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ABSTRACT

We have investigated the magnetic and magnetocaloric properties of van der Waals (vdW) layered CrCl3 from magnetization and heat
capacity measurements. CrCl3 exhibits complicated magnetic properties due to the strong competition between the ferromagnetic and
antiferromagnetic interactions: a ferromagnetic ordering around 17K followed by an antiferromagnetic ordering at 14.3 K. A large magnetic
entropy change (�DSM) of 19 J kg

�1 K�1, an adiabatic temperature change (DTad) of 6.2 K, and a relative cooling power of 600 J kg�1 are
observed for a field change of 7 T near the transition temperature, and the mechanical efficiency (gm) at 18 K and 0–3 T is 1.17. These values
of magnetocaloric parameters are significantly larger than those for CrI3 and other layered vdW systems. The scaling analysis shows that all
the rescaled DSM(T, H) data collapse into a single curve, which indicates the second order nature of magnetic phase transition. The above
results suggest that environmentally friendly CrCl3 can be a phenomenal alternative to very expensive rare-earth material for the magnetic
refrigeration for liquefaction of hydrogen.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0019985

Refrigeration is the process of artificially cooling down a system
below its ambient temperature, which has a great advantage not only
for domestic purposes but also largely for commercial use such as
industrial freezers, cryogenics, and the fuel industry. But the ever
increasing demand of refrigeration causes a chronic effect on our envi-
ronment as synthetic refrigerants mostly based on chlorofluorocarbon,
hydrofluorocarbon, and hydrochlorofluorocarbon deplete the ozone
layer, the shield against ultraviolet radiation. Magnetic refrigeration,
an environmentally friendly cooling alternative to gaseous refrigera-
tion, can achieve low temperature based on the magnetocaloric effect.
In this process, the change in magnetic entropy determines the adia-
batic temperature change of the material under the variation of the
magnetic field. Using adiabatic demagnetization, one can reach ultra-
low temperature, which has implicit usage in spacecraft, but it faces
major challenges due to thermal and magnetic hysteresis.

Layered van der Waals (vdW) materials have attracted immense
interest due to their remarkable physical properties and potential
applications in microelectronics, spintronics, and optoelectronic
devices.1,2 Graphene and transition metal dichalcogenides are widely
studied layered materials with adjacent layers bonded via weak vdW
force having enormous applications in nanoelectronics and energy

devices.3,4 However, the absence of intrinsic magnetism in the 2D limit
restricts their usage in spintronic devices. Recently, some layered vdW
materials such as CrX3 (X ¼Cl, Br, I), Cr2X2Te6 (X ¼Ge, Si),
Fe3GeTe2, and VI3 have attracted tremendous interest because they
retain intrinsic magnetism down to the monolayer or bilayer limit,
which facilitates them in spin/valley electronics, vdW heterostructures,
magnetoelectronics, and magneto-optics.5–10 CrI3, a member of the
chromium trihalide family, shows long range ferromagnetism even at
the monolayer limit and further shows bilayer antiferromagnetism,
which is a promising candidate for low-dimensional spintronics as
well as in fundamental physics5,11 and CrBr3; another ferromagnetic
member of this family11 retains ferromagnetism down to the
monolayer.

In contrast, bulk CrCl3 shows intralayer ferromagnetism with
antiferromagnetic interaction between consecutive layers having a
Neel temperature of TN¼ 14K with comparatively weak anisotropy.12

In typical antiferromagnets, the magnetic moments are ordered, but
the neighboring moments align along the opposite direction, resulting
net zero magnetization (M). So in antiferromagnets, the stray current
is zero. They have fascinating applications in spintronics, in which the
spin–orbit torque can be controlled by the application of the electric
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field.13 CrI3 has strong anisotropy and exhibits small anisotropic mag-
netic entropy changes (�DSM) as compared to conventional rare earth
magnetocaloric materials.14

From extensive magnetic and thermal measurements, we report
magnetic entropy changes along with the adiabatic temperature
change (DTad) for CrCl3 single crystals. The coefficient of performance
(COP), g, which determines the energy efficiency of a refrigerator is
also estimated to be very high, 1.17 for a field change of 0–3 T at 18 K.
These evaluations of the magnetocaloric effect (MCE) refer to moder-
ately large values of�DSM ; DTad , and g, which suggest that CrCl3 can
be a magnificent alternative to rare earth material as a magnetic refrig-
erant near liquid hydrogen temperature in the commercial sector due
to the high cost and less availability of the later corresponding to their
comparable efficiencies.

CrCl3 single crystals were grown by the chemical vapor transport
method by recrystallizing CrCl3 (99.995%, Alfa Aesar). Anhydrous
CrCl3 was sealed in an evacuated quartz tube and placed in a gradient
furnace with a hot end at 700 �C and a cold end at 550 �C for a period
of seven days. Thin violet colored plate-like crystals were collected
from the cold end of the tube. The crystals were freshly cleaved before
characterization and measurements. The structural analysis is carried
out using a high-resolution Rigaku, TTRAX III (Cu-Ka radiation)
x-ray diffractometer. The x-ray diffraction pattern from the surface of
a cleaved thin single crystal of CrCl3 corresponds to (0 0 l) peaks, con-
firming that the flat surface is perpendicular to the c axis with an inter-
layer spacing of 5.8086 Å (see the supplementary material).
Magnetization and heat capacity measurements were performed using
a physical property measurement system (PPMS, Quantum Design).
The heat capacity was measured down to 2K by the relaxation
technique.

