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Critical phenomenon of the ferromagnet Cr,Te; with strong perpendicular
magnetic anisotropy
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Chromium telluride Cr,Te, has great potential applications in spintronics due to its intrinsic ferromag-
netism and strong magnetic anisotropy. In this study, we systematically investigate magnetic properties
of a ferromagnetic Cr,Tes single crystal with strong perpendicular magnetic anisotropy (PMA). Apart
from ferromagnetic-to-paramagnetic (FM-PM) transitions at 7¢ ~ 181 K for both H//c and H//ab, other
exotic magnetic behaviors are revealed, such as a field-modulated first-order transition uncovered by
the anisotropic magnetization, a canted FM coupling rather than previously reported spin-glass behavior
demonstrated by the ac susceptibility. Furthermore, anisotropic magnetization reveals significant PMA
stronger than any other Cr-based transition metal chalcogenide, with a negligible saturation field for
H//c but a distinct one up to 155 kOe for H//ab. Critical exponents 8 = 0.340(5), y = 1.114(1), and
8 = 4.504(5) are obtained for H//c, which fall between the three-dimensional (3D)-XY and 3D-Ising
models indicative of anisotropic magnetic coupling. An H-T phase diagram of the Cr,Tes single crystal is
constructed for H//c, which distinguishes canted FM1, canted FM2, forced FM (FFM), and PM phases.
The phase diagram indicates that the transition to the canted FM2 under lower fields is of a first-order type,
which is suppressed into a second-order one by the external magnetic field. The multiple phase transitions
and complex magnetic structures is suggested to derive from the competition between the intralayered
superexchange (FM couplings) and the interlayered direct interaction (AFM coupling). The various mag-
netic configurations and strong PMA make Cr,Te; highly promising for spintronic device applications.
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I. INTRODUCTION

Exploration of two-dimensional (2D) materials with
long-range magnetic ordering is crucial for the develop-
ment of spintronic devices, particularly 2D ferromagnets
with high Curie temperature (7¢) and strong magnetic
anisotropy. Since the successful synthesis of intrinsic
ferromagnetic (FM) materials such as Cr,Ge,Tes and
Crls, significant attention has been given to transition
metal chalcogenides (TMDCs) and transition metal halides
[1,2]. Meanwhile, the chromium telluride Cr,Te, family is
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expected to have practical applications in devices such as
magnetic tunneling junctions and spin-field-effect transis-
tors due to their high T¢ above room temperature [3,4].
The crystal structures of the Cr,Te, family, also known
as CryysTe,, can be treated as the insertion of different
ratios of Cr atoms between CrTe, van der Waals (vdW)
gaps, which are then stacked in various arrangements
along the ¢ direction to form diverse structures. These
compounds are easily synthesized, highly controllable,
and sensitive to Cr atoms, resulting in various properties,
such as giant magnetoresistance (GMR) effects, anomalous
Hall effects (AHE), and exotic topological spin textures
[5-8]. For instance, CrsTeg with T¢ ~ 230 K exhibits
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strong perpendicular magnetic anisotropy (PMA), robust
ferromagnetism, and large AHE [6,9]. CrsTes shows a
colossal topological Hall effect maintained until 270 K due
to noncoplanar spin textures [10]. Cr3Tes has an unusual
biskyrmion and a layer-dependent magnetic anisotropy,
the easy axis of which shifts from in-plane to out-of-
plane as the thickness decreases [11—13]. The van der
Waals material CrTe, exhibits the same layer-dependent
magnetic anisotropy behavior as Cr;Tey. However, the
intrinsic magnetic state of its monolayer remains con-
troversial [14,15]. CrTes displays rare antiferromagnetic
(AFM) semiconductor behavior in the Cr,Te, family [16].
The magnetic and electronic structures of Cr,Te, can be
regulated through a variety of means such as magnetic
field, electronic field, thickness, and pressure [15,17—19].
It has been demonstrated that Cr,Te, exhibits a layer-
number-dependent 7 and magnetic anisotropic directions
[15,17—19]. Furthermore, this system undergoes pressure-
induced lattice changes, such as a structural transition from
NiAs-type to MnP-type at 13 ~ 14 GPa in CrTe [20], a
semiconductor-to-metal transition at 24 GPa in Cri_sTe
[21], and the tuning of the ground state between ferro-
magnetism and antiferromagnetism by in-plane strain in
CrTe, [22].

