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We present a comprehensive neutron scattering study of the breathing pyrochlore magnet LiGaCr,Sg.
We observe an unconventional magnetic excitation spectrum with a separation of high- and low-energy
spin dynamics in the correlated paramagnetic regime above a spin-freezing transition at 12(2) K. By fitting
to magnetic diffuse-scattering data, we parametrize the spin Hamiltonian. We find that interactions are
ferromagnetic within the large and small tetrahedra of the breathing pyrochlore lattice, but antiferro-
magnetic further-neighbor interactions are also essential to explain our data, in qualitative agreement with
density-functional-theory predictions [Ghosh et al., npj Quantum Mater. 4, 63 (2019)]. We explain the
origin of geometrical frustration in LiGaCr,Sg in terms of net antiferromagnetic coupling between
emergent tetrahedral spin clusters that occupy a face-centered-cubic lattice. Our results provide insight into
the emergence of frustration in the presence of strong further-neighbor couplings, and a blueprint for the
determination of magnetic interactions in classical spin liquids.
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Geometrical frustration—the inability to satisfy all
interactions simultaneously due to geometrical con-
straints—can generate unusual magnetic states in which
long-range magnetic ordering is suppressed but strong
short-range spin correlations endure [1]. Canonical models
of frustrated magnetism often consider spins coupled by
antiferromagnetic nearest-neighbor (NN) interactions,
which generate a macroscopic degeneracy of magnetic
ground states on lattices such as the pyrochlore network of
corner-sharing tetrahedra [2—4]. This ground-state degen-
eracy is not symmetry protected, and in general is expected
to be broken by perturbations such as further-neighbor
interactions or spin-lattice coupling. Remarkably, however,
some materials exhibit highly frustrated behavior, despite
having complex magnetic interactions that deviate strongly
from canonical frustrated models [5-7]. These states are of
fundamental interest because they can reveal novel frus-
tration mechanisms.

A modification of the pyrochlore lattice with the poten-
tial to realize such states is an alternating array of small and
large tetrahedra [Fig. 1(a)]. This lattice is conventionally
called a “breathing pyrochlore,” although the size alter-
nation is static and corresponds to a symmetry lowering
from Fd3m to F43m [8]. Different exchange interactions
can occur within the small and large tetrahedra [J and J’,
respectively; see Fig. 1(a)], increasing the richness of the
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phase diagram [9]. Neglecting further-neighbor inter-
actions, conventional ordering is expected only if both J
and J' are ferromagnetic. If J and J’ are both antiferro-
magnetic, the ground state is a classical spin liquid,
whereas if J and J' are of opposite sign, the ground-state
manifold is dimensionally reduced [9]. Further-neighbor
interactions [J5, J3,, and J3,; see Fig. 1(a)] can generate
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FIG. 1. (a) Breathing pyrochlore lattice of S = 3/2 Cr3* ions
(black circles) in LiGaCr,Sg, showing large (small) tetrahedra
[colored green (gray)], and the connectivity of the exchange
interactions J, J', J,, J3,, and J3;,. J3, and J3;, span the same
distance but have different symmetry. (b) Emergent tetrahedral
clusters generated by strong ferromagnetic J' interactions,
coupled by a net antiferromagnetic interaction J ppy < J + 4J, +
2J3, +2J5, (> 0).
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Inelastic neutron scattering spectra of LiGaCr,Sg measured at temperatures indicated in the panels. (a) High-energy excitation

spectra measured with £; = 25 meV. (b) Low-energy spin excitations measured with E; = 3.32 meV. The regions of the Q-F space
enclosed by dotted lines in (a) indicate the regions shown in (b). Intensity is corrected for detailed balance and shown by color on a
logarithmic scale. The intensity scale in (b) is a factor of 10 larger than in (a).

further exotic phases. Perhaps the most intriguing of these
is predicted [10] to occur when J or J' is large and
ferromagnetic and further-neighbor interactions are anti-
ferromagnetic. The dominant ferromagnetic interactions
drive the formation of ferromagnetic tetrahedral clusters,
and intercluster interactions are frustrated because these
clusters occupy a face-centered-cubic (fcc) lattice [Fig. 1(b)]
[10]. This model provides a notable example of the concept
of emergent frustration—the frustration of multispin degrees
of freedom that occupy a different lattice to the spins
themselves [6,7].

