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ABSTRACT

We report the magnetic, electrical, and magnetotransport (Hall effect) properties of the hexagonal
itinerant ferromagnet Crg3Te. Further, a comprehensive study of the magneto-entropy scaling
behavior has been done around the Curie temperature of T~ ~ 338 K. A maximum entropy change
(-ASMex) of 2.77 J /kg — K and relative cooling power (RCP) of 88.29 J/kg near the T have
been achieved under an applied magnetic field of 5 Tesla. The critical exponents, f = 0.4739(4), y =
1.2812(3), and 6 = 3.7037(5), have been extracted using the magneto-entropy scaling analysis. The
obtained critical exponents indicate the presence of intricate magnetic interactions in Cr, g3 Te. On the
other hand, the magnetotransport study reveals a topological Hall effect attributed to the noncoplanar
spin structure coexisting with a robust magnetocrystalline anisotropy. Further, we observe that the
extrinsic skew-scattering mechanism originated anomalous Hall effect. Our experimental findings of
the anomalous and topological Hall effect properties in the presence of intriguing high-temperature
itinerant ferromagnetism and magnetocaloric effect in Crg3;Te can offer potential technological

applications at room temperature.

1. Introduction

Investigation of the low dimensional magnetic materi-
als with ferromagnetic ordering at room temperature and
strong magnetocrystalline anisotropy [1, 2] has gained a
lot of research interests in recent days due to their poten-
tial applications in magnetic refrigeration and spintronic
devices [3—8]. Hence, the van der Waals (vdW) ferromag-
nets are of great research interest from the fundamental
science and advanced technology point of view due to their
peculiar two-dimensional (2D) magnetic properties [9—12]
and strong magnetocrystalline anisotropy [13]. Usually, the
Heisenberg-type ferromagnet does not exist with intrinsic
long-range magnetic ordering at finite temperature in the
2D limit due to dominant thermal fluctuations [14]. Nev-
ertheless, the single domain anisotropy or the exchange
anisotropy can overcome the thermal fluctuation and allow
the long-range magnetic ordering in 2D ferromagnets [15].
In this way, the 2D ferromagnetism has been found experi-
mentally in many vdW materials such as Cr,Ge,Teg (T =
61 K) [16], Cr,SiyTeg (T¢c = 32 K) [17, 18], Fe;GeTe,
(Te = 215 K) [11, 19], and Crl; (T = 45 K) [15], but the
long-range FM ordering temperature is far below the room
temperature, limiting their usage in technological applica-
tions. Since a very few systems such as MnP (T, = 303
K) show room temperature 2D ferromagnetism in the bulk
phase [20], searching for new room-temperature layered FM
materials coupled with large magnetocrystalline anisotropy
is crucial for realizing potential technological applications.

Furthermore, the FM vdW materials posses another
peculiar property such as the magnetocaloric effect (MCE).
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The magnetocaloric effect (MCE) at room temperature in the
FM vdW materials with maximum entropy change -A.S7*
is of recent research interest due to their technological ap-
plications in the environmental friendly magnetic refrigera-
tors [21]. There exists quite a few 2D FM systems showing
significant -A S such as Fe;_ GeTe, (1.1 J/kg — K at
5T) [22], CrsTeg (1.6 J /kg — K at 5 T) [23], Cr,Si,Teq
(5.05J/kg — K at 5 T), and Cr,Ge,Teg (2.64 J /kg — K at
5T) [24].

Theoretical studies suggest that the layered Cr,Te,
systems are the potential candidates to realize the much-
anticipated room-temperature 2D ferromagnetism in bulk [25].
Since then, a variety of Cr, Te,, compounds have been grown
experimentally and studied for their peculiar 2D ferromag-
netism, including CrTe [26], Cr,Te; [27], CryTe, [28],
CryTes [29-31], and CrsTeg [32, 33]. Generally, Cr,Te,
compounds possess alternating stacks of CrTe, layers in-
tercalated by the Cr layers (excess) along the z-axis [34].
The intercalated Cr concentration plays an important role
in the formation of these compounds’ crystal structure,
magnetic structure, and transport properties [35-38]. The
topological Hall effect observed in Cr, Te,, systems implies
the presence of non-trivial spin texture such as skyrmions
and bi-skyrmions [39, 40] or the noncoplanar magnetic
structures [41-43].

