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Single-crystal growth, magnetic properties, and magnetocaloric effect of the S = 3/2 kagome ferro-
magnet LigCr3(P,07)3(POy4), (trigonal, space group: P3cl) are reported. Magnetization data suggest
dominant ferromagnetic intraplane coupling with a weak anisotropy and the onset of ferromagnetic order-
ing at T >~ 2.6 K. Microscopic analysis reveals a very small ratio of interlayer to intralayer ferromagnetic
couplings (J1 /J =~ 0.02). Electron spin-resonance data suggest the presence of short-range correlations
above T¢ and confirms the quasi-two-dimensional character of the spin system. A large magnetocaloric
effect characterized by isothermal entropy change of —AS,, ~ 31 J kg~! K~! and adiabatic temperature
change of —AT,q >~ 9 K upon a field sweep of 7 T is observed around 7¢. This leads to a large relative
cooling power of RCP ~ 284 J kg~!. The large magnetocaloric effect, together with negligible hystere-
sis render LigCr3 (P,07)3(PO4), a promising material for magnetic refrigeration at low temperatures. The
magnetocrystalline anisotropy constant K ~ —7.42 x 10* 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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L. 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 Fe;Sn; [4], Co3;Sn,S;
[5], LiMngSng [6], and UCoq gRug,Al [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 *He and *He 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].

© 2022 American Physical Society
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In the following, we report the magnetic properties of
LigCr3 (P,07)3(POy4), (LCPP), which is a structural sibling
of the recently reported S = 5/2 Heisenberg kagome anti-
ferromagnet LigFe3 (P,07)3(PO4), (LFPP) with a trigonal
space group P3cl [19]. LFPP shows the onset of an anti-
ferromagnetic (AFM) ordering below 7) ~ 1.3 K and a
characteristic 1/3 magnetization plateau below 7" ~ 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 Ty and 7. In contrast,
LCPP is found to be a ferromagnet and it undergoes a fer-
romagnetic (FM) ordering at 7¢ >~ 2.5 K. LCPP exhibits a
large MCE around T¢ 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,
LizPOy4, Cr, 03, and NH4H, PO, 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 MoK, radiation (A =
0.71073 A). 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, CuK,, radiation with A,, = 1.54182 A).
The temperature-dependent powder XRD measurement is
performed in the temperature range 15 K < 7'< 300 K
with a low-temperature (Oxford Phenix) attachment to the
diffractometer.

Magnetization (M) measurement is performed as a func-
tion of temperature (7) 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 < 7' < 350 K and

in the magnetic field range 0 < H < 7 T. Heat capacity
(Cp) as a function of T' (0.5 K <7 <300 K) and # 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 *He 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 U; = 2 ¢V, Hund’s cou-
pling J; =1 eV, and double-counting correction in the
atomic limit [25,26]. Exchange couplings J;; are obtained
by mapping [27] total energies of collinear magnetic con-
figurations onto the spin Hamiltonian,

H= ZJijSiSja (1)
(i)

where the summation is over pairs, and S = % 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 F? 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 P3cl (No. 165). The refined atomic posi-
tions at room temperature are listed in Table II. These
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TABLE 1.

Crystallographic data for LCPP at room tempera-

ture, obtained from single-crystal XRD.

Empirical formula
Formula weight (M,)
Temperature

Crystal system
Space group

Lattice parameters

Unit-cell volume

CI‘3Li9029Pg
930.22 g mol~!
296(2) K
Trigonal
P3cl
a=9.6683)Aa =90
b =9.668(3) A B = 90°
c=13.610(6) A y = 120°
1101.7(8) A3

Z 2
Density (calculated) 2.804 gcm™3
Wavelength 0.71073 A
Radiation type MoK,
Diffractometer Bruker KAPPA APEX-II CCD
Crystal size 0.049 x 0.035 x 0.027 mm?>
26 range 2.993 t0 25.997°
Index ranges 11 <h<l1l
—11<k<11
—-l6</<16
F(000) 902
Reflections collected 6940
Independent reflections 735 [Rine = 0.0454]
Data, restraints, parameters 735/0/76
Goodness of fit on F? 1.098
Final R indices [/ > 20 (/)] R1 =0.0304,
wR2 = 0.0892
R indices (all data) R1 = 0.0351,
wR2 = 0.0919

Largest diff. peak and hole +0.445/ —0.970 e x A3

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 CrOg
octahedra and POy tetrahedra forming equilateral triangles
with a geometrically deformed but three-fold-symmetric
kagome lattice. Though all of the Cr’*—Cr’" distances
in each hexagon are equal (approximately 4.949 A), 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
Cr** ions in the ab plane is denoted by J, while the short-
est interplane distance of approximately 6.903 A leads to a
weak coupling (/) 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 (7= 300 K) and
lowest (7= 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 (x10%) and the

. . L 02 .
isotropic atomic displacement parameter U, (A~ x 10?), which
is defined as one third of the trace of the orthogonalized Uj
tensor.