Experimental realizations of the breathing pyrochlore
model include the spinel derivatives AA’Cr,Xg, in which
the A site is occupied by an ordered arrangement of Li™ and
In’t/Ga’t, X = O, S, or Se, and the Cr*" ions occupy a
breathing pyrochlore lattice [8]. Since J ~ J' in these materi-
als, collective magnetic behavior is expected, in contrast to the
breathing pyrochlore material Ba; Yb,ZnsO,; in which tetra-
hedra are decoupled [11-15]. Series members with X = O
have antiferromagnetic J and J” and exhibit magnetostructural
phase transitions and nematic spin ordering [8,16-19].
Replacement of O with S or Se ligands is predicted to cause
two key differences: suppression of direct exchange relative to
superexchange, which is expected to be ferromagnetic because
the Cr—X—Cr bond angles are near 90° [20], and enhancement
of further-neighbor interactions [10]. Hence, series members
with S or Se ligands [20-24] are promising candidates to
realize models of frustration driven by further-neighbor
interactions. However, no experimental determination of the
magnetic interactions in such systems exists.

Here, we use neutron scattering measurements to study
the breathing pyrochlore LiGaCr,Sg. While the Weiss
constant of LiGaCr,Sg is relatively small, Ocw =20 K
[20,23,25], its bulk magnetic susceptibility y shows strong
deviations from Curie-Weiss behavior below ~100 K,
suggesting the development of strong spin correlations

above its spin-freezing transition at 7, = 12(2) K [20].
Spin freezing is probably driven by a small amount of off-
stoichiometry, as approximately 4% of Li sites are occupied
by Ga [20]. Our three key results explain the nature and
origin of spin correlations in LiGaCr,Sg: We experimen-
tally parametrize the spin Hamiltonian to reveal the
importance of further-neighbor couplings, we confirm
recent theoretical predictions (Ref. [10]) of cluster frus-
tration, and we observe a direct signature of cluster
formation in its magnetic excitation spectrum. These results
show that LiGaCr,Sg realizes the frustration of tetrahedral
clusters on an emergent fcc lattice.

Figure 2 presents the temperature dependence of our
inelastic neutron scattering (INS) data as a function of the
wave vector transfer Q = |Q| and energy transfer E. Data
were collected on a polycrystalline sample of mass ~2 g
(see Supplemental Material [26]) using two neutron spec-
trometers: Fig. 2(a) shows high-energy data measured
using the ARCS spectrometer with incident energy
E; =25 meV, and Fig. 2(b) shows low-energy data mea-
sured using the CNCS spectrometer with E; = 3.32 meV.
All INS data have been corrected for detailed balance, and
CNCS data are background subtracted. The dependence of
the scattering on Q and temperature suggests that it is of
magnetic origin.

The maximum magnetic excitation energy is about
15 meV, which is larger than the net interaction energy
Ocw ~ 20 K (2 meV), suggesting that ferromagnetic and
antiferromagnetic exchange interactions compete. Above
100 K the spectrum is broad, as expected for a paramagnet.
In contrast, between 20 and 100 K, a band at ~12 meV and
low-energy quasielastic excitations are observed. The low-
energy scattering is much more intense than the high-
energy scattering and has a pronounced wave vector
dependence. On cooling, the quasielastic scattering moves
toward low energy; however, analysis of the dynamical
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FIG. 3.

