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Specific heat and thermal conductivity of the triangular-lattice rare-earth
material KBaYb(BO;), at ultralow temperature
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We present the ultralow-temperature specific-heat and thermal-conductivity measurements on single crystals
of the triangular rare-earth lattice material KBaYb(BOs),. Our experiments show the absence of long-range
magnetic order down to 50 mK, giving the possibility of a quantum spin liquid ground state in this frustrated
compound. Furthermore, no signature of spin freezing is observed down to 50 mK in the ac susceptibility
measurements. However, no notable contributions from gapless magnetic excitations, but only a Schottky
anomaly is observed in the specific-heat data. The ultralow-temperature thermal-conductivity data show that
the residual linear term at zero field is negligible, and the thermal conductivity is insensitive to the magnetic field

up to 9 T. The ground state of this frustrated triangular rare-earth lattice material is discussed.
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I. INTRODUCTION

In geometrically frustrated magnetic systems, localized
magnetic moments interact through competing exchange in-
teractions that cannot be simultaneously satisfied [1]. Under
certain conditions, exotic magnetic ground states have been
proposed in this system, such as quantum spin liquids (QSLs).
It is a highly entangled quantum state, in which long-
range magnetic order is forbidden even down to absolute
zero temperature due to strong quantum fluctuations [1-5].
Furthermore, the fractionalized quasiparticles excitations are
more fascinating characters of a QSL, and the detection of
these excitations is of great importance to identify a QSL
material in experiments [1-5].

As the prototype of a QSL in Anderson’s resonating
valence bond (RVB) model [6], the spin-1/2 triangu-
lar lattice Heisenberg antiferromagnet is one of the most
promising magnetic systems for searching QSL candi-
dates due to its strong frustration. Experimentally, two
organic compounds «-(BEDT-TTF),Cu,(CN); [7-9] and
EtMe;Sb[Pd(dmit),], [10-12] are considered as potential
triangular lattice QSL candidates. In particular, after the dis-
covery of YbMgGaO, [13], the inorganic Yb-based triangular
lattice material has come to the fore as a new platform to study
frustrated magnets [13-22]. In YbMgGaO,, although the huge
magnetic specific heat and the excitation continuum observed
in inelastic neutron-scattering measurements indicate a pos-
sible spinon Fermi surface [13,14], the absence of magnetic
thermal conductivity and the spin-glass behavior due to the
intrinsic Mg-Ga site disorders cast doubts on such scenar-
ios [15,16]. With the ongoing hot debate about its identity as a
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QSL candidate, searching for new triangular rare-earth lattice
QSL candidates is of great interest.

Recently, the triangular rare-earth lattice family of
ABaX (BO3), (A =Na, K, Rb, X is a rare-earth ion) was
synthesized and characterized [23-27]. For X = Yb, the ab-
sence of long-range magnetic order in KBaYb(BO3); [25] and
RbBaYb(BOs3), [26] is confirmed down to 1.8 and 0.37 K,
respectively. In particular, in NaBaYb(BOj3), [27], a second-
order phase transition at 0.41 K is observed in specific
heat, which can be suppressed in a small field of 0.1 T.
The preponderance of the magnetic entropy is unaccounted
for at zero field down to the lowest temperature 0.15 K,
leaving the possibility of exotic magnetism open. However,
the Ba>" and K ions are disordered on the same site in
KBaYb(BOs3), [23], raising the concern whether the spins
are frozen like YbMgGaO,. In addition, the magnetic ex-
citations in it are still unclear and the lowest temperature
1.8 K cannot satisfy the study of its ground state. Thus,
ultralow-temperature specific-heat and thermal-conductivity
measurements are desired for figuring out the ground state of
KBaYb(BO3)2.

Ultralow-temperature ~ specific-heat and  thermal-
conductivity measurements have proven to be powerful
methods in the study of low-lying excitations in QSL
candidates [8,9,11,12]. For example, the specific-heat
measurements show low-energy excitations existing in
k-(BEDT-TTF),Cu,(CN)s, suggesting its gapless feature [8].
The thermal conductivity data, however, reveal the possibility
of a tiny gap opening [9].

