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Synthesis and physical and magnetic properties of CuAlCr4Sg: A Cr-based breathing pyrochlore
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We present the synthesis and physical properties of a breathing pyrochlore magnet CuAlCr4Sg via synchrotron
x-ray diffraction, magnetization under ambient and applied hydrostatic pressure, heat capacity, and muon
spin relaxation/rotation measurements. CuAlCr,Sg exhibits positive thermal expansion with a concave upward
temperature dependence. We observed a sharp antiferromagnetic ordering transition of a purely magnetic nature
at 20 K, which shifts by as much as 3.2 K on application of 600 MPa pressure. The breathing factor (By = J'/J)
in breathing pyrochlores can be an important parameter to tune the magnetic ground states of the pyrochlore
lattice. The breathing factor can be modulated through the breathing ratio, the ratio of the sizes of the two
tetrahedra, by using different elements at the A and A’ sites in the breathing pyrochlore structure. We find that
CuAICr4Ss has a breathing ratio of 1.0663(8), which is comparable to other sulfur breathing pyrochlores.
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I. INTRODUCTION

Geometrically frustrated magnetic systems have been stud-
ied extensively over the last three decades [1]. The frustration
between magnetic moments at corner sharing triangular or
tetrahedral units can give rise to exotic ground states such
as spin liquid [2], ordered and disordered spin ice [3,4], spin
glass freezing [5], and order by disorder [6], to name a few.
The chromium spinels with formulas ACr,X, are a family of
such compounds where magnetic chromium atoms sit on cor-
ner sharing tetrahedra allowing various novel states, including
a zero-energy excitation mode in the spin liquid phase, heavy
fermionic behavior, zero field, and field-induced transitions
[7]. The presence of two different types of nonmagnetic el-
ements at the A site leads to the formation of compounds
with formulas AA’B,Xg and may lead to A-site ordering, which
can allow the formation of larger and smaller tetrahedra. This
structure with an alternating array of small and large tetrahe-
dra is called the breathing pyrochlore structure. A breathing
pyrochlore forms by displacement of the octahedral B-site
cation and ordering of X anions [8]. This reduces the sym-
metry of the lattice, converting the centrosymmetric Fd3m
(227) structure into noncentrosymmetric F43m (216), which
belongs to the same group. This lowered symmetry allows
additional reflections such as (200), (420), (600), etc., in the
diffraction pattern, which are forbidden otherwise.
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Numerous mixed A-site pyrochlores have been synthe-
sized in the past with some examples of the A-site ordering
[9-18]. Since the type of interaction between nearest-neighbor
chromium atoms is distance sensitive, changing from strongly
antiferromagnetic in an oxide spinel to ferromagnetic in a
selenium spinel [19], the magnetic Cr’* atoms at the edges
of larger and smaller tetrahedra have different interactions.
Along with the antiferromagnetic direct interaction between
nearest-neighbor spins, ferromagnetic superexchange inter-
actions between next-nearest-neighbor spins also play an
important role in deciding the sign and magnitude of the
overall dominant interactions [20,21].

The Heisenberg spin Hamiltonian for a breathing py-
rochlore can be written as

H=17)"ss,.
ij

where J € {J,J', Jum}. J and J' are exchange coupling con-
stants for small and large tetrahedra, respectively and Jy, is
the interaction parameter between next-nearest-neighboring
spins. Therefore, the breathing factor By = J/J' can be an
important parameter to tune different ground states.

Cr-based spinels with nonmagnetic A-site atoms tend to
show strong magnetoelastic effects. For example, the struc-
tural transitions in ZnCr,S4 [22] and ZnCr,Se4 [23] as well
as the negative thermal expansion of LiGaCry4Sg [24] can be
explained via of magnetoelastic coupling. This unique com-
bination of magnetic frustration along with bond alternation
and magnetoelastic effects in the breathing pyrochlores allows
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them to host exotic phases including a classical spin nematic
transition in LiGag gs5Ing ¢sCrsOg [25], cluster frustration and
negative thermal expansion in LiGaCr4Sg [20,24], and a spin
gap transition and magnetostructural transition in LiFeCr4Sg
[26]. These are a few examples of the diverse set of properties
[27-32] exhibited by the breathing pyrochlores.