On the other hand, though there exist a couple of studies
on the hexagonal Cr;_,Te type systems, discussing the
magnetic, transport, and Hall effect properties [44, 45],
no systematic study is available on the magnetocrystalline
anisotropy (MCA) and magneto-entropy scaling analysis
which offer a better understanding on the topological Hall
effect and magnetic exchange interactions, respectively. Im-
portantly, the magnetic exchange interactions are profoundly
influenced by the MCA, manifesting the Heisenberg, XY,
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Figure 1: (a) Powder x-ray diffraction (XRD) of the crushed Cr,q;Te single crystals overlapped with Rietveld refinement. (b)
XRD pattern of Cr,g;Te single crystal. The left inset of (b) shows the photographic image of a typical Cr,g4;Te single crystal.
The right inset of (b) shows the rocking curve of (0 0 2) Bragg's reflection with FWHM of 0.08°. (c) Schematics of the CrTe
hexagonal crystal structure projected onto the be-plane and ab-plane. (d) Energy dispersive X-ray spectroscopy (EDXS) spectra
of Cryg;Te single crystal. Top-insets of (d) show the elemental mapping of Cr and Te. (e) Scanning electron microscopy (SEM)

image of Cr,4;Te single crystal. (f) Raman spectra of Cr,g;Te single crystal.

Ising, or complex magnets [46—48]. In addition, the strong
MCA is crucial for engineering the non-coplanar spin-
structure that leads to generating the skyrmion lattice [49,
50]. On the other hand, the magneto-entropy scaling analysis
deduces the critical exponents, defining the strength and the
type of magnetic interactions present in the system [23, 24,
51, 52].

Therefore, this study reports the anisotropic magnetic
properties, anomalous and topological Hall effects, and mag-
netocaloric effect in the hexagonal Cr,g;Te single crystal.
Cr g3 Te is an interesting system as it falls in between the
van der Waals trigonal (vdW) CrTe, [53] and non-vdW
hexagonal CrTe [54], despite all three being layered systems.
As the intercalated Cr atoms play a vital role in shaping the
magnetic and magnetotransport properties, Cryg3Te could
be a potential candidate to show the topological Hall effect
(THE) originating from the noncoplanar spin structure of the
intercalated Cr spins. Moreover, it is one of the few CrxTey
type systems showing room temperature ferromagnetism,
idle for room temperature technological applications such as
magnetic storage devices [55], spin valves [56], magnetic
tunnel junctions [56], and spin-transfer torque devices [57].
Although an earlier study on the similar composition of
hexagonal Crjg33Te (CrsTeq) performed critical analysis
but lacked details on the relation between the anisotropic
magnetic properties and the topological Hall effect [58]. An-
other study performed magnetotransport measurements on a
different crystal structure of monoclinic thin film Cr g35Te,
yet lacks the discussion on the relation between MCA and

THE [41]. Therefore, this study aims to unravel the relation
between the magnetocrystalline anisotropy, the topological
Hall effect, and the magnetic exchange interactions in the
hexagonal Cr g3 Te. Further, the re-scaled magnetoentropy
change, -AS,, (T, H), exhibits a remarkable convergence
onto a universal curve, suggesting a second-order mag-
netic transition in this systems [59, 60]. Extracted crit-
ical exponents from the field-dependent magnetoentropy
change highlight the interplay between the 3D-Ising and the
meanfield-type exchange interactions.

2. Experimental details

High-quality single crystals of Cr, g3 Te were grown us-
ing the chemical vapor transport (CVT) method with iodine
as a transport agent. We thoroughly mixed Cr (99.99%, Alfa
Aesar) and Te (99.99%, Alfa Aesar) powders ina 5 : 5
ratio, and a small quantity of iodine (3 mg/cc) was added
to the powder mixture. The mixture was sealed in a quartz
tube under argon gas and placed in a gradient two-zone
horizontal tube furnace for about 15 days. One end of the
tube was heated at 1000°C (source) and the other end was
kept at 820°C (sink), following a previously established
procedure [61]. The obtained single crystals were large,
measuring up to 5x5 mm?2, and looking shiny. A representa-
tive photographic image of a typical single crystal is shown
in the inset of Fig. 1(b).

The crystal structure of as-grown Cr g3 Te single crystals
was examined by the x-ray diffraction (XRD) technique
using the Rigaku x-ray diffractometer (SmartLab, 9 kW)
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Figure 2: Temperature-dependent magnetization [M(T)] of
Cry g3 Te taken in zero-field-cooled (ZFC) and field-cooled (FC)
modes with magnetic fields H = 0.02 T (a) and 0.4 T (b)
for H || xy and H || z. Magnetization isotherms [M (H)]
measured at various sample temperatures for (c) H || xy
and (d) H || z. (e) Plot of M* vs H/M. (f) Temperature-
dependent AM (M. — M, ) derived for H || xy and H || z.

with Cu K, radiation of wavelength of 4 =1.5406 A. We
employed scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDXS) techniques to explore
surface morphology and elemental compositions. Magnetic
and transport properties were studied by the physical prop-
erty measurement system (9 Tesla-PPMS, DynaCool, Quan-
tum Design). Electrical resistivity and Hall measurements
were conducted using the conventional four-probe tech-
nique. To eliminate the influence of longitudinal magnetore-
sistance, caused mainly by the voltage probe misalignment,
the Hall resistivity was determined as p,.,(H) = [p,,(+H)—
Pxy(—H)]/2. In addition, Raman spectra were captured us-
ing a micro-Raman spectrometer (LabRam HR Evolution
HORIBA France SAS) equipped with a 532 nm laser.

