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Magnetic phase diagrams and large magnetocaloric effects of the two-dimensional
antiferromagnetic triangular lattice of Gd** ions in KBaGd(BO;),
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We report a detailed study of the magnetic properties of KBaGd(BOs), in which magnetic Gd** (S = 7/2)
ions form into two-dimensional triangular layers. Magnetization, specific heat, and magnetocaloric effect (MCE)
measurements were performed on KBaGd(BOs), single crystals. The results show that a long-range antiferro-
magnetic state is established below 7Ty = 0.24 K. In zero fields, only about half of the full entropy is released at
T, indicating that not all the magnetic moments are frozen below the ordering temperature, as expected from
the geometrical frustration of the triangular spin lattice. Further studies under external fields were performed
down to 50 mK and the magnetic phase diagrams are established with magnetic fields applied both within and
perpendicular to the triangular plane. KBaGd(BOs), serves as an example of a two-dimensional triangular lattice
with large spin values (S = 7/2) and can be directly compared with the isostructure KBaR(BOs), (R = Dy-Yb)
family of doublet ground states, which exhibit effective spins of S = 1/2.

DOLI: 10.1103/PhysRevB.107.125126

I. INTRODUCTION

Frustrated spin systems are one of the most attractive man-
ifestations in demonstrating exotic collective phenomena in
condensed matter physics [1-3]. Geometrical spin frustration
arises when the system cannot realize a spin configura-
tion where all the interactions are minimized simultaneously
and thus cannot be stable at a unique ground state. As a
consequence, strong quantum fluctuations are induced and
macroscopic ground-state degeneracies with various exotic
physics emerge at low temperatures [1,4—7]. As a prototype
example of the realization of geometrical frustration, the tri-
angular spin lattices with antiferromagnetic (AFM) exchange
interactions have been well explored in the past [§—14]. Con-
sidering only the nearest-neighbor Heisenberg AFM exchange
interactions, the magnetic ground state of the triangular spin
lattice is proposed to be an ordered state of 120° spin configu-
ration with a significantly reduced staggered moments due to
the large quantum spin fluctuations [15-19].

Up to now, most studies on triangular lattices were fo-
cused on systems with spins § = 1/2 [13,14,20-22], where
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the quantum fluctuations are expected to be the greatest. In
general, the strength of the quantum fluctuations will be re-
duced with larger values of S. However, experimental studies
of the triangular spin lattices with different spin values are
still relatively rare. The recently discovered rare-earth borate
family compounds KBaR(BO3), with R =Y, Gd, Tb, Dy,
Ho, Tm, Yb, and Lu, provided us a unique opportunity [23].
In this family of materials, the magnetic rare-earth ions form
into perfect two-dimensional edge-shared triangular lattices,
with the nonmagnetic potassium (K) and barium (Ba) ions
stuffed in between. For rare-earth ions such as Yb, an ef-
fective S = 1/2 ground state is usually realized due to the
crystalline electric field (CEF) splitting. On the other hand,
the orbital contribution of Gd** is very small and a nearly
isotropic § = 7/2 ground state is expected. Previous studies of
KBaGd(BOs3), reveal antiferromagnetic interactions between
these magnetic Gd*>* ions based on the magnetization mea-
surements [23]. In addition, no long-range magnetic order was
found above 1.8 K [23]. It is still unclear whether the ground
state is ordered below 1.8 K or whether a liquid or glass-like
order is built up instead, as in the frustrated gadolinium garnet
system Gd;GasOq, [24-27].

In this paper, we perform the low-temperature magne-
tization and specific heat measurements on KBaGd(BO3);
single crystals. Long-range magnetic order is observed
at Ty =0.24 K in zero field. In addition, this order is
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TABLE 1. Refined parameters and crystallographic data of
KBaGd(BOs3),from single crystal x-ray diffraction pattern.

Chemical formula KBaGd(BOs),
Formula weight 451.295
Temperature(K) 100

AMA) 0.71073
Crystal system Trigonal
Space group, Z R3m(No.166), 3
a(A) 5.4638(2)
b(A) 5.4638(2)
c(A) 17.9461(3)
a(®) 90

BC) 90

v ) 120
V(AY) 464.0
Pecalc (g/cmS) 4.85
Goodness-of-fit 3.28

R 5.54

wRy 6.12

gradually suppressed with the application of a magnetic field
both along and perpendicular to the triangular lattice. No
fractional plateau-like phases are induced in magnetic fields
in either direction. On the other hand, only half of the full
entropy is released at the transition temperature, indicating
that a large amount of fluctuations persist above the transition
temperature.