Atomic Wyckoff

sites positions X y z Uiso

Cr(1) 6f 5676(1) 0 2500 6(1)

Li(1) 2b 0 0 5000 19(3)
Li(2) 12¢g 3369(7) 2367(7) 4374(4) 16(1)
Li(3) 4d 6667 3333 6178(7) 15(2)
o(1) 12¢g 3758(2) —1053(2) 3331(1) 9(1)

0Q) 6f 2120(3) 0 2500 9(1)

0Q3) 12¢g 792(2) —2535(2) 3440(2) 9(1)

04) 12¢g 2299(3) 38(2) 4332(2) 11(1)
o(5) 12¢g 6781(2) 1893(2) 3352(2) 10(1)
0(6) 4d 6667 3333 4839(3) 23(1)
P(1) 12¢g 2279(1) —894(1) 3440(1) 6(1)

P(2) 4d 6667 3333 3736(1) 5(1)

based on the space group P3cl, suggesting phase purity
of the polycrystalline sample. The obtained lattice param-
eters at room temperature are a = b = 9.6628(3) A, c=
13.5769(3) A, and unit-cell volume Ve = 1097.85(5) A%,
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, ¢, and
Veer) is presented in Fig. 3. They are found to decrease
monotonically upon cooling down to 15 K. Ve (7) is fitted
by the equation [33]

Veell (T) =

Ul
v K(T) + Vo, @)

0

where V) is the zero-temperature unit-cell volume, Kj is
the bulk modulus, and y is the Griineisen parameter. U(T)

FIG. 1. (a) Corner-sharing equilateral triangles of Cr’* 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 A. (b) Interactions
between the magnetic Cr’" ions via PO, tetrahedra are shown.
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FIG. 2. Powder XRD data measured at (a) 7= 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

3 ,0p/T .3
U(T) = 9pkBT(£) /D Y . (3)
0

QD e —1

Here, p is the number of atoms in the unit cell, kp is the
Boltzmann constant, and the Debye temperature is rep-
resented by 6p. The fit (see Fig. 3) returns 0p ~ 385 K,
v /Ko ~2.06 x 1074 Pa—', and ¥ >~ 1094.2 A3.

B. Magnetization

Magnetic susceptibility x(7) [= M (T)/H] measured
in an applied field of H = 0.5 T perpendicular (H L ¢)
and parallel (H || ¢) to the kagome plane is displayed in
Fig. 4(a). With decreasing temperature, x (7) 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 L ¢ and H || ¢ 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/x) as a function of temperature in Fig. 4(c)

13.576
_13.568 1098.0
= L
© 13.560
I 1096.5
13.552 —
o\</
9.664 -
L >°
9.660 1095.0
®©
9.656
L 1093.5
9.652
0
FIG. 3. Variation of lattice parameters (a, ¢, and V) with

temperature. The solid line denotes the fit of Ve (T) by Eq. (2).

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

x(T) = xo “4)

T 0ew)
Here, xo is the temperature-independent susceptibility,
C is the Curie constant, and Ocw is the CW tempera-
ture. The fit yields xo ~ —3.6 x 107* cm’? mol™!, C~
1.92 ¢cm® K mol™!, and 6cw ~ 6 K. From the value of
C the effective moment is calculated to be e >~ 3.92up
in agreement with the spin-only value of 3.87up for spin
3/2. The positive value of Ocw suggests that the dominant
exchange interactions between Cr** ions are FM in nature.
Using the mean-field expression J /kg = —3|0cw|/zS(S +
1) with z = 4 neighbors on the kagome lattice, we estimate
J/kg >~ —1.2 K. Moreover, the small peak in x7 in low
magnetic fields reveals T¢ =~ 2.6 K [Fig. 4(d)]. x (7) mea-
sured in zero-field cooled and field-cooled conditions (not
shown) in a small magnetic field of H = 0.01 Tfor H L ¢
shows no difference, suggesting negligible hysteresis.

The magnetic isotherm (M versus H) at T = 1.8 K satu-
rates in low fields of Hgy L ¢ >~ 0.15 T and Hgyl| ¢ >~ 04T
with the saturation magnetization of Mgy ~ 3.2 pup/Cr’*
and 2.8 up/Cr’t for H L ¢ and H | c, respectively (not
shown). The obtained M, values are close to the cal-
culated Mgy = gSup =~ 2.952up and 2.937up, taking the
ESR values g >~ 1.968 and 1.958 for H L ¢ and H | c,
respectively. No visible hysteresis is observed in any of the
field directions. A slight difference in the saturation field
for H L ¢ and H || ¢ 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 L ¢).
However, when field is perpendicular to crystal plate (H ||
¢), the demagnetization effect is considerably amplified
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FIG. 4. (a) x(7) measured in the field of H = 0.5 T applied

perpendicular (H L c)and parallel (H || ¢) to the ¢ axis. (b) Mag-
netization at 7= 1.8 K as a function of applied field for both
H 1 cand H || c after correcting for the demagnetization effect.
(c) Inverse susceptibility (1/y) as a function of temperature for
H 1 c and solid line is the CW fit. (d) x T versus 7 in different
fields for H L ¢ in low temperatures.

[34]. The data in Fig. 4(b) are corrected for this demag-
netizing field as Hey = Hy — 4w NM where Heg and Hj are
the effective and applied magnetic fields, respectively, N is
the demagnetization factor, and M is magnetic moment in
emu cm . 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 || ¢. The Hgy in both
directions after demagnetization correction is found to be
almost same (approximately 0.15 T).