3. Results and Discussion

3.1. Structural Properties

Figure 1(a) displays the XRD pattern of crushed Cr g; Te
single crystals taken at room temperature, confirming the
hexagonal crystal structure with P6;/mmc space group. No

additional impurity phases were detected. Rietveld refine-
ment, overlapped on the XRD data, yields lattice parameters
a=b=2398084) A and ¢ = 6.2122(3) A, which are very
close to the previous reports on similar systems [44, 62].
Fig. 1(b) depicts the XRD pattern of Cr g3 Te single crystal,
showing the intensity of (0 0 /) Bragg plane, suggesting that
the crystal growth axis is along the c-axis. The rocking curve
of (0 0 2) plane shown in the right-inset of Fig. 1(b) displays
a single sharp peak with a full width at half maximum
(FWHM) of A8 = 0.08°, confirming the high quality of
single crystals [63]. The crystal structure of Crjg;Te, as
schematically presented in the top-panel of Fig. 1(c), re-
veals stacking of CrTe, layers along the c-axis arrangement
without significant vdWs gap between two CrTe, layers.
This arrangement differs from other Cr, Te,-based systems
in which a significant vdW gap is present [42, 53]. From the
crystal structure projected onto the ab-plane, as shown in
the bottom-inset of Fig. 1(c), we can observe an intertwined
honeycomb lattice consisting of Cr and Te atoms. Fig. 1(d)
depicts the EDXS spectra, revealing the Cr:Te atomic ratio of
0.83:1, consistent with the chemical composition of Cr g;Te
obtained from the powder XRD refinement. The EDXS map-
pings shown in the insets of Fig. 1(d) confirm the uniform
distribution of Cr and Te elements in the studied single
crystal. The obtained sample composition of Cr g;Te hints
at the 17% of Cr vacancies. These vacancies seem critical in
maintaining the NiAs-type hexagonal crystal structure [34,
44, 64]. Fig. 1(e) presents the SEM image of Cr g3 Te single
crystal with terraces of the different layers, demonstrating
the layered nature of the system. The Raman spectra of
Cr( g3 Te as shown in Fig. 1(f) unveil two prominent phonon
peaks, positioned at approximately 123.5 cm™! and 139.79
cm~!. These peaks correspond to the distinct vibrational
modes, the out-of-plane Alg and the in-plane Eg, of the
CrxTey system [64, 65].

3.2. Magnetic Properties
3.2.1. Magnetization Measurements

To explore the magnetic properties of Cr g3 Te, we per-
formed magnetization measurements as a function of tem-
perature [M (T')] and field [M (H)]. The magnetic field was
applied parallel to both the xy-plane [H | xy] and the
z-axis [H || z]. Figs. 2(a) and 2(b) exhibit the in-plane
(H || xy) and out-of-plane (H || z) M(T) curves obtained
under magnetic fields of 0.02 T and 0.4 T, respectively.
As we can notice, the system undergoes a paramagnetic-to-
ferromagnetic (PM-FM) transition at a Curie temperature
(T) of approximately 338 K, very close to the previously
reported value on a similar system [44]. The bifurcation in
the M (T') curves at T~ between ZFC and FC, as observed in
Fig. 2(a), can be ascribed to the magnetic ordering, which
is thermally irreversible at lower fields (0.02 T) due to
canted magnetic moments [66, 67]. This interpretation is
supported by the M (T') data taken at 0.4 T of the applied
field [see Fig. 2(b)], in which we can see the absence of
bifurcation between ZFC and FC data at the T due to
complete alignment of the canted moments along the field
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direction. Further, at an applied field of 0.02 T, a sharp
downturn in the ZFC M (T') data is noticed at around 15 K,
which disappears at 0.4 T, suggesting a possible spin-glass
type transition below 15 K [68] at lower fields. Nevertheless,
we notice significant magnetization anisotropy between in-
plane and out-of-plane orientations at both applied fields.

