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High-quality single crystals of Yb3;Sc,Ga;O,, with a hyperkagome spin lattice were grown by using the
floating-zone method. The magnetic susceptibility, specific heat and thermal conductivity were measured down

to very low temperatures (<100 mK) to characterize the magnetic properties and probe the nature of ground
state. The experimental results demonstrate that the ground state is spin disordered one with effective 1/2 spin
and antiferromagnetic coupling, pointing to a possible quantum spin liquid, although the clear characteristic
behaviors of quantum spin liquid were not observed in these results. The specific heat data display broad peaklike
feature that is likely caused by the short-range spin correlations. The ultralow-temperature thermal conductivity
exhibits rather strong magnetic field dependence and zero residual term (ko/7 ), which indicates the scattering
between phonons and magnetic excitations. In addition, both the specific heat and thermal conductivity data

display some field-induced magnetic transitions.

DOLI: 10.1103/styt-5441

I. INTRODUCTION

Exploring novel states of matter driven by strong quan-
tum fluctuations and competing interactions in spin frustrated
systems has become one of the hotspots in the field of
condensed matter physics. In conventional magnets, the
interplay between spin exchange interactions and thermal
fluctuations usually leads to long-range magnetic ordering
(ferromagnetism or antiferromagnetism) at low temperatures,
accompanied with the symmetry breaking in the systems.
However, in some frustrated magnetic systems, this con-
ventional long-range ordering can be suppressed even at
absolute zero Kelvin. This leads to an intriguing, highly spin-
entangled disordered quantum state called the quantum spin
liquid (QSL). In a QSL, spins maintain strong correlations
and continue to fluctuate by quantum mechanism, rather than
fixing into an ordered pattern. QSLs are often character-
ized by exotic fractionalized excitations, including spinons,
Majorana fermions, and topological visons, fundamentally
different from spin waves in conventional magnets. These
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special elementary excitations are closely related to quantum
computation and the microscopic origin of high temperature
superconductivity [1-4], leading to significant attention on the
investigation of QSL materials.

Theoretical exploration for QSLs was proposed on the
two-dimensional (2D) triangular lattice by Anderson in 1973
[5]. After that, the realization of QSL materials was pri-
marily focused on 2D systems. The representative examples
of 2D QSL candidates are the triangular lattice antifer-
romagnets x-(BEDT-TTF),Cu,(CN)3;, EtMe3;Sb[Pd(dmit), ],
YbMgGaO,, ARCh; (A = alkali or monovalent ions, R = rare
earth ions, Ch = chalcogenides), etc. [6-9] and the kagome
lattice Herbertsmithite ZnCu3(OH)¢Cl, and Ca;yCr;Oog
[10,11]. The other 2D honeycomb lattice materials « —RuCl;
and Na,;Co,TeOg were found to have magnetic field induced
QSL [12,13]. Moreover, quasi-one-dimensional antiferromag-
net also exhibits the QSL state, such as the spin ladders
and alternating spin chains [14], which is reasonable because
low dimensionality and small spins enhance the low-energy
quantum fluctuations and favor disordered ground states. Nev-
ertheless, QSL can also be achieved in three-dimensional (3D)
systems, especially in pyrochlore oxides of A;B,07 (A is a
rare-earth ion and B is generally a nonmagnetic transition-
metal ion) [15]. In this family, the existence of the dipole
octupole doublets can support an exotic ground state of U(1)
QSL, such as the newly discovered QSL state in the Ce-based
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TABLE I. The crystal structure and refinement of Yb3;Sc,Ga3;0;, at room temperature (Mo Ko radiation). Values in parentheses are

estimated standard deviations from refinement.

Chemical formula

Yb3Scha3012

Formula weight
Space Group
Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient
F(000)

26 range

Reflections collected
Independent reflections
Refinement method
Data/restraints/parameters
Final R indices

Largest diff. peak and hole
R. M. S. deviation from mean
Goodness-of-fit on F?

1010.20 g/mol
la—3d
a=12362(8) A
b=12.362(8) A
c=12362(8) A
1889.51(6) A3
8
7.102g/cm?

39.254 mm~!