C. Heat capacity

Temperature-dependent heat capacity C, measured on
the polycrystalline sample is shown in Fig. 5. The C, data
exhibit a sharp A-type anomaly at T¢ >~ 2.5 K demon-
strating the transition to the magnetically ordered state.
Typically, in magnetic insulators, the major contributions
to C, are from magnetic (Cnag) and phonon (Cpy) parts.
At high temperatures, Cy, dominates over Cp,e, while
at low temperatures it is reverse. One can estimate Cpg
by subtracting C,, 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]

3
Con(D) = foCp(p, T) + Y &iCr, 0, 1. (5)

i=1

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

TN\3 [00/T (4
Cp(6 =9R | — ——dx. 6
pn. ) =onr (o) [ e ©

Here, R is the universal gas constant, 6p is the characteris-
tic Debye temperature, and # is the number of atoms in the
formula unit. The second term in Eq. (5) gives the Einstein
contribution to Cp, that has the form

og\> /T

(7
Here, 6r is the characteristic Einstein temperature. The
coefficients fp, 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 C,(7) data is then extrapolated down
to low temperatures and subtracted from C,(7). The
obtained Cpae/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 Syag(7) =
) [Conag(T')/T'dT = 11.6 J mol~" K~! at 12 K. This
value corresponds to the expected magnetic entropy for
spin 3/2: Spag = RIn4 = 11.5 J mol~! K~!. Unlike the
conventional magnets, which release the entire entropy
near the transition temperature, LCPP releases only
approximately 40% of the total entropy at T¢ and the
remaining entropy is released only above 11 K, suggest-
ing that 7¢ is partially suppressed as a result of low
dimensionality or magnetic frustration [26].

The inset of Fig. 5(a) presents the C, (7) 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 (Cpag o T%) behavior [inset of Fig. 5(b)] with
an exponent o ~ 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 (AS,,) and adiabatic
temperature change (AT,q) with respect to the change in
applied field. The AS,, 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)
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FIG. 5. (a) Heat capacity (C,) of LCPP measured in zero

applied field. The solid line represents the simulated phonon con-
tribution [Cpp(7)] and the dotted line represents the magnetic
contribution [Cpag(7)]. Inset: low-temperature C, measured in
various applied fields. (b) Ciae/T and Spmae/RIn4 in left and
right y axes, respectively, are plotted as a function of tempera-
ture. Inset: Ciyag (7) versus T. Solid line is the power-law (Ciag =
aT™) fit in the low-T regime.

displays the magnetic isotherms measured in close tem-
perature steps around 7¢ for H L c. The first method
utilizes Maxwell’s thermodynamic relation, (3S/0H)r =
(M /0T)y, and AS,, can be estimated using the M versus
H data as [38]

2 dH. 8)

Figure 7(a) presents the plot of AS,, as a function of tem-
perature (7) in different values of AH = H; — H;. AS,
versus T exhibits a maximum entropy change around 4.6
K, with a highest value of AS,, ~ —31 J kg~! K~! for the
7 T field change. As the magnetic anisotropy is negligi-
bly small, no significant difference in AS,, is expected for
H 1 cand H || ¢ [39].

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

H/M (T Cr¥* ™)

FIG. 6. (a) Isothermal magnetization (M versus H) curves
for H L ¢ and (b) their corresponding Arrott plots [M? versus
(H/M)] for LCPP at different temperatures around 7¢.

given field as

7
s = [ %D 4, ©)
where C,(T)y is the heat capacity at a particular field
H and T; and Ty are the initial and final temperatures,
respectively. We calculate AS,, by taking the difference of
total entropy at nonzero and zero fields as AS,,(T)ay =
[S(T)g — S(T)]7. Here, S(T)y and S(T), are the total
entropy in the presence of H and in zero field, respectively.
Figure 7(b) presents the estimated AS,, as a function of
temperature in 5 T and 7 T magnetic fields. The overall
shape and peak position of the AS),, 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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FIG. 7. (a) Isothermal entropy change (AS,,) versus T plotted
upon sweeping the field to O T starting from different fields from
1 to 7 T, calculated using M versus H data of single crystals for
H 1 ¢ and employing Eq. (8). (b) AS,, versus T plot for 5 and 7
T, calculated using C, (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 AT,q 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 AT,q can be done as [41]

= an. (10)

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

—~ PYAVN
< 6f Q& Ao -
|\R oA A o
S A
I A
41 OXA o -
I A o
EXXA A o
2 o i
A
2 A %
n A %
0 L 1 L 1 L 1 L |AA L |oon 1
0 5 10 15 20 25 30
T (K)
FIG. 8. (a) ATy versus T plotted for different field changes of

AH =1Tto 7T calculated using Eq. (10). (b) AT,q versus T
plotted for AH = 5 T and 7 T calculated using Eq. (11).

obtained to be approximately 40 K for AH = 7 T. How-
ever, as explained in Ref. [42] the above expression over-
estimates AT,q since T/C, is not constant over the range
of applied fields as it is assumed. It is evident from the
inset of Fig. 5(a) that C, 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 ATyq
by taking the difference in temperatures corresponding to
two different fields with constant (same) entropy as [42]

ATa(Dan = [T(S)n, — T(S)n,]- QY

AT, versus T for AH =5 and 7 T calculated by this
method is shown in Fig. 8(b). The maximum value of ATy
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 ErAl,

054076-7



AKSHATA MAGAR et al.