In this paper, we report the ultralow-temperature specific-
heat and thermal-conductivity measurements of high-quality
KBaYb(BO3), single crystals and we use nonmagnetic
isostructural material KBaLu(BOs), as a phonon back-
ground to study the magnetic specific heat of KBaYb(BO3),.
In specific-heat measurements, the signature of long-range
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FIG. 1. (a) The unit cell of KBaYb(BOs), (K/Ba: purple/green;
Yb: red; B: yellow; O: blue). BO; units and YbOg octahedrons
are presented by triangles and purple octahedrons, respectively.
(b) Schematic of an extended triangular layer of Yb*" ions viewed
along the ¢ axis. (c) Room-temperature x-ray diffraction pattern from
the largest natural surface of KBaYb(BO3), single crystal. Left inset
shows a photograph of a KBaYb(BOs3), single crystal. Right inset
shows the rocking curve of the (009) Bragg peak.

magnetic ordering is found to be absent down to 50 mK and
no notable contribution from magnetic excitations is observed
besides the Schottky anomaly. Moreover, the k( /7T at all fields
is negligible in thermal conductivity, which shows the absence
of itinerant fermionic magnetic excitations in KBaYb(BOj3),
and is consistent with the results of specific heat. Addition-
ally, the thermal conductivity is insensitive to magnetic fields
up to 9 T. We shall discuss the possible ground state of
KBaYb(BO3 )2.

II. EXPERIMENT

Single crystals of KBaYb(BO3), were obtained by high-
temperature flux growth through spontaneous crystalliza-
tion [24]. The hexagon single crystal exhibits a mirror-like
cleaved surface, as shown in the left inset of Fig. 1(c). The

large natural surface is identified to be the (00/) plane by a
D8 Advance x-ray diffractometer (XRD) from Bruker using
the Cu-Ka edge with a wavelength of 1.54 A, as illustrated in
Fig. 1(c). The right inset of Fig. 1(c) shows that the full width
at half maximum (FWHM) is only 0.036°, indicating the high
quality of the samples. The dc susceptibility measurements
were performed in a magnetic property measurement system
(MPMS, Quantum Design). The ac susceptibility was mea-
sured in the physical property measurement system (PPMS,
Quantum Design) equipped with an ac measurement system
for the dilution refrigerator option. The applied driving ac
magnetic field was 1 Oe. The specific heat was measured by
the relaxation method in the physical property measurement
system. The single crystals for thermal-conductivity mea-
surements have the dimensions of 3.50 x 0.81 x 0.06 mm?
for sample A, and 2.21 x 0.43 x 0.08 mm? for sample B,
respectively. The two samples used for thermal-conductivity
measurements come from two different batches. The thermal
conductivity was measured in a dilution refrigerator using a
standard four-wire steady-state method with two RuO, chip
thermometers, calibrated in situ against a reference RuO, ther-
mometer. Magnetic fields were applied along ¢ axis for both
the specific-heat and thermal-conductivity measurements. For
comparison, the thermal conductivity of KBaLu(BO3); single
crystal was also measured on a sample with size of 3.55 x
0.55 x 0.13 mm>.

III. RESULTS AND DISCUSSION

KBaYb(BO3), crystallizes in the space group R-3m [23].
As shown in Fig. 1(a), interlinked between flat BOj3 triangles
are double sheets of K or Ba ions and single sheets of YbOg
octahedrons. The YbOg octahedrons and the BOj triangles
are corner-sharing. As emphasized in Fig. 1(b), the rare-earth
ions make up discrete triangular layers within the ab plane.
Triangular layers of YbOg octahedrons are ABC stacked along
the ¢ axis.