Data (black circles), model fits (red lines), and data—fit (blue lines) for (a) the density-functional-theory (DFT) model of

Ref. [10], (b) the J-J' model, and (c) the J-J'-J,-J3,-J3, model discussed in the text. The left-hand panels of (a)—(c) represent the
neutron scattering data at temperatures indicated in each panel, and the right-hand panel represents y. Fits were performed for 7 > 20 K.

susceptibility using a damped-harmonic-oscillator model
indicates that the excitations are overdamped and gapless at
all measured temperatures [26]. Below T, most of the
quasielastic spectral weight shifts to the elastic line [26],
consistent with the expected dramatic slowing-down of
spin dynamics associated with spin freezing [45].
Interestingly, the intensity of the high-energy band does
not change appreciably compared to 20 K—a point to
which we return below. Additional evidence of spin
freezing is provided by our muon spin relaxation (uSR)
measurements (see Supplemental Material [26]). Zero-field
1SR measurements down to 1.8 K showed no evidence of
static magnetic order or a canonical spin-glass state; however,
the relaxation rate increased at the same temperature
as seen with neutron scattering, suggesting a slowing-down
of the spin fluctuations toward a frozen magnetic state.
Longitudinal-field #SR does not show evidence of dynamic
spin fluctuations, but rather agrees with the emergence of
spin freezing at low temperature in LiGaCr,Sg.

We now obtain an estimate of the magnetic interactions
in LiGaCr,Sg. Our starting point is a Heisenberg spin
Hamiltonian H =37, ;J;;S; - S;, which has been applied
successfully to Cr3*-based spinels [46,47]. Here, Jij €
{J,J',J2,J34,J3,} denotes an interaction as shown in
Fig. 1, and S denotes a classical vector of magnitude

V/S(S+1) with §=3/2. Our calculations assume
Heisenberg spins on the breathing pyrochlore lattice and
neglect chemical disorder. Because LiGaCr,Sg does not
exhibit long-range magnetic order, it is not possible to
employ the conventional approach of fitting interactions to
spin-wave spectra in an ordered state. Therefore, we
consider instead the magnetic diffuse-scattering intensity
1(Q) = [1(Q. E)dE, which we obtain from background-

corrected powder-diffraction data collected using the HB-
2A diffractometer at ORNL (see Supplemental Material
[26]). For a given set of interaction parameters, we calculate
I(Q) and xT using Onsager reaction field theory [48-50],
which is equivalent to the self-consistent Gaussian approxi-
mation used elsewhere [9,46,51] and gives accurate results
for frustrated Heisenberg pyrochlore models [52].

We tested three models against our I(Q) data and the T
data from Ref. [20] (Fig. 3). Values of the interaction
parameters for each model are given in Table I. First, we
considered the five-parameter “DFT model” obtained using
the density-functional theory (DFT) in Ref. [10].
Calculations of 1(Q) and xT for this model show partial
agreement with experiment; however, the calculated posi-
tion of the main diffuse-scattering peak disagrees with the
data [Fig. 3(a)]. Second, we fitted a simpler model to 7(Q)
data that included J and J' interactions only (“J-J' model”).
These fits also do not agree with the 7(Q) data and are
inconsistent with the 7 data [Fig. 3(b)]. Crucially, this
result indicates that longer-ranged interactions beyond J
and J' are essential to account for our experimental data.
Finally, we fitted all five interaction parameters to our /(Q)
and yT data (“J-J'-J,-J3,-J3;, model”). Our data robustly
determine a unique optimal solution (see Supplemental

TABLE I. Magnetic interaction parameters for different mod-
els. Parameter values held fixed are denoted by an asterisk (¥).

Model JEK T XK K T K T (K
DFT (Ref. [10]) =7.7(1) —122(1) 1.2(1) 6.1(1) 3.0(1)
J-J' 3.073) —29.9(4)  0* 0* 0*

J-T'-Jy-Jsg-Jyy  —7.8(6) —22.1(3) —1.6(4) 9.6(1) 0.8(4)
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Material [26]) that gives a good fit to /(Q) and y7T at all
temperatures [Fig. 3(c)]. We find J' is the largest interaction,
J, J' are ferromagnetic, J5, is antiferromagnetic, and J, and
J3;, are small. The DFT model [10] shows the same trends.
The consistency between the results derived by the two
methods suggests that the trends determined by the modeling
are physically reasonable. While it is not necessary to
consider a possible temperature dependence of the inter-
action parameters [10] to model our data, a reduction in
magnitude ~30% of J' and/or J on cooling from 150 to 20 K
is not ruled out (see Supplemental Material [26]) and would
be suitable for future theoretical investigation.

