
PHYSICAL REVIEW APPLIED 18, 054076 (2022)

Large Magnetocaloric Effect in the Kagome Ferromagnet Li9Cr3(P2O7)3(PO4)2
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Single-crystal growth, magnetic properties, and magnetocaloric effect of the S = 3/2 kagome ferro-
magnet Li9Cr3(P2O7)3(PO4)2 (trigonal, space group: P3̄c1) are reported. Magnetization data suggest
dominant ferromagnetic intraplane coupling with a weak anisotropy and the onset of ferromagnetic order-
ing at TC � 2.6 K. Microscopic analysis reveals a very small ratio of interlayer to intralayer ferromagnetic
couplings (J⊥/J � 0.02). Electron spin-resonance data suggest the presence of short-range correlations
above TC and confirms the quasi-two-dimensional character of the spin system. A large magnetocaloric
effect characterized by isothermal entropy change of −�Sm � 31 J kg−1 K−1 and adiabatic temperature
change of −�Tad � 9 K upon a field sweep of 7 T is observed around TC. This leads to a large relative
cooling power of RCP � 284 J kg−1. The large magnetocaloric effect, together with negligible hystere-
sis render Li9Cr3(P2O7)3(PO4)2 a promising material for magnetic refrigeration at low temperatures. The
magnetocrystalline anisotropy constant K � −7.42 × 104 erg cm−3 implies that the compound is an easy-
plane-type ferromagnet with the hard axis normal to the ab plane, consistent with the magnetization data.
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I. INTRODUCTION

Kagome lattice hosts a plethora of interesting phenom-
ena. Its frustrated nature renders antiferromagnetic kagome
insulators a natural playground for the experimental real-
ization of quantum spin liquid [1–3]. Whereas kagome
ferromagnets are not frustrated and develop magnetic
order, they are no less interesting because flat bands and
Dirac fermions expected in this setting have far-reaching
implications for transport properties. Recent work on fer-
romagnetic kagome metals exposed anomalous Hall and
Nernst effects, as well as chiral edge states, in several
intermetallic compounds, such as Fe3Sn2 [4], Co3Sn2S2
[5], LiMn6Sn6 [6], and UCo0.8Ru0.2Al [7]. Concurrently,
insulating kagome ferromagnets are actively studied in the
context of magnon Hall effect and other exotic properties
associated with Dirac magnons [8–10].
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Ferromagnets are further interesting as materials with
the large magnetocaloric effect (MCE) that can be instru-
mental in cooling via adiabatic demagnetization for reach-
ing temperatures in the sub-Kelvin range [11–13]. This
magnetic refrigeration technique is often considered as the
most energy-efficient, cost-effective (as 3He and 4He are
expensive), and environment-friendly replacement for the
conventional refrigeration based on gas compression and
expansion technique. For this purpose, materials with large
magnetic moment, low magnetic anisotropy, low magnetic
hysteresis, and extremely low transition temperature are
desirable [14,15]. The nature of the magnetic transition
and the specific form of the magnetic structure are also
deciding factors for the performance of a MCE material.
Ferromagnetic insulators with second-order phase transi-
tion are proposed to be excellent MCE materials, as only a
small change in applied magnetic field is sufficient to yield
a large entropy change and adiabatic temperature change,
compared to any paramagnetic salt [12,15]. A very few fer-
romagnetic insulators with low transition temperature are
reported to satisfy the above prerequisites and qualify for
low-temperature applications [16–18].
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In the following, we report the magnetic properties of
Li9Cr3(P2O7)3(PO4)2 (LCPP), which is a structural sibling
of the recently reported S = 5/2 Heisenberg kagome anti-
ferromagnet Li9Fe3(P2O7)3(PO4)2 (LFPP) with a trigonal
space group P3̄c1 [19]. LFPP shows the onset of an anti-
ferromagnetic (AFM) ordering below TN � 1.3 K and a
characteristic 1/3 magnetization plateau below T∗ � 5 K.
The NMR spectra along with the NMR spin-lattice relax-
ation time reveal the presence of an exotic semiclassical
nematic spin liquid regime between TN and T∗. In contrast,
LCPP is found to be a ferromagnet and it undergoes a fer-
romagnetic (FM) ordering at TC � 2.5 K. LCPP exhibits a
large MCE around TC and appears to have strong potential
for cryogenic applications such as low-temperature sensors
in space research, achieving sub-Kelvin temperatures for
basic research, hydrogen and helium gas liquefaction, etc.
[11,20].

II. METHODS

Platelet single crystals of LCPP with the lateral size of
0.5 to 1 mm are synthesized by a self-flux technique as
reported in Ref. [21]. The mixture of starting materials,
Li3PO4, Cr2O3, and NH4H2PO4 in the molar ratio 15:1:9 is
kept in an alumina crucible and heated gradually to 900 ◦C.
The cooling process involves three steps. At first, the sam-
ple is cooled down to 850 ◦C at a rate of 50 ◦C per hour and
then to 600 ◦C at a slow rate of 2 ◦C per hour. Finally, the
sample is allowed to cool naturally to room temperature.
In order to dissolve the flux and separate the crystals, the
sample is treated with 1 M solution of acetic acid for 5 days
followed by the treatment with saturated NaCl solution and
distilled water. The final product after the treatment yields
the mixture of mm-sized single crystals and polycrystalline
sample. The large-sized crystals are handpicked and the
remaining part is grinded to get the polycrystalline sample.