II. EXPERIMENTAL DETAILS

Single crystals of KBaGd(BO3), were synthesized, follow-
ing the flux method reported in [23]. Pure raw materials of
K,COj3, BaCOs3, and Gd,03 were mixed with the stoichio-
metric ratio, while additional H3;BO3 and KF were used as
flux. All these precursors were placed in a platinum crucible.
The temperature profile as described in [23] was used and
transparent plate-like single crystals of KBaGd(BO3), with
sizes about 1 x 1 x 0.5 mm?® were obtained after removing
the left flux with distilled water.

The crystal structure and orientations of KBaGd(BOs),
were verified using a Bruker D8 Quest diffractometer with
Mo-Ka radiation (A = 0.71073 A). All the thermal property
measurements were performed on single crystals, using the
commercial Quantum Design Physical Property Measurement
System (PPMS) and Magnetic Property Measurement System
(MPMS).

III. RESULTS AND ANALYSIS

A. Crystal structure

KBaGd(BO3), crystallized in the hexagonal structure with
the space group R3m [Fig. 1(a)]. The single crystal structure
was verified at 100 K by the single crystal x-ray diffractome-
ter, and the details of the refinement are given in Tables I
and II. The refined lattice parameters are found out to be a =
b =5.4638(2) A, c = 17.9461(3) A with & = p = 90° and
y = 120°, which are consistent with previous reports [23].
In KBaGd(BO3),, the magnetic Gd** ions form into an ideal

FIG. 1. (a) The crystal structure of KBaGd(BOj3),, where Gd**
ions form into a perfect triangular layer in the ab plane and these
triangular layers are stacked along the ¢ axis. (b) Top view of the
triangular layer of GdOg octahedra.

triangular layer in the ab-plane, with the nearest-neighbor Gd-
Gd distance about 5.4638 A [Fig. 1(b)]. These magnetic layers
are then stacked along the ¢ axis, with an interlayer distance
of about 5.982 A. Nonmagnetic ions such as K™ and Ba’*
are stuffed in between these two-dimensional Gd layers. Our
single crystal x-ray refinement shows that these K* and Ba**
ions share the same crystallographic site (6¢), and are ran-
domly distributed with a ratio close to 0.510(5) : 0.495(5) =~
1 : 1 (Table II). Similar site disorder effects are also found in
the isostructural compounds KBaR(BOs),, where R =Y, Gd,
Tb, Dy, Ho, Tm, Yb, and Lu [23,28].

The site disorder impact on the magnetic properties of
these rare-earth ions are still under debate. Similar situa-
tions were found in the rare-earth triangular lattice magnet

TABLE II. Atomic displacement parameters of KBaGd(BO3),.

Atom WEkf. X y Z Occupancy Uy

Ba 6¢ 0 0 0.7877(3) 0.510(5) 0.015(7)
K 6¢ 0 0 0.7876(9) 0.495(5) 0.015(9)
Gd 3a 0 0 0 1 0.009(4)
B 6¢ 0 0 0.590(6) 1 0.010(8)
o 187 0.291(2) 0.145(9) 0.413(1) 1 0.015(6)
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YbMgGaO, [22,29], where site disorder was found between
the nonmagnetic Mg and Ga** ions. Continuum-like spin
excitations were observed in the inelastic neutron scattering
experiments [11,30]. Based on this, spin-liquid ground states
with spinon Fermi surfaces were proposed [11,31]. However,
it was also argued that the effects of disorder play a more im-
portant role [32,33]. For the rare-earth elements with L # 0,
the ground states are determined by the local charge envi-
ronments due to the CEF splitting. The presence of the site
disorder with different charges leads to distinct ground states
on different sites. Thus, the intrinsic properties of YbMgGaO,
might be affected by the disorder of the Mg?>* and Ga’*
ions. Unlike Yb** ions, Gd** ions of the ground state of
857/2 (§ =7/2,L = 0) have much smaller orbital contribu-
tions. Weak single-ion anisotropy may arise from the mixing
of the higher-level states at low temperatures [34,35]. Even
with this considered, the CEF effect of Gd*>" and the orbital
contribution are still much weaker than other rare-earth ions.
Thus, the influence of the disorder of Kt and Ba®* ions is
minimized in KBaGd(BO3),.