With an interaction model in hand, we consider the
origin of frustration in LiGaCr,Sg. We hypothesize that, at
low temperature, spins coupled by dominant ferromagnetic
J' are essentially aligned within the large tetrahedra,
forming §’ ~ 6 clusters. The lattice occupied by these
clusters is fcc [Fig. 1(b)], and the net interaction between
clusters for our parameters is given by Japy = (J +4J, +
2J3, +2J3,)/16 = 043 K [10]; i.e., it is antiferromag-
netic. We therefore also hypothesize the suppression of 7'
compared to J' occurs because of the frustration of
antiferromagnetic intercluster interactions on the fcc lattice,
as proposed theoretically in Ref. [10]. To test the hypoth-
esis of ferromagnetic cluster formation, we performed
classical Monte Carlo (MC) simulations driven by our
fitted interaction parameters (see Supplemental Material
[26]). Figure 4(a) shows that, at 20 K, the simulated spin-
correlation function (S(0) - S(r)) is close to unity at the
distance ' within large tetrahedra, consistent with the
MPDF [53] obtained by Fourier transforming our 20 K
powder-diffraction data using Q. = 2.5 A™! to maxi-
mize the signal-to-noise ratio. This result shows that large
tetrahedral clusters are essentially ferromagnetic at 20 K.
Figure 4(b) shows the calculated temperature dependence
of (S(0) - S(r = r’)), and reveals that the clusters are well
established below 100 K. As described in the Supplemental
Material [26], our own all-electron first-principles calcu-
lations support the ferromagnetic cluster picture presented
here, along with the counterintuitive distance dependence
of the exchange interactions. To test the hypothesis of
antiferromagnetic frustration of S’ ~ 6 cluster spins, we
calculated the Fourier transform of the 3D spin-correlation
function 7(Q) o > . (S(0)-S(r))exp(iQ -r) from our
Monte Carlo model using the program SCATTY [54].
Figure 4(c) shows the calculated 7(Q) for LiGaCr,Sg at
20 K. Figure 4(d) shows the calculated 1(Q) from the fcc
lattice of cluster spins, defined on each tetrahedron of the
breathing pyrochlore lattice as 8’ = >_% | S;. Figures 4(c)
and 4(d) are different because the former includes the
structure factor of the tetrahedral cluster, whereas the latter
does not. Figure 4(e) shows the calculated /(Q) for spins on
the fcc lattice coupled by NN interactions J sgy;. The strong
similarity between Figs. 4(d) and 4(e) demonstrates that
antiferromagnetic interactions between cluster spins in
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FIG. 4. (a) Spin correlations at 20 K as a function of distance r,
showing (S(0) - S(r)) from classical Monte Carlo (MC) simu-
lations of our optimized interaction parameters (black bars and
circles), and the magnetic pair-distribution function (MPDF)
(blue line) [53]. The normalization is such that (S(0) - S(0)) = 1.
The dashed gray line shows a fit of a Gaussian envelope to
(S(0) - S(r)), yielding spin correlation length o, = 6.04(2) A.
(b) Temperature dependence of spin-spin correlators, showing
MC results within large tetrahedra (black solid line), MC results
summed over small and large tetrahedra (blue dotted line), and
MPDF results integrated over small and large tetrahedra (blue
circles). (c) Calculated single-crystal diffuse-scattering pattern
1(Q) in the (hk0) plane at 20 K. (d) Calculated 7(Q) from the
emergent fcc lattice of cluster spins defined as S’ = >~% | S; on
each tetrahedron. (e) Calculated 7(Q) for spins on the fcc lattice
with antiferromagnetic NN exchange interactions
Japm = 0.43 K. (f) Experimentally measured spin excitation
spectrum at 20 K. (g) Calculated spin excitation spectrum of
an isolated tetrahedral cluster. (h) Spin excitation spectrum
calculated using linear spin wave theory (LSWT) assuming
a proximate ordered ground state with propagation vector
k = 0,0, 1] [55].

