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We synthesize the high-quality Gd3BWO9 single crystal and investigate its low-temperature magnetic and
thermodynamic properties. Below TN = 1.08 K, the anisotropic behavior of magnetic susceptibilities reveals
that the Gd3+ moments exhibit the dominant antiferromagnetic coupling along the c axis, while displaying a
ferromagnetic arrangement in kagome plane. With pronounced magnetic frustration, in adiabatic demagnetiza-
tion refrigeration experiments starting from initial conditions of 9 T and 2 K, Gd3BWO9 polycrystal reaches a
minimum temperature of 0.151 K, significantly lower than its TN. Due to the high density of Gd3+ ions (S = 7/2),
the maximum magnetic entropy change reaches over 50 J kg−1K−1 under fields up to 7 T in Gd3BWO9, nearly
1.5 times as large as commercial sub-kelvin magnetic coolant Gd3Ga5O12. The H-T phase diagram of Gd3BWO9

under H ‖ c exhibits field-induced critical behavior near the phase boundaries. This observation aligns with the
theoretical scenario in which a quantum critical point acts as the endpoint of a line of classical second-order
phase transitions. Such behavior suggests the importance of further investigations into the divergence of the
magnetic Grüneisen parameter in the vicinity of critical field at ultralow temperatures.

DOI: 10.1103/7l6y-hdw5

I. INTRODUCTION

Geometrically frustrated magnets are typically character-
ized by competing interactions of localized spins that provide
a unique platform for exploring exotic quantum magnetic
states. Typical examples are antiferromagnets where tran-
sition metal ions or 4f rare-earth ions form the kagome
lattice, giving rise to strong electron correlations, spin-
orbit coupling, and/or magnetic interaction [1–3]. In recent
years, various antiferromagnets based on kagome lattice
and its modifications have been extensively studied, includ-
ing both insulators and metals, such as the quantum spin
liquid candidates ZnCu3(OH)6Cl2 [4], quantum antiferro-
magnet BaCu3V2O8(OH)2 [5], tripod-kagome-lattice dipolar
magnet Dy3Sb3Zn2O14 [6,7], distorted kagome lattice heavy
fermion system CePdAl [8–11] and kagome spin ice HoAgGe
[12–14], and three-dimensional hyperkagome-lattice quantum
spin liquid candidate PbCuTe2O6 [15,16].

Quite recently, the rare-earth-based systems R3BWO9

(R = Pr, Nd, Sm, Gd, Tb, Dy, Ho) have attracted consider-
able attention as searching for new kagome antiferromagnets
[17]. These compounds crystallize in a hexagonal coordinated
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structure with space group P63 (no. 173), where the R3+ ions
are connected by oxygen ions and form a distorted kagome
lattice in the ab plane [Fig. 1(a)] and stack in an AB-type
arrangement along the c axis [Fig. 1(b)]. Notably, the in-
terlayer separations between R3+ ions are slightly smaller
than the intralayer distances [Fig. 1(b)], which enhances
the three-dimensional nature of the magnetic interaction in
R3BWO9 [17]. The non-Kramers system Pr3BWO9 has been
identified as a frustrated quantum Ising magnet [18,19].
The Kramers system Nd3BWO9 exhibits short-range corre-
lations below 1 K and enters the long-range magnetic order
state below 0.3 K, accompanied by anisotropic field-induced
metamagnetic quantum criticalities. The rich magnetic be-
havior of Nd3BWO9 can be understood through the Ising
model composed of twisted triangular spin tubes [20–22]. For
Sm3BWO9, a magnetic phase transition occurs at 0.75 K and
nuclear magnetic resonance spectra reveal an incommensurate
magnetic order [23]. The polycrystalline studies of Gd3BWO9

demonstrate a giant magnetocaloric effect (MCE) while the
magnetic structure remains unclear [24,25]. Therefore, in-
vestigating the anisotropic properties of Gd3BWO9 single
crystals is crucial for understanding the microscopic mech-
anism of the MCE.