Room-temperature single-crystal x-ray diffraction (XRD)
is performed on a good-quality single crystal using the
Bruker KAPPA APEX-II CCD diffractometer equipped
with graphite monochromated MoKα1 radiation (λ =
0.71073 Å). The APEX3 software is used to collect the
data that are further reduced with SAINT/XPREP fol-
lowed by an empirical absorption correction using the
SADABS program [22]. The phase purity of the polycrys-
talline sample is confirmed from powder XRD (PANa-
lytical Xpert-Pro, CuKα radiation with λav = 1.54182 Å).
The temperature-dependent powder XRD measurement is
performed in the temperature range 15 K ≤ T ≤ 300 K
with a low-temperature (Oxford Phenix) attachment to the
diffractometer.

Magnetization (M ) measurement is performed as a func-
tion of temperature (T) and magnetic field (H ) using a
superconducting quantum interference device (SQUID)
(MPMS-3, Quantum Design) magnetometer. The data are
collected in the temperature range 1.8 K ≤ T ≤ 350 K and

in the magnetic field range 0 ≤ H ≤ 7 T. Heat capacity
(Cp ) as a function of T (0.5 K ≤ T ≤ 300 K) and H is
measured on a small piece of sintered pellet using the
relaxation technique in the physical property measurement
system (PPMS, Quantum Design). Measurements below
2 K are carried out using an additional 3He insert in the
PPMS.

High-field electron spin-resonance (HF ESR) spec-
troscopy is used to study the single crystals of LCPP. For
the measurements in a frequency range 75–330 GHz, a
vector network analyzer (PNA-X from Keysight Technolo-
gies) is used and for frequencies up to 975 GHz a modular
amplifier and multiplier chain (AMC from Virginia Diodes
Inc.) is used for the generation of microwaves in combina-
tion with a hot-electron InSb bolometer for detection. All
measurements are performed at a given fixed frequency in
the field-sweep mode up to 16 T, using a superconducting
magnet system from Oxford Inst. The sample is mounted
onto a transmission probe head, which is then inserted
in a 4He variable temperature insert (VTI) of the magnet
cryostat to enable measurements in a temperature range of
1.8–300 K.

Density-functional (DFT) band-structure calculations
are performed in the FPLO code [23] with the Perdew-
Burke-Ernzerhof flavor of the exchange-correlation poten-
tial [24]. Correlation effects in the Cr 3d shell are included
on the mean-field level within DFT + U using the on-site
Coulomb repulsion parameter Ud = 2 eV, Hund’s cou-
pling Jd = 1 eV, and double-counting correction in the
atomic limit [25,26]. Exchange couplings Jij are obtained
by mapping [27] total energies of collinear magnetic con-
figurations onto the spin Hamiltonian,

H =
∑

〈ij 〉
Jij SiSj , (1)

where the summation is over pairs, and S = 3
2 . Energies

are converged on a k mesh with 64 points within the first
Brillouin zone. Thermodynamic properties for the model
defined by Eq. (1) are obtained from quantum Monte-Carlo
simulations performed with the LOOP algorithm [28] of the
ALPS simulation package [29]. Finite lattices with up to 752
sites and periodic boundary conditions are used.

III. RESULTS AND DISCUSSION

A. X-ray diffraction

The crystal structure of LCPP is solved from single-
crystal XRD data with direct methods using SHELXT-
2018/2 [30] and refined by the full matrix least squares
on F2 using SHELXL-2018/3, respectively [31]. Details
of the crystal structure and the refined parameters are
summarized in Table I. LCPP crystallizes in the trigonal
space group P3̄c1 (No. 165). The refined atomic posi-
tions at room temperature are listed in Table II. These
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TABLE I. Crystallographic data for LCPP at room tempera-
ture, obtained from single-crystal XRD.

Empirical formula Cr3Li9O29P8

Formula weight (Mr) 930.22 g mol−1

Temperature 296(2) K
Crystal system Trigonal
Space group P3̄c1
Lattice parameters a = 9.668(3) Å α = 90◦

b = 9.668(3) Å β = 90◦

c = 13.610(6) Å γ = 120◦

Unit-cell volume 1101.7(8) Å3

Z 2
Density (calculated) 2.804 g cm−3

Wavelength 0.710 73 Å
Radiation type MoKα1
Diffractometer Bruker KAPPA APEX-II CCD
Crystal size 0.049 × 0.035 × 0.027 mm3

2θ range 2.993 to 25.997◦
Index ranges −11 ≤ h ≤ 11

−11 ≤ k ≤ 11
−16 ≤ l ≤ 16

F(000) 902
Reflections collected 6940
Independent reflections 735 [Rint = 0.0454]
Data, restraints, parameters 735/0/76
Goodness of fit on F2 1.098
Final R indices [I ≥ 2σ(I)] R1 = 0.0304,

ωR2 = 0.0892
R indices (all data) R1 = 0.0351,

ωR2 = 0.0919
Largest diff. peak and hole +0.445/ − 0.970 e × Å−3

structural parameters are in good agreement with the pre-
vious report [21].

