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Disorder-induced spin excitation continuum and spin-glass ground state
in the inverse spinel CuGa,0,
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Spinel-structured compounds serve as prototypical examples of highly frustrated systems and are promising
candidates for realizing the long-sought quantum spin liquid (QSL) state. However, structural disorder is
inevitable in many real QSL candidates and its impact remains a topic of intense debate. In this work, we conduct
comprehensive investigations on CuGa, 0y, a spinel compound with significant structural disorder, focusing on
its thermodynamic properties and spectroscopic behaviors. No long-range magnetic order is observed down to
~80 mK, as evidenced by magnetic susceptibility, specific-heat, and elastic neutron scattering measurements.
More intriguingly, inelastic neutron scattering experiments reveal a broad gapless continuum of magnetic
excitations around the Brillouin zone boundary, resembling the magnetic excitation spectra expected for a QSL.
Nevertheless, a spin-freezing transition at 7; &~ 0.88 K is identified from the cusp in the dc susceptibility curves,
where a bifurcation between zero-field-cooling and field-cooling curves occurs. Furthermore, ac susceptibility
measurements show a peak close to 7; at low frequency, which shifts to higher temperature with increasing
frequency. These results show that CuGa, 0O, has a spin-glass ground state, consistent with the establishment of
short-range order inferred from the specific-heat measurements. Collectively, these results illustrate the crucial
role of disorder in defining the excitation spectrum out of the disordered ground state. Our findings shed light
onto the broader class of AB,04 spinels and advance our understanding of the spin dynamics in magnetically

disordered systems.

DOLI: 10.1103/1xtf-wg3q

I. INTRODUCTION

Frustrated systems represent a fascinating frontier in con-
densed matter physics, where competing interactions give rise
to quantum fluctuations, resulting in rich emergent phenom-
ena [1-3]. Of particular interest are quantum spin liquids
(QSLs), in which strong quantum fluctuations prevent the
establishment of conventional long-range magnetic order, but
can also give rise to fractionalized quasiparticle excitations
such as spinons [3—8]. Frustration typically arises from ge-
ometrical constraints, as in triangular or kagome lattices
[9,10], or from competing exchange interactions, as in the
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honeycomb lattice [11-13]. Within the landscape of frustrated
systems, the compounds with a AB,X4 (A = transition metal,
B = Al Ga, Sc; X = O, S) spinel structure stand out as
prototypical examples due to their inherent geometrical and
magnetic structures [14—18]. These materials have attracted
significant attention for their potential to host novel quantum
states [16,19-21].

The AB,X, family of compounds crystallizes in the cubic
spinel structure (space group Fd3m), where A-site cations
occupy tetrahedral coordination sites, while B-site cations
reside at the octahedral coordination sites. If the magnetic
ions are located at the A sites, such compounds are termed
A-site magnetic spinels. Here, the magnetic ions at the A
sites form a diamondlike magnetic lattice, resulting in various
exotic phenomena depending on the ratio of the next-nearest-
neighbor interaction (J;) to the nearest-neighbor interaction
(J1) [16]. This has been the subject of extensive investiga-
tions in recent years [17,18,20,22-24]. A notable example is
the spiral spin liquid state observed in the highly frustrated

©2025 American Physical Society
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compound MnSc,Ss with |J,/J;] = 0.85 (Refs. [16,25]).
CuAl,Oy4 has also attracted a lot of attention with A sites nom-
inally occupied by Cu®t with spin-1/2 [26,27]. With Cu?**
in a tetrahedrally coordinated site, the single 3d hole should
be shared among the threefold degenerate #,, orbitals. Taking
spin-orbital coupling into account, it might be possible to
realize a spin-orbital-liquid ground state [26]. Unfortunately,
a study with resonant inelastic x-ray spectroscopy found evi-
dence that the A site has a Jahn-Teller distortion, inconsistent
with spin-orbital coupling, and that Cu is also present at the
octahedral B site [28].