In this article, based on the magnetic susceptibilities
along the a and c axes, we demonstrate that the Gd3+ mo-
ments are aligned antiferromagnetically along the c axis and
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FIG. 1. Crystal structure of Gd3BWO9. (a) The schematic structure of Gd3BWO9 reflecting the distorted kagome lattice in the crystal-
lographic ab plane. (b) The well-separated distorted kagome planes are stacked along the c axis of Gd3BWO9. (c) The experimental XRD
patterns of Gd3BWO9 powder. (d) X-ray diffraction pattern of Gd3BWO9 single crystal. Left inset: an optical image of typical single crystals.
Right inset: the rocking curve (black line) of the (200) Bragg peak, together with the Gaussian fitting (red line) of Gd3BWO9. (e), (f) The
experimental and simulated Laue diffraction patterns of the ab and ac plane of Gd3BWO9, respectively.

ferromagnetically in the ab plane below TN = 1.08 K. Below
TN, the metamagnetic transitions of the Gd3BWO9 single
crystal are identified through magnetization and thermody-
namic measurement under H ‖ c. We continue to construct
a phase diagram of magnetic entropy as a function of tem-
perature and magnetic field along the c axis, revealing a giant
MCE at low temperature. Our work on the Gd3BWO9 single
crystal offers significant insights into its microscopic mag-
netic structure, magnetic critical behavior, and the associated
giant MCE.

II. EXPERIMENT

The polycrystalline Gd3BWO9 is synthesized using a stan-
dard solid-state reaction method by mixing stoichiometric
amounts of predried Gd2O3, H3BO3, and WO3. The pow-
ders are ground together and sintered in air at 1200 °C
for 36 h, with several intermittent regrindings. High-quality
single crystals of Gd3BWO9 were grown via flux method
analogous to Ref. [26]. Yellow transparent single crystals with
six hexagonal facets are obtained and have a typical mass
ranging from a few milligrams to 100 mg [inset of Fig. 1(d)].
The X-ray diffraction (XRD) patterns and rocking-curve scans
are collected using a Bruker D8 ADVANCE diffractometer
with Cu-Kα radiation (λ = 1.5406 Å) at room temperature.
Crystal orientation verification is performed using a Laue
X-ray alignment system (Photonic Science Ltd.). The mag-
netic susceptibility and magnetization are measured as a

function of the applied field (0 to 7 T) and temperature (0.4
to 300 K) using a Magnetic Property Measurement System
SQUID magnetometer (MPMS, Quantum Design) equipped
with a 3He-refrigerator insert. Specific heat measurements are
performed using a Physical Property Measurement System
(PPMS, Quantum Design) under applied magnetic fields of
3 T and 7 T with a 3He option and in zero field (0 T) with a
3He−4He dilution refrigerator.

For the adiabatic demagnetization refrigeration (ADR) ex-
periment in PPMS, we used a 4.38 g cylindrical pellet of
15 mm diameter and 4 mm thickness containing equal weights
of Gd3BWO9 and silver powder. The pressed pellet was sin-
tered at 800 °C to further improve the thermal conductivity.
The sample temperature was measured using a custom-built
thermometer based on a commercial ruthenium oxide chip
resistor. This thermometer was calibrated against a known
reference thermometer and read out with a Lake Shore Model
372 AC resistance bridge, equipped with a Model 3726 scan-
ner, operating at an AC excitation of 1 nA.