The schematic view of the crystal structure of LCPP is
presented in Fig. 1. It illustrates the corner sharing of CrO6
octahedra and PO4 tetrahedra forming equilateral triangles
with a geometrically deformed but three-fold-symmetric
kagome lattice. Though all of the Cr3+—Cr3+ distances
in each hexagon are equal (approximately 4.949 Å), the
bond angles are different: three angles are approximately
146.3◦ and the remaining three angles are approximately
93.7◦. The nearest-neighbor (NN) coupling between the
Cr3+ ions in the ab plane is denoted by J , while the short-
est interplane distance of approximately 6.903 Å leads to a
weak coupling (J⊥) between the planes.

In order to confirm the phase purity and to scrutinize the
presence of any structural distortions, powder XRD data
are collected at various temperatures. Le Bail analysis of
the XRD patterns is performed using the FullProf pack-
age [32] taking the initial structural parameters from the
single-crystal data (Table I). Figures 2(a) and 2(b) present
the powder XRD patterns at the highest (T = 300 K) and
lowest (T = 15 K) measured temperatures, respectively,
along with the Le Bail fits. All the peaks could be indexed

TABLE II. Crystal structure of LCPP refined using single-
crystal XRD data. The atomic coordinates (×104) and the
isotropic atomic displacement parameter Uiso (Å

2 × 103), which
is defined as one third of the trace of the orthogonalized Uij
tensor.

Atomic
sites

Wyckoff
positions x y z Uiso

Cr(1) 6f 5676(1) 0 2500 6(1)
Li(1) 2b 0 0 5000 19(3)
Li(2) 12g 3369(7) 2367(7) 4374(4) 16(1)
Li(3) 4d 6667 3333 6178(7) 15(2)
O(1) 12g 3758(2) −1053(2) 3331(1) 9(1)
O(2) 6f 2120(3) 0 2500 9(1)
O(3) 12g 792(2) −2535(2) 3440(2) 9(1)
O(4) 12g 2299(3) 38(2) 4332(2) 11(1)
O(5) 12g 6781(2) 1893(2) 3352(2) 10(1)
O(6) 4d 6667 3333 4839(3) 23(1)
P(1) 12g 2279(1) −894(1) 3440(1) 6(1)
P(2) 4d 6667 3333 3736(1) 5(1)

based on the space group P3̄c1, suggesting phase purity
of the polycrystalline sample. The obtained lattice param-
eters at room temperature are a = b = 9.6628(3) Å, c =
13.5769(3) Å, and unit-cell volume Vcell � 1097.85(5) Å3,
which are consistent with the single-crystal data. No extra
peaks or features are observed in the XRD data corrobo-
rating the absence of any structural transition or distortion
down to 15 K.

The temperature variation of lattice parameters (a, c, and
Vcell) is presented in Fig. 3. They are found to decrease
monotonically upon cooling down to 15 K. Vcell(T) is fitted
by the equation [33]

Vcell(T) = γ U(T)

K0
+ V0, (2)

where V0 is the zero-temperature unit-cell volume, K0 is
the bulk modulus, and γ is the Grüneisen parameter. U(T)

(a) (b)

FIG. 1. (a) Corner-sharing equilateral triangles of Cr3+ form a
kagome lattice. The intraplane (J ) and interplanar (J⊥) couplings
are shown. The kagome lattice layers are well separated from
each other with interlayer distance of 6.9034 Å. (b) Interactions
between the magnetic Cr3+ ions via PO4 tetrahedra are shown.
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(a)

(b)

FIG. 2. Powder XRD data measured at (a) T = 300 K and
(b) T = 15 K. The black solid line represents the Le Bail fit of
the data. Bragg positions are indicated by vertical bars and the
solid green line at the bottom denotes the difference between
experimental and calculated intensities. The inset of (b) shows
a representative single crystal.

is the internal energy and it can be expressed in terms of
the Debye approximation as

U(T) = 9pkBT
(

T
θD

)3 ∫ θD/T

0

x3

ex − 1
dx. (3)

Here, p is the number of atoms in the unit cell, kB is the
Boltzmann constant, and the Debye temperature is rep-
resented by θD. The fit (see Fig. 3) returns θD � 385 K,
γ /K0 � 2.06 × 10−4 Pa−1, and V0 � 1094.2 Å3.

B. Magnetization

Magnetic susceptibility χ(T) [≡ M (T)/H ] measured
in an applied field of H = 0.5 T perpendicular (H ⊥ c)
and parallel (H ‖ c) to the kagome plane is displayed in
Fig. 4(a). With decreasing temperature, χ(T) increases in
a Curie-Weiss manner as expected in the high-temperature
paramagnetic (PM) regime, followed by a rapid enhance-
ment at low temperatures. This rapid increase suggests
strong FM correlations below about 10 K. Further, the
susceptibilities for H ⊥ c and H ‖ c show only a small dif-
ference even at low temperatures, which is an indication of
weak magnetic anisotropy in the compound.