LiGaCr,Sg are frustrated in the same way as individual
spins on the fcc lattice.

The cluster model helps to explain our INS data. Our
20 K data are shown on a linear intensity scale in Fig. 4(f).
To provide qualitative insight into these data, we show two
approximate calculations that correspond to opposing
limits. Figure 4(g) shows the excitation spectrum of an
isolated tetrahedral cluster with internal ferromagnetic
coupling J' [55,56]; its spectrum contains a single flat
mode at E = 4J'S, whose intensity shows a broad peak

167201-4



PHYSICAL REVIEW LETTERS 125, 167201 (2020)

centered at a Q of approximately 1.1 A~!'. Despite the
simplicity of this calculation, it is in qualitative agreement
with both the energy and wave vector dependence of the
high-energy excitation in our INS data. Figure 4(h) shows
the excitation spectrum of ferromagnetic tetrahedral clus-
ters that are long-range ordered with wave vector k =
[0,0, 1] calculated using linear spin-wave theory around an
assumed proximate ordered state using the Spinw software
[55]. The former calculation neglects the effect of inter-
tetrahedra coupling and consequently contains no low-
energy excitations, whereas the latter overestimates the
effect of intertetrahedra coupling. The spin-correlation
length 6, = 6.04(2) A at 20 K [Fig. 4(a)] exceeds the
nearest-neighbor distance but is less than the cell parameter
a~9.96 A, which suggests that the real material lies
between these two limits (see Supplemental Material [26]).

Our results show that the origin of frustration in
LiGaCr,Sg is the formation of tetrahedral clusters due to
a dominant ferromagnetic J' interaction and the frustration
of net antiferromagnetic intercluster interactions. This
occurs because further-neighbor interactions are large, in
agreement with DFT predictions [10] but in sharp contrast
to oxide spinels [46]. We directly observe cluster formation
via the development of an essentially intracluster high-
energy mode in INS data. Such modes may potentially be
present in other materials where emergent clusters are
coupled by frustrated interactions, such as the metallic
frustrated magnet -Mn 3Cog, [6] and the quantum-spin-
liquid candidate Ca;yCr;O,g [5]. In these cases, ferromag-
netic interactions generate a triangular cluster lattice, in
contrast to the fcc cluster lattice in LiGaCr,Sg; however, a
common feature is the higher symmetry of the emergent
lattice compared to the parent lattice. Intriguingly, on
traversing T, the high-energy mode in our INS data
remains unchanged, whereas the low-energy excitations
shift to the elastic line. Hence, the timescale of intercluster
dynamics is enhanced below Ty, while that of the intra-
cluster dynamics is unchanged. From the frequency
dependence of ac susceptibility data [20], we obtain the
Mydosh  parameter 6Ty~ 0.012 (see Supplemental
Material [26]). This value is an order of magnitude larger
than that of canonical spin-glass systems such as AuMn
[57] and CuMn [58], but is compatible with cluster-glass
systems such as CrysFeysGa [59] and Zn;V3;0g [60],
suggesting that the ground state of LiGaCr,Sg is cluster-
glass-like. It would therefore be interesting to investigate
whether traditional cluster-glass materials—in which
strong structural disorder typically generates clusters with
a broad size distribution—exhibit distinct high-energy
excitations similar to LiGaCr,Sg. Our determination of
the magnetic interactions of LiGaCr,Sg also sets a bench-
mark for quantitative interpretation of neutron data from
polycrystalline samples. Our approach, while restricted to
classical spins, can be generalized for different crystal

structures, spin dimensionalities, and bond-dependent mag-
netic interactions [61].
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