III. RESULT AND DISCUSSION

A. Crystal structure

Figure 1(c) shows the room-temperature powder X-ray
diffraction pattern and Rietveld refinement of Gd3BWO9. The
observed profile aligns well with the simulation, yielding
refinement reliability factors Rp = 5.12% and Rwp = 7.03%.
The structural parameters determined from the Rietveld
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FIG. 2. Magnetic properties of Gd3BWO9 under H ‖ a and H ‖ c. (a) The susceptibility χ (T) and the inverse magnetic susceptibility
[1/χ (T)] of Gd3BWO9 for H ‖ a and H ‖ c under 500 Oe. (b) The low-temperature part of (a). The inset of (b): a schematic of the magnetic
structure in Gd3BWO9; the green and purple lines constitute triangles connecting Gd ions in an adjacent kagome plane (3.880 Å) and within
a kagome plane (4.825 Å). (c), (d) Isothermal magnetization M(H) and the derivative [dM(H )/dH ] curves for selected temperatures of 1, 1.8,
3, 5, and 10 K along the c and a axes. The solid red lines show the Brillouin function fits. (e), (f) M(H) and dM(H)/dH curves along c and a
axes at 0.4 K. The dotted lines represent the features.

profile analysis are a = 8.564(1) Å and c = 5.402(1) Å, con-
sistent with previous reports [17,25]. The distances between
Gd and Gd in the kagome plane are 4.212 Å and 4.825 Å
[Fig. 1(a)], while those in adjacent kagome planes are 3.880 Å
and 4.311 Å [Fig. 1(b)]. The four comparable distances high-
light the three-dimensional characteristics of the magnetic
interaction. The complete crystal data are provided in the
Supplemental Material [27].

Moreover, we have grown large-size single crystals by
flux method, with typical crystals shown in the left inset of
Fig. 1(d). The XRD patterns of the bc plane [Fig. 1(d)] display
dominant (H00) reflections. Rocking curve analysis of the
Bragg peak (200) [right inset of Fig. 1(d)] demonstrates a nar-
row full width at half maximum (FWHM) of 0.11°, indicating
high quality of the single crystal. As illustrated in Figs. 1(e)
and 1(f), the sixfold symmetry of the Laue pattern agrees well
with the experimental simulation data, based on the crystal
structure presented in Figs. 1(a) and 1(b).

B. Magnetic susceptibility and magnetization

Figure 2(a) presents the temperature dependence of mag-
netic susceptibility χ (T) and inverse susceptibility 1/χ (T) for
H ‖ a and H ‖ c, measured from 0.4 K to 300 K under 0.05
T. For a low-temperature region (4–15 K) in Fig. 2(b), the
Curie-Weiss temperature is determined to be −0.6 K for H ‖
a and −0.4 K for H ‖ c, revealing the competition between
predominant antiferromagnetic (AFM) interaction in adja-
cent layers and relatively weak intralayer ferromagnetic (FM)
interaction within the triangular framework of Gd3BWO9

[inset of Fig. 2(b)]. For a high-temperature region (200–300
K), the effective moment is calculated to be 7.82 µB for both
field orientations, close to the expected value of 7.94 µB.

The low-temperature χ (T) [Fig. 2(b)] shows an obvious
peak centered at TN = 1.08 K, signaling long-range AFM or-
dering. Above TN, isotropic susceptibility behavior reflects the
absent orbital component of Gd3+ moments. Below TN, the
χ (T) increases with the temperature decreasing under H ‖ a,
whereas it decreases under H ‖ c. This anisotropic behavior
demonstrates characteristic AFM ordering along the c axis.
As mentioned above, the nearest interlayer distance between
Gd3+ ions significantly enhances the AFM interaction along
the c axis, serving as the primary reason for magnetic ground
state properties. Our experimental results provide direct ev-
idence supporting the magnetic structure [inset of Fig. 2(b)]
predicted by density functional theory (DFT) [24]. Similar
phenomena have been observed in Eu2+ containing EuMnBi2
[28] and EuMnSb2 [29]. In EuMnBi2, the Eu moments order
ferromagnetically in the ab plane and align along the c axis in
the sequence of up-up-down-down below TN ∼ 22 K, where
the χ (T) parallel to the c axis steeply decreases while it
slightly increases vertical to the c axis [28].