3528.0
8.076 to 81.912°
2414
520[R;n = 0.0328]
Full-matrix least-squares on F
520/0/17

R, (I > 20())=0.0242; wR, (I > 20 (1)) = 0.0632

Ry (all) = 0.0307; wR, (all) = 0.0664
+7.76e/A% and —1.77 /A3
0.505¢/A3
1.125

pyrochlores [16,17]. Another famous example is the quantum
spin ice state, which is actually also a U(1) QSL, has been
proposed for Tb, Ti,O; and Pry X,07 (X = Ir, Hf, Zr) [18-23].

In contrast to the extensive attentions on pyrochlore QSL,
the hyperkagome lattice, a 3D network consisting of corner-
sharing triangles, was found earlier to have possible QSL
but has been less developed. Recently, with the enrichment
of characterization methods, researchers revealed the rich
ground state properties in this geometrically frustrated sys-
tems, such as QSL and classical spin liquid [24,25]. A
promising result for the QSL ground state was reported for
a hyperkagome material PbCuTe,O¢ by using various low-
temperature physical property measurement methods, such
as muon spin relaxation, nuclear magnetic resonance and
inelastic neutron scattering [26-28]. More recently, a hy-
perkagome lattice-based garnet YbszSc,GazOj, was reported
to have a dynamic liquidlike ground state at least down to
130 mK, based on magnetic susceptibility and specific heat
results on polycrystal samples [29], which is exceptional for
R3Sc,Gaz0j, (R = rare earth) that mostly undergo a long-
range antiferromagnetic ordering at low temperatures [30]. It
would be interesting to identify the ground state of this mate-
rial by carrying out detailed experimental characterizations on
single-crystal samples.

Several experimental hallmarks have been widely ac-
cepted as evidence for QSL, including (i) a broad continuous
magnetic intensity in the inelastic neutron scattering spec-
trum [10,31,32]; (ii) a large magnetic specific heat with
power law (C ~ T%) temperature dependence [33-35]; and
(iii) a nonzero residual thermal conductivity «(/7T in the
zero-Kelvin limit [3,36—40]. In this work, we grew high-
quality Yb3Sc,Gaz O, single crystals by using floating-zone
method and measured magnetic susceptibility, specific heat
and thermal conductivity down to very low temperatures. The
experimental results clearly demonstrate a disordered ground

state but do not display the above characteristic behaviors of
QSL. The specific heat data are dominant by the short-range
spin correlations at low temperatures, while the absence of
residual thermal conductivity may be due to the scattering
between phonons and magnetic excitations.

II. EXPERIMENTS

Single crystals of YbsSc,Gaz;O;, were grown by using
optical floating-zone method. One obtained single-crystal
rod of Yb3Sc,GazO;, with good appearance is shown in

FIG. 1. (a) The crystal structure of Yb3Sc,Ga3;0,, viewed along
the ¢ axis. (b) The hyperkagome networks formed by Yb** ions.
(c) X-ray Laue back diffraction photo of the (110) plane. (d) The im-
age of Yb3Sc,Ga;30y; single crystal grown by floating-zone method.
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TABLE II. Atomic coordinates and equivalent isotropic atomic displacement parameters (;\2) of Yb3Sc,Gaz;0,.

Yb3Sc,Gaz;0y; Wyck X y Z Occ. Uiso
Yb 24c¢ 1/8 0 1/4 1 0.0030(1)
Sc 16a 0 0 0 1 0.000(2)
Ga 24d 3/8 0 1/4 1 0.0030(1)
(0] 96h 0.09534(17) 0.19015(18) 0.27733(18) 1 0.0040(3)

Fig. 1(d). The crystals were checked by x-ray diffraction and
Laue photos, for which the good crystallinity can be con-
firmed by the sharp diffraction pattern, as shown in Fig. 1(c).
The single crystal x-ray diffraction (SCXRD) measurement
was performed using a XtalLAB Synergy, Dualflex, Hypix
single crystal x-ray diffractometer with Mo K, radiation
(A =0.71073 A). The structure was solved and refined using
the Bruker SHELXTL Software Package. The refinement of the
SCXRD data confirms the crystal structure of Yb3Sc,Gaz O,
with Yb** ions forming the hyperkagome networks, as shown
in Figs. 1(a) and 1(b). The refinement results are listed in
Tables I and II. The refinement of SCXRD data is con-
sistent with the published powder XRD refinement [29],
indicating the absence of site disorder of nonmagnetic ions
in Yb3Scy;Gaz Oy, which is different from some previously
reported 2D magnetic materials with site mixture between
different ions [8,10].