Most investigations on the spinel compounds have focused
on the normal A-site magnetic spinels [16-18,20,22-27],
while those with inverse spinel structure have received rel-
atively little attention. In reality, site mixing is a common
phenomenon in spinel structures, where a fraction of A- and
B-site cations interchange positions. This can introduce a high
degree of antisite disorder and, in the extreme case, can lead to
the formation of an inverse spinel structure, where all the orig-
inal A-site magnetic ions sit on the B sites [29]. The extent of
this antisite disorder can be quantified by the inversion param-
eter &, which is expressed as (A;_sBs)[B2—sAs1X4 [14,20,26].
Here, parentheses denote the tetrahedral coordination site,
while brackets indicate the octahedral coordination site. The
closer the inversion parameter § is to 0.5, the stronger is the
degree of antisite disorder. Note that in the case of CuAl,Oy,
experiments indicate that § ~ 0.3 (Refs. [28,30,31]). It is
noteworthy that such antisite disorder is typically regarded
as an obstacle to the formation of QSLs [6,8], while others
suggest that disorder can, in some cases, play a crucial role in
stabilizing the QSL phase [18,32,33].

In this work, we study CuGa,0Oy4, an inverse spinel com-
pound in which a significant fraction of Cu®*" ions occupy
octahedral B sites rather than tetrahedral A sites. The site
disorder has been considered to play a crucial role in de-
termining the physical properties [34,35]. To elucidate the
underlying physics and clarify the impact of disorder in the
magnetic ground state, we perform neutron scattering ex-
periments, complemented by magnetization and specific-heat
measurements. Our results show that there is no long-range
magnetic order down to ~80 mK, but there is a broad gap-
less continuum of spin excitations as expected for a QSL
[9,36-38]. However, both dc and ac susceptibility measure-
ments reveal a spin-freezing transition at low temperatures,
with 7y ~ 0.88 K determined from the dc susceptibility and
a frequency-dependent peak in the real part of the ac sus-
ceptibility. This freezing temperature is close to the broad
hump around 1 K observed in the specific heat, suggesting
the development of short-range magnetic correlations near 7;.
These results evidence that CuGa,Oy is a spin glass where
disorder plays a crucial role.

II. EXPERIMENTAL DETAILS

Crystals of CuGa;04 were grown by the floating-zone
method. To prepare the feed rod, powders of high-purity
Ga03 (99.99%) and CuO (99.99%) were mixed in the
ratio of 1.085:1 (where the excess Ga allows for evapora-
tion during the single-crystal growth process), ground, and

calcined for 48 h at 1150°C. The reground powders were
placed in a rubber tube and hydrostatically pressed under
6000 kg/cmz. The pressed rods, with 8§ mm diameter, were
sintered for 72 h at 1350°C for use as feed rods. The
single-crystal rod was grown at a velocity of 0.4 mm/h in
1 bar oxygen flow. The grown rod was examined under an
optical polarization microscope, where differently oriented
crystals appear with different colors. Single crystals were
identified and extracted based on these images. To prepare
powder samples for the x-ray diffraction (XRD) character-
ization, single crystals were ground into fine powders. The
XRD data were collected at room temperature using an x-ray
diffractometer (SmartLab SE, Rigaku) with Cu-K,, radiation
(A = 1.54 A). The diffraction scan covered the angular range
from 10° to 120° with a step size of 0.02° and a scanning
rate of 10°/min. The collected XRD data were then subject
to Rietveld refinement using the FULLPROF software suite
to extract structural parameters, including the occupancy of
Cu?* and Ga’* ions at the A and B sites and the inversion
parameter §.

Single crystals were aligned using a Laue x-ray diffrac-
tometer and then cut using a wire cutting machine. The dc
magnetic susceptibility above 2 K was measured in a commer-
cial Quantum Design physical property measurement system
(PPMS), while those below 2 K were measured in a com-
mercial Quantum Design magnetic property measurement
system (MPMS) equipped with a He-3 refrigerator module.
The ultralow-temperature specific-heat measurements were
performed in a PPMS equipped with a dilution refrigerator.
AC magnetic susceptibility measurements were performed
using both the AC dilution refrigerator (ACDR) and AC mea-
surement system (ACMS) modules of the Quantum Design
PPMS. The same sample was measured in both setups to
ensure consistency. The ACDR module was used to access
the ultralow-temperature regime down to ~50 mK, while the
ACMS measurements were carried out above 1.9 K under
identical excitation conditions (2 x 10~* T). To ensure the
accuracy of the low-temperature data, background correction
was applied to the ACDR results using the ACMS data as
a reference in the overlapping temperature range (from 1.9
to 4.0 K).