Figures 2(c) and 2(d) depict the isothermal magnetization
curves M(H) at various temperatures and the magnetic
moment is derived to be 6.85 µB for H ‖ a and 6.78 µB for
H ‖ c at 0.4 K under 7 T, slightly smaller than the theoretical
value 7 µB. The M(H) data can be well fitted to Brillouin
function above T = 5 K, which reveals the paramagnetic
coupled nature between Heisenberg-like spins of Gd3+
ions. Below 5 K, the deviation of the fitted curve at 3 K

094407-3



ZHUOQUN WANG et al. PHYSICAL REVIEW MATERIALS 9, 094407 (2025)

(c)(b)(a)

(d) (e) (f)

FIG. 3. Specific heat result of Gd3BWO9 along H ‖ c and ADR of Gd3BWO9 polycrystal. (a) Total specific heat Cp(T ) measured down
to 0.05 K in zero field and 0.39 K in applied fields 3 T and 7 T along H ‖ c. The inset shows a power law fit from 0.05 to 0.2 K in zero field.
(b) Magnetic specific heat as Cmag(T )/T in a logarithmic presentation at 0, 3, and 7 T. The inset shows a photo of the sample on the platform of
the specific-heat puck. (c) Temperature variation of the magnetic entropy Smag computed from the heat capacity data of Gd3BWO9 for H ‖ c.
The arrows designate the adiabatic demagnetization process starting from initial temperatures of 2 K and 5 K under 7 T. (d) The cooling curve
of Gd3BWO9 polycrystal in the ADR process starting from 9 T and 2 K (slightly shifted due to the neglect of the magnetoresistance of the
thermometer). The inset shows the process around Tmin. (e) The temperature evolution was measured over a period exceeding 30 h, with Run 1
conducted in the absence of a resistance heater. (f) The heat capacity calculated from the warming curve of the ADR experiment and directly
measured in the PPMS.

and 1.8 K indicates the appearance of short-range spin
correlations.

To further analyze the magnetic properties of Gd3BWO9,
Figs. 2(e) and 2(f) display the field derivative of magnetization
dM/dH curves at 0.4 K. For the dM/dH curve under H ‖ a in
Fig. 2(f), a pronounced peak is observed at 0.58 T, where the
magnetization reaches 3.50 µB, close to 1/2 of the saturated
value (Ma

s ). Additionally, a shoulder feature is present at
0.96 T, with the M value of 5.10 µB roughly 3/4Ma

s . In the
case of H ‖ c [Fig. 2(e)], a sharp peak appears at 0.40 T,
followed by a shoulder at 0.82 T. The respective M values
are 2.17 µB and 4.60 µB, corresponding to approximately 1/3
and 2/3 of the saturated value (Mc

s ), respectively. It would
be valuable to investigate which variations in magnetic order
states are associated with these anomalies in the dM/dH
curves. Remarkably, the magnetization curve of Nd3BWO9

exhibits a 1/3 fractional plateau for H ‖ c in the AFM order
state, where the dM/dH curve approaches zero in the vicinity
of the plateau region [20–22].

C. Specific heat, magnetic entropy, and magnetocaloric effect

To study thermodynamic properties of Gd3BWO9, the spe-
cific heat Cp(T ) measurements are performed down to 0.05 K
in zero field and 0.39 K in applied fields of 3 T and 7 T, as

depicted in Fig. 3(a). The zero-field specific heat data displays
a λ-shaped anomaly at TN, consistent with the magnetic result
above. The peak shape in Cp(T ) changes to a Schottky-type
anomaly in an applied field of 3 T and 7 T.