The dc magnetic susceptibility between 1.8 and 300 K were
measured using the SQUID-VSM (Quantum Design Magnetic
Property Measurement System, MPMS) in magnetic field up
to 7 T. The dc magnetic susceptibility between 0.4 and 4 K
were measured using the superconducting quantum interfer-
ence device-vibrating sample magnetometer equipped with a
3He refrigerator. The ac susceptibility with temperature down
to 50 mK was measured using the conventional mutual in-
ductance technique (with a combination of ac current source
and a lockin amplifier) at SCM1 dilution fridge magnet of
the National High Magnetic Field Laboratory, Tallahassee
[41]. The specific heat was measured by a conventional relax-
ation method in the Physical Property Measurement System
(PPMS, Quantum Design) with dilution insert down to 60 mK.
The YbsSc,GazOj, single crystal for thermal conductivity
measurements was cut and polished into a rectangular paral-
lelepiped shape with longest direction and the largest surface
in the (111) plane after being oriented by using the x-ray Laue
system. Thus, the heat current was along the (111) plane,
while the external magnetic fields were applied along (B L
[111]) or perpendicular to (B || [111]) the heat current. The
thermal conductivity was measured in a *He/*He dilution
refrigerator (70 mK < T < 1 K) equipped with a 14 T magnet,
using the “one heater, two thermometers” technique [39,40].

III. RESULTS

Figures 2(a) and 2(c) show the temperature dependence
of magnetic susceptibility x measured with B = 0.1 T along
or perpendicular to the [111] direction. The x(T) increases
upon lowering temperature and there is no visible anomaly
down to 1.8 K, indicating the absence of long-range magnetic
order. In addition, the field-cooling and zero-field-cooling
susceptibility data does not show detectable difference, ruling

out the possibilities of ferromagnetic moments or spin freez-
ing down to 1.8 K. The inverse susceptibility show T -linear
behavior at either high- or low-temperature range. The Curie-
Weiss fit to the low-temperature data gives effective moment
Weif = 1.763 pp, Curie-Weiss temperature Ocy = —0.31 K
for B || [111] and per = 1.764 g, 6cw = —0.20K for B L
[111], respectively. Figures 2(b) and 2(d) show the isothermal
magnetization curves at different temperatures from 1.8 to
15 K with the external magnetic fields along or perpendic-
ular to the [111] direction. The M(B) curves exhibit weak
anisotropy and no field-induced transitions under the external
fields up to 7 T for these two field directions. These results are
in good agreement with those of polycrystal samples [29].
Figure 3(a) shows the dc magnetic susceptibility down
to 0.4 K with B || [111] for Yb3Sc,Gaz0;, single crystal.
Figure 3(b) shows the ac susceptibility down to 50 mK. It can
be seen that the magnetic susceptibility continues to increase
as the temperature decreases without any anomalies, which
is different from the case of spin glass. One signature of
spin glasses is a pronounced peak in x'(7) curves and the
freezing temperature 77 (defined as the peak temperature) is
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FIG. 2. (a), (c) Temperature dependence of dc magnetic suscepti-
bility and the inverse magnetic susceptibility under zero-field cooling
and field cooling of Yb;Sc,Gaz;Oy, single crystal for B (0.1 T)
along or perpendicular to the [111] direction. The solid lines indicate
the conventional Curie-Weiss fits to the high- and low-temperature
ranges, respectively. (b), (d) The magnetization M(B) curves of
Yb3Sc,Gaz; 0, single crystal at different temperatures with the ex-
ternal magnetic fields along or perpendicular to the [111] direction.
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FIG. 3. (a) Dc magnetic susceptibility down to 0.4 K with B ||
[111] for Ybs;Sc,Ga30y; single crystal. (b) Ultralow-temperature ac
susceptibility.

dependent on frequency [42]. The absence of broad peak in
x'(T) curve of Yb3Sc,Gaz0q; clearly indicates that there is
no magnetic ordering or spin freezing at low temperatures
down to 50 mK. All above magnetic property results demon-
strate that YbsSc,Gaz Oy, has a spin disordered ground state
with antiferromagnetic correlation, which could be a QSL.