Neutron scattering experiments were performed on MACS
[39] and SPINS at the NIST Center for Neutron Research,
and on SEQUOIA [40] at Oak Ridge National Laboratory.
On MACS, the incident energy E; was fixed to 5 meV. The
measurements were conducted by rotating the samples at 0.3,
15, and 100 K, respectively. In the time-of-flight experiment
at SEQUOIA, the measurements were made at the base tem-
perature of 5 K with two E;’s of 20 and 40 meV, with a Fermi
chopper frequency of 300 Hz, and a scan of rotation about
the sample’s vertical axis over a range of 154°. Measurements
were also performed at 7 = 100 K and used for a quantifi-
cation of the sample background as described later in the
text. The wave vector Q was expressed in reciprocal lattice
units (r.l.u.) as (H, K, L), where " =b" =¢" = 27 /a with
a =827 A in the space group Fd3m. The sample used for
the neutron scattering measurements consisted of 3 rods with
a total mass of 19.8 g, and was aligned in the (H K0) scattering
plane.
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FIG. 1. (a) Schematic illustration of the crystal structure of
CuGa, 0y, drawn using VESTA [41]. The tetrahedral environment at
the A site and the octahedral environment at the B site are also illus-
trated. (b) A typical kagome layer viewed along the [111] direction as
illustrated by the purple-shaded region in (a). The sphere with mixed
blue and yellow colors represents the random occupation of Cu**
and Ga" ions at these sites. Black lines indicate the boundary of
CuGa,04’s unit cell. (c) Rietveld refinement results for the powder
XRD data collected at room temperature. The red circles and black
solid line indicate the measured data and calculated results upon
Rietveld refinement, respectively. Green ticks denote Bragg peak
positions of CuGa, 0, with space group F3dm. The blue solid line
represents the difference between the experiment and calculations for
this compound.

III. RESULTS

A. Crystal structure and x-ray diffraction

We begin with a detailed description of the structure.
Figure 1(a) illustrates the crystal structure of CuGa,0y4, an
inverse spinel compound with major Cu®* ions located at the
B sites, as indicated by previous powder diffraction studies
[42,43]. The A and B sites have tetrahedral and octahedral
coordinations, respectively. When viewed along the [111]
direction, the ions at the B sites form a kagome plane [high-
lighted by the purple plane in Fig. 1(a)]. This is a well-known
geometrically frustrated network, as shown in Fig. 1(b).
Figure 1(c) presents the Rietveld refinement results for the
powder XRD data of CuGa,Oj4 collected at room temperature.
The refinement process was performed under the assumption
that there is a small copper vacancy due to vapor loss dur-
ing the growth procedure, no oxygen vacancy, and a slight
crystalline preferred orientation in the powder sample. The
fitting results show excellent agreement with the experimental
data, as indicated by the minimal residual difference line. The
goodness of fit, Xz’ is 3.86, with final refinement parameters
Ry ~ 4.71% and Ry, ~ 6.52%. It gives rise to the cubic lattice
constant @ = 8.303 A. This parameter is in good agreement

TABLE 1. Refined atomic positions, occupancy (Occ.), and
isotropic atomic displacement parameter Uiy,. The positions of the
Cu and Ga ions are fixed based on the symmetry, while those of O
are refined.

Atom Site X y z Occ. U, (A?)
Cu (A site) 8a 0.00000 0.00000 0.00000 0.24(2) 0.015
Ga (A site) 8a 0.00000 0.00000 0.00000 0.76(8) 0.015
Ga (Bsite) 16d 0.62500 0.62500 0.62500 0.61(3) 0.015
Cu (Bsite) 164 0.62500 0.62500 0.62500 0.37(3) 0.015
(0] 32¢ 0.37850 0.37850 0.37850 1.000 0.020

with those reported in the existing literature [44]. The detailed
refinement results are summarized in Table I. The refined site
occupancies of Cu>* ions yield a total net occupancy of 0.98
and an inversion parameter § &~ (.76, qualitatively consistent
with previous studies [42,43].

The majority of the Cu’" ions occupy the B sites, but
fill a minority of these sites, so that the magnetic kagome
network is quite disordered. The nearest distance between
the B-site ions is 2.935 10\, while the nearest-neighbor and
next-nearest-neighbor distances between ions at the A sites
are 3.595 A and 5.871 A, respectively. The shortest distance
between the A and B sites is 3.442 A. The relatively short
distance between nearest-neighbor B sites indicates that the
magnetic interactions between B-site Cu>t nearest neighbors
likely play a dominant role in determining the magnetic prop-
erties of this compound.