Below TN, the specific heat mainly comes from the mag-
netic contribution. As shown in the inset of Fig. 3(a), the
zero-field Cmag(T ) from 0.05 K to 0.2 K is fitted to a power
law expression: Cmag(T ) ∼ T γ , yielding γ = 2.39(3), lower
than the value of 3 typically observed in conventional gap-
less antiferromagnets [30]. In the triangular antiferromagnet
KBaGd(BO3)2, the power law relationship with an exponent
γ = 2.0 reflects the two-dimensional (2D) magnetic inter-
action intrinsic to the system [31–33]. In the pyrochlore
Heisenberg antiferromagnet Gd2Sn2O7, specific heat and in-
elastic neutron scattering (INS) measurements reveal the
presence of magnon excitations with a gap ∼1.5 K [34–36].
According to INS, the spin-spin correlations begin to develop
around 20 K and eventually form a gapped long-range or-
dered “Palmer Chalker” state below TC = 1 K. Below 0.3 K,
the Cmag(T ) drops exponentially and its value drops to 0.02
J mol−1

GdK−1 near 0.1 K [35]. In contrast, the Cmag(T ) of
Gd3BWO9 displays a value around 0.2 J mol−1

GdK−1 at 0.1
K, an order of magnitude larger than that of Gd2Sn2O7.
Furthermore, the Cmag(T )/T approaches a constant value of
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4.3 J mol−1K−2 below 0.07 K [Fig. 3(b)], indicating the un-
conventional gapless low-energy excitations in Gd3BWO9.

The lattice contribution arising from thermal vibra-
tion dominates the high temperature region. As shown
in Fig. S1, an analysis is performed by fitting the zero-
field specific heat data using a polynomial expression
Cph =β1T 3+β2T 5+β3T 7+ · · · · · · [24], between 20 K and
50 K. The magnetic specific heat is obtained by subtracting
the lattice contributions Cmag = Cp − Cph. As temperature de-
creases, the zero-field Cmag(T )/T curve of Gd3BWO9 begins
to increase below 5 K and reaches its maximum value at TN

[Fig. 3(b)]. The magnetic entropy Smag(T ) is obtained by in-
tegrating Cmag(T )/T data [Fig. 3(b)] and the value of Smag(T )
is slightly larger than 3Rln8 at 20 K in zero field [Fig. 3(c)].

To estimate the minimum temperature in ADR, the
adiabatic demagnetization process is roughly depicted by
arrows in Fig. 3(c) [31,32]. The Smag(T ) is reduced by
44.02 J mol−1 K−1 when applying a field of μ0H = 7 T from
an initial temperature T0 = 2 K (isothermal). Driving the field
back to 0 T adiabatically is supposed to cool the material
to 0.21 K. When initiating from T0 = 5 K under 7 T, the
material could cool down to 0.60 K with the Smag(T ) reduction
of 37.33 J mol−1 K−1. Similarly, the commercial magnetic
coolant Gd3Ga5O12 (GGG) achieves a minimum temperature
of 0.32 K with an initial condition of T0 = 2 K and μ0H =
6 T [33,37] and another spin chain containing antiferromagnet
NaGdP2O7 achieves a minimum temperature of 0.22 K with
T0 = 2 K and μ0H = 5 T [38].

We continue to directly test the refrigeration performance
of Gd3BWO9 polycrystal using the modified ADR cooling
setup reported in Refs. [32,38,39]. Starting from an initial
condition 2 K and 9 T, the sample temperature instantaneously
decreases as soon as the field begins to decrease. Upon ramp-
ing the field down to zero at a sweep rate of 5 mT/s, a
local minimum Tmin2 = 0.156 K is achieved at μ0H = 0.90 T
and another minimum Tmin1 = 0.151 K is achieved at μ0H =
0.22 T in Run 1 [Fig. 3(d)], consistent with the estimated
value 0.21 K under 2 K and 7 T condition. We will discuss
the temperature minimum and phase boundary later. The tem-
perature starts to increase from T0 = 0.164 K as the magnetic
field drops to zero [inset of Fig. 3(d)]. As depicted in Fig. 3(e),
the warm-up time from T0 up to 0.48 K exceeded 24 h in Run
1, indicating exceptional holding time.