In addition, the distances between the magnetic rare-earth
ions in the borate family KBaR(BOj), are in the range of
about 5-6 A. This usually results in very weak spin corre-
lations. However, due to the large spin value S = 7/2, the
exchange interactions for Gd** ions are greatly enhanced, as
compared to other family compounds such as KBaYb(BOs);
[36,37].

B. Magnetization and phase diagram

The temperature-dependent dc magnetic susceptibility
x (T) with field applied in the ab-plane and ¢ axis was mea-
sured, as shown in Fig. 2(a). A weak anisotropy is observed
for the temperature range 2-300 K, and no sign of long-
range magnetic order is observed for both directions above
2 K. The blue and red solid lines in Fig. 2(a) are the fits
of the inverse magnetic susceptibility to the Curie-Weiss law
x = C/(T — 6cw), where Ocw is the Curie-Weiss temperature
and C is a constant associated with the effective magnetic
moment. The obtained Curie-Weiss temperatures are 9&'%\, =
—1.1£0.2 K and 6&y, = —1.3+£0.2 K and the effective
magnetic moments are ,ug‘t?f =7.9 up and ugy = 7.8 g, for
both field directions, respectively. These negative Curie-Weiss
temperatures indicate weak antiferromagnetic exchange inter-
actions in KBaGd(BO3),, similar to the observations in [23].

Isothermal magnetization M (B) was measured at 2 K as
presented in Fig. 2(b). The measured saturation moments are
about 7 ug/Gd, for both field directions B || ab and B || c.
This is as expected for a free ion with S = 7/2. However,
for magnetic fields below 4 T, a slightly anisotropic behavior
is observed. The measured magnetization in the ab-plane is
larger than the magnetization along the ¢ axis, indicating a
weak easy plane anisotropy. These observations are consistent
with the previous studies [23]. However, to explore the effect
of the geometrical frustration, characterizations at lower tem-
peratures are needed.

To further investigate the ground state, magnetization mea-
surements down to very low temperatures were performed,
using a home-built Hall sensor magnetometer integrated with
the dilution refrigerator probe [38—40]. For field in the ab-
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FIG. 2. (a) Temperature dependence of the magnetic susceptibil-
ity x (left axis) and the inverse magnetic susceptibility 1/y (right
axis) with the magnetic field parallel to the ab plane and ¢ axis
from 2-300 K. The blue and red solid lines indicate a Curie-Weiss
fit to the inverse magnetic susceptibility over the entire temperature
range. (b) Isothermal magnetization M(B) measured at 2 K with the
magnetic field applied in the ab plane and c axis.

plane, the (110) direction (or B || b*) perpendicular to the
hexagonal crystal edge was chosen. The isothermal mag-
netization M(B) curves measured at different temperatures
are presented in Figs. 3(a) and 3(b), respectively. When
the measurement temperatures are well above the ordering
temperature Ty = 0.24 K, the field-dependent magnetiza-
tion follows the Brillouin function [insets of Figs. 3(a) and
3(b)]. Upon lowering the temperature, these magnetization
data start to deviate from the paramagnetic behavior. As evi-
denced by the field derivative magnetic susceptibility dM/dB,
sharp peaks built up as the temperature is reduced below Ty
[Figs. 3(c) and 3(d)]. Finally, two peak-like anomalies are
observed at about 0.03 T and 0.24 T, at 60 mK for B || b*. The
magnetic phase diagram for B || b* is summarized in Fig. 3(e).
The intensity of the contour plot corresponds to the values of
dM/dB. This phase diagram is similar to the observations in
the Gd-based perovskites, such as GAAIO3 [41] and GdScO3
[42]. With only the nearest-neighbor interactions considered,
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FIG. 3. (a,b) The field-dependent magnetization M measured at different temperatures in b* and ¢ directions, respectively. Insets: Com-
parison of the the measured magnetization and the simulated Brillouin function of § = 7/2. (c,d) The field derivative magnetic susceptibility
dM/dB at different temperatures in b* and c directions, respectively. (e,f) The field-temperature magnetic phase diagram overlaid on the
contour plots of magnetic susceptibility dM/d B with field along the b* and c directions, respectively.

the magnetic ground state of the easy plane triangular system
was proposed to be a long-range-ordered phase with spins
oriented 120° to each other. For B || b*, the zero field 120°
order is destroyed with increasing field and spin flop-like tran-
sitions separate the magnetic phase diagram into two different
regions. In the end, above the upper critical field at 0.24 T, all
the Gd spins are fully polarized along the magnetic field.