We study the CuAlCr4Sg system that was first synthe-
sized by Pinch et al. [33] in 1970, reporting A-site ordering
in the normal pyrochlore structure. We have successfully
synthesized CuAlCr4Sg in the breathing pyrochlore structure.
In this structure, nonmagnetic Cu'* and AI** ions occupy
the tetrahedral sites, whereas the Cr** ions populate the oc-
tahedral sites, forming an array of corner sharing tetrahedra
in the pyrochlore lattice. The Cr** ion in Cr breathing py-
rochlores adopts a spin—% state due to the half-filled #,, orbital,

which leads to the formation of an ideal spin—% system with
strong geometric frustration.

II. EXPERIMENTAL DETAILS

The polycrystalline sample of CuAICr4Sg was synthesized
by the conventional solid-state reaction method. We used
high-purity copper, aluminum, chromium, and sulfur pow-
ders from Alfa Aesar in stoichiometric ratios and ground
them into a pellet, which was sealed in a quartz tube under
10 mTorr of argon pressure. We heated the sealed tube at
1000 °C in a box furnace for 48 h. This process was re-
peated at 1100 °C after being ground and pressed for a second
time.

We performed preliminary room-temperature powder x-ray
diffraction measurements using a Panalytical X pert diffrac-
tion instrument, which uses a copper source with a wavelength
of 1.540 56 A. A Rietveld refinement of the XRD pattern was
performed using the FULLPROF suite. The sample contained
4.3% weakly ferromagnetic Cr3S, [34], which does not inter-
fere with our measurements except for magnetic susceptibility
measurements in low fields. Magnetization measurements
were performed using a Quantum Design superconducting
quantum interference device (SQUID) with a Reciprocating
Sample Option (RSO) insert. We utilized a GC10/3 helium
gas pressure cell from the Institute of High Pressure Physics,
Polish Academy of Sciences, inserted into the magnetic prop-
erty measurement system (MPMS) to allow for magnetization
measurements under pressure up to 600 MPa, above 2 K.
We performed specific heat measurements with a Quantum
Design 9-T physical property measurement system (PPMS).
Synchrotron x-ray diffraction measurements were carried out
on a powder sample of CuAlCr4Sg using the QM2 beamline
at the Cornell High Energy Synchrotron Source (CHESS).
Measurements were performed using X rays with an incident
energy of 29.20 keV (A = 0.42460 A), and a Pilatus 6M
area detector. The sample was loaded into a borosilicate glass
capillary (0.5 mm diameter), and cooled with a liquid helium
cryostream. Measurements were carried out from a base tem-
perature (T = 12 K) up to 300 K. Zero- and longitudinal-field
muon spin relaxation/rotation (#SR) measurements were per-
formed at the TRIUMF’s LAMPF spectrometer on the M20
beamline. The SR data were fitted with the help of the
MUSRFIT software [35].
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FIG. 1. The figure shows the fit of the synchrotron powder x-ray
diffraction data taken at 300 and 12 K. There is a small shift in the
intensities and peak positions between the two temperatures, but no
different peaks occur at the different temperatures. The inset shows
the zoomed view of the [200] peak, characteristic of the breathing
pyrochlore structure, presenting evidence for a small shift in 26
between the two scans.

III. RESULTS AND DISCUSSION

A. Synchrotron x-ray diffraction

The powder x-ray diffraction data taken 12 and 300 K
on the polycrystalline samples of CuAlCrsSg are shown in
Fig. 1. Rietveld refinement of the XRD data reveals good
agreement with the breathing pyrochlore structure with space
group F43m. This crystal structure carries magnetic Cr’*
atoms at the corners of two unequal sized tetrahedra, unlike
the normal pyrochlore (space group Fd3m) structure. The
two Cr-Cr distances are 3.4020(14) and 3.6275(14) A for this
system. The ratio of the sizes of the two tetrahedra is called the
breathing ratio B,, which is 1.0663(8) for CuAlCr4Sg. This
value is comparable to other sulfide breathing pyrochlores
such as CulnCr4Sg (1.06) [36], LiGaCrySg (1.077) [24], and
so on, however, it is much less than the rare-earth com-
pound Ba3zYb,Zns04; (1.90) [37], where the tetrahedra are
decoupled.