For a quantitative analysis, we plot the inverse suscep-
tibility (1/χ ) as a function of temperature in Fig. 4(c)

FIG. 3. Variation of lattice parameters (a, c, and Vcell) with
temperature. The solid line denotes the fit of Vcell(T) by Eq. (2).

for H ⊥ c. For T ≥ 50 K, it exhibits a completely lin-
ear behavior, which is fitted by the modified Curie-Weiss
(CW) law

χ(T) = χ0 + C
(T − θCW)

. (4)

Here, χ0 is the temperature-independent susceptibility,
C is the Curie constant, and θCW is the CW tempera-
ture. The fit yields χ0 � −3.6 × 10−4 cm3 mol−1, C �
1.92 cm3 K mol−1, and θCW � 6 K. From the value of
C the effective moment is calculated to be μeff � 3.92μB
in agreement with the spin-only value of 3.87μB for spin
3/2. The positive value of θCW suggests that the dominant
exchange interactions between Cr3+ ions are FM in nature.
Using the mean-field expression J/kB = −3|θCW|/zS(S +
1) with z = 4 neighbors on the kagome lattice, we estimate
J/kB � −1.2 K. Moreover, the small peak in χT in low
magnetic fields reveals TC � 2.6 K [Fig. 4(d)]. χ(T) mea-
sured in zero-field cooled and field-cooled conditions (not
shown) in a small magnetic field of H = 0.01 T for H ⊥ c
shows no difference, suggesting negligible hysteresis.

The magnetic isotherm (M versus H ) at T = 1.8 K satu-
rates in low fields of Hsat⊥ c � 0.15 T and Hsat‖ c � 0.4 T
with the saturation magnetization of Msat ∼ 3.2 μB/Cr3+

and 2.8 μB/Cr3+ for H ⊥ c and H ‖ c, respectively (not
shown). The obtained Msat values are close to the cal-
culated Msat = gSμB � 2.952μB and 2.937μB, taking the
ESR values g � 1.968 and 1.958 for H ⊥ c and H ‖ c,
respectively. No visible hysteresis is observed in any of the
field directions. A slight difference in the saturation field
for H ⊥ c and H ‖ c may be attributed to the anisotropic
demagnetization field caused by the flat shape of the crys-
tals [10]. The demagnetization factor is negligible when
magnetic field is parallel to the crystal plates (H ⊥ c).
However, when field is perpendicular to crystal plate (H ‖
c), the demagnetization effect is considerably amplified
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(a) (b)

(c) (d)

FIG. 4. (a) χ(T) measured in the field of H = 0.5 T applied
perpendicular (H ⊥ c) and parallel (H ‖ c) to the c axis. (b) Mag-
netization at T = 1.8 K as a function of applied field for both
H ⊥ c and H ‖ c after correcting for the demagnetization effect.
(c) Inverse susceptibility (1/χ ) as a function of temperature for
H ⊥ c and solid line is the CW fit. (d) χT versus T in different
fields for H ⊥ c in low temperatures.

[34]. The data in Fig. 4(b) are corrected for this demag-
netizing field as Heff = H0 − 4πNM where Heff and H0 are
the effective and applied magnetic fields, respectively, N is
the demagnetization factor, and M is magnetic moment in
emu cm−3. To calculate the demagnetization factor in the
case of LCPP, we approximate the shape of the sample to
a rectangular strip and did the calculation following Ref.
[35], which yields N = 0.84 for H ‖ c. The Hsat in both
directions after demagnetization correction is found to be
almost same (approximately 0.15 T).

C. Heat capacity

Temperature-dependent heat capacity Cp measured on
the polycrystalline sample is shown in Fig. 5. The Cp data
exhibit a sharp λ-type anomaly at TC � 2.5 K demon-
strating the transition to the magnetically ordered state.
Typically, in magnetic insulators, the major contributions
to Cp are from magnetic (Cmag) and phonon (Cph) parts.
At high temperatures, Cph dominates over Cmag, while
at low temperatures it is reverse. One can estimate Cmag
by subtracting Cph from the total heat capacity. First, we
approximate the phonon contribution by fitting the high-
T data by a linear combination of one Debye and three
Einstein terms as [36]

Cph(T) = fDCD(θD, T) +
3∑

i=1

giCEi(θEi , T). (5)

The first term in Eq. (5) is the Debye contribution to Cph,
which can be written as

CD(θD, T) = 9nR
(

T
θD

)3 ∫ θD/T

0

x4ex

(ex − 1)2 dx. (6)

Here, R is the universal gas constant, θD is the characteris-
tic Debye temperature, and n is the number of atoms in the
formula unit. The second term in Eq. (5) gives the Einstein
contribution to Cph that has the form

CE(θE , T) = 3nR
(

θE

T

)2 eθE/T

[eθE/T − 1]2 . (7)