On the contrary, for B || ¢ only a single peak in dM/dB
is observed for a field around 0.7 T at 0.06 K. The magnetic
phase diagram for the field along c is presented in Fig. 3(f). In
this case, the magnetic field is applied perpendicular to the Gd
moments. The 120° ordered spins form a canted “V”-shaped
phase, before fully polarizing along the c-axis. Since this is the
hard direction, a larger saturation field is needed, compared
to the saturation field 0.24 T for B || b*. It is worth pointing
out that isotropic behavior is expected if only the ground state
85, ,2 with L = 0 are considered. However, for Gd?* ions, it
was found that the mixing of the higher-level states of L # 0
cannot be neglected, especially for the physics at energy levels
around 1-2 K [34,35,43]. This could be the origin of the easy
plane anisotropy observed in KBaGd(BO3),. To clarify the
single ion anisotropy, further studies such as electron spin
resonance (ESR) measurements are still needed in the future.

C. Specific heat, magnetic entropy, and magnetocaloric effect

Specific heat measurements were performed as well.
Shown in Fig. 4(a) is the temperature-dependent specific heat
measured in zero field. A A-shaped peak centered at Ty =
0.24 K is observed. This indicates the establishment of a
long-range magnetic order. However, unlike other traditional

magnets, a long tail extending to about 2 K is observed in
the specific heat, which is about eight times higher than the
transition temperature Ty = 0.24 K. As also evidenced in
the integrated magnetic entropy, only half of the full entropy
(0.47R1In8) is released at Ty = 0.24 K and the full value of
RIn8 as expected for spins of § = 7/2 is realized above 2 K.
To account for the contribution below 70 mK, an estimated
residual entropy with Sy >~ 0.09RIn8 is added. These results
are in contrast to the observations found in classical Gd-based
magnets, such as GdAlO; [44]. In the case of GdAIOs;, al-
most the full entropy of RIn8 was found at the transition
temperature and only very weak contribution was left above
the transition temperature. On the other hand, phenomena
similar to what we find here were commonly observed in
low-dimensional quantum magnets [45], where large spin
fluctuations are usually present.

Additional specific heat under field has been measured and
shown in Fig. 4. Due to the thin flat plate-shaped crystal
geometry, only data with field along the c-axis were collected.
From these temperature-dependent specific heat measured at
different magnetic fields, it is noticed that the peak positions,
together with the peak values in specific heat, are gradually
suppressed with increasing fields [Fig. 4(c)]. As evidenced
in the integrated entropy [Fig. 4(d)], only about 0.3RIn8 is
released at Ty at 0.5 T. All these phenomena indicate that a
short-range order persists in a wide temperature region above
the transition temperature. This indicates that the presence of
the spin frustrations in this two-dimensional triangular layer
plays an important role.

Moreover, the antiferromagnetic transition is fully sup-
pressed at the critical field at B, >~ 0.75 T. In the meantime,
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FIG. 4. (a) The temperature dependence of the specific heat C measured in zero fields. (b) The integrated magnetic entropy S as the function
of temperature. The vertical dashed line indicates the magnetic transition temperature 7y = 0.24 K. (c) The temperature dependence of the
specific heat below the critical field along ¢ axis. (d) The temperature dependence of magnetic entropy below the critical field. (e) The field
dependence of specific heat at different temperatures measured above the saturation fields along the c axis. (f) The field-temperature magnetic

phase diagram overlaid on the contour plots of specific heat in ¢ axis.

the measured specific heat monotonically increases with lower
temperature [blue dots in Fig. 4(e)], suggesting that a sig-
nificant residual entropy is pushed to zero temperature. As
we continue to increase the field above B, a broad peak-like
anomaly is observed at higher temperatures [purple dots in
Fig. 4(e)]. In addition, these peak positions [indicated as stars
in Fig. 4(e)] consistently move to higher temperatures with
increasing fields. We have overplot all these specific heat
data together with the magnetic phase diagram [Fig. 4(f)].
It is noticed that these peak positions extend linearly to the
critical field B, indicating a gapless quantum critical point.
These crossover-like behaviors above B, are usually related to
a gap reopening beyond the critical field. Interestingly, these
crossover temperatures usually scale with the power law T o
(B — B.)"%, and the linearity suggests a two-dimensional uni-
versality of vz = 1, similar to the recent observations found in
the triangular § = 1/2 system Na;BaCo(POy), [14].
Presented in Figs. 5(a) and 5(b) are the specific heat and the
integrated entropy at 0.75 T and 2 T. The measured specific
heat at 0.75 T keeps increasing as 7 — 0, indicating a large
enhancement of the zero-temperature residual entropy at the
field-induced critical point. Due to the large relaxation time,
the specific heat below 0.2 K at at 0.75 T was hard to measure.
The residual entropy was estimated to be about 0.2RIn8 by
linearly extracting the specific heat C/T to zero as approach-
ing 0 K. Meanwhile, the specific heat at low temperatures
was greatly suppressed at 2 T, above the critical fields. This
large entropy change near the critical region can be used for
adiabatic demagnetization refrigeration [46]. As illustrated in