The temperature dependence of the dc susceptibility at
noH = 0.5 T applied parallel and perpendicular to the c
axis of KBaYb(BOs3), single crystal are plotted in Fig. 2(a).
No anomaly is observed, indicating the absence of magnetic
phase transition from 300 to 2 K. The inset of Fig. 2(a)
presents the temperature dependence of inverse dc suscepti-
bility at poH = 0.5 T. The data below 12 K can be fit to the
Curie-Weiss law. The Curie-Weiss fit gives the Weiss tem-
perature §; = —0.53 K and 0 = —0.35 K, consistent with
previous measurements, suggesting weak antiferromagnetic
exchange interactions [25]. If the XX Z model can be adopted
to estimate the exchange interaction J in KBaYb(BOs3),,
0, = —3J4 for the field perpendicular to ¢ axis and ) =
—3J,,/2 for the field parallel to the ¢ axis [22], giving J. =
0.18 K and J,; = 0.23 K, respectively. The magnetization
of KBaYb(BO3), at 2 K up to puoH =7 T is shown in
Fig. 2(b). At low fields, the magnetization rapidly increases
with external field and then gradually saturates. The satu-
rated magnetization is about 1.2/ and 2.1 per Yb** for
the applied fields perpendicular and parallel to the ¢ axis
of KBaYb(BOs),, respectively, consistent with a spin-1/2
system. The Landé g factors can be obtained from the satu-
ration magnetic moments gy = gSup with S = 1/2, giving
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FIG. 2. (a) Temperature dependence of dc susceptibility at
uoH = 0.5 T parallel and perpendicular to ¢ axis of KBaYb(BOs),
single crystal. Inset shows the inverse susceptibility 1/x at low
temperatures. (b) Magnetic-field dependence of the dc magnetization
at 2 K with applied fields perpendicular and parallel to ¢ axis of
KBaYb(BOs3),. (c) Temperature dependence of real part of ac sus-
ceptibility with different driving frequencies. The driving magnetic
field is 1 Oe. These data are scaled to dc susceptibility data collected
at temperatures above 2 K and fields parallel to ¢ axis. No spin
freezing behavior is observed down to 50 mK.

8ap = 2.4 and g, = 4.2, respectively. This will be useful in
the analysis of the Schottky anomaly in the specific-heat data
below. The ac susceptibility measurements from 4 to 0.05 K
at different driving frequencies are presented in Fig. 2(c). The
Curie-Weiss-like behavior of the real part of ac susceptibility
persists down to 50 mK, and no broad peak like YbMgGaO,

is observed. In addition, the real part of the ac susceptibility
is independent of driving frequencies. These results indicate
that there is no spin freezing down to the lowest temperatures
we measured. Therefore, no spin glass behavior is observed
in KBaYb(BOs3),, which is contrary to YbMgGaO,. In this
context, the disorder between K (or Ba) site may not play an
important role in the spin state of KBaYb(BO3),.

Figure 3(a) shows the specific heat of KBaYb(BO3), single
crystal at zero field, which is plotted as C/T vs T? to present
the magnetic excitations (if they exist) more visually. The
specific heat of nonmagnetic KBaLu(BOj3), single crystal is
presented for comparison. The C/T curves of KBaYb(BO3);
and KBaLu(BO3);, are almost overlapping above 3 K, demon-
strating that the specific heat of KBaLu(BO3), can be used as
the lattice specific heat for KBaYb(BOj3),. We try to fit C/T
of KBaYb(BOs), by the formula C/T = y + BT? between
3.2 and 5.9 K and extrapolate the fitting line to zero tempera-
ture, giving y = 0.19 £ 0.19 mJ K2 mol ! and 8 = 0.48 +
0.01 mJK *mol~!. Under normal circumstances, a finite
residual linear term y in specific heat represents the contribu-
tions from fermionic excitations in the zero-temperature limit,
which may come from a spinon-Fermi surface or nodes in the
g space and is considered as a gapless QSL scenario [28,29].
Considering the fitting error bar +0.19 mJ K=>mol™! in
the specific heat of KBaYb(BOj3), and comparing with
¥ ~ 20 mJ K2 mol~! in k-(BEDT-TTF),Cu,(CN); [8] and
EtMe;Sb[Pd(dmit),], [12], the y is virtually zero, which
indicates the absence of gapless magnetic excitations in
KBaYb(BO3),.