To calculate the specific heat of the Gd3BWO9 sample
from ADR, we conduct a second run with a resistance heater
on the pellet. As shown in Fig. 3(e), there seems to be a
slope change in the warming curve around TN = 1.08 K, due
to the AFM ordering of Gd3BWO9. As the external resistive
heat input was accurately measured and found to be nearly
constant as Q̇ = 1.4 μW, much larger than the natural heat
leakage into the system, which is below 100 nW, the slope of
the warming curve is closely associated with the sample’s heat
capacity. According to Q̇ = CADRṪ , CADR obtained in Run 2 is
in good agreement with the “directly” measured heat capacity
[Fig. 3(f)].

In order to gain deeper insights into the MCE of
Gd3BWO9, the magnetic entropy change −�Smag is calcu-
lated based on the M(H) curves in Fig. S2, through Maxwell’s
thermodynamic relation −�Smag= − ∫H

0 ( ∂M
∂T )

P,H
dH [24].

For each curve, we have used two sets of M(H) data at temper-
atures T −�T and T +�T . Through ∂M/∂T ≈ �M/�T =
[M (T +�T, H )−M (T −�T, H )]/2�T [Figs. 4(a) and
4(b)], the field dependence of the entropy −�Smag(H ) could
be obtained by integrating �M/�T over the field range
[38,40]. For instance, the −�Smag(H ) of 0.7 K is calculated
from the M(H) of 0.4 K and 1 K.

The field variation of −�Smag is shown in Fig. 4(c) for
H ‖ a and Fig. 4(d) for H ‖ c, respectively. The contour
plots of −�Smag for H ‖ c [Fig. 4(e)] are similar to the
polycrystalline data [24,25]. According to the −�Smag for
H ‖ c, the temperature dependence of −�Smag is depicted
under different fields in Fig. 4(f) and the −�Smag(T ) de-
rived from Cmag(T, H ) data closely matches the −�Smag(T )
curves calculated from M(H,T) data. Given the high spin
state and high density of Gd3+ ions, the theoretically calcu-
lated −�Smag reaches 51.87 J mol−1K−1 (63.99 J kg−1K−1)
for Gd3BWO9 and the volumetric entropy density reaches
483 mJ K−1cm−3, surpassing most Gd-oxide magnets, includ-
ing GGG (363 mJ K−1cm−3), GdPO4 (401 mJ K−1cm−3),
and KBaGd(BO3)2 (192 mJ K−1cm−3), while remaining
comparable to Gd9.33[SiO4]6O2 (509 mJ K−1cm−3) [41]. Dur-
ing our experiment, the −�Smag achieves the maximum value
43.32 J mol−1K−1 (53.45 J kg−1K−1) and 42.82 J mol−1K−1

(52.83 J kg−1K−1) at 2.1 K under fields up to 7 T along
a and c axes, accounting for 83.5% and 82.6% of the
theoretical value, respectively. These values exceed the max-
imum value of GGG (38.4 J kg−1K−1) at 2 K under a 7
T field [42,43]. The large volumetric entropy density, mag-
netic entropy change, and low temperature in ADR suggest
that Gd3BWO9 holds significant potential for refrigeration
applications.

D. Phase diagram and magnetic critical behavior under H ‖ c

More interestingly, at T = 0.7 K < TN, the value of
−�Smag is negative when the magnetic field is less than 1 T
for H ‖ c, while it is always positive for H ‖ a [Figs. 4(c)
and 4(d)]. This anisotropic response can be attributed to the
dominant AFM coupling along the c axis between Gd3+ ions.
The emergence of two anomalies in the dM/dH curve under
μ0H = 0.40 T and 0.82 T at T = 0.4 K may be associated
with critical behavior in thermodynamic properties. Below,
we map the phase diagram for H ‖ c with more detailed
magnetic and thermodynamic data.