B. Magnetic susceptibility and specific heat

To investigate the magnetic properties of CuGa,0y, the
magnetic susceptibility and specific heat have been measured.
Figure 2(a) shows the susceptibility curves measured with
an external field of 0.1 T applied along the [100] and [111]
directions, and perpendicular to the [111] direction. All three
curves show no sign of phase transitions as the temperature
approaches the lowest value of 2 K. It is noted that there
is a slight bifurcation observed at low temperatures among
the susceptibility curves measured with different field direc-
tions, indicating the presence of weak magnetic anisotropy.
We fit the data with the field applied along the [111] direc-
tion using the Curie-Weiss law, 1/x = (T — 6cw)/C, over the
temperature range from 25 to 100 K, as shown in the inset
of Fig. 2(a). This yields a negative Curie-Weiss temperature
of Ocw ~ —16.11 K, indicating dominant antiferromagnetic
interactions between Cu’* ions. Note that this is an order
of magnitude lower than the value of —137 K reported for
CuAl,O4 [26]. The effective moment extracted from the fitted
Curie-Weiss constant is approximately 1.71 g /Cu*, which
is comparable to the theoretical value of 1.73 ug/Cu*" ex-
pected for spin 1/2.

Specific-heat measurements down to ~80 mK at various
applied fields along the [100] direction are shown in Fig. 2(b).
The data are plotted as C,,/T vs T with a logarithmic scale.
We do not attempt to subtract the phonon contribution, as it is
expected to be negligible at low temperatures [45,46]. Despite
the nuclear Schottky contribution for 7 < 0.2 K, a broad
hump is observed around 1 K at zero field, which shifts to
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FIG. 2. (a) Susceptibility measured with an external magnetic
field of 0.1 T applied parallel to the [100], [111] directions, and
perpendicular to the [111] direction. No significant difference is
observed in the paramagnetic phase. Inset: The Curie-Weiss fit in
the temperature range from 25 to 100 K, which yields a negative
Curie-Weiss temperature of —16.11 K, indicating antiferromagnetic
interactions in CuGa,QO4. (b) Specific heat measured at different
applied magnetic fields. (c) Scaling analysis of the specific heat at
different fields ranging from 1 to 9 T.

higher temperatures with increasing applied magnetic fields.
Such behavior is typically attributed to the establishment of
short-range correlations. This is a common feature in frus-
trated systems and likewise often found in QSL candidates
[45,47,48].

We note that due to the disorder resulting from the in-
teroccupancy between the A and B sites, a random-singlet

state may emerge for a frustrated system [49]. To assess this
possibility, we perform further analysis upon these data. A
random-singlet state is proposed to exhibit a scaling behavior,
where the specific-heat data at different applied fields should
collapse into a single curve [50,51]. This scaling follows the
functional form @ ~ %[%] described in Ref. [50]. In
Fig. 2(c), we present our data in this form with the parameter
y = 0.5. Ignoring the phonon-caused upturn for T7/H 2 1, we
find the data do not collapse into a single curve with a peak as
described by the above scaling function, and we have found
no improvement by varying y. This is different from the case
of herbertsmithite ZnCu3(OH)¢Cl,, where the scaling works
well [50,52]. These results indicate that the random singlet is
not likely to be the ground state for CuGa,;Oj.

C. Neutron scattering

To further elucidate the ground state of CuGa,04, we
conducted both elastic and inelastic neutron scattering (INS)
experiments with the spectrometer MACS using single crys-
tals. Figures 3(a) and 3(b) show elastic neutron scattering
intensity maps in the (H, K, 0) plane, measured at 0.3 and
100 K, respectively. Compared to 100 K, no additional peaks
appear at 0.3 K. To enhance visibility and identify any po-
tential magnetic peaks, we subtract the 100 K data from the
0.3 K data; the results are shown in Fig. 3(c). The resulting
difference reveals no authentic signals, but only weak residual
intensity, confirming the absence of long-range antiferromag-
netic order. These findings suggest that CuGa,O4 remains
magnetically disordered down to at least 0.3 K.