Figures 4(a) and 4(b) show the low-temperature specific
heat of Yb3Sc,Gaz0;, single crystal in zero and different
magnetic fields. These data indicate that in zero field there
is no phase transition at low temperatures down to 60 mK,
which again demonstrates the disordered ground state of this
material. This is consistent with the results of magnetic sus-
ceptibility. At very low temperatures, the zero-field data show
a broad peak that gradually moves to higher temperatures
with increasing the external magnetic fields, which seems
to be a Schottky behavior. However, it is notable that the
magnitude of peak continuously increases with increasing
field, which is remarkably different to the usual behavior of
Schottky anomaly. The previous study on polycrystal sample
has discovered similar low-temperature broad peak of specific
heat [29]. Actually, although that work tried to fit this peak
using a two-level Schottky formula, it pointed out the strong
deviation of the zero-field data from the Schottky specific
heat. This indicates that the low-temperature peak of specific
heat is more likely due to the presence of short-range spin
correlations between Yb>" ions.

Since the magnetic contributions to the specific heat
are significant only at very low temperatures, one can
fit the phonon specific heat for the zero-field data at
T > 15 K. It is known that in the temperature range
002 <T/®p < 0.1 (®p is the Debye temperature),
one can use the low-frequency expansion of the Debye
function, C = BT> + BsT°> + B;T7, where B, Bs and B
are temperature-independent coefficients [43]. It should
be noted that the use of polynomial functions to extract
phonon specific heat is one useful method for specific heat
data at not very high temperatures and has been effectively
used for many magnetic materials [44-47]. As shown in
Fig. 4(a), this formula gives a good fitting to the experimental
data, with the parameters B =4.76 x 10747 /K4 mol,
Bs =2.52 x 1077J /K® mol and B =—143x
107193 /K® mol. At very low temperatures, the T° and
T7 terms are negligible and the phonon specific heat has a
well-known T3 dependence with the coefficient of 8. The
inset to Fig. 4(a) shows the change of magnetic entropy
below 10 K, S,,, calculated by integrating C,/T (where the
phonon specific heat is very small). The obtained entropy
with applying magnetic fields are approaching the value of
RIn2, with R is the universal gas constant. This indicates that
Yb3Sc,Gaz 04, can be treated as an effective spin-1/2 system.
It is notable that the zero-field entropy seems to saturate at
about 4.5 J/mol K, which suggests the existence of residual
entropy at very low temperatures. This is likely due to the
persistent spin fluctuations caused by the frustration effect.

Figure 4(c) shows the magnetic field dependence of spe-
cific heat at 0.7 K with external magnetic field along the
[111] direction. It displays a strong peak at 0.8 T, which
suggests some kind of magnetic field induced transition.
This phenomenon was not observed in the previous study on
polycrystal sample [29]. Considering that the magnetization
curves at 7 > 1.8 K do not exhibit any field-induced transi-
tion, this 0.8 T transition is likely a characteristic behavior
emerged at very low temperatures. Figure 4(d) shows the
ultralow-temperature specific heat under different magnetic
fields along the [111] direction. There are two main features
of these data. First, upon increasing magnetic field a small
broad peak appears at the lowest temperatures, and this peak
gradually moves to higher temperature accompanied with de-
creasing the peak magnitude. These behaviors can be well
understood as the nuclear Schottky anomaly of Yb’* ions.
Second, a kinklike transition appears at about 0.2 K when
the field arrives 1.8 T. This transition continuously moves to
higher temperature but becomes weaker with further increas-
ing magnetic field and finally becomes indiscernible for fields
above 2.75 T. This result also points to some field-induced
magnetic transitions.