Here, θE is the characteristic Einstein temperature. The
coefficients fD, g1, g2, and g3 represent the fraction of
atoms that contribute to their respective parts. These val-
ues are taken in such a way that their sum should be
equal to 1 and are conditioned to satisfy the Dulong-
Petit value approximately 3nR at high temperatures. The
high-T fit to the Cp(T) data is then extrapolated down
to low temperatures and subtracted from Cp(T). The
obtained Cmag/T is plotted as a function of temper-
ature in the main panel of Fig. 5(b) and the corre-
sponding magnetic entropy is calculated to be Smag(T) =∫ T

0 K[Cmag(T′)/T′]dT′ � 11.6 J mol−1 K−1 at 12 K. This
value corresponds to the expected magnetic entropy for
spin 3/2: Smag = R ln 4 = 11.5 J mol−1 K−1. Unlike the
conventional magnets, which release the entire entropy
near the transition temperature, LCPP releases only
approximately 40% of the total entropy at TC and the
remaining entropy is released only above 11 K, suggest-
ing that TC is partially suppressed as a result of low
dimensionality or magnetic frustration [26].

The inset of Fig. 5(a) presents the Cp(T) data measured
in different applied fields. The influence of magnetic field
is clearly reflected in the data. The zero-field peak broad-
ens and shifts toward high temperatures with increasing
field, which is usual for ferromagnets. At low tempera-
tures, Cmag(T) in zero field could be well described using
power-law (Cmag ∝ Tα) behavior [inset of Fig. 5(b)] with
an exponent α ∼ 1.5 that corresponds to FM spin-wave
excitations [37].

D. Magnetocaloric effect

MCE is an intrinsic property of magnetic materials.
Magnetic cooling is achieved by first applying magnetic
field to the material isothermally and then removing the
field adiabatically. Therefore, MCE is generally quanti-
fied by the isothermal entropy change (�Sm) and adiabatic
temperature change (�Tad) with respect to the change in
applied field. The �Sm can be calculated from either mag-
netization isotherms (M versus H ) or heat capacity data
measured in zero and nonzero magnetic fields. Figure 6(a)

054076-5



AKSHATA MAGAR et al. PHYS. REV. APPLIED 18, 054076 (2022)

(a)

(b)

FIG. 5. (a) Heat capacity (Cp ) of LCPP measured in zero
applied field. The solid line represents the simulated phonon con-
tribution [Cph(T)] and the dotted line represents the magnetic
contribution [Cmag(T)]. Inset: low-temperature Cp measured in
various applied fields. (b) Cmag/T and Smag/R ln 4 in left and
right y axes, respectively, are plotted as a function of tempera-
ture. Inset: Cmag(T) versus T. Solid line is the power-law (Cmag =
aTα) fit in the low-T regime.

displays the magnetic isotherms measured in close tem-
perature steps around TC for H ⊥ c. The first method
utilizes Maxwell’s thermodynamic relation, (∂S/∂H)T =
(∂M/∂T)H , and �Sm can be estimated using the M versus
H data as [38]

�Sm(H , T) =
∫ Hf

Hi

dM
dT

dH . (8)

Figure 7(a) presents the plot of �Sm as a function of tem-
perature (T) in different values of �H = Hf − Hi. �Sm
versus T exhibits a maximum entropy change around 4.6
K, with a highest value of �Sm � −31 J kg−1 K−1 for the
7 T field change. As the magnetic anisotropy is negligi-
bly small, no significant difference in �Sm is expected for
H ⊥ c and H ‖ c [39].

Further, to cross-check the large value of �Sm, we also
estimate �Sm from heat-capacity data measured in zero
field, 5 T, and 7 T. First, we calculate the total entropy at a

(a)

(b)

FIG. 6. (a) Isothermal magnetization (M versus H ) curves
for H ⊥ c and (b) their corresponding Arrott plots [M 2 versus
(H/M )] for LCPP at different temperatures around TC.

given field as

S(T)H =
∫ Tf

Ti

Cp(T)H

T
dT, (9)

where Cp(T)H is the heat capacity at a particular field
H and Ti and Tf are the initial and final temperatures,
respectively. We calculate �Sm by taking the difference of
total entropy at nonzero and zero fields as �Sm(T)�H =
[S(T)H − S(T)0]T. Here, S(T)H and S(T)0 are the total
entropy in the presence of H and in zero field, respectively.
Figure 7(b) presents the estimated �Sm as a function of
temperature in 5 T and 7 T magnetic fields. The overall
shape and peak position of the �Sm curves are identical
with the curves [Fig. 7(a)] obtained from the magnetic
isotherms but with a slight reduction in magnitude. This
difference in magnitude at the peak position could be
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(a)

(b)

FIG. 7. (a) Isothermal entropy change (�Sm) versus T plotted
upon sweeping the field to 0 T starting from different fields from
1 to 7 T, calculated using M versus H data of single crystals for
H ⊥ c and employing Eq. (8). (b) �Sm versus T plot for 5 and 7
T, calculated using Cp(T) of polycrystalline sample in Eq. (9).

related to the polycrystalline sample used for heat capacity
and single crystals for magnetic measurements [40].