PHYS. REV. APPLIED 18, 054076 (2022)

[42]. The latter method is considered to be more reliable.
It is expected to provide accurate results as the effect of
magnetic field on C, is accounted for.

Note that the large values of AS),, and AT,q 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

Thot
RCP = / AS,(T, H)dT, (12)
T

cold

where T4 and Tyt correspond to temperatures of cold and
hot reservoirs, respectively. The formula for RCP can be
approximated as

IRCPapprox = ASP x 8 Ty, (13)
where ASE™* and 8Trwiy are the maximum value of
entropy change (or the peak value) and full width at half
maximum of the AS,, curve, respectively. RCP as a func-
tion of H calculated using the AS,, data from Fig. 7(a)
is plotted in Fig. 9(a). The maximum value of RCP is
calculated to about 284 J kg™ ' 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 AS,, and AT,q 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? versus H/M curves
is positive in the entire measured temperature range, well
below and above T¢. 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 AS,,(T) curves for different
values of AH should collapse on a single universal curve

when the AS,,(7) is normalized to its peak value ASPE™,

FIG. 9. (a) Relative cooling power (RCP = ASH™ x
8Trwnm) as a function of magnetic field and the inset shows the
value of entropy change at the peak position ASE™. 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 AS,, versus H isotherms. Inset shows the AS,, isotherms
for temperatures near and well above T¢.

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 AS,, and RCP. In Fig. 9(a) (main panel and inset), we
fit the RCP and ASf,,eak data by power laws of the form
RCP « HY and |ASE™| o« H", respectively. The expo-
nents N and n, which are related to the critical exponents
(B, v, and §), 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
AS,,(H) at various temperatures across the transition using
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TABLE TII.  Comparison of the adiabatic temperature change (AT,q), maximum entropy change (ASh ak), and RCP of LCPP with
some known magnets having low transition temperatures (7¢ or Ty) and large MCE in a field change of AH =5 to 8 T. More

compounds with similar behavior are listed in Refs. [40,48,49].

Te/Ty [A Tl | ASDEK| RCP AH Ref.
System (K) (K) (Jkg™' K™ (kg™ (T)
LCPP 2.6 9 31 284 7 This work
HoMnO; 5 6.5 13.1 320 7 [50]
ErMn, Si, 4.5 12.9 252 365 5 [18]
EuTipo Vo303 4.5 17.4 41.4 577 7 [17]
GdCrTiOs 0.9 15.5 36 . 7 [51]
EdDy, 0,4 5 16 25 415 8 [52]
EuHo,0, 5 12.7 30 540 8 [52]
Mn;, 0.32 6.7 18.2 7 [53]
HoB, 15 12 40.1 . 5 [54]
EuTiO; 5.6 21 49 500 7 [48]

the power law AS,, o« H" [see inset of Fig. 9(b)] [46]. The
obtained n versus 7T 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 » =~ 2 in the paramagnetic
region (T'> T¢) and n(7) typically exhibits a minimum
near T¢ [46]. Indeed, our n(7T) demonstrates the expected
behavior, further confirming the second-order magnetic
transition in LCPP.

In Table 111, we compare the main parameters of LCPP
with those of well-studied magnets having low transition
temperatures and large MCE. Though the ASP™ value
of LCPP is comparable to the values for most of the
potential low-temperature magnetic refrigerant materials,
the width of AS,, 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™! 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 7 = 1.8 K (< T¢) for the two ori-
entations of the applied magnetic field, H || c and H L c.
The frequency (v) versus resonance field (Hs) 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 ¢ axis are relatively broader
and more distorted when compared to the H || ¢ measure-
ments. The v versus H,.s data are fitted with a spin-wave
model for FMR, v = h~ g up(Hyes — H,) for H | ¢ ori-
entation and v = h~'g | pup[Hres(Hres + H,)]'/? for H 1 ¢
orientation to obtain the g factors and the anisotropy field
H,. 1t 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 Cr’* ion (3%, S = 3/2, L = 3) in a dis-
torted octahedral ligand coordination [55]. Further, the
anisotropy field H, is obtained as approximately 2864 Oe
from the fit. Generally, H, consists of two contributions
[56]:

H, = 4nM — 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, M, = g;S =
2.9453/Cr’", the magnetocrystalline anisotropy constant
K = —7.42 x 10* erg cm™3 is obtained. The negative sign

—
o Hlce

500 m Hic T=18K ]

I FMR Fit, H|| ¢ ]
S
— 1€
T 300+ T &
o 15
> [}
(%]
200 F T 1€
(2]
L c
\] ie
100 | =

0 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n
0 2 10 12 14 16

8
H_. (T)
FIG. 10. Left vertical scale: frequency as a function of res-
onant field measured for both orientations at 7= 1.8 K. The
hollow red and solid black squares represent the measured reso-
nance fields for orientations H || cand H L ¢, respectively. Right
vertical scale: selected HF ESR spectra.
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FIG. 11. Temperature dependence of the HF ESR spectra at an

excitation frequency of 141.310 GHz for (a) H L c and (b) H ||
c. Line shape distortions at 7 < 20 K in the H L ¢ 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 v = 141.310
GHz for both field directions [see Figs. 11(a) and 11(b)].
The resonance fields Hys are obtained from the absorp-
tion minima of each spectrum and are plotted against
temperature in Fig. 12(a). Interestingly, the Hyes versus T
dependence for both orientations does not converge to a
paramagnetic line immediately at 7¢ = 2.8 K. Only above
10 K, the resonance fields for H || ¢ and H L ¢ 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 L ¢ are accounted for in the
enlarged error bars.