Figure 5(a) shows the temperature dependence of thermal
conductivity for Ybs3Sc,Ga3Oj, single crystal in zero field
and in 14 T magnetic field along or perpendicular to the
[111] direction. As one can see, the zero-field «(T) curve
exhibits a 72® power law behavior at very low temperatures,
which is quite close to the standard phonon ballistic transport
behavior (T3dependence) [48]. The slight deviation can be
due to either the phonon specular reflection effect or the exis-
tence of phonon scattering by magnetic excitations, which, in
principle, can be identified by the effects of applying magnetic
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FIG. 4. (a) Specific heat C,(T') of Yb3Sc,Ga30, single crystal in zero field. The solid line is the fitting of phononic specific heat. Inset:
the magnetic entropy at different magnetic fields. (b) Low-temperature specific heat under different magnetic fields along the [111] direction.
(c) Field dependence of specific heat at 7 = 0.7 K. (d) Ultralow-temperature specific heat under different magnetic fields along the [111]

direction.

field on thermal conductivity. Actually, 14 T field along or
perpendicular to the [111] direction enhances the thermal con-
ductivity in the whole temperature range from several tens mK
to 1 K, which indicates the existence of phonon scattering by
magnetic excitations in zero field. In addition, 14 T field along
these two directions has almost the same effect on changing
thermal conductivity.

It is useful to estimate the mean free path of phonons at
low temperatures. The phononic thermal conductivity can be
expressed by the kinetic formula «,, = %C v,l [48], where
C = BT? is phonon specific heat at low temperatures, v, is the
average velocity and [ is the mean free path of phonon. Here
B =4.76 x 1074 /K*mol is obtained from the zero-field

specific-heat data and v, = 2360 m/s can be calulated from

. . 4
Deybe temperature ®p using the relations 8 = IZT”(R)—§ and
D

®p = hk—':(@)% [43], where N is the number of molecules
per mole and each molecule comprises s atoms, V is the

volume of crystal and R is the universal gas constant. The inset
to Fig. 5(b) shows the ratio of calculated / to the averaged
sample width W = 2/A/m = 0.323 mm [48,49], where A is
the area of cross section. It can be seen that the ratio [/W
increases with lowering temperature and is about 0.6 at the
lowest temperature, which means that the boundary scattering
limit is not established at such low temperatures. It should be
noted that these phonon mean free paths would be overesti-
mated if there were sizable contribution to x from other heat
carriers. This result may exclude the surface reflection effect
since the mean free path does not exceed the averaged sample
width even at the lowest temperature.

Figure 5(b) shows the ultralow-temperature thermal con-
ductivity at zero field. Many recent experimental studies
revealed that the low-temperature thermal conductivity of
gapless QSL candidates can be described by the formula
of /T = ko/T + bT*!, where ko/T represents a con-
stant contribution from gapless fermionic excitations and bT“

014436-5
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FIG. 5. (a) Temperature dependence of the thermal conductivity 0 S 10 15
measured at zero field and 14 T-field applied along or perpendicular B (T)

to the [111] direction. (b) Zero-field thermal conductivity plotted in
k/T vs T'3. The solid line represents the linear fitting. The inset
shows the temperature dependence of the phonon mean free path /
divided by the averaged sample width W.

represents the phonon thermal conductivity with the exponent
o =2 ~ 3[3,38-40]. As shown in Fig. 5(b), the linear fitting
at T < 350 mK gives a zero residual thermal conductivity,
ko/T. Moreover, the larger « in high fields indicates that at
zero field the phonons are scattered by magnetic excitations,
which are gapped out in high magnetic fields. Therefore, the
absence of magnetic contribution to the thermal conductivity
result at zero field is due to the spin-phonon scattering that
not only weakens the phonon transport but also prevents the
spinon transport. This result is very similar to that of some
other QSL candidates, such as PrMgAl,;O;9 [50], NaYbS,,
and NaYDbSe, [51].

Figure 6 shows the magnetic field dependence of thermal
conductivity at different temperatures with external magnetic
field along or perpendicular to the [111] direction. For B ||
[111], the x(B)/k(0) isotherm at 7 = 151 mK displays two
clear dips at 0.75 and 1.75 T and saturates at high fields with
a weak increase (~18%). With increasing temperature, the
two dips become weaker and moves to higher fields, while
the high-field increase of ¥ becomes larger without saturation.