Fig. 5(b) (blue dashed lines), a significant temperature drop
AT can be expected by lowering the magnetic field from 2 T
to 0.75 T due to the entropy change AS. To test this scenario,
magnetocaloric effect (MCE) measurements were performed
on a single crystal of the mass about 0.1 mg with B || c. As
the external fields were swept up and down, the sample tem-
peratures were simultaneously recorded [Figs. 5(c) and 5(d)].
Instead of a sharp V-shaped anomaly, a rounded minimum-
like feature was observed around the phase boundary. This
is due to a small heat leakage from the environment and
the sample is not in an ideal adiabatic condition. To achieve
temperatures below 50 mK, measurements with larger crystals
and better-designed MCE pucks are required in the future.
However, even with the current setup using such a tiny crystal,
we can still see a great magnetocaloric effect with a large mag-
netic Griineisen parameter I's = 1/7T(dT /dB) at the critical
point [Fig. 5(c)]. The amplitude of the magnetic Griineisen
parameter ['p increases with decreasing temperature near the
critical region [Fig. 5(c)]. This behavior is quite different from
those systems where only weak fluctuations persist. In this
case, the MCE curve becomes almost flat and the amplitude of
the magnetic Griineisen parameter drops to zero as the temper-
ature was suppressed to zero [47]. The enhanced MCE effect
in KBaGd(BO3), makes it a distinct promising candidate for
adiabatic demagnetization cooling below 100 mK. In addition,
due to the large magnetic entropy arising from the large spin
value S = 7/2, the demagnetization cooling of KBaGd(BO3);
at the critical field will be more efficient comparared to other
S = 1/2 based materials.
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FIG. 5. (a) The temperature dependence of the specific heat at and above the critical field along the ¢ axis. (b) The temperature dependence
of the magnetic entropy at and above the critical field. Magnetocaloric effect of KBaGd(BOs3), with the application of a magnetic field
(c) sweep down and (d) sweep up. (e¢) The contour plot of magnetic Griineisen parameter I's = 1/7(dT /dB). (f) The magnetic Griineisen

parameter ['p as a function of magnetic field at several temperatures.

IV. CONCLUSION

To summarize, detailed investigations with low-
temperature magnetization, and specific heat were performed
on KBaGd(BOs), single crystals. The magnetic Gd** ions
form into a two-dimensional triangular lattice with a large
spin § = 7/2. As the temperature is lowered, a long-range
magnetic order is established below Ty = 0.24 K. To explore
this ordered ground state, magnetic fields were applied in
the triangular plane and along the c-axis. Although isotropic
single ion properties are expected, the resulting magnetic
phase diagrams are different from each other. The differences
in the two phase diagrams arise from the weak easy-plan
anisotropy, and they are consistent with the 120° spin order in
the plane. Thus, for field applied along the b* axis (B || (110)),
spin flop-like transitions with two successive critical fields
are observed. While for field perpendicular to the magnetic
moments with B || ¢, the spins continuously rotated from
the original (110) directions, until they are fully polarized
along the c axis at the saturation field. Although the large
spin values of Gd** ions do not make them as quantum as
spin S = 1/2, wide temperature regions of short-range spin
correlations are observed above the transition temperature,
as evidenced by the specific heat and integrated magnetic

entropy. This suggests that, even for the spin magnitude as
large as 7/2, the zero point fluctuations proportional to 1/S
still play an important role as 7 — 0. On the other hand, these
enhanced spin fluctuations and the large residual magnetic
entropy hosted in KBaGd(BOs3), can be utilized to realize
efficient magnetic refrigeration in a moderate field region.
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