CuAlCr4Sg retains the room-temperature crystal structure
upon cooling to 12 K. However, the Bragg peaks exhibit
broadening at the lowest temperature as shown in Fig. 2
(bottom). The crystallographic parameters at 300 and 12 K
are listed in Tables I and II, respectively. The lattice pa-
rameters as a function of temperature, obtained from the
Rietveld refinement, are shown in Fig. 2 (top). It shows a
positive thermal expansion coefficient with a concave upward
temperature dependence, unlike LilnCrsSg and LiGaCr4Ss,
which show a concave downward temperature dependence
with positive thermal expansion and negative thermal expan-
sion, respectively [24,36,38]. The negative thermal expansion
can arise due to competition between ferromagnetic and
antiferromagnetic interactions through strong coupling with
bond lengths, and its absence in CuAlCrsSg means a weaker
magnetoelastic coupling. The different types of tempera-
ture dependence of thermal expansion coefficients among
the breathing pyrochlores likely originate from the varying
strengths of magnetoelastic coupling.

024407-2



SYNTHESIS AND PHYSICAL AND MAGNETIC ...

PHYSICAL REVIEW B 106, 024407 (2022)

L L B B B BN Y TABLE II. The crystallographic parameters of CuAICr,Sg deter-
9940 / , . mined by Rietveld refinement of the synchrotron XRD data at 12 K.
i / The space group is F43m. The lattice parameters are a = b =c =
Q 9.938f / - 9.92774(3) A and B is the thermal factor.
15} /
§ 9.936 , 6 . X=y=z B (A?) Occupancy
£ 9934f § . 7 1 cul 4d 0.00000 0.061(65) 0.006(0)
— /e/ Cu2 4a 0.75000 0.118(24) 1.007(1)
8 9.932 - - All 4d 0.00000 0.061(65) 0.994(1)
pe - Al2 4a 0.75000 0.118(24) 0.006(0)
9930 - o - - Y Cell Parameter N CI' ]66 037906(6) 01 ]5(]0) 1
- — Polynomial Fit Sl 16¢ 0.13210(5) —0.036(25) 1
9'928_?—. :e:?:::::::::::::::::::::::::_ 52 16e 0.61687(8) 0.121(24) 1
R
° 6ol b this system. The antiferromagnetic ordering temperature Ty
D C ] of CuAlCrySg is comparable to the other antiferromagnetic
AN el & J samples of this sulfide family such as CulnCr4Sg (28 K) and
= R e R e L S LS £ LiGaCr4Sg (10.3 K) [36]. The magnetic transition shifts to a
= S6[ 7 higher temperature upon application of hydrostatic pressure
B I ‘ ¢ S 4] as shown in Fig. 4. The shift in transition displays an almost
I T S ST I 4 15 B linear dependence on pressure, with 600 MPa inducing a 3.2-
50 100 150 200 250 300
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FIG. 2. Top: The temperature dependence of the unit cell pa-
rameter obtained from the Rietveld refinement is shown. Inset: The
breathing pyrochlore lattice formed by Cr atoms where the smaller
and larger tetrahedra are distinguished through different colored
bonds. Bottom: The full width at half maximum (FWHM) for the
labeled Bragg peaks as a function of temperature is shown. The width
of the Bragg peaks shows an increase in cooling from 33 to 12 K,
which indicates broadening associated with the magnetic ordering.

B. Magnetization

The dc magnetic susceptibility data in Fig. 3 show an up-
turn at 80 K in the low field (0.01 T), which could be due to the
Cr3S4 impurity phase discussed earlier. CuAlCr4Sg undergoes
a sharp dip in the magnetic susceptibility at 20 K. Moreover,
no evidence of structural distortions associated with the mag-
netic susceptibility anomaly was observed in our synchrotron
XRD measurements. The negative Curie-Weiss temperature
obtained from the Curie-Weiss fit of the magnetic susceptibil-
ity establishes the dominant antiferromagnetic interaction in

TABLE I. The crystallographic parameters of CuAlCr,Sg deter-
mined by Rietveld refinement of the synchrotron XRD data at 300 K.
The space group is F43m. The lattice parameters are a = b = ¢ =
9.94112(3) A and B is the thermal factor.