FIG. 6. Isothermal thermal conductivity as a function of the mag-
netic field for fields applied along or perpendicular to the [111]
direction.

The data for B L [111] are very similar. In particular, the high
field values of thermal conductivity are almost the same for
the two field directions, which are consistent with the nearly
isotropic magnetic properties revealed by the magnetization
results. The only one difference is that the dips are weaker
for B L [111]. The dips of «(B) indicate two magnetic tran-
sitions since a minimum of thermal conductivity most likely
results from the strong scattering of phonons by magnetic
fluctuations at the critical point [52—56]. Similar phenomenon
has been observed in the QSL candidates Na, BaCo(PQOy),
and YbMgGaO, [39,40] and NaYbCh, (Ch = S, Se) [51], in
which the magnetic field-induced transitions are related to the
arrangement of the spin structure. This result further indicates
that the ground state of YbsSc,Ga3Oy; is likely a quantum
spin liquid rather than a paramagnetic one.

IV. DISCUSSIONS

Both the magnetic susceptibility and specific heat data
measured down to several tens mK indicate absence of
long-range magnetic ordering and spin freezing in
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YbsSc,Gas 04, single crystals. Since Yb3* ions have been
found to have effective 1/2 spin and antiferromagnetic
coupling, it is very likely that this material is a QSL
candidate. But why were the characteristic behaviors of
QSL not observed in thermodynamic and transport results?
First, most 2D gapless QSL candidates display power-law
temperature dependence of magnetic specific heat at very
low temperatures, while YbsSc,Gaz;O;, show a dominant
feature of broad peak or hump due to the short-range spin
correlations. It is similar to the result of 3D QSL candidate
Tb,Ti,O; [57,58]. Second, the itinerant gapless spinons in
QSL are expected to contribute to the thermal conductivity,
which yields a nonzero residual term «o/7 at T — 0 K
[7,39,40]. It has become the smoking gun of the itinerant
spinons and gapless QSL. However, the absence of «(/T
was observed at zero-Kelvin limit in the present work. Based
on the magnetic field dependence of «, it is likely that there
are low-energy spinons scattering with phonons. It should be
pointed out that in many QSL candidates, there is rather strong
coupling between phonons and spinons, which leads to weak
temperature dependence of ultralow-temperature x and rather
small /T contributed by the spinon transport [40,50,51].
Thus, although the present experiments display the absence
of ko/T at zero field, the «(T) and «(B) data actually
indicate the existence of spinons that scatter with phonons.
This possibility has been found recently in some other
QSL candidate, PrMgAl;,0;9 [50], NaYbS,, and NaYbSe,
[51]. Third, both the specific heat and thermal conductivity
data indicate the field-induced magnetic transitions. Similar
phenomena have also been found in some other QSL
candidates [39,40]. Although the mechanisms of these
transitions remained to be investigated, they demonstrate
that the disordered ground state is likely a QSL rather than a
simple paramagnetic one. Therefore, the present experimental
results on high-quality single crystal seem to suggest that
Yb3Sc,GaszOp, is a 3D QSL candidate. Since the present
thermodynamic and transport results do not give direct
support to the QSL, further experimental investigations,
particularly on the magnetic excitation spectrum, are
called for.

V. SUMMARY

In this work, we grew high-quality single crystals of hyper-
kagome system YbsSc,GazOj, and characterized magnetic
properties and ground state by using the measurements of
magnetic susceptibility, specific heat and thermal conductiv-
ity measurements at very low temperatures. On one hand,
the experimental results demonstrate that the ground state is
spin disordered one with antiferromagnetic coupling, point-
ing to a possible QSL. On the other hand, all these results,
however, do not exhibit the clear characteristic behaviors of
QSL. The specific heat data display a broad peaklike fea-
ture that is likely caused by the short-range spin correlations.
The ultralow-temperature thermal conductivity exhibits rather
strong magnetic field dependence and zero residual term
ko/T, which indicates the scattering between phonons and
magnetic excitations. Furthermore, the specific heat and ther-
mal conductivity data indicate some magnetic-field induced
transitions.
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