The shift of the resonance position § H (T) from the para-
magnetic one is shown in Fig. 12(b) (left y axis). SH(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

54

1.97

Ir-300k =
5.2

Hres (T)

5.0
0.4 0.015
0.010 3
0.2 5
= 0.005 &
z <
0.0 0.000
]
—0.005

TT100 150 200 250 300
T(K)

FIG. 12. Temperature dependence of (a) the resonance field
Hyes and (b) the resonance shift SH = Hes(T) — Hyes(300 K) (left
y axis) and the magnetization M in an applied field of H = 0.5 T
(right y axis), forboth H || cand H L 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 7¢
more rapidly than the §H (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 Cr,Ge,Teq [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 /kg >~ —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 Fe** 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 3@ Cr’™ 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 1, and e characters, respectively.
Trigonal symmetry of the crystal structure further splits the
te levels into aj, and e .

DFT band structure of LCPP calculated on the PBE level
features narrow 5, (aig + €z) bands around the Fermi
level and almost equally narrow eg 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 £, bands indicates that antiferromagnetic contri-
bution to the exchange couplings should be minor. The
fe — g hoppings are small too, but somewhat larger than
the #;, — 1, 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
withJ /kg = —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 7¢c = 2.8 K in a perfect agree-
ment with the experimental 7¢ ~ 2.6 K (Fig. 14). Our DFT
calculations corroborate this result and reveal a weakly
ferromagnetic J, withJ, /J =~ 0.02.

IV. SUMMARY

We synthesize single crystals of LCPP and confirm trig-
onal P3¢l symmetry of this compound with the lattice
constants a = b = 9.668(3) A and ¢ = 13.610(6) A at
room temperature. Green-colored LCPP is a rare exam-
ple of an insulating kagome ferromagnet. Ferromagnetic
order below T¢ >~ 2.6 K is driven by the in-plane FM
coupling J/kp >~ —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 7¢ and
the increased width of the ESR line above T 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 «-
MgCu;(0OD)sCl, and Cu[1,3-bdc] [10,58]. Magnetization

10’

C, (J mol" K™

10° F

10

X (cm® (mol Cr*) ™)

10 1L
experiment

kagome plane
107

kagome plane + interlayer

10 100

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 T¢ >~ 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 7¢. The low T¢ combined with
the large values of AS,,, AT,, and RCP render LCPP
a promising magnetocaloric material for low-temperature
applications.

ACKNOWLEDGMENTS

AM., SK. VS., and R.N. would like to acknowl-
edge SERB, India for financial support bearing sanction
Grant No. CRG/2019/000960. The ESR work in Dresden
was supported by the Deutsche Forschungsgemeinschaft
(DFG) through grants No. KA 1694/12-1, AL 1771/8-1,
and within the Collaborative Research Center SFB 1143
“Correlated Magnetism- From Frustration to Topology”
(project-id 247310070), and the Dresden-Wiirzburg Clus-
ter of Excellence (EXC 2147) “ct.qmat - Complexity and
Topology in Quantum Matter” (project-id 39085490).

[1] P. Mendels and F. Bert, Quantum kagome frustrated antifer-
romagnets: One route to quantum spin liquids, C. R. Phys.
17,455 (2016).

[2] T.-H. Han, J. S. Helton, S. Chu, D. G. Nocera, J. A.
Rodriguez-Rivera, C. Broholm, and Y. S. Lee, Fractional-
ized excitations in the spin-liquid state of a kagome-lattice
antiferromagnet, Nature 492, 406 (2012).

[3] J. Carrasquilla, Z. Hao, and R. G. Melko, A two-
dimensional spin liquid in quantum kagome ice, Nat.
Commun. 6, 7421 (2015).

[4] L. Ye, M. Kang, J. Liu, F. von Cube, C. R. Wicker, T.
Suzuki, C. Jozwiak, A. Bostwick, E. Rotenberg, D. C. Bell,

054076-11


https://doi.org/10.1016/j.crhy.2015.12.001
https://doi.org/10.1038/nature11659
https://doi.org/10.1038/ncomms8421

AKSHATA MAGAR et al.

PHYS. REV. APPLIED 18, 054076 (2022)

L. Fu, R. Comin, and J. G. Checkelsky, Massive Dirac
fermions in a ferromagnetic kagome metal, Nature 555, 638
(2018).

[5] S. Howard, L. Jiao, Z. Wang, N. Morali, R. Batabyal, P.
Kumar-Nag, N. Avraham, H. Beidenkopf, P. Vir, E. Liu, C.
Shekhar, C. Felser, T. Hughes, and V. Madhavan, Evidence
for one-dimensional chiral edge states in a magnetic Weyl
semimetal Co3Sn,S,, Nat. Commun. 12, 4269 (2021).

[6] D. Chen, C. Le, C. Fu, H. Lin, W. Schnelle, Y.
Sun, and C. Felser, Large anomalous Hall effect in the
kagome ferromagnet LiMngSng, Phys. Rev. B 103, 144410
(2021).