In the Cr,Te, family, Cr,Tes stands out because of its
robust ferromagnetism, which maintains in a fewer-layered
sample or even in a single layer [23]. Usually, in most
Cr,Te, compounds, the interface effect can result only in
linear magnetic ordering [14,24]. However, the surface
effect can induce the formation of topological magnetic
structures in Cr,Tes, such as magnetic skyrmions in 2D-
Cr; Te;/CrpSes [25], CryTes/BiyTes [26], and CryTes/Bi
[27] heterostructures. On the other hand, Xu et al. suc-
cessfully grew vdW CrGeTes single crystals based on
non-vdW Cr,Te; [28,29]. Chi ef al. reported an interface-
tunable Berry curvature in CrpTe; [30]. The PMA and
spin-glass-like behavior in Cr,Te; thin films have also
been studied. All these efforts and findings make Cr,Tes
a promising candidate for electronic device applications.

However, for Cr,Tes, there are debates surrounding the
spin-glass-like behavior and the disregard for in-plane
magnetism. In this work, we aim to systematically inves-
tigate the magnetic anisotropy and couplings of Cr,Tes
single crystals. The study of magnetization reveals exotic
magnetic behaviors in addition to FM-PM transitions for
H//c and H//ab, such as a field-modulated first-order
transition, a canted FM coupling rather than previously
reported spin-glass behavior, a significant PMA with a
negligible saturation field for H//c but a distinct one
for H//ab. The critical exponents obtained for H//c
fall between the three-dimensional (3D)-XY and 3D-Ising
models, indicating the presence of anisotropic magnetic
coupling. An H-T phase diagram for Cr,Te; single crys-
tal is constructed for H//c , clarifying the canted FM1,
canted FM2, forced FM (FFM), and PM phases. The phase

diagram reveals that the transition to the canted FM2 under
lower field is of a first-order type, while that from the
canted FM2 or FFM to PM under higher field is of a
second-order one. This indicates that the first-order mag-
netic transition can be suppressed into a second-order one
by the external magnetic field. The multiple phase tran-
sitions and complex magnetic structures are suggested to
arise from the superexchange within the a-b plane and the
direct interaction along the ¢ axis.

II. EXPERIMENTAL METHODS

Single crystals of Cr,Te; were synthesized using a
chemical vapor transport (CVT) method with I, serving
as the transport agent [31]. High-purity powders of Cr
(99.99%, Alfa Aesar) and Te (99.99%, Alfa Aesar) were
mixed thoroughly with the stoichiometric ratio in an Ar-
glove box and sealed into an evacuated quartz tube. The
quartz tube was heated to 1000°C on the source zone
and 750°C on the other side. After holding for 7 days,
the tube was cooled to room temperature, and the single
crystals were acquired on the cold side. The crystalline
structure was characterized by x-ray diffraction (XRD)
with Cu Ko radiation using a Rigaku-TTR3 diffractome-
ter. The powder was ground from the single crystals to
carry out the powder XRD pattern. To further analyze
the crystals, high-angle annular dark-field scanning trans-
mission electron microscope (HAADF-STEM) and energy
dispersive x-ray (EDX) spectroscopy measurements were
performed on a Themis Z double-spherical aberration-
corrected transmission electron microscope operating at
300 kV. The magnetic properties were measured using
a superconductive quantum interference device vibrating
sample magnetometer (SQUID VSM) (MPMS-3, Quan-
tum Design). For the initial isothermal magnetization, the
sample was heated above T¢ and held for 2 min. It was
then cooled to the desired temperature under zero field for
the isothermal magnetization measurement. The magneti-
zation under high magnetic field up to 30 T was performed
using a water-cooling resistive magnet.