As shown in Fig. 5(a), the low temperature χ (T) curves of
Gd3BWO9 are measured under several small fields along the c
axis, whose peak shifts to lower temperature as field increases.
In addition, we conducted the M(H) measurements with more
data points below 3 T at 0.4 K, 0.6 K, 0.8 K, 1.0 K, and
1.2 K, respectively (Fig. S3) [27]. Correspondingly, Figs. 5(c)
and 5(d) and Fig. S4 show low field variation of �Smag

curves at various temperatures, calculated based on the M(H)
curves in Fig. S3 [27]. Since �Smag(H )=Smag(H )−Smag(0 T ),
the Smag(H ) curve at a constant temperature can be ob-
tained through vertically shifting the �Smag(H ) curve by the
zero-field entropy value, as shown in Fig. 5(b). It is worth
noting that a shoulder around μ0Hc1 = 0.42 T and a peak at
μ0Hc2 = 0.84 T are observed for the Smag(H ) curve at 0.5 K,
which gradually evolve into one single peak as temperature
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FIG. 4. Magnetic entropy and magnetocaloric effect analysis of Gd3BWO9. (a), (b) Derivative of the magnetization with respect to
temperature as a function of the applied magnetic field for H ‖ a and H ‖ c. (c), (d) Field variation of the magnetic entropy change −�Smag

calculated from isothermal magnetization curves for different temperatures of Gd3BWO9 for H ‖ a and H ‖ c, respectively. (e) Contour plots
for −�Smag as a variation of applied field and temperature. (f) Temperature variation of −�Smag obtained from isothermal magnetization
curves and heat capacity data, with vertical axes representing units in volumetric J mol−1K−1 (left) and J kg−1K−1 (right).

increases. Taking the features mentioned above, Fig. 5(e)
displays an H-T phase diagram of Gd3BWO9 under H ‖ c,
with the color coding representing Smag(H, T ) in Fig. 5(b).

The isothermal field scans on Cmag(H ) are measured un-
der H ‖ c at 0.9 K and 0.4 K, respectively. As shown
in the top panel of Figs. 5(c) and 5(d), a peak is iden-
tified on the Cmag(H ) curve at μ0H = 0.5 T at 0.9 K,
while upon cooling to 0.4 K, a shoulder is observed around
μ0H = 0.85 T in addition to the peak at μ0H = 0.55 T.
The magnetic Grüneisen parameter is calculated through
	mag ≡ 1

T ( dT
dμ0H )

S
= − 1

μ0C
dS
dH ≈ − 1

μ0Cmag

dSmag

dH , in which the
nonmagnetic specific heat is much smaller than the magnetic
component below TN. Combined with Maxwell’s thermody-
namic relation ( ∂S

∂H )
P,T

= ( ∂M
∂T )

P,H
, the 	mag(H ) curves are

shown in Figs. 5(c) and 5(d).
At 0.9 K, the sign of the 	mag(H ) curve changes from neg-

ative to positive at μ0Hc = 0.5 T, indicating a local maximum
in entropy Smag(H ) at this field, as well as a respective mini-
mum in the adiabatic temperature trace T (H )S, arising at the
phase boundary. At T = 0.4 K, there is a local maximum in
	mag(H ) curve at μ0Hc1 = 0.42 T, with its value approaching
zero. As the magnetic field increases beyond μ0Hc2 = 0.85 T,
the 	mag(H ) curve changes its sign from negative to positive,
reaching a constant value up to 1.5 T. The lower critical
field μ0Hc1 = 0.42 T may indicate a metamagnetic transition
within the AFM regime and the system subsequently reaches
a fully polarized state above the upper critical field μ0Hc2 =
0.85 T. This behavior is similar to that in Nd3BWO9, in which
a proximate quantum bicritical point (BCP) is observed along

the c axis. In the magnetocaloric effect results of Nd3BWO9,
a temperature diplike feature appears near the critical fields
BBCP ∼ 0.61 T, where magnetic entropy change �Smag(H )
accumulates its maximum value [21].