[7] T. Asaba, V. Ivanov, S. M. Thomas, S. Y. Savrasov, J.
D. Thompson, E. D. Bauer, and F. Ronning, Colossal
anomalous Nernst effect in a correlated noncentrosymmet-
ric kagome ferromagnet, Sci. Adv. 7, eabf1467 (2021).

[8] A. Mook, J. Henk, and I. Mertig, Magnon Hall effect and
topology in kagome lattices: A theoretical investigation,
Phys. Rev. B 89, 134409 (2014).

[9] R. Chisnell, J. S. Helton, D. E. Freedman, D. K. Singh, R. I.
Bewley, D. G. Nocera, and Y. S. Lee, Topological Magnon
Bands in a Kagome Lattice Ferromagnet, Phys. Rev. Lett.
115, 147201 (2015).

[10] R. Chisnell, J. S. Helton, D. E. Freedman, D. K. Singh,
F. Demmel, C. Stock, D. G. Nocera, and Y. S. Lee, Mag-
netic transitions in the topological magnon insulator Cu(1,
3-bdc), Phys. Rev. B 93, 214403 (2016).

[11] K. A. Gschneidner Jr, V. K. Pecharsky, and A. O. Tsokol,
Recent developments in magnetocaloric materials, Rep.
Prog. Phys. 68, 1479 (2005).

[12] V. K. Pecharsky and K. A. Gschneidner Jr, Magnetocaloric
effect and magnetic refrigeration, J. Magn. Magn. Mater.
200, 44 (1999).

[13] A. Kitanovski, Energy applications of magnetocaloric
materials, Adv. Energy Mater. 10, 1903741 (2020).

[14] V. Franco, J. Blazquez, J. Ipus, J. Law, L. Moreno-
Ramirez, and A. Conde, Magnetocaloric effect: From mate-
rials research to refrigeration devices, Prog. Mater. Sci. 93,
112 (2018).

[15] M.-H. Phan and S.-C. Yu, Review of the magnetocaloric
effect in manganite materials, J. Magn. Magn. Mater. 308,
325 (2007).

[16] J. K. Murthy, K. D. Chandrasekhar, S. Mahana, D. Top-
wal, and A. Venimadhav, Giant magnetocaloric effect in
GdyNiMnOg and Gd,CoMnOg ferromagnetic insulators, J.
Phys. D: Appl. Phys. 48, 355001 (2015).

[17] S. Roy, M. Das, and P. Mandal, Large low-field magnetic
refrigeration in ferromagnetic insulator EuTip9V( 03,
Phys. Rev. Mater. 2, 064412 (2018).

[18] L. Li, K. Nishimura, W. D. Hutchison, Z. Qian, D. Huo,
and T. NamiKi, Giant reversible magnetocaloric effect in
ErMn,Si, compound with a second order magnetic phase
transition, Appl. Phys. Lett. 100, 152403 (2012).

[19] E. Kermarrec, R. Kumar, G. Bernard, R. Hénaff, P.
Mendels, F. Bert, P. L. Paulose, B. K. Hazra, and B.
Koteswararao, Classical Spin Liquid State in the S =
% Heisenberg Kagome Antiferromagnet LigFe;(P,07);3
(POy4),, Phys. Rev. Lett. 127, 157202 (2021).

[20] M.-J. Martinez-Pérez, O. Montero, M. Evangelisti, F.
Luis, J. Sesé, S. Cardona-Serra, and E. Coronado,

Fragmenting gadolinium: Mononuclear polyoxometalate-
based

magnetic coolers for ultra-low temperatures, Adv. Mater.
24,4301 (2012).

[21] S. Poisson, F. d’Yvoire, N. Guyen-Huy-Dung, E. Bretey,
and P. Berthet, Crystal structure and cation transport prop-
erties of the layered monodiphosphates: LigM3(P,07)3
(POy4), (M = Al, Ga, Cr, Fe), J. Solid State Chem. 138, 32
(1998).

[22] G. M. Sheldrick, Siemens Area Correction Absorption
Correction Program (University of Gottingen, Gottingen,
Germany, 1994).

[23] K. Koepernik and H. Eschrig, Full-potential nonorthogonal
local-orbital minimum-basis band-structure scheme, Phys.
Rev. B 59, 1743 (1999).

[24] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized Gra-
dient Approximation Made Simple, Phys. Rev. Lett. 77,
3865 (1996).

[25] O. Janson, G. Nénert, M. Isobe, Y. Skourski, Y. Ueda, H.
Rosner, and A. A. Tsirlin, Magnetic pyroxenes LiCrGe,;O¢
and LiCrSi,O¢: Dimensionality crossover in a nonfrus-
trated S = % Heisenberg model, Phys. Rev. B 90, 214424
(2014).

[26] K. Somesh, Y. Furukawa, G. Simutis, F. Bert, M. Prinz-
Zwick, N. Biittgen, A. Zorko, A. A. Tsirlin, P. Mendels, and
R. Nath, Universal fluctuating regime in triangular chro-
mate antiferromagnets, Phys. Rev. B 104, 104422 (2021).

[27] H. J. Xiang, E. J. Kan, S.-H. Wei, M.-H. Whangbo, and
X. G. Gong, Predicting the spin-lattice order of frustrated
systems from first principles, Phys. Rev. B 84, 224429
(2011).