Figs. 2(c) and 2(d) depict the magnetization isotherms,
M (H), measured at different temperatures for H || xy and
H || z orientations, respectively. The M (H) data suggest
Cr g3 Te to be a soft-ferromagnet with negligible coercivity.
The magnetic anisotropy observed from the M(T') data is
further verified by the magnetization isotherms by plotting
in-plane and out-of-plane M (H) at 3 K, as shown in the
inset of Fig. 2(d). The magnetic anisotropy observed in these
systems plausibly stems from the non-coplanar magnetic
structure resulting from the Cr vacancies [41, 42]. From
Figs. 2(c) and 2(d), it is clear that Cr, g3 Te has an easy-axis
parallel to the xy-plane. This observation is substantiated by
the magnetization saturation occurring at an applied field
of 0.5 T for H || xy. In comparison, 1.9 T is needed
for the same with H || z when measured at 3 K. Note
here that an easy-axis of magnetization parallel to the z-
axis was found from a similar system of Cr g;Te which has
4.6% of higher Cr compared to our studied Cr, g;Te, again
confirming that the magnetic structure is highly sensitive
to the Cr concentration present in these systems [39, 69].
The saturation magnetization (M,) for both in-plane and
out-of-plane orientations is determined as 2.95 pp/Cr and
2.86 ug/Cr, respectively. This is notably smaller than the
calculated ordered moment of Cr (3.4 y5/Cr) from the band
structure calculations due to the itinerant nature of the Cr-d
electrons [34, 70].

Next, to estimate the degree of itinerant ferromagnetism
in Cr, g3 Te, we employed Takahashi’s self-consistent renor-
malization (SCR) theory around T, [71]. According to the
SCR theory, the magnetization M and the magnetic field H
at T, are related by,

2
a1 || (H
M T 4671 lTﬁ] (M) M

Here, T, denotes the dispersion of the spin fluctuation
spectrum in the wave-vector space. Fig. 2(e) shows the M*
vs. H/M for H || xy, fitted nicely by the linear Eq. 1.
This linear relationship is generally observed in itinerant
ferromagnetic systems like LaCo,P, (T-/T, = 0.14) [72],
Fe,GeTe, (T-/T, =~ 0.16) [73], SmCoAsO (T./T, =
0.12) [74], and CryTes (T /T, ~ 0.063) [30]. The fit yields
a slope of 7.2168x107> [u/Cr]’/Oe. Using the slope and
T values, we estimate T4 to be approximately 701 K for
H || xy. As per the SCR theory, the T~ can be described by,

3/2p3/4p1/4

Te = (60c)™/* M “T/*T, )

Here, ¢ =0.3353, M, represents the spontaneous mag-
netization, and T,y denotes the energy width of the dynamical

spin fluctuation spectrum. Using the values of T, M, and
T,, we deduce the characteristic temperature T, = 4963
K for Crjg;Te. Further, the SCR spin fluctuation theory
suggests that the ratio T/T, defines the degree of itineracy
in the ferromagnets. Such as, the spin moments are localized
for Tc/Ty =1 and delocalized for To/T, < 1 [75]. In
Cr( g3 Te single crystals, we estimate To/T) =~ 0.07 (<« 1),
confirming the itinerant ferromagnetic behavior.

Fig. 2(f) depicts AM (M g-M  -¢) plotted as a function
of temperature for both H || z and H || xy. From Fig. 2(f)
it is evident that the out-of-plane magnetization does not
change much between ZFC and FC modes, while the AM of
in-plane magnetization is very sensitive at around 7. More
importantly, AM rapidly increases with decreasing temper-
ature below 40 K. This kind of magnetic behavior could
stem from multiple factors, including the inherent magnetic
anisotropy of these systems [32, 44] or the noncoplanar
magnetic structure resulting from the Cr vacancies [41, 42].

3.2.2. Magnetocrystalline Anisotropy

With the help of magnetization isotherms [M (H)] as
shown in the Figs. 3(a) and 3(b), we studied the magne-
tocrystalline anisotropy (MCA) energy density (K,,) using
the expression [40],

MS
K, = Ho /0 [H,,(M) — H.(M)ldM 3)

Here M denotes the saturation magnetization. H,, and
H,, represent the fields applied along xy and z directions,
respectively. Fig. 3(c) depicts the temperature-dependent K,
derived from the experimental data. We find K, = 78.11
kJ/m3 at T = 310 K, gradually decreasing with increasing
temperature and reaching 23.73 kJ/m? at T, (338 K). On
the other hand, the estimated K, ~ 390 kJ/m3 at 40 K [see
Fig. 6(d)] is much larger than the K, values reported on many
2D magnetic systems such as CrBr; [76], Cr,Ge,Teg [24],
and Cr,Si,Teg [24] and comparable to the K, values of
Crl; [76] and Fe,GeTe, [73, 77]. Though Fe;GeTe, shows
a large magnetocrystalline anisotropy of 1460 kJ/m> at 2
K [78], its Curie temperature is much below the room tem-
perature (T = 220 K) [78]. Thus, Crg3Te having a large
K, value of ~ 390 kJ/m? with a Curie temperature of 338 K
seems to be a promising candidate from the technological
applications point of view. See Table 1 for a list of 2D
materials and their respective magnetocrystalline anisotropy
energies (K,,).