As detailed in Fig. 4 of Ref. [44], when the quantum
critical point (QCP) serves as the endpoint of a line of clas-
sical second order transitions, the isentropes (dS = 0), i.e.,
the contour lines in Smag(H, T ), would exhibit minima values
close to the phase boundary. Intriguingly, the contour lines
in Smag(H, T ) in Fig. 5(e) explicitly illustrate the evolution
of temperature during an adiabatic sweep of the field along
the c axis at T > 0.4 K. This observation aligns precisely
with the light blue contour line depicted in Fig. 5(e). It
also includes the adiabatic temperature traces of field sweep
T (H )S of Gd3BWO9 polycrystal. These sweeps were mea-
sured by ramping the magnetic field from 9 T to 1.5 T, as in
the ADR runs. Subsequently, the field was swept repeatedly
at a substantially reduced rate of 1.5 mT/s from 1.5 T to
0 T and back to 1.5 T. Though the critical field might be
slightly different from the polycrystal compared with the sin-
gle crystal under H ‖ c axis, the temperature traces T (H )S fit
quite nicely into the phase diagram based on Smag(H, T ). By
drawing boundary lines through local minima of the temper-
ature traces, the phase boundaries could be extended to lower
temperatures.

For a quantum-critical point (QCP), there shall be the sign
change at the critical field Bc and also a divergence 	mag ∼
|B − Bc|−1 at very low temperature. Thus the quantum crit-
ical phenomena in Gd3BWO9 at T < 0.1 K, including the
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(a)

(b)

(c) (d)

(e)

FIG. 5. Phase diagram of Gd3BWO9 single crystal under H ‖ c. (a) The low-temperature susceptibility χ (T) curves under 0.05, 0.2, and
0.4 T for H ‖ c; the purple stars indicate the positions of peaks. (b) The low field variation of magnetic entropy Smag(H ) for H ‖ c at 0.5,
0.7, 0.9, and 1.1 K, respectively; the green rhombuses denote the positions of local peaks. The magnetic specific heat Cmag, the derivative of
magnetization with respect to temperature dM/dT, magnetic entropy change �Smag, and magnetic Grüneisen parameter 	mag at 0.4 K (the Cmag

and 	mag of 0.4 K would be similar with that of 0.5 K) (c) and 0.9 K (d) under H ‖ c. (e) The H–T phase diagram of Gd3BWO9 as derived
from χ (T) (purple stars), dM/dH (blue triangles), Smag(H ) (green rhombuses), and T (H )S (blue lines), with the dashed lines guiding the eyes
and the color coding representing Smag(H ).

enhanced MCE approaching the putative QCPs, warrant fur-
ther investigation in the future [40,44–47].

IV. SUMMARY

In summary, we have performed magnetic and ther-
modynamic characterization of a distorted kagome lattice
Gd3BWO9 single crystal. Below TN = 1.08 K, the Gd3+
moments exhibit AFM alignment between layers and FM
alignment within layers, resulting in alternating AFM-FM
stripes along the c axis, as confirmed by magnetic sus-
ceptibility measurements. Compared to the GGG case, the
maximum −�Smag of Gd3BWO9 shows larger values of
53.45 J kg−1K−1 for H ‖ a and 52.83 J kg−1K−1 for H ‖ c
under 7 T, presenting the giant MCE related to its AFM
order. Given the long-range order at TN = 1.08 K, the strong
magnetic frustration of Gd3BWO9 suppresses the release of

magnetic entropy down to low temperature, resulting in a
Tmin = 0.151 K far below TN in the ADR measurement. Fur-
thermore, the constructed H-T phase diagram of Gd3BWO9

under H ‖ c reveals evidence of magnetic critical behavior, as
indicated by the sign change of 	mag(H ) near the metamag-
netic transitions.
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