Here, we also probe the low-energy magnetic excitations of
CuGa,0y. Figures 3(d) and 3(e) display INS intensity maps at
2 meV, measured at 0.3 and 100 K, respectively. At 0.3 K, we
observe a broad, ringlike continuum of magnetic excitations
concentrated around the Brillouin zone boundary, especially
for the second Brillouin zone. In contrast, these excitation
signals vanish at 100 K, confirming its magnetic origin. To
highlight these excitations, we subtract the 100 K data from
the 0.3 K data, yielding the net excitation spectra shown in
Fig. 3(f). Similar spectra along the Brillouin zone are observed
at other energies. The diffuse, continuumlike nature of these
excitations is reminiscent of those observed in other QSL
candidates, such as herbertsmithite and YbMgGaO, [9,36,52],
where spin fluctuations persist in the absence of a long-range
order.

To further confirm the authenticity of these observed mag-
netic excitation signals, we conducted INS experiments using
the time-of-flight spectrometer SEQUOIA. Figures 4(b) and
4(c) show scattering intensity maps in the (H, K,0) and
(H, K, 1) planes at 3 meV, with an energy integrated width of
40.1 meV. It reveals broad excitation modes similar to those
observed in Fig. 3, confirming the nondispersive nature at low
energies. By analyzing the dispersion along high-symmetry
directions in the Brillouin zone, as indicated in Fig. 4(a),
we observe the diffusive low-energy excitations with weak
momentum @ dependence [Figs. 4(d) and 4(e)], in stark
contrast to well-defined spin waves. The excitation spectra
remain continuous over a broad energy range, extending up
to approximately 6 meV, with no spin gap observed within
the instrumental resolution. To provide further insight into the
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FIG. 3. (a), (b) Elastic neutron scattering data of CuGa,0, in the (H, K, 0) plane, measured at 0.3 and 100 K, respectively. (c) Contour
map obtained by subtracting the 100 K data from the 0.3 K data. White lines indicate the Brillouin zone boundaries. (d), (e) Inelastic neutron
scattering data with an energy transfer of AE =2 meV in the (H, K, 0) plane, measured at 0.3 and 100 K, respectively. (f) Contour map
obtained by subtracting the 100 K data from the 0.3 K data. To improve data statistics, all data have been folded according to the fourfold

rotational symmetry.

momentum dependence of the excitation spectra, we present
constant-energy cuts at 3.6 meV with energy E integrated
over 0.6 meV and momentum Q integrated over 0.2 A~ in
perpendicular @ directions, which are shown in Figs. 4(f) and
4(g). The scattering intensity increases as  moves away from
the I', point towards the high-symmetry points in the first
Brillouin zone. The intensity is broadly distributed across the
Brillouin zone, with no sharp, well-defined magnon modes.

D. Sub-Kelvin dc and ac susceptibility

The magnetic susceptibility, ultralow-temperature specific
heat, and elastic neutron scattering results all point to the ab-
sence of long-range magnetic order in CuGa;QOy. In particular,
INS reveals a broad, gapless excitation continuum along the
Brillouin zone boundary, reminiscent of dynamic spin fluctu-
ations observed in some QSL candidate materials. However,
considering the significant antisite disorder between Cu’*
and Ga*" ions in this inverse spinel structure (see Table I),
the impact of disorder must be carefully evaluated [5,6]. As
discussed in Sec. III B, we believe the random-singlet state is
less likely according to the scaling analysis of the specific-heat
data. Now we turn to assess the possibility of a spin glass, an-
other prevalent case in frustrated systems with strong disorder
[54]. In Fig. 5, we plot the dc and ac susceptibility measured
below T = 2 K. The dc susceptibility data in Fig. 5(a) show
that there is a cusp at ~0.88 K, where the zero-field-cooling
(ZFC) and field-cooling (FC) susceptibility curves measured

at 0.005 T exhibit a clear bifurcation. This indicates that
the system is, in fact, a spin glass, consistent with previous
reports on this compound [44,55], albeit with a lower freezing
temperature 7; than found in prior measurements. When the
applied field is increased to 0.01 T, as shown in the inset of
Fig. 5(a), the ZFC and FC curves closely overlap, suggesting
the destruction of spin clusters in a spin glass.