Since the magnetic anisotropy expectation value < K" >

n(n+1)/2

is directly proportional to M , as per the classical

M, (T) ]n(n+1)/2
M,(310)
forn=1,2,and 4. Here, n = 1 represents intrinsic anisotropy,

n = 2 represents uniaxial anisotropy, and n = 4 represents
cubic anisotropy, giving rise to the exponents 1, 3, and
10, respectively. In Fig. 3(d), we plotted [M (T')/ M (310)],
[M(T)/M,(310)]3, and [M(T)/M (310)]'0 ratios as a
function of temperature. Most importantly, in Fig. 3(d),
the overlapped K, (T) of Fig. 3(c) matches very well with

theory of magnetism [79, 80], we plotted [
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Figure 3: Magnetization isotherms measured around T, for (a)
H || xy and (b) H || z. (c) Temperature-dependent in-plane
magnetocrystalline anisotropy energy density K,. The bottom
inset in (c) presents saturation magnetization (M) and the top
inset shows saturation magnetic field (H,) estimated below T.
(d) Ratios of [M,/M,(310 K)]""*+D/2 (right-axis) overlaid with
magnetocrystalline anisotropy (left-axis) for n = 1, 2, and 4.

Table 1
Magnetocrystalline anisotropy energies (K, ) of different layered
materials.

Composition ~ K, (in kJ/m?) Ref.
Cryg; Te 390 This work
Cryg, Te 270 [44]
Croeo Te 165 [42]
Croes Te 94 [23]
CroeTe 174 [43]

CrBr, 86 [76]
Crl, 300 [76]
Cr,Ge, Teg 20 [24]
Cr,Si, Teg 65 [24]
Fe,GeTe, 250 [77
Fe,GeTe, 1460 [78]

[M(T)/ Ms(310)]3 ratio, confirming the dominant uniax-
ial anisotropy in this system that is strongly temperature
dependent. The temperature-dependent K,, originates from
the fluctuating local spin clusters activated from the thermal
energy [79, 80].

3.2.3. Magnetocaloric Effect

To investigate the magnetocaloric effect (MCE), we an-
alyzed the field-dependent isotherms M (H) acquired at
different temperatures [see Figs. 3(a) and 3(b)] in the vicinity
of T for both H || xy and H || z orientations. The

magnetocaloric effect is an intrinsic property of a ferromag-
netic system, resulting from adiabatic heating or cooling
under external magnetic fields [81]. This effect leads to the
generation of magnetic entropy change AS, (T, H), which
can be quantified using the formula,

H H
0S oM
AS,(T,H) = —)rdH = —)ydH (4
m(Ts H) /o Sy /g (S m “

where (g—f[)r = (‘;—AT/’)H based on Maxwell’s relation.
For the magnetization data acquired at smaller discrete field
and temperature intervals, the magnetic entropy change

AS, (T, H) can be expressed as

H H
S M(Tyy, HydH ~ [ M(T, HydH
T - T;

1

AS, (T, H) =

®

Figs. 4(a) and 4(b) show - AS, (T, H) plotted as a
function temperature under various magnetic fields up to 5
T taken with a step size of 1 T for both H || xy and H || z
orientations, respectively. All - AS,,(T, H) curves show a
maximum change in entropy with a broad peak at around T~
as can be seen from Figs. 4(a) and 4(b). Further, we observe
that the value of - AST**(T, H) increase monotonically with
field for H || xy [see Fig. 4(c)]. Under an applied field of 5
T, the maximum of -AS,, (T, H) is about 2.78 J kg~! K~!
for H || xy and is about 2.58 T kg~! K~! for H || z. These
-AS,,(T, H) values taken at 5 T are comparable to the other
2D ferromagnetic systems such as Cr,Ge,Te, (2.64 J kg™!
K1) [24] and CrsTeg (2.38 J kg~! K~!) [23], larger than
the values of Fe;_,GeTe, (1.14 J kg~! K~!) [83] and Crl,4
(1.56] kg~! K~1) [84], and smaller than the values of CrB,
(7.2Tkg! K=1) [85] and Cr,Si, Teg (5.05 T kg=! K=1) [24].