Figure 1(a) shows the temperature dependence of magnetization
below 75K with the Hjjab plane and the Hjjc axis at 500Oe and
1 kOe. Magnetization is comparatively smaller for the field along the c
axis. Measurements are performed for both ZFC and FC conditions,
but the data for the ZFC condition are shown for clarity. No significant
difference between ZFC and FC data is observed. M increases sharply
below 20K, indicating the onset of ferromagnetic ordering. At low
fields,M shows a cusp at 14K due to antiferromagnetic ordering asso-
ciated with antiparallel alignment of moments between two consecu-
tive layers.12,15 For further understanding of the magnetic ground

state, inverse susceptibility (v�1) as a function of temperature is plot-
ted in Fig. 1(a). v�1 shows a nearly linear dependence on T both above
and below the structural transition TS � 240K. In the temperature
range of 250–380K, susceptibility (v) follows the Curie–Weiss law,
v ¼ C=ðT � hÞ, with an effective paramagnetic moment of leff
¼ 3:72 lB/Cr

3þ and a Weiss temperature of h ¼ 57:65K and a linear
fit to the plot in the temperature range of 100–185K gives leff ¼ 4:06
lB/Cr

3þ and h ¼ 35:43K. The observed value of leff is close to the
theoretical spin-only moment (S¼ 3/2). leff is close to the value
reported earlier, whereas h derived from v�1(T) above TS is higher
than the value in the previous report.12 The positive value of Weiss
temperature suggests that ferromagnetic interaction is of dominating
nature in the paramagnetic state. In order to understand the effect of
the magnetic field on the ground state, the isothermal magnetization
for the Hjjab plane at 2K is shown in the inset of Fig. 1(a). M(H)
shows negligible hysteresis. As the field increases, M increases sharply
and tends to saturate at a field less than 3 kOe. This field is sufficient to
completely orient the magnetic moments from the antiferromagnetic
state to a field-induced spin-flip ferromagnetic state.12,16 At 2K and
5T, the observed value of M ¼ 2:9 lB/Cr

3þ corresponds to spin only
moment of Cr. For insight into the magnetic phase transition in
CrCl3, M

2 as a function of H/M (Hjjab) is plotted in Fig. 1(b) to con-
struct the Arrott plot around the onset of the magnetic ordering. The
nature of the Arrott plot for the present system differs significantly
from the critical behavior of the conventional ferromagnet. The curva-
tures in the M2 vs H/M isotherms in the low-field region are strongly
temperature dependent. For T > 17K, the isothermal curves mimic
the Arrott plot of conventional ferromagnetic phase transition with
magnetic fluctuations above TC. The magnetic fluctuation above TC in
CrCl3 is also reflected from the large Weiss temperature, which is
about two times of TC. Below T ¼ 17K, the nature of the curvature of
M2 vs H/M isotherms at low fields changes rapidly with decreasing
temperature. The squared magnetization falls off rapidly as the field is
decreased to zero for isotherms below 14K. The deviation of the
Arrott plot from that observed in a conventional ferromagnetic phase
transition is consistent with the fact that the long-range magnetic
order in CrCl3 sets in at low temperatures in a two-step process.12

Below the Weiss temperature, ferromagnetic correlation develops
between the Cr spins lying in the ab-plane and becomes the strongest
at around 17K. However, the onset of the antiferromagnetic

FIG. 1. (a) Magnetic moment vs tempera-
ture measured for the applied field both par-
allel and perpendicular to the plane.
Temperature-dependent inverse susceptibil-
ity v�1ðTÞ for CrCl3 single crystals mea-
sured at a field of 1 kOe with the Hjjab
plane; solid lines are the Curie–Weiss fit.
Isothermal magnetization with the Hjjab
plane at T¼ 2 K is shown in the inset. (b)
The Arrott plot for CrCl3.
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correlations between the ferromagnetic ab-layers at about 14K rein-
forces the system to enter a long-ranged antiferromagnetic ground
state at low temperatures and breaks the time reversal symmetry. The
universality class of the system is, thus, governed by the antiferromag-
netic phase transition at TN ¼ 14K, where the correlation length
diverges rather than the transition to short-range ferromagnetic order-
ing at T ¼ 17K. The evolution of the true order parameter of the
phase transition, i.e., the spontaneous magnetization with tempera-
tures and TC, cannot be determined from the extrapolation of the
Arrott plot or modified Arrott plot isotherms at high fields to zero and
from quadratic extrapolation of the Arrott plot to zero field as have
been done in several systems.17 However, the sub-lattice magnetization
can be deduced from the neutron scattering experiments at different
temperatures around 14K to determine the true nature of the mag-
netic phase transition in CrCl3.