Similarly, the adiabatic temperature change �Tad can be
estimated from either the combination of zero-field heat
capacity and the magnetic entropy change obtained from
magnetic isotherms or from the heat capacity alone mea-
sured in different magnetic fields. Using the heat capacity
in zero field and magnetization isotherm data, the estima-
tion of �Tad can be done as [41]

�Tad =
∫ Hf

Hi

T
Cp

dM
dT

dH . (10)

The dependence of �Tad on T for different magnetic fields
is shown in Fig. 8(a). The maximum value of �Tad is

(a)

(b)

FIG. 8. (a) �Tad versus T plotted for different field changes of
�H = 1 T to 7 T calculated using Eq. (10). (b) �Tad versus T
plotted for �H = 5 T and 7 T calculated using Eq. (11).

obtained to be approximately 40 K for �H = 7 T. How-
ever, as explained in Ref. [42] the above expression over-
estimates �Tad since T/Cp is not constant over the range
of applied fields as it is assumed. It is evident from the
inset of Fig. 5(a) that Cp at low temperatures is chang-
ing drastically as we apply magnetic field and this change
should be taken into account while calculating the entropy
for that particular field. Therefore, we try to estimate �Tad
by taking the difference in temperatures corresponding to
two different fields with constant (same) entropy as [42]

�Tad(T)�H = [T(S)Hf − T(S)Hi]. (11)

�Tad versus T for �H = 5 and 7 T calculated by this
method is shown in Fig. 8(b). The maximum value of �Tad
at 7 T is approximately 9 K, which is significantly smaller
than the value obtained using the former method [Eq. (10)].
A similar difference has been reported earlier for ErAl2
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[42]. The latter method is considered to be more reliable.
It is expected to provide accurate results as the effect of
magnetic field on Cp is accounted for.

Note that the large values of �Sm and �Tad are not suf-
ficient to characterize the potential of a material for the
magnetic refrigeration applications. Another parameter is
the relative cooling power (RCP), which is a measure of
the amount of heat transferred between the cold and hot
reservoirs in a refrigeration cycle. Mathematically, it can
be expressed as

RCP =
∫ Thot

Tcold

�Sm(T, H)dT, (12)

where Tcold and Thot correspond to temperatures of cold and
hot reservoirs, respectively. The formula for RCP can be
approximated as

|RCP|approx = �Speak
m × δTFWHM, (13)

where �Speak
m and δTFWHM are the maximum value of

entropy change (or the peak value) and full width at half
maximum of the �Sm curve, respectively. RCP as a func-
tion of H calculated using the �Sm data from Fig. 7(a)
is plotted in Fig. 9(a). The maximum value of RCP is
calculated to about 284 J kg−1 at 7 T.

The application of a MCE material is also decided by
the nature of its magnetic phase transition. In materials
with a first-order phase transition, though the peak height
of the �Sm and �Tad versus T curves is large but the curve
width is not very broad, which limits the relevance of these
materials in a cyclic operation. The second problem with
the first-order transitions is the energy loss due to mag-
netic and thermal hysteresis [43]. Further, relatively large
magnetic fields are required to perturb the first-order mag-
netostructural transitions and induce large MCE, which is
another drawback of these materials. On the other hand,
materials with second-order phase transition do not show
very large peaks, but their RCP values are large due to
the increased curve width and the absence of thermal hys-
teresis, both effects making them promising for practical
applications. In order to analyze the nature of the phase
transition, we construct the Arrott plot [44] in Fig. 6(b)
by using the isothermal magnetization data presented in
Fig. 6(a). Clearly, the slope of M 2 versus H/M curves
is positive in the entire measured temperature range, well
below and above TC. According to the Banerjee criterion
[45], positive slope implies the second-order phase transi-
tion. This confirms the continuous second-order nature of
the PM to FM phase transition in LCPP.

Furthermore, MCE is also utilized to characterize the
nature of a phase transition [41,46,47]. According to the
scaling hypothesis [43], the �Sm(T) curves for different
values of �H should collapse on a single universal curve
when the �Sm(T) is normalized to its peak value �Speak

m .

(a)

(b)

FIG. 9. (a) Relative cooling power (RCP = �Speak
m ×

δTFWHM) as a function of magnetic field and the inset shows the
value of entropy change at the peak position �Speak

m . Solid lines
are the fits as described in the text. (b) The exponent n plotted as
a function of temperature, which is obtained from fitting power
law to �Sm versus H isotherms. Inset shows the �Sm isotherms
for temperatures near and well above TC.

However, due to the low transition temperature, the uni-
versal curve construction is implausible with the present
data. Therefore, we perform only the power-law analysis
of �Sm and RCP. In Fig. 9(a) (main panel and inset), we
fit the RCP and �Speak

m data by power laws of the form
RCP ∝ H N and |�Speak

m | ∝ H n, respectively. The expo-
nents N and n, which are related to the critical exponents
(β, γ , and δ), are estimated to be N � 0.7 and n � 0.5.
In order to perceive the temperature dependence of n, we
fit the field-dependent isothermal magnetic entropy change
�Sm(H) at various temperatures across the transition using
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TABLE III. Comparison of the adiabatic temperature change (�Tad), maximum entropy change (�Speak
m ), and RCP of LCPP with

some known magnets having low transition temperatures (TC or TN ) and large MCE in a field change of �H = 5 to 8 T. More
compounds with similar behavior are listed in Refs. [40,48,49].