To estimate the relative cooling power (RCP) as shown
in Fig. 4(c), we employed the relation RCP = -AS7%* X
0T gy i p» Where -AST9Y is the maximum entropy change
near T- and 6Ty, s 1s the full width at half maximum
of the peak [86]. The calculated RCP in Crj g;Te is 88.29 J
kg~! at around T~ with an applied field of 5 T parallel to
the xy-plane. The RCP value of Crjg;Te obtained in this
study is comparable to the RCP value obtained in the other
2D systems such as Cr,Ge,Te, (87 J kg~!)[24], but smaller
than the values obtained from CrsTeg (131.2 J kg™!) [23],
Crl; (122.6 J kg™!) [84], Cr,Si,Tey (114 T kg=!) [24],
Fe,_,GeTe,(113J kg=!)[83], and CrBr;(191.5J kg=!) [85].

In addition, both -AS}::”" and RCP are related by the
power law of magnetic field as given below [86, 87],

—AS" = gHP ©)

RCP = bHY (7)

where p and q are the exponents. At T = T, they can be
written as

p=1+"— ®)
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Figure 4: Magnetic entropy change -AS,, plotted as a function of temperature at different magnetic fields for (a) H || z and (b)
H || xy. (c) Field-dependent maximum magnetic entropy change (-AS”**) (left axis) and relative cooling power (RCP) (right
axis). (d) Normalized magnetic entropy change as a function of rescaled temperature @ for various applied fields. (e) T, vs H'/A.
(f) Exponent p plotted as a function of temperature. (g) Rotational magnetic entropy change (-ASX) plotted as a function of

temperature.

Table 2
Critical exponents of Cr g, Te single crystal compared with several theoretical models (MEC = Magnetic Entropy Change).
Composition Technique ) y 6 p q Ref.
Cryg3Te MEC 0.4739(4) 1.2812(3) 3.7037(5) 0.70 1.27 This work
Landau mean field Theory 0.5 1 3 0.667 1.333 [82]
3D Heisenberg Theory 0.365 1.386 4.80 0.637 1.208 [46]
3D lIsing Theory 0.325 1.241 4.82 0.569 1.207 [46]
critical exponents suggest a crossover between the mean-
| field model (f = 0.5) and the 3D-Ising model (y = 1.241).
g=1+ H ) Thus, our study indicates complex magnetic interactions in

Where f, y, and 6 are critical exponents, which can be
found using alternative theoretical models such as isother-
mal analysis, these exponents obtained from the magnetic
entropy analysis, however, are more dependable without the
use of initial exponents. In addition, the exponent & has
been calculated using the Widom scaling relation, 6 = 1 +
(v/P) [88]. The fit of -AS7"* by the Eq. 6 yields p = 0.70.
Similarly, the field dependence of RCP is fitted by Eq. 7,
yielding ¢ = 1.27. Based on Eq. 8 and Eq. 9, the derived
critical exponents are f = 0.4739(4), y = 1.2812(3), and
6 = 3.7037(5). Note that no single conventional universal-
ity class can describe the derived critical exponents. The

the Cr g3 Te system.

Next, we performed the scaling analysis of MCE follow-
ing the procedure given by Franco et. al. [87, 89]. The scal-
ing analysis of - AS,,(T, H) is constructed by normalizing
the - AS,,(T, H) curves with respect to the maximum of -

AS,,(T,H)

A5 X
by choosing two reference temperatures (7,; < T and T,, >
ASy (T <T) _ ASy(Tp>To) _y
AS[ax ASax :
Here, his a scaling constant with values withinthe 0 < A < 1

range. Then, the rescaled temperature 6. can be written as

1. The reduced temperature (6-) is defined

T¢). satistying the condition,

0_=Tc—-T)/(T, —Tc), T <T¢ (10)
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Figure 5: (a) Temperature-dependent longitudinal electrical resistivity p, .. The top inset of (a) displays low-temperature resistivity
fitted by p(T) = p, + aT? and the bottom inset of (a) shows a schematic of linear four-probe geometry. (b) Schematic diagram
of the Hall measurement geometry. (c) Transverse resistivity p,, (Hall resistivity), p,, plotted as a function of the magnetic field
measured at various temperatures. In (c), the red curves represent total Hall resistivity (raw data), the black curves are the fittings
using the equation py + p,, and the green curves represent the topological Hall resistivity (p;). See the text for more details.