xX=y=z B (A?) Occupancy
Cul 4d 0.00000 0.380(75) 0.006(0)
Cu2 4a 0.75000 0.747(30) 1.007(1)
All 4d 0.00000 0.380(75) 0.994(1)
AI2 4a 0.75000 0.747(30) 0.006(0)
Cr 16e 0.37901(7) 0.416(11) 1
S1 16e 0.13210(6) 0.241(28) 1
S2 16e 0.61686(9) 0.421(27) 1

K increase in the Néel temperature as shown in Fig. 4 (inset).
This may be due to the changing volume of the crystalline lat-
tice induced by hydrostatic pressure, which generates stronger
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FIG. 3. Top: The dc magnetic susceptibility measurements on
CuAlCr,Sg. A sharp dip at 20 K in the magnetic susceptibility x
represents the antiferromagnetic transition. Bottom: The inverse sus-
ceptibility measured in the 0.1-T field and its Curie-Weiss fit in the
temperature range 70-100 K. Inset: The M-H at various temperatures
around the magnetic transition are plotted.
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FIG. 4. The graph shows the magnetic susceptibility plots mea-
sured with 0.1 T applied field under different pressures. The inset
shows the plot of midpoints of the magnetic transition and Curie-
Weiss temperature against applied pressure

interactions among the magnetic spins, allowing for a higher
magnetic ordering transition temperature. Magnetic suscep-
tibility data were fit with the Curie-Weiss equation in the
high-temperature range (70-300 K) as shown in Fig. 3(b),

x(T) = €))

T —6cw’
where C = Nyg>u3S(S + 1)/3k. The value of the Curie-
Weiss constant [C = 1.553(6) emu K/mol] obtained from the
fits of the ambient pressure data corresponds to an effective
magnetic moment (iesr) of 3.525(7)up, which is lower than
the other sulfide breathing pyrochlores. This value of pegt
yields a g = 1.83 for § = 3/2. The Curie-Weiss temperature
(Bcw) for CuAlCrySg is —68.7(9) K. The smaller value of
the Néel temperature in comparison to the Weiss temperature
signifies the suppressed antiferromagnetic (AFM) long-range
interactions due to frustration. The frustration factor (Ty =
Ocw/Ty) for CuAlCrySg is 3.43(7). The Curie-Weiss fit of
the 600-MPa data exhibits the same Curie-Weiss constant
(within the error limit) as the ambient pressure data, implying
the unchanged effective moment. However, the Curie-Weiss
temperature has negative linear dependence on pressure as
shown in Fig. 4 (inset).

C. Heat capacity

Heat capacity measurements performed on a polycrys-
talline sample of CuAlCr4Sg are shown in Fig. 5. There is a
sharp peak in heat capacity data at 20 K, which is independent
of the applied field (up to 7 T). The bottom panel of the
figure depicts the total entropy as a function of temperature.
Due to the absence of the nonmagnetic analog of this sample,
we could not subtract the lattice contribution from the entropy.
The system is not able to recover the full entropy of a spin-%
magnetic system until 40 K, despite not correcting for the
lattice contribution. The temperature derivative of magnetic
susceptibility manifests the same behavior as specific heat
near the magnetic transition (Fig. 5, top), which in principle
looks antiferromagnetic; however, a detailed neutron diffrac-
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FIG. 5. Top: The figure shows that the sample heat capacity and
the slope of the magnetic susceptibility peak at the same temperature.
Bottom: The expanded view of zero-field heat capacity to eluci-
date the near 7y ranges. The total entropy (magnetic+nonmagnetic)
and the maximum entropy of a spin-% system are shown here for
comparison

tion experiment is desired to definitely determine the nature
of the magnetic ground state.

D. Zero-field (ZF)/longitudinal-field (LF) muon spin
relaxation/rotation («SR)

Figure 6(a) shows zero-field uSR spectra taken at tem-
peratures between 2 and 100 K. The relaxation rate starts
increasing as we cool down from 100 K and the majority of the
signal relaxes out on going through the magnetic transition.
We do not see any spontaneous oscillations in the signal in the
ordered state, in contrast to what was seen with LiGaCr4Og
[39] and ZnCr,O4 [40]. The fast relaxing part of the signal is
fit with an exponentially relaxing function, whereas the 1/3
tail is fit with a stretched exponential function as shown in
Eq. (2),