TC/TN |�Tad| |�Speak
m | RCP �H Ref.

System (K) (K) (J kg−1 K−1) (J kg−1) (T)

LCPP 2.6 9 31 284 7 This work
HoMnO3 5 6.5 13.1 320 7 [50]
ErMn2Si2 4.5 12.9 25.2 365 5 [18]
EuTi0.9V0.3O3 4.5 17.4 41.4 577 7 [17]
GdCrTiO5 0.9 15.5 36 . . . 7 [51]
EdDy2O4 5 16 25 415 8 [52]
EuHo2O4 5 12.7 30 540 8 [52]
Mn32 0.32 6.7 18.2 . . . 7 [53]
HoB2 15 12 40.1 . . . 5 [54]
EuTiO3 5.6 21 49 500 7 [48]

the power law �Sm ∝ H n [see inset of Fig. 9(b)] [46]. The
obtained n versus T data are plotted in Fig. 9(b) and pro-
vide information concerning the nature of the transition.
For instance, for a second-order magnetic transition the
exponent should have the value n � 2 in the paramagnetic
region (T � TC) and n(T) typically exhibits a minimum
near TC [46]. Indeed, our n(T) demonstrates the expected
behavior, further confirming the second-order magnetic
transition in LCPP.

In Table III, we compare the main parameters of LCPP
with those of well-studied magnets having low transition
temperatures and large MCE. Though the �Speak

m value
of LCPP is comparable to the values for most of the
potential low-temperature magnetic refrigerant materials,
the width of �Sm versus T curves is not very broad.
Due to which LCPP has a slightly reduced value of RCP
compared to others. Nevertheless, the obtained value of
RCP � 284 J kg−1 is still significantly large and LCPP
may have strong prerequisites for cryogenic applications
in sub-Kelvin temperatures [11,20].

E. Electron spin resonance

1. Frequency dependence at T = 1.8 K

The ferromagnetic resonance (FMR) measurements on
LCPP are performed at T = 1.8 K (< TC) for the two ori-
entations of the applied magnetic field, H ‖ c and H ⊥ c.
The frequency (ν) versus resonance field (Hres) depen-
dence of the FMR signal is shown in Fig. 10 together with
few selected spectra (right axis). The spectra measured at
fields perpendicular to the c axis are relatively broader
and more distorted when compared to the H ‖ c measure-
ments. The ν versus Hres data are fitted with a spin-wave
model for FMR, ν = h−1g‖μB(Hres − Ha) for H ‖ c ori-
entation and ν = h−1g⊥μB[Hres(Hres + Ha)]1/2 for H ⊥ c
orientation to obtain the g factors and the anisotropy field
Ha. It is found that the g factors in both orientations are
somewhat different amounting to g⊥ = 1.968 ± 0.003 and

g‖ = 1.958 ± 0.003. Such a slightly anisotropic g tensor
is typical for a Cr3+ ion (3d3, S = 3/2, L = 3) in a dis-
torted octahedral ligand coordination [55]. Further, the
anisotropy field Ha is obtained as approximately 2864 Oe
from the fit. Generally, Ha consists of two contributions
[56]:

Ha = 4πM − 2K/M . (14)

The first term accounts for the shape anisotropy and the
second term is the intrinsic magnetocrystalline anisotropy.
In Eq. (14), the first term assumes the shape anisotropy of
a thin plate with N = 1.

Using the saturation magnetization value, Ms = g‖S =
2.94μB/Cr3+, the magnetocrystalline anisotropy constant
K = −7.42 × 104 erg cm−3 is obtained. The negative sign

FIG. 10. Left vertical scale: frequency as a function of res-
onant field measured for both orientations at T = 1.8 K. The
hollow red and solid black squares represent the measured reso-
nance fields for orientations H ‖ c and H ⊥ c, respectively. Right
vertical scale: selected HF ESR spectra.
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(a) (b)

FIG. 11. Temperature dependence of the HF ESR spectra at an
excitation frequency of 141.310 GHz for (a) H ⊥ c and (b) H ‖
c. Line shape distortions at T < 20 K in the H ⊥ c field geometry
are instrumental artifacts arising due to the strong magnetization
of the sample.

of K implies that LCPP is an easy-plane ferromagnet with
the hard magnetic axis normal to the ab plane. We note
that no other resonance excitations could be found in a
frequency range up to 975 GHz (4 meV).

2. Temperature dependence

HF ESR spectra of LCPP at various temperatures are
measured at a fixed excitation frequency of ν = 141.310
GHz for both field directions [see Figs. 11(a) and 11(b)].
The resonance fields Hres are obtained from the absorp-
tion minima of each spectrum and are plotted against
temperature in Fig. 12(a). Interestingly, the Hres versus T
dependence for both orientations does not converge to a
paramagnetic line immediately at TC = 2.8 K. Only above
10 K, the resonance fields for H ‖ c and H ⊥ c orienta-
tions rapidly start to decrease and increase, respectively,
toward the expected paramagnetic position and almost
merge around 100 K at a field corresponding to the g fac-
tor, g = 1.97. The lineshape distortions in measurements
at low temperatures for H ⊥ c are accounted for in the
enlarged error bars.