[28] S. Todo and K. Kato, Cluster Algorithms for General-
S Quantum Spin Systems, Phys. Rev. Lett. 87, 047203
(2001).

[29] A. F. Albuquerque et al. The ALPS project release 1.3:
Open-source software for strongly correlated systems, J.
Magn. Magn. Mater. 310, 1187 (2007).

[30] G. M. Sheldrick, Shelxt-integrated space-group and
crystal-structure determination, Acta Crystallogr. A: Found.
Adv. 71, 3 (2015).

[31] G. M. Sheldrick, ShelxI-2018/3 Software Package (Univer-
sity of Gottingen, Germany, 2018).

[32] J. Rodriguez-Carvajal, Recent advances in magnetic struc-
ture determination by neutron powder diffraction, Physica
B 192, 55 (1993).

[33] S.J. Sebastian, S. S. Islam, A. Jain, S. M. Yusuf, M. Uhlarz,
and R. Nath, Collinear order in the spin-% triangular-lattice
antiferromagnet NazFe(POy4),, Phys. Rev. B 105, 104425
(2022).

[34] E. Morosan, L. Li, N. P. Ong, and R. J. Cava, Anisotropic
properties of the layered superconductor Cug o7 TiSe,, Phys.
Rev. B 75, 104505 (2007).

[35] R. Prozorov and V. G. Kogan, Effective Demagnetizing
Factors of Diamagnetic Samples of Various Shapes, Phys.
Rev. Appl. 10, 014030 (2018).

[36] S. J. Sebastian, K. Somesh, M. Nandi, N. Ahmed, P. Bag,
M. Baenitz, B. Koo, J. Sichelschmidt, A. A. Tsirlin, Y.
Furukawa, and R. Nath, Quasi-one-dimensional magnetism
in the spin-% antiferromagnet BaNa,Cu(VO,),, Phys. Rev.
B 103, 064413 (2021).

054076-12


https://doi.org/10.1038/nature25987
https://doi.org/10.1038/s41467-021-24561-3
https://doi.org/10.1103/PhysRevB.103.144410
https://doi.org/10.1126/sciadv.abf1467
https://doi.org/10.1103/PhysRevB.89.134409
https://doi.org/10.1103/PhysRevLett.115.147201
https://doi.org/10.1103/PhysRevB.93.214403
https://doi.org/10.1088/0034-4885/68/6/r04
https://doi.org/10.1016/S0304-8853(99)00397-2
https://doi.org/10.1002/aenm.201903741
https://doi.org/10.1016/j.pmatsci.2017.10.005
https://doi.org/10.1016/j.jmmm.2006.07.025
https://doi.org/10.1088/0022-3727/48/35/355001
https://doi.org/10.1103/PhysRevMaterials.2.064412
https://doi.org/10.1063/1.4704155
https://doi.org/10.1103/PhysRevLett.127.157202
https://doi.org/10.1002/adma.201200750
https://doi.org/10.1006/jssc.1998.7751
https://doi.org/10.1103/PhysRevB.59.1743
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.90.214424
https://doi.org/10.1103/PhysRevB.104.104422
https://doi.org/10.1103/PhysRevB.84.224429
https://doi.org/10.1103/PhysRevLett.87.047203
https://doi.org/10.1016/j.jmmm.2006.10.304
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1016/0921-4526(93)90108-I
https://doi.org/10.1103/PhysRevB.105.104425
https://doi.org/10.1103/PhysRevB.75.104505
https://doi.org/10.1103/PhysRevApplied.10.014030
https://doi.org/10.1103/PhysRevB.103.064413

LARGE MAGNETOCALORIC EFFECT...

PHYS. REV. APPLIED 18, 054076 (2022)

[37] E. Gopal, Specific Heats at low Temperatures (Springer,
Boston, MA, 2012).

[38] A.M. Tishin and Y. I. Spichkin, The Magnetocaloric Effect
and its Applications (CRC Press, London, 2016), Ist ed., p.
476.

[39] M. Balli, S. Jandl, P. Fournier, and M. M. Gospodi-
nov, Anisotropy-enhanced giant reversible rotating magne-
tocaloric effect in HoMn,Os single crystals, Appl. Phys.
Lett. 104, 232402 (2014).

[40] Y. Zhu, P. Zhou, T. Li, J. Xia, S. Wu, Y. Fu, K. Sun,
Q. Zhao, Z. Li, Z. Tang, Y. Xiao, Z. Chen, and H.-F. Li,
Enhanced magnetocaloric effect and magnetic phase dia-
grams of single-crystal GdCrOs, Phys. Rev. B 102, 144425
(2020).

[41] S. S. Islam, V. Singh, K. Somesh, P. K. Mukharjee, A.
Jain, S. M. Yusuf, and R. Nath, Unconventional superpara-
magnetic behavior in the modified cubic spinel compound
LiNigsMn; 504, Phys. Rev. B 102, 134433 (2020).

[42] V. K. Pecharsky and K. A. Gschneidner, Magnetocaloric
effect from indirect measurements: Magnetization and heat
capacity, J. Appl. Phys. 86, 565 (1999).

[43] V. Franco, J. S. Blazquez, B. Ingale, and A. Conde, The
magnetocaloric effect and magnetic refrigeration near room
temperature: Materials and models, Annu. Rev. Mater. Res.
42,305 (2012).