(@)

where A is the total asymmetry and A is the initial asymmetry.
A1 and X, are fast and slow relaxation rates, respectively. 8 is
the exponent of the stretched exponential factor fitting to the
1/3 tail of the signal. In a polycrystalline sample, the local
field points in random directions, where the 1/3 component
of the signal describes the spins parallel to the initial muon
spin while the remaining 2/3 part describes the spins perpen-
dicular to the initial muon spin direction. The monotonically
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FIG. 6. The zero-field (ZF) uSR data taken on a polycrystalline
sample of CuAlCr,Sg. (a) The asymmetry spectra taken at various
temperatures above and below the 7y. The relaxation rates (b) A,
and (c) A,, and (d) stretched exponential factor 8 as obtained from
the fits of the asymmetry are plotted against temperature. All three
parameters show an abrupt change of relaxation rates as we cool
down the sample below its ordering temperature. The relaxation rate
A is too fast below 20 K and constrained to be less than 200 ps™!
and therefore poorly determined.

increasing relaxation rates upon cooling signify the slowing
down of spin fluctuations. Upon cooling below 20 K, the
asymmetry signal starts to decay rapidly. The relaxation rates
rise sharply, indicating quasistatic magnetic ordering at 20 K.
The fact that we have 1/3 and 2/3 components means that
the entire sample undergoes spin freezing. The internal field
below Ty = 20 K is very large and as such we are unable to
resolve the time dependence of the muon polarization, either
to detect oscillations as would be expected in an ordered state,
or a nonoscillating but rapidly relaxing signal as would be
expected in a glassy state.

We also performed longitudinal-field (LF) SR measure-
ments. In the longitudinal-field SR experiment, a field is
applied parallel to the initial muon spin and this field cants
the magnetic moments along the magnetic field, making the
perpendicular field smaller, and the effective parallel field
larger, thereby shifting the 1/3 tail upward for the polycrys-
talline samples. This process brings some of the fast relaxing
asymmetry signal in the SR time window. Figure 7 shows
the asymmetry spectra of the sample under different applied
fields. The longitudinal field of 4 kG shifts the ©SR spectra
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FIG. 7. Longitudinal-field (LF) ©SR data taken on a polycrys-
talline sample of CuAlCr,Sg under different fields show an upward
shift of the 1/3 tail.

up, however, it is not enough to bring the entire fast relaxing
component of the signal in the uSR time window. This im-
plies that the characteristic internal fields are quasistatic and
are of the order of few thousand gauss.

IV. DISCUSSION

The sharp nature of the transition in both magnetic suscep-
tibility and specific heat suggests the possibility of a first-order
transition. However, the absence of any temperature hysteresis
in magnetic susceptibility and the observation of no signif-
icant change of cell volume detected across the transition
makes a definitive statement impossible. It is possible that the
magnetoelastic coupling is too weak to give observable effects
in the cell volume.

As evident from Fig. 1, we do not observe any peak split-
ting or any new peaks arising below the magnetic transition;
this implies that the structure retains cubic symmetry. We do,
however, see a subtle peak broadening below the magnetic
transition, as shown in Fig. 2, which exhibits no particular
HKL dependence, suggesting no change of symmetry. This
broadening may correspond to very small distortions or struc-
tural fluctuations which cannot be resolved with the current
resolution of the data. This could be investigated in more
detail with higher-resolution synchrotron measurements, with
measurements on single-crystal samples (if available in the
future), or through more detailed temperature-dependent data.

V. CONCLUSION

We successfully synthesized a breathing pyrochlore ma-
terial CuAlCr4Ss, and investigated structural and magnetic
properties. The specific heat data exhibit a sharp peak at 20 K,
which is supported by an abrupt dip in the magnetic suscep-
tibility. We observe a linear increase in magnetic transition at
a rate of 0.53 K/kbar of applied helium pressure. The close
proximity of the breathing ratio, and the Curie-Wiess temper-
ature of CuAlCr4Sg to CulnCrySg may allow it to have similar
complex nearest-neighbor magnetic interactions, switching
from antiferromagnetic in smaller tetrahedra to ferromagnetic
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in larger tetrahedra; however, ab initio calculations and neu-
tron scattering experiments are required for a more accurate
determination of the exchange interaction parameters and
magnetic ground state, respectively. CuAlCrySg may present
a clean realization of breathing pyrochlore physics due to
the low antisite disorder and the fact that only one magnetic
transition is observed.
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