To confirm the nature of a spin-glass ground state, we
also perform frequency-dependent ac magnetic susceptibil-
ity measurements. Figure 5(b) shows the real part of the ac
susceptibility x,.(T') with the driving frequency ranging from
464 to 10 000 Hz within 0.5 and 2 K. There is a clear peak
around 1 K and it displays a characteristic frequency depen-
dence, consistent with the spin-glass ground state [54,56]. To
quantitatively extract the T; values at various frequencies, we
fit the x, (T ) peaks with the temperature range of 0.6 to 1.5 K
by using an empirical asymmetric Lorentzian function,

A

(o)
w[1+Asgn(T —Ty)]

Xeo(T) = X0 + (1)

where xo, A, w, and A represent the background, peak ampli-
tude, intrinsic half width, and asymmetry of the peak profile,
respectively. The sign function sgn(T — Ty) ensures that the
asymmetry is applied correctly across the peak center. It gives
rise to a value of Tz = 0.98 K for 464 Hz, which is quite close
to that of 0.88 K observed in dc magnetic susceptibility mea-
surements. The inset of Fig. 5(b) shows the extracted 7; values
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data in the (H, K, 0) and (H, K, 1) planes, respectively. The energy transfer is 3 meV, with an integrated energy range of =1 meV and an
integrated L range of £0.25 r.1.u.. To improve the data statistics, the original data have been folded along the [110], [—110], and [010] axes. (d),
(e) Low-energy spectra along high-symmetry paths denoted in (a) by the blue and red lines, respectively, generated using the spaghetti_plot
method in HORACE [53]. The data are integrated over 0.2 A~" in perpendicular Q directions. (f),(g) Constant-energy cuts at 3.6 meV with
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The curves over the data points are guides to the eye.

as a function of frequency on a semilogarithmic scale. The
relative shift parameter, defined as AP = ATy /[T A log(f)],
is estimated to be 0.061(9), in good agreement with the val-

ues reported in other canonical insulating spin-glass systems
[56,57].

IV. DISCUSSIONS AND CONCLUSIONS

Via comprehensive measurements using XRD, susceptibil-
ity, specific-heat, and neutron scattering techniques, we have
shown that although the frustrated inverse-spinel compound
CuGa, 0y exhibits spin-liquid-like behaviors, its ground state
is indeed a disorder-induced spin glass. According to the scal-
ing analysis, we do not observe a collapse of the specific-heat
data, and therefore we do not consider the ground state to be
the random-singlet state [50,58]. We note that in the A-site
CuAl; Oy, the tetrahedral symmetry of the dominant magnetic
sites is distinct from the present case and could lead to a
different ground state [26]. In our case, however, Cu ions
mainly occupy the B sites. Under the octahedral crystal-field
environment, the e, orbitals, rather than the f,, orbitals, are
active. Such a system is expected to undergo a Jahn-Teller
distortion which lifts the degeneracy of the e, orbitals [59]

and prevents the formation of a spin-orbital liquid. Therefore,
we do not consider the spin-orbital-liquid ground state here
either.

In magnetically frustrated systems, the role of disorder
has been extensively studied [47,60,61]. Now, it has been
recognized that disorder can often render spin-liquid-like fea-
tures in a frustrated system [32]. A representative example
is the QSL candidate herbertsmithite, where the site mixing
between magnetic Cu’>™ and nonmagnetic Zn>* makes the
magnetic excitations mimic those expected for a QSL [62].
Tm3Sb3Zn,014, another material with a kagome structure,
which suffers from site-mixing disorder between magnetic
Tm** and nonmagnetic Zn>*, also exhibits properties mim-
icking characteristics of a QSL state [63,64]. Similarly, a
disorder-induced spin excitation continuum has been recently
observed in CoZnMo,0; [65]. Besides the examples dis-
cussed above, in which the antisite disorder arises from
the direct transposition between magnetic and nonmagnetic
ions, there are also cases without disorder in the magnetic
sites, such as YbMgGaO, and YbZnGaO, [66—68]. In these
materials, disorder stems from the random distribution of non-
magnetic Mg>* (or Zn?*) ions and Ga**, creating a spatially
fluctuating charge environment. Here disorder is believed to
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FIG. 5. (a) Temperature dependence of the magnetic susceptibil-
ity measured under zero-field-cooling (ZFC) and field-cooling (FC)
conditions with a small magnetic field of 0.005 T. A bifurcation at
T: ~ 0.88 K is observed. Inset: A similar measurement, but with
a 0.01 T field, where no bifurcation between ZFC and FC curves
is observed. (b) Real part of the ac magnetic susceptibility x,. of
CuGa,04 measured at various frequencies under an excitation field
of 2 x 107 T. A clear shift of the freezing temperature T; toward
higher temperatures is observed with increasing frequency, consis-
tent with the spin-glass behavior. Inset: The frequency dependence
of T; plotted on a semilogarithmic scale, where T; is defined as the
temperature corresponding to the peak in x, (T'). The solid line is a
guide to the eye.