The magnetic specific heat of KBaYb(BO3), can be ex-
tracted by subtracting the lattice contributions Cygice, i.€., the
specific heat of KBaLu(BO3),, from that of KBaYb(BOs3),.
The magnetic specific heat of KBaYb(BO3), at various mag-
netic fields are plotted in Fig. 3(b). The peak shifts to higher
temperatures and broadens with increasing applied fields, re-
sembling a Schottky anomaly. Especially, the upturn below
0.3 K at zero field may be contributed by the nuclear Schottky
effect from Yb nuclei. In finite fields, the magnetic specific
heat of KBaYb(BO3), can be precisely fit to a two-level
Schottky function,

c R(2) 1
Schottky = 72 T m, (H

where n is the concentration of Schottky centers, R is the
gas constant, and A is the Zeeman gap of Yb** electrons in
magnetic fields. Taking A and n as fitting parameters, the fits
for the data above 0.4 K are presented in Fig. 3(b) and give
n ~ 0.9 under various magnetic fields, which means almost
all magnetic ions Yb** contribute to the Schottky specific
heat. As seen in Fig. 3(c), A can be plotted as a function of the
form A = 2pugt cB. Wsat.c = gcSip 18 the saturation magnetic
moment for the H || ¢ axis. This function comes from the
Zeeman energy U = — gy oB. The fit gives pgy . = 1.74 up
and g, = 3.48, which is close to the results from the magne-
tization measurements in Fig. 2(b). This result confirms that
the Schottky effect in specific-heat measurements come from
the Yb*>* Kramers’ doublets with effective 1/2 spins.

To exclude the possible case that magnetic excitations are
covered by Schottky anomaly in specific heat, we perform the
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FIG. 3. (a) Zero-field specific heat of KBaYb(BO;), and
KBaLu(BO;), single crystals plotted as C/T vs T2. The red line
is the fit to the specific-heat data of KBaYb(BOs), between 3.2
and 5.9 K to C/T = y + BT?. (b) Temperature dependence of mag-
netic specific heat of KBaYb(BO;3), at various magnetic fields.
Solid lines represent the fits to the two-level Schottky function as
described in text after subtracting the lattice contribution Ciyyjce-
(c) Magnetic-field dependence of the gap A of the two-level system
in KBaYb(BOs3),. The red line is the fit to A = 2pug .B.

thermal-conductivity measurements. This method is only sen-
sitive to itinerant excitations and the Schottky anomaly has no
effect on it. In a solid, the contributions to thermal conductiv-
ity may come from various quasiparticles, such as electrons,
phonons, magnons, and spinons. Since KBaX (BO3); is an in-
sulator, electrons do not contribute to the thermal conductivity
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FIG. 4. (a) The in-plane thermal conductivity of two

KBaYb(BOs3), single crystals at woH =0 T. The solid line is
the fit to the data below 0.5 K to x/T = a + bT%". Inset shows
the temperature dependence of the ratio of phonon mean-free path
Iy to effective sample diameter dc; of the two samples. (b) The
in-plane thermal conductivity of sample A at various magnetic fields
(noH =0, 4, and 9 T). (c¢) The in-plane thermal conductivity of
KBaLu(BOs;), single crystal at uoH = 0 T. The solid line is the fit
to the data below 0.5 Kto k /T = a + bT*" .

at such low temperatures at all. One also does not need to con-
sider the magnon contributions due to the absence of magnetic
order down to 50 mK. Therefore, the ultralow-temperature
thermal conductivity of KBaX(BOj3), can be fit to «/T =
a+ bT* !, in which the two terms aT and bT® represent
the contributions from fermionic magnetic excitations (if they
exist) and phonons, respectively [30,31].