The shift of the resonance position δH(T) from the para-
magnetic one is shown in Fig. 12(b) (left y axis). δH(T) is
positive and larger when the external field is parallel to
the magnetic hard axis, as compared to the smaller nega-
tive shift for the in-plane field geometry, as expected for
an easy-plane ferromagnet. Such a shift cannot be ascribed

(a)

(b)

FIG. 12. Temperature dependence of (a) the resonance field
Hres and (b) the resonance shift δH = Hres(T) − Hres(300 K) (left
y axis) and the magnetization M in an applied field of H = 0.5 T
(right y axis), for both H ‖ c and H ⊥ c.

entirely to the shape anisotropy, which should play a role
also in the paramagnetic state if the sample’s magneti-
zation M is large. The M (T) curve plotted in Fig. 12(b)
(right y axis) for comparison decreases right above TC
more rapidly than the δH(T) dependence. Therefore, the
line shift observed for both orientations well above the
Curie temperature may be indicative of short-range FM
spin correlations on the fast ESR time scale, typical for
low-dimensional magnets such as, e.g., the quasi-two-
dimensional van der Waals compound Cr2Ge2Te6 [57].
This is also the case for LCPP owing to its layered crystal
structure.

F. Microscopic analysis

Our DFT calculations return nearest-neighbor exchange
coupling J/kB � −0.5 K within the kagome planes. This
value is somewhat dependent on the choice of the DFT+U
parameters, but the negative sign is robust and suggests
the ferromagnetic nature of the kagome network in LCPP.
The origin of this ferromagnetic coupling deserves some
attention, as the sibling Fe3+ compound is clearly anti-
ferromagnetic [19]. Superexchange theory stipulates that
antiferromagnetic couplings are mediated by hoppings
between half-filled orbitals, whereas ferromagnetic cou-
plings arise from hoppings between the half-filled and
empty orbitals. In LCPP with the 3d3 Cr3+ magnetic ion,
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FIG. 13. (a) PBE density of states for LCPP with the Fermi
level placed at zero energy. (b) Nearest-neighbor Cr–Cr hopping
amplitudes within the kagome plane.

these orbitals have the t2g and eσ
g characters, respectively.

Trigonal symmetry of the crystal structure further splits the
t2g levels into a1g and eπ

g .
DFT band structure of LCPP calculated on the PBE level

features narrow t2g (a1g + eπ
g ) bands around the Fermi

level and almost equally narrow eσ
g bands centered at

around 2.0 eV (Fig. 13). This band structure is metal-
lic because neither magnetism nor correlation effects are
taken into account. The small band width of 0.25 eV
for the t2g bands indicates that antiferromagnetic contri-
bution to the exchange couplings should be minor. The
t2g − eσ

g hoppings are small too, but somewhat larger than
the t2g − t2g hoppings, as shown in Fig. 13(b). There-
fore, ferromagnetic contribution to the exchange becomes
predominant, and the overall coupling is ferromagnetic.
Magnetic susceptibility of LCPP is well described by the
model of nearest-neighbor ferromagnetic kagome planes
with J/kB = −1.2 K (g = 1.995). A minute interlayer cou-
pling J⊥/J = 0.01 improves the fit below 3.5 K and leads
to the Curie temperature TC = 2.8 K in a perfect agree-
ment with the experimental TC � 2.6 K (Fig. 14). Our DFT
calculations corroborate this result and reveal a weakly
ferromagnetic J⊥ with J⊥/J � 0.02.

IV. SUMMARY

We synthesize single crystals of LCPP and confirm trig-
onal P3̄c1 symmetry of this compound with the lattice
constants a = b = 9.668(3) Å and c = 13.610(6) Å at
room temperature. Green-colored LCPP is a rare exam-
ple of an insulating kagome ferromagnet. Ferromagnetic
order below TC � 2.6 K is driven by the in-plane FM
coupling J/kB � −1.2 K supplied with a minute inter-
plane coupling J⊥/J = 0.02, which is also FM in nature.
The incomplete release of the magnetic entropy at TC and
the increased width of the ESR line above TC both sug-
gest quasi-2D magnetic behavior caused by the strong
spatial anisotropy of FM couplings. The overall mag-
netic behavior of LCPP has striking resemblance with
that of other insulating kagome ferromagnets, such as α-
MgCu3(OD)6Cl2 and Cu[1,3-bdc] [10,58]. Magnetization
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FIG. 14. Magnetic susceptibility of LCPP measured in the
applied field of 0.01 T upon field cooling and its fit using the
model of ferromagnetic kagome planes (dashed line) and cou-
pled ferromagnetic kagome planes (J⊥/J = 0.01, solid line). The
inset shows calculated heat capacity for the coupled kagome
planes, with TC � 2.8 K.

and ESR measurements on single crystals indicate a weak
easy-plane anisotropy. The critical scaling of magnetiza-
tion suggests a non-mean-field-type second-order nature
of the phase transition at TC. The low TC combined with
the large values of �Sm, �Tad, and RCP render LCPP
a promising magnetocaloric material for low-temperature
applications.
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