Following the MCE scaling analysis, all the curves of
AS,,

ASax

various magnetic fields collapse into a single curve as shown

in Fig. 4(d), confirming the second-order magnetic phase
transition in Cryg3Te [59, 60, 90]. Moreover, it can be
seen that the universal curve of MCE is independent of the
applied magnetic field and temperature, as it is generally
determined by the intrinsic magnetization of the system [87].
Further, the reference temperatures 7,; and T,, linearly
depend on H'/2 for A = f + y as shown in Fig. 4(e). Fig. 4(f)
displays the temperature dependence of p. The p(T') curve
follows universal behavior across T as it reaches the value
1 for T < T [91]. On the other hand, well above T, p
reaches the value of two due to the Curie-Weiss law [91].
At T =T, p(T) has a minimum value of 0.7, in line with
the universal law of p(T) [59]. Overall, the temperature
dependence of p perfectly follows the universal behavior of a
second-order phase transition [87]. The rotational magnetic
entropy changes (ASrf) can be calculated using the formula
ASKT,H) = AS,(T,H,) - AS, (T, H,). Fig. 4(g) de-
picts the temperature dependence of - AS’f(T, H). From
Fig. 4(g), we can find a maximum of -ASrff(T, H) at around
T, when derived at a field interval of 0.2 T. The maxima
of -AS};(T, H) shifts to lower temperatures with increasing

plotted as a function of reduced temperature 6 at

field intervals, and for 2 T of field interval, no maxima
is found down to 315 K. This behavior is generally found
in systems with strong magnetic anisotropy [23].

3.3. Electrical and Magnetotransport Properties
Figure 5(a) displays temperature-dependent longitudinal
resistivity p, - of Cr g3 Te single crystal, revealing the metal-
lic nature throughout the measured temperature range [92].
A change in the resistivity curve is noticed at around 245 K,
while the exact origin is not very clear to us, but we noticed
a small cusp in the d M /dT (not shown) at around 245 K
from the FC data measured with 0.02 T [see Fig. 2(a)]. The
top inset of Fig. 5(a) elucidates the quadratic temperature
dependence of p, ., fitted by p(T) = py + aT?, indicating
dominant electron-electron scattering at low temperatures.
This observation is in agreement with the theoretical stud-
ies on weak itinerant ferromagnetic metals in which a T?
dependence of p,, was predicted at low temperatures [93].
The bottom inset of Fig. 5(a) depicts the linear four-probe
geometry used for measuring the longitudinal resistivity.
The transverse resistivity p,.,, (Hall resistivity) as a function
of the applied field (H) is shown in Fig. 5(c) measured
at various sample temperatures. The Hall resistivity, Pxy>
was measured with the current applied along the x-axis, the
magnetic field applied along the z-axis, and the resulting
Hall voltage was detected along the y-axis as demonstrated
in Fig. 5(b). Thus, the red-colored curves shown in the panels
of Fig. 5(c) exhibit the raw data of field-dependent Hall
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Figure 6: Temperature dependence of (a) derived calculated
carrier density n. (b) Anomalous Hall conductivity ofy. (c) Plot
of p, vs. p,, with linear fitting up to 40K. (d) Maximum value
of topological Hall resistivity pf;"‘”‘ (left axis) and magneto-
crystalline anisotropy density, K, (right axis), plotted as a
function of temperature.

resistivity p,, recorded at various sample temperatures, and
the black-colored curves are the fittings to the total Hall
resistivity using the formula [94],

pry(H) = pN (H) + p*(H) = pgRoH + pyR,M (12)

Here, pY and p# are the normal Hall and anomalous
Hall contributions to the total Hall resistivity, respectively.
R, is the normal Hall coefficient, R, is the anomalous Hall
coefficient, and M is the isothermal magnetization. The
normal and anomalous Hall coefficients can be determined
by a linear fit at the high field region following the relation

Py _ po4 RM
wH — 0 *
information. However, as can be seen from the panels of

Fig. 5(c), the fitting of p,, with Eq. 12 is not perfect due
to the topological Hall contribution. Thus, by including the
topological Hall effect (THE) contribution, the total Hall re-
sistivity can be expressed by p,,(H) = ugRoH + poR;M +
p" and the topological Hall resistivity (p7) is extracted using
the relation p = Pxy(H) = (o RoH + pyR;M) [42,95]. In
Fig. 5(c), the green-colored curves represent the topological
Hall resistivity.