influence the ground state by randomizing the pseudodipolar
interactions of the magnetic ions, thereby promoting QSL-like
behaviors [69]. In these samples, the continuous spin exci-
tation spectra observed in the absence of long-range order
closely resemble the behaviors seen in CuGa,Oy4. These stud-
ies highlight that disorder, whether magnetic or nonmagnetic
in nature, can induce the spin-liquid-like behaviors in geomet-
rically frustrated materials.

Finally, we would like to compare our results with those re-
ported in Ref. [44], where the spin-glass behavior in CuGa,; 04
was first identified. In that work, the spin-freezing transition
was observed at Ty &~ 2.5 K based on magnetization, specific-

heat, and muon spin relaxation measurements. Our sample
shows a lower freezing temperature of 7y ~ 0.88 K, which
rapidly disappears with the field increasing to 0.01 T. We
note that the Curie-Weiss temperature Ocw also exhibits some
discrepancy between these two works (—8 K in Ref. [44]
vs —16.11 K in this work). This discrepancy may arise
from the sensitivity of Ocw to the temperature range used in
the Curie-Weiss fitting. For instance, a significantly larger
value of Ocw &~ —40 K has been reported when the fitting
is performed over a higher-temperature range above 130 K
[70]. Moreover, our ac susceptibility measurements show a
larger frequency shift parameter [AP ~ 0.061(9)] compared
to ~0.026 in Ref. [44]. We attribute these differences to
the different degrees of disorder in these samples since the
single crystals were prepared by distinct methods. They ob-
tained the samples via the flux method, while we grew single
crystals using the floating-zone method with a higher tem-
perature. Considering the comparable ionic radii for Cu?*
and Ga** in both tetrahedral and octahedral coordinations
[71], subtle variation in the heat-treated temperature by dif-
ferent means could affect the degree of Cu/Ga site mixing
and then the extracted inversion parameters of the samples.
Indeed, our structural analysis reveals the inversion parameter
6 = 0.76, which is closer to 0.5 than that of 0.84 in Ref. [44],
suggesting stronger disorder in our samples. The disorder
would disturb the path of magnetic interactions between Cu’*
ions and give rise to randomness of exchange interactions.
Once the disorder (exchange randomness) reaches a certain
level, it would completely destruct the long-range magnetic
order and restrict magnetic correlations within short range,
giving rise to a spin-glass ground state. Accordingly, the
well-defined spin-wave excitations in a magnetically ordered
state turn into a continuumlike pattern. Since disorder can
drive the system farther away from the magnetically ordered
regime, the higher degree of disorder in our samples would
lead to lower freezing temperature 7T;. Taken together, these
data provide solid evidence that CuGa,0O4 hosts a disorder-
induced spin-glass ground state. It is also worth noting that
theoretical studies suggest that sufficiently dilute impurities
can induce order, rather than a disordered state, in spinel
compounds [18]. In this context, the degree of disorder
is increasingly being recognized as a means to modulate
the ground state, rather than being merely an “undesirable”
perturbation.

Overall, our comprehensive investigations on the spinel
oxide CuGa; 0y, with significant structural disorder, shed light
on the intricate interplay between disorder and the ground
state. In most cases, structural disorder induces a mimicry of
the spin-liquid state rather than a genuine QSL state. In light
of this, to find an ideal QSL candidate, it is important to look
for materials that are free of structural disorder [6,8,72-74].
For instance, target materials should either have magnetic and
nonmagnetic ions occupying separate layers or show a notable
mismatch in their ionic radii. Furthermore, materials that have
large exchange interactions will also be helpful in realizing
the QSL state, as they are more robust to the perturbations
and maintain the original QSL state. Along this direction, one
can design and explore quantum magnets with shorter and/or
more direct exchange paths.
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