III. RESULTS AND DISCUSSION

The hexagonal structural Cr,Te; belongs to the space
group P31c (No. 163), as shown in Fig. 1(a) [29,32]. The
unit cell consists of three types of Cr atoms, each sur-
rounded by six Te atoms to form a coangular octahedron
[23]. In the a-b plane, the Cr2 and Cr3 are tightly arranged
to create a fully occupied layer, while the Crl atoms and
numerous vacancies are alternately inserted between each
of the two full layers [33]. Figure 1(b) shows the pic-
ture of the as-grown sample with a typical size of 2 x
2 mm?, exhibiting a hexagonal sheet with a bright surface.
Figure 1(c) depicts the powder (top) and single-crystal
(bottom) XRD patterns. The powder XRD pattern matches
the standard PDF card (29-458). The single-crystal XRD
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(a) Crystal structure of Cr,Te; from the side (left) and top (right) views. (b) Photograph of the as-grown single crystal.

(c) XRD patterns for powders (top) and single crystal (bottom) along with the rocking curve in the inset. (d),(e) Atomic resolution
HAADF-STEM images for two different cross sections. The right insets in (d),(e) show the corresponding FFT diagrams in red
rectangular areas. (f) Elemental mapping of Cr,Te; using HAADF-EDX spectroscopy.

pattern presents a set of peaks belonging to (00/), indicat-
ing that the surface of the single crystal is the a-b plane
while the normal direction is along the ¢ axis. The Rietveld
refinement of the powder XRD pattern gives the lat-
tice constants @ = b = 6.830(9) A and ¢ = 12.152(2) A,
which are in agreement with previous reports [26,34]. The
inset of Fig. 1(c) gives the rocking curve of the single crys-
tal, showing a single peak with a narrow full width at half
maxima (A6 = 0.115°). HAADF-STEM images in two
different orientations are displayed in Figs. 1(d) and 1(e) to
characterize the atom configurations. The honeycomb indi-
cates the in-plane hexagonal symmetry [30]. As depicted
in Fig. 1(f), the chemical compositions are estimated using
transmission electron microscopy energy-dispersive x-ray
(TEM-EDX) spectroscopy, which determines the stoichio-
metric ratio of Cr to Te is approximately 2 : 3.04. All
the characterizations, including the XRD, HAADF-STEM,
and TEM-EDX, demonstrate the high quality of the as-
grown Cr,Tes single crystals.

Due to the presence of various magnetic ions and mul-
tiple interactions involving Crl, Cr2, and Cr3, Cr,Tes
demonstrates complex magnetic behaviors. Figures 2(a)
and 2(b) illustrate the temperature-dependent dc sus-
ceptibility [x(7)] and reciprocal [x ~'(T)] curves with
an applied field of H = 500 Oe along the out-of-plane