[44] R. Nath, V. O. Garlea, A. I. Goldman, and D. C. John-
ston, Synthesis, structure, and properties of tetragonal
SryM3As8,0; (M3 = Mn3, Mn,Cu, and MnZn; ) compounds
containing alternating CuO,-type and FeAs-type layers,
Phys. Rev. B 81, 224513 (2010).

[45] B. Banerjee, On a generalised approach to first and second
order magnetic transitions, Phys. Lett. 12, 16 (1964).

[46] V. Singh, P. Bag, R. Rawat, and R. Nath, Critical behavior
and magnetocaloric effect across the magnetic transition in
Mn, 4, Fey_,Sis, Sci. Rep. 10, 6981 (2020).

[47] V. Singh and R. Nath, Negative thermal expansion and itin-
erant ferromagnetism in Mn, 4Fes ¢Sis, J. Appl. Phys. 130,
033902 (2021).

[48] A. Midya, P. Mandal, K. Rubi, R. Chen, J.-S. Wang, R.
Mahendiran, G. Lorusso, and M. Evangelisti, Large adia-

batic temperature and magnetic entropy changes in EuTios,
Phys. Rev. B 93, 094422 (2016).

[49] Y.-Z. Zheng, G.-J. Zhou, Z. Zheng, and R. E. P. Win-
penny, Molecule-based magnetic coolers, Chem. Soc. Rev.
43, 1462 (2014).

[50] A. Midya, P. Mandal, S. Das, S. Banerjee, L. S. S.
Chandra, V. Ganesan, and S. R. Barman, Magnetocaloric
effect in HoMnOs crystal, Appl. Phys. Lett. 96, 142514
(2010).

[51] M. Das, S. Roy, N. Khan, and P. Mandal, Giant magne-
tocaloric effect in an exchange-frustrated GdCrTiOs anti-
ferromagnet, Phys. Rev. B 98, 104420 (2018).

[52] A. Midya, N. Khan, D. Bhoi, and P. Mandal, Giant
magnetocaloric effect in magnetically frustrated EuHo0,04
and EuDy,04 compounds, Appl. Phys. Lett. 101, 132415
(2012).

[53] M. Evangelisti, A. Candini, M. Affronte, E. Pasca, L. J. de
Jongh, R. T. W. Scott, and E. K. Brechin, Magnetocaloric
effect in spin-degenerated molecular nanomagnets, Phys.
Rev. B 79, 104414 (2009).

[54] P. B. D. Castro, K. Terashima, T. D. Yamamoto, Z. Hou,
S. Iwasaki, R. Matsumoto, S. Adachi, Y. Saito, P. Song, H.
Takeya, and Y. Takano, Machine-learning-guided discov-
ery of the gigantic magnetocaloric effect in HoB; near the
hydrogen liquefaction temperature, NPG Asia Mater. 12, 35
(2020).

[55] A. Abragam and B. Bleaney, Electron Paramagnetic Reso-
nance of Transition Ions (Oxford University Press, Oxford,
2012).

[56] M. Farle, Ferromagnetic resonance of ultrathin metallic
layers, Rep. Prog. Phys. 61, 755 (1998).

[57] J. Zeisner, A. Alfonsov, S. Selter, S. Aswartham, M.
P. Ghimire, M. Richter, J. van den Brink, B. Biich-
ner, and V. Kataev, Magnetic anisotropy and spin-
polarized two-dimensional electron gas in the van der
Waals ferromagnet Cr,Ge,Teg, Phys. Rev. B 99, 165109
(2019).

[58] D.Boldrin, B. Fak, M. Enderle, S. Bieri, J. Ollivier, S. Rols,
P. Manuel, and A. S. Wills, Haydeeite: A spin-% kagome
ferromagnet, Phys. Rev. B 91, 220408 (2015).

054076-13


https://doi.org/10.1063/1.4880818
https://doi.org/10.1103/PhysRevB.102.144425
https://doi.org/10.1103/PhysRevB.102.134433
https://doi.org/10.1063/1.370767
https://doi.org/10.1146/annurev-matsci-062910-100356
https://doi.org/10.1103/PhysRevB.81.224513
https://doi.org/10.1016/0031-9163(64)91158-8
https://doi.org/10.1038/s41598-020-63223-0
https://doi.org/10.1063/5.0055695
https://doi.org/10.1103/PhysRevB.93.094422
https://doi.org/10.1039/C3CS60337G
https://doi.org/10.1063/1.3386541
https://doi.org/10.1103/PhysRevB.98.104420
https://doi.org/10.1063/1.4754849
https://doi.org/10.1103/PhysRevB.79.104414
https://doi.org/10.1038/s41427-020-0214-y
https://doi.org/10.1088/0034-4885/61/7/001
https://doi.org/10.1103/PhysRevB.99.165109
https://doi.org/10.1103/PhysRevB.91.220408

	I. INTRODUCTION
	II. METHODS
	III. RESULTS AND DISCUSSION
	A. X-ray diffraction
	B. Magnetization
	C. Heat capacity
	D. Magnetocaloric effect
	E. Electron spin resonance
	1. Frequency dependence at T = 1.8 K
	2. Temperature dependence

	F. Microscopic analysis

	IV. SUMMARY
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