Figure 4(a) shows the in-plane thermal conductivity of two
KBaYb(BOs), single crystals at zero field. As for the phonon
scattering, the phonon mean-free path /,, can be estimated

by the kinetic formula k = %Cphvphlph, where Cp;, = BT3 is
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the phonon specific heat and v, is the velocity of phonons.
With 8 = 0.48 mJ mol~! K=*, taken from the specific - mea-
surements, v,y is estimated to be 2.84 x 103 m/s. Therefore,
[, can be estimated. When the sample enters the boundary
scattering limit, the effective sample diameter degr = 24/A/ 7,
where A is the cross-sectional area of the sample. These are
about 249 pm and 207 pum for samples A and B, respectively.
The plot of I, /de; of samples A and B at zero magnetic
field is presented in the inset of Fig. 4(a). As can be seen
from the figure, [, is slightly larger than d.g, indicating that
the boundary scattering limit is achieved in both samples.
The in-plane thermal conductivity of sample A in magnetic
fields applied along the ¢ axis are plotted in Fig. 4(b). The
three curves almost overlap with each other, which indicates
that the magnetic fields barely have any effect on thermal
conductivity up to 9 T. For sample A, we fit the zero-field
data below 0.5 K to k /T = a + bT*~!, which gives the resid-
ual linear term ko/7 = 0.008 & 0.011 mW K2cm™!, and
a = 2.81. Because of the specular reflections of phonons
at the sample surfaces, the power « is typically between
two and three [30,31]. Considering our experimental error
bar +£5 uWK2cm™!, the residual linear term ko/T of
sample A is virtually zero in various magnetic fields, indi-
cating the absence of itinerant gapless magnetic excitations.
For comparison, as shown in Fig. 4(c), the fitting of in-
plane thermal conductivity of KBaLu(BOs3), at zero field
below 0.5 K gives the residual linear term «o/7 = —0.008 +
0.027mW K 2cm™!, and « = 2.88. The magnetic field also
does not affect the thermal conductivity of this nonmagnetic
counterpart up to 9 T (data not shown). To exclude the pos-
sibility of sample dependence, the thermal conductivity of
another sample B is also plotted in Fig. 4(a). The fitting
gives a = 0.007 £0.016 mW K 2cm™! and a = 2.93. The
residual linear term k¢ /T is also negligible.

The absence of magnetic specific heat (besides the
Schottky anomaly) and magnetic thermal conductivity in-
dicate that there are no gapless magnetic excitations in
KBaYb(BO3),, which are hallmarks to identify a QSL ma-
terial. Since KBaYb(BOs3), has a low Jy =0.18 K and
J.; =0.23 K, as estimated above, we should observe ther-
mally excited magnetic quasiparticles in case it is a gapped
QSL. For other triangular-lattice QSL candidates, J is
250 K in «-(BEDT-TTF),Cuy(CN); [8], 220-250 K in
EtMe;Sb[Pd(dmit),], [12], and J» =4.7 K, J,; =2.3 K in

NaYbSe, with the same Yb>* lattice as KBaYb(BOs), [32].
These values of J are much higher than that in KBaYb(BO3),,
and these three compounds all show anomalous magnetic
specific heat [8,12,33]. In this sense, it is more promising to
find QSL candidates with large J among frustrated materials.

Combining the absence of spin freezing from the ac sus-
ceptibility measurements down to 50 mK and the absence of
mobile gapless excitations from the specific heat and thermal
conductivity measurements, spin glass and spin liquid ground
states are unlikely in KBaYb(BOs3),. We propose that a coop-
erative paramagnet without long-range entanglement may be
the true ground state of KBaYb(BOs),. This is quite contrary
to another Yb-based triangular lattice material YbMgGaO,,
where a spin-glass ground state is proposed [16]. This dis-
crepancy may come from the different magnitude of magnetic
exchange interactions, which will help to better understand
the QSL physics in Yb-based frustrated magnets.

IV. SUMMARY

In summary, we have grown high-quality single crystals
of the triangular rare-earth lattice material KBaYb(BOs3), and
measured the ultralow-temperature specific heat and thermal
conductivity. Long-range magnetic order is not found down
to 50 mK. The ac susceptibility measurements do not show
any signatures of spin freezing. The specific heat has a huge
field-dependent Schottky anomaly and no other magnetic
contributions are observed. The thermal conductivity is in-
sensitive to magnetic fields up to 9 T, and no residual linear
term is observed at the zero-temperature limit. These results
demonstrate the absence of gapless magnetic excitations and
suggest that KBaYb(BO3), may not be a good candidate to
explore the QSL physics, but a cooperative paramagnet with-
out long-range entanglement, likely due to its low magnetic
exchange interactions.
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