGA or XRD) and/or from structural strain, both of which may be
reduced upon annealing the as-grown crystals at 1200 °C in 5% Hs/He. In addition, other
small chemical differences and/or structural defects may be relevant.

Our heat capacity Cp,(T), linear thermal expansion «(7’), and x(7") measurements reveal
distinct features at the orthorhombic-to-monoclinic structural transition temperature Tg iden-
tified from our diffraction studies.[152] We inferred from a combination of structural studies
and physical property measurements that the origin of the third transition at Tg; =~ 200 K in
one of our annealed crystals was mostly due to the structural transition in the VoO3 impurity
phase that grew coherently upon annealing the crystal. In the other annealed crystal, we ruled
out this source and we are thus left with a transition at Tg; with unknown origin. We spec-
ulate that this transition may be the long-sought chiral phase transition originally postulated
by Villain in 1977.[149]

The x(7T') shows a broad maximum at about 300 K indicating short-range antiferromagnetic

(AF) ordering in a low-dimensional antiferromagnet as previously observed[11, 12] and the x(7")
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above Ty in single crystals is nearly isotropic. The anisotropic x(7") below T shows that the
(average) easy axis of the antiferromagnetic structure is the orthorhombic b-axis. The magnetic
spin susceptibility along this axis is found to be a large finite value for " — 0, instead of being
zero as expected for a classical collinear antiferromagnet. This result is consistent with our
observed noncollinear magnetic structure below Tx.[150, 151] In view of the fact that CaVaOy
is a low-dimensional spin system, quantum fluctuations could also contribute to both the
observed reduced zero temperature ordered moment and the relatively large zero temperature
spin susceptibility.

We analyzed the x(T') data near room temperature in terms of theory for the S = 1
Ji-J3 linear Heisenberg chain, where Ji(J2) is the (next-)nearest-neighbor interaction along
the chain. We obtain J;/kp ~ 230 K, but surprisingly J>/J1 ~ 0 (or J;/Jy = 0), so the
exchange connectivity of the spin lattice appears to correspond to linear S = 1 Haldane chains
instead of zigzag spin chains as expected from the crystal structure. This result is consistent
with analysis of our high temperature (up to 1000 K) magnetic susceptibility measurements
on single crystal CaV20y4.[151] We estimated here the coupling J| between these chains that

leads to long-range AF order at Ty to be J, /J; 2 0.04, i.e., only slightly larger than the

value J /J1 =~ 0.02 needed[178, 185] to eliminate the energy gap (Haldane gap) for magnetic
excitations.

From our Cp(T') measurements, the estimated molar magnetic entropy at Ty is only ~ 8%
of its maximum value 2RIn(2S + 1) = 2RIn(3), where R is the molar gas constant, and the
heat capacity jump at Tx is only a few percent of the value expected in mean field theory
for S = 1. Both results indicate strong short range antiferromagnetic order above Ty and
large values J; and/or Jo > 100 K, consistent with the x(7) data. We also compared the
Cp(T') data with the theoretical prediction for the magnetic heat capacity using the exchange
constants found from the magnetic susceptibility analysis, and rough agreement was found.
However, this comparison is not very precise or useful because the structural transition at

Ts ~ 150 K and the transition(s) at Tg; ~ 200 K for our two annealed single crystals, make

large contributions to C,(T"). In addition, the accuracy of the measured heat capacity of the
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nonmagnetic reference compound CaScoO4 in representing the lattice heat capacity of CaVoOy
is unknown. Thus extracting the magnetic part of the heat capacity at high temperatures from
the observed C,(T") data for comparison with theory is ambiguous.

In closing, we note the following additional issues that could usefully be addressed in future
work. Our analyses of our x(7T') data for CaVo04 to obtain the exchange constants J; and
Jo were based on fitting the experimental x(7") data only near room temperature, since our
calculations of x(7') all showed nonmagnetic singlet ground states, contrary to observation,
and could not reproduce the observed antiferromagnetic ordering at low temperatures. Calcu-
lations containing additional interactions (see also below) and/or anisotropies are needed for
comparison with the lower temperature data.

The orthorhombic crystal structure of CaV,04 at room temperature contains two crystal-
lographically inequivalent but similar V3 S = 1 zigzag chains. These chains may therefore
have different exchange constants associated with each of them. For simplicity, our x(7") data
were analyzed assuming a single type of zigzag chain. Furthermore, the extent to which the
transitions at Tg; and Tg affect the magnetic interactions is not yet clear.

From crystal structure considerations, one expects that Jo/J; ~ 1 in CaVaOyu,[11, 12]
instead of Jy/J1 =~ 0 as found here. This suggests that additional magnetic interactions
and /or anisotropy terms beyond the Heisenberg interactions J; and Jy and interchain coupling
J1 considered here may be important. In addition to single ion anisotropy and other types
of anisotropy, we mention as possibilities the Dzyaloshinskii-Moriya interaction, biquadratic
exchange, and cyclic exchange interactions within the zigzag chains. When such additional
terms are included in the analysis, the fitted value of Jy/J; could turn out to be closer to
unity. A four-spin cyclic exchange interaction has been found to be important to the magnetic
susceptibility in cuprate spin ladders.[85] In these spin ladders, there are exchange interactions
J and .J’ between nearest-neighbor Cu*? spins 1/2 along the legs and across the rungs of the
spin ladder, respectively. For the S = 1/2 two-leg ladder compound SrCuyOs, if only J and
J' are included in fits to the data, one obtains J'/J = 0.5.[85] However, by also including the

theoretically derived cyclic four-spin exchange interaction, the ratio J’/J increases from 0.5 to
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a value closer to unity, as expected from the crystal structure.

Pieper et al. have recently proposed a very different and very interesting model to explain
the inference that Jy/J; =~ 0 around room temperature which involves partial orbital ordering
of the two d-electrons of V among the three ty, orbitals.[151] Furthermore, in order to explain
the magnetic structure at low temperatures, they deduce that the nature of the orbital ordering
changes below Tg such that the effective spin lattice becomes a spin-1 two-leg ladder.

It has been well documented that fits of magnetic susceptibility data by theory tests only
the consistency of a spin model with the data, and not the uniqueness of the model. A good
example of this fact arose in the study of the antiferromagnetic alternating exchange chain
compound vanadyl pryophosphate, (VO)2P203, the history of which is described in detail
in the introduction of Ref. [186]. The ultimate arbiter of the validity of a spin model is
inelastic neutron scattering measurements of the magnetic excitation dispersion relations in
single crystals. Theoretical calculations of the exchange interactions are much needed and
would also be valuable in this regard.

Finally, the origin of the intrinsic heat capacity anomalies at Tg; =~ 200 K for the two an-
nealed single crystals of CaVoOy4 needs to be further studied. We speculate that this transition
may be the long-sought chiral phase transition originally postulated by Villain in 1977.[149]

Note added—After this work and this paper were nearly completed, Sakurai reported a very
interesting and detailed study of the magnetic and electronic phase diagram of polycrystalline

samples of the solid solution Ca;_,;Na, V20, prepared under high pressure.[44]
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