Figure 6(a) depicts the charge-carrier density (n) plotted
as a function of temperature, estimated from the normal Hall
coefficient R, following the relation n = 1/(Rq). Here g is
the hole-carrier charge. The derived carrier concentration n
decreases with increasing temperature up to 40 K. However,
above 40 K, it increases monotonously with temperature.
In CrxTey systems, the competition between the FM and
AFM phases plays a vital role in the magnetotransport
properties [41, 42, 44]. Similarly, in Fig. 2(f), the in-plane

, as shown in Fig. S1 of the supplemental

AM(T) changes abruptly around T~ 40 K, plausibly orig-
inating the non-monotonic changes of carrier concentra-
tion around 40 K. Next, the anomalous Hall conductivity

. . . Py
(AHC), Oy obtained using the relation Oy = p§y+yp T

presented in Fig. 6(b). o, increases with increasing tem-
perature up to 40 K. Beyond 40 K, it monotonically de-
creases with increasing temperature. A maximum o, &~ 52

Q~lem™!is found at around 40 K. In general, the anomalous
Hall conductivity can intrinsically arise from the electronic
structure-originated non-zero Berry curvature [94, 96] or
extrinsically due to magnetism-originated side-jump/skew-
scattering mechanisms [94, 97].

To understand the nature of AHE in Cr g;Te we plotted
Pxy US. pyy in Fig. 6(c). The Hall resistivity for an itinerant
ferromagnetic metal is generally expressed by the formula
Pxy = APy + ﬂpix, where « and f represent the skew-
scattering and side-jump coefficients, respectively [94, 98].
From Fig. 6(c), a linear dependence of p,,, on p,, is ev-
ident up to 40 K, beyond which a deviation occurs with
increasing temperature. This observation hints at the skew-
scattering mechanism that originated anomalous Hall effect
in Crj g3Te, consistent with the other Cr,Te,, systems [42,
92, 99]. Furthermore, Fig. 6(d) depicts the maximum am-
plitude of topological Hall resistivity (pg’,max) (left axis)
plotted as a function of temperature. pl"),}max increases with
temperature and reaches a maximum value of approximately
620 nQ-cm at around 40 K, consistent with AM(T) (H ||
xy) of Fig. 2(f). The right axis of Fig. 6(d) displays the
magnetocrystalline anisotropy energy constant, K, calcu-
lated using Eq. 3. It is worth mentioning here that the
critical point of 40 K observed from p;‘y, pfy, and K,, (see
Fig. 6) originates from a canted antiferromagnetic transition
noticed at around 40 K (from M (T) measured with 2 T,
not shown), which is consistent with the other Cr, Te,, based
systems [64, 67].

Several theories have been proposed to elucidate the
origin of the chiral spin texture that can manifest the topolog-
ical Hall effect. These theories include the Dzyaloshinskii-
Moriya interaction (DMI) in noncentrosymmetric systems
under a strong spin-orbit coupling [95, 100-103], geo-
metrically frustrated magnetic interactions [104], and non-
coplanar spin structure stabilized by the magnetocrystalline
anisotropy (MCA) [42, 50]. On the other hand, the intricate
magnetism observed in Cr,Te, type systems results from
a complex interplay of magnetic interactions, including
direct, super-exchange, and double exchange mechanisms,
noncollinear magnetism, and a mixed valence state of the Cr
ions [41, 58, 105]. The derived critical exponents, which de-
viate from any single universality class (as discussed above),
strongly suggest the presence of robust magnetocrystalline
anisotropy (MCA) in Crjg;Te. Consequently, the large
MCA can stabilize the requisite chiral spin structure [49,
106]. Thus, in the presence of chiral-spin structure, the itin-
erant electrons acquire real-space Berry curvature, leading
to a non-zero scalar-spin chirality y;; = Si(S; X Sp) #
0 to produce the topological Hall effect [102, 104]. The
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analogy of chiral-spin structure stabilized by the large MCA
is consistent with our experimental data shown in Fig. 6(d)
(right-axis), where the temperature-dependent topological
Hall resistivity (sz) replicates the temperature dependence

of MCA energy density K,,, having the maximum pgy at the
maximum K, ~ 390 kJ/m? at 40 K.

4. Summary

We investigated the intricate magnetism, electrical, and
magnetotransport properties in the hexagonal itinerant fer-
romagnet Cr g3 Te. The magnetotransport study reveals a
substantial topological Hall effect, originating from the non-
coplanar spin structure in the presence of strong magnetic
anisotropy and the skew-scattering-induced anomalous Hall
effect. We observe a remarkable cooling efficacy of -AS7'“*
~ 2777 kg7'K~! and RCP ~ 88.29 J/kg at an applied
field of 5 Tesla. By utilizing the magneto-entropy scaling
analysis, we extracted the critical exponents f = 0.4739(4),
y = 1.2812(3), and 6 = 3.7037(5), which do not follow
any single universality class, suggesting a complex mag-
netic interaction in Cr( g3 Te. Re-scaled -AS,,(T', H) curves
fall into a single universal curve, confirming the second-
order magnetic transition. The spin-fluctuation parameter,
derived from the critical magnetization isotherms based on
the SCR theory, confirms the itinerant ferromagnetic nature
of Cry g5 Te.
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