(H//c) and in-plane (H//ab) orientations, respectively.
The x(T) curves were measured under three sequences:
zero-field cooling measured on warming (ZFC warming),
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FIG. 2. Temperature dependence of dc susceptibility [x (7)]
and reciprocal [x ~'(T)] with H = 500 Oe for (a) H//c and (b)
H //ab. Temperature-dependent ac susceptibility at different fre-
quencies with a dc magnetic field of H = 5 Oe for (¢c) H//c and
(d) H//ab.
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field cooling measured on cooling (FC cooling), and field
cooling measured on warming (FC warming). In Fig. 2(a),
for H//c, there is a sharp increase in x (7)) as the tempera-
ture decreases, indicating a paramagnetic-to-ferromagnetic
(PM-FM) transition. The Curie temperature is estimated to
be Tc ~ 181 K from the dyx /dT, as shown in the inset of
Fig. 2(a). Below T¢, there is a bifurcation observed in the
ZFC and FC curves, which may be attributed to the coexis-
tence of ferromagnetism and antiferromagnetism (FM and
AFM) or spin-glass behaviors. Of note, a thermal hystere-
sis is observed between the cooling and warming curves,
which typically associates with a first-order phase tran-
sition. The first-order phase transition is also manifested
in structure changes and thermal-expansion measurements
[35]. In Fig. 2(b), for H//ab, a similar PM-FM transi-
tion occurs at 7¢. However, the magnetization magnitude
is 30 times lower than that for H//c, indicating that the
easy magnetization direction is along the ¢ axis [30,34]. A
bifurcation is also observed at low temperatures between
the ZFC and FC x(7I) curves, but there is no thermal
hysteresis between the cooling and warming curves. In
addition to the magnetic transition at 7¢, the other two
magnetic transitions are detected at approximately 120
K and approximately 15 K. The transition at approxi-
mately 120 K may be attributed to the transition from
the FM state to the canted spin configuration predicted
by first-principles calculations [36,37]. The transition at
approximately 15 K can be attributed to the shift from
a canted spin alignment to a ferrimagnetic (FIM) state,
as revealed by the neutron diffraction [38,39]. The x(7)
curves for H//c and H//ab exhibit distinct transitions
and behaviors, suggesting strong anisotropy. The obtained
Tc and magnetic behaviors are consistent with previous
reports, confirming that the crystal is a good NiAs-type
Cr,Tes [18,25,30,34,40]. Above T¢, both x (T) curves for
H//c and H//ab can be fitted using the Curie-Weiss law:

x(I) = @)

T—0cw’

where C represents the Curie constant and 6cw is the
Curie-Weiss temperature. The x ~!(7) fittings for H//c
and H //ab are shown on the right coordinates in Figs. 2(a)
and 2(b), respectively. The effective magnetic moments
are Sy = 2.32up/fu. for H//c and p% = 2.84uz/fu.
for H//ab. These values are close to those reported pre-
viously, but slightly lower than the theoretical value of
et = 3.85 pp for the spin-only Cr’* ion, which imply
that some spins are organized in canted directions to can-
cel out the spin moments partially [37,38,41]. The positive
values of 0¢y, = 194.2 K and 6%, = 167.1 K indicate the
presence of FM couplings in both directions.

This divergent behavior in x(7) curves is commonly
observed in the Cr,Te, family, which can be attributed

to the presence of spin-glass or FM and AFM coexis-
tence [9,28,40,42—-45]. Roy et al. suggested the presence
of a spin-glass behavior near 35 K by investigating the
electrical resistivity of Cr,Tes thin film [28]. However,
Li et al. investigated the decaying magnetic remanence
moments and demonstrated that the coexistence of FM
and AFM is responsible for this behavior in x (7) curves
[40,46]. To confirm the spin configurations, the temperature-
dependent ac susceptibility [x'(7)] was measured using
an oscillated ac field of 5 Oe for H//c and H//ab, as
shown in Figs. 2(c) and 2(d). A sharp peak is observed
at approximately 180 K for H//c, while a broad peak is
detected at approximately 20 K for H//ab. All the peaks
are temperature independent, indicating that the phases in
the low-temperature region are a combination of AFM and
FM coexistence or canted FM, rather than a spin-glass
behavior [9,47,48].

Figures 3(a) and 3(b) display the field-dependent mag-
netization [M(H)] for H//c and H//ab. In Fig. 3(a),
the M (H) below T¢ increases rapidly until it reaches
the saturation magnetization for H//c. Figure 3(c) shows
the enlarged M(H) at T=2 K for H//c, revealing a
small magnetic hysteresis below the saturation field of
Hg ~ 3.5kOe. In Fig. 3(b), the M (H) for H//ab increases
slowly below T¢, but does not reach saturation. Both the
M (H) curves for H//c and H//ab exhibit PM behavior
above T¢. For a detailed investigation of the magnetization
behavior, Fig. 3(d) presents M (H) for H//ab up to 300
kOe (30 T). As can be seen, the M (H) for H//ab reaches
saturation at a field of approximately 155 kOe (15.5 T) at 2
K. However, the saturation magnetization for H //ab is still
smaller than that for H//c. As the