M(H) curves for the Hjjab plane and the Hjjc axis are depicted
in Figs. 2(a) and 2(b) after demagnetization correction as discussed in
the earlier report.12 At low temperature, M(H) for the Hjjc axis also
saturates at fields less than 3 kOe. To test whether this material is suit-
able for magnetic refrigeration, magnetic entropy changes have been

calculated as DSM ¼
P

i
Miþ1�Mi
Tiþ1�Ti

� �
DHi, where Miþ1 and Mi are the

magnetic moments at temperatures Tiþ1 and Ti, respectively, with the
change in magnetic field DHi. DSM(T) for the Hjjab plane and

the Hjjc axis is shown in Figs. 3(a) and 3(b), respectively.
DSM increases with increasing T and reaches maximum at TC for low
fields. As the applied field increases, the maximum value of DSM
(DSmax

M ) increases and DSmax
M becomes 19.8 J kg�1 K�1 for Hjjab and

19.5 J kg�1 K�1 for Hjjc at 7T. Thus, DSM is almost isotropic in
CrCl3. The negative sign of DSM indicates the reduction of tempera-
ture when the magnetic field changes adiabatically.

For understanding the nature of the magnetic ground state and
intrinsic magnetocaloric properties, heat capacity is measured as a
function of temperature and field (Fig. 4). At zero field, CP exhibits a
sharp k-like anomaly at 14K, which diminishes with the field and dis-
appears above H ¼ 2 kOe. The k-like anomaly is followed by a broad
facet centered at TC. With the application of the field, this facet further
broadens and shifts toward higher temperature. The CP(T) curve fits
well with the combined Debye plus Einstein model of lattice heat
capacity (CL) over a wide temperature range as shown in Fig. 4(a) (see
the supplementary material). By subtracting the lattice contribution
from total heat capacity, the magnetic contribution (Cm) is determined
as depicted in Fig. 4(b). The entropy estimated by integrating Cm=T is
about 10.2 J mol�1 K�1 at zero field, which is close to the theoretical
value of R ln ð2Sþ 1Þ¼ 11.5 J mol�1 K�1 as shown in the inset of
Fig. 4(a). To check whether the magnetic entropy change from the
M(H) plot is consistent or not, �DSM is calculated from heat capacity
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data as shown in Fig. 5(a). This plot reveals that both the values of
DSM are close to each other. A small difference between these two may
be due to the overestimation of lattice contribution. The adiabatic tem-
perature change DTad ¼Ti � Tf is defined as the temperature change
of the system from initial temperature Ti (H¼ 0) to final temperature
Tf (H 6¼ 0) in an isentropic process caused by the intrinsic magneto-
caloric effect. We have calculated DTad from zero field heat capacity
and DSM data. DTad(T) at different fields is shown in Fig. 5(b). With
the increase in the field, the maximum value of DTad increases and
becomes 6.8K for 0–7T. Both DTad and DSM for bulk CrCl3 single
crystals are quite large compared to those reported for other vdW sys-
tems (Table I).

A phenomenological curve for DSM for different applied mag-
netic fields has been proposed by Franco et al. as a way to determine
the order of magnetic phase transition.19 In this method, the parame-
ters related to DSM(T) curves follow a series of power laws dependent
on the field: jDSmax

M j / Hn; dTFWHM / Hb, and RCP / Hc, where
dTFWHM is the full-width at half maximum and RCP is the relative
cooling power.19,20 For temperature well above TC, the value of n for
all applied fields tends to 2, which points toward the second order
nature of phase transition21 (for plots and analysis, see the supplemen-
tary material). From scaling analysis, all the DSMðT;HÞ plots collapse
into a single curve for the Hjjab plane, which reveals that the

corresponding phase transition is second order in nature24 (for details,
see the supplementary material). For understanding the nature of
magnetic interaction in CrCl3, a detailed neutron scattering study of
this layered material can be very interesting.

In conclusion, the calculated values of DSM; DTad , and RCP are
large compared to those of CrI3 and other layered vdW systems.
�DSM values for two directions of the applied field with the Hjjab
plane and the Hjjc axis are almost the same, which is attributed to the
very weak anisotropy in CrCl3. Our result suggests that single crystal
CrCl3 can have potential application as a magnetic refrigerant at liquid
hydrogen temperature.

Note that after submitting this manuscript we came to know
about the investigation of the magnetocaloric effect in CrCl3 single
crystals by Liu et al.,25 which does not explore the isotropic nature of
the MCE, considering the demagnetization correction. Also, they have
not calculated magnetic entropy changes and adiabatic temperature
changes from the heat capacity measurement.
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TABLE I. Parameters for layered vdW refrigerant materials at liquid-hydrogen tem-
perature for a field change of 0–2 T.

vdW �DSmax
M Tmax dTFWHM RCP

systems (J kg�1 K–1) (K) (K) (J kg�1) References

CrCl3 8.97 18 16.09 144.35 This work
Crl3 2.4 60 18.8 45 14
Fe3�xGeTe2 0.8 155 50 40 18
Cr2Ge2Te6 2 68 21 38 22
Vl3 1.9 50 8.9 17 23
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See the supplementary material for detailed analysis and plots for
determination of order of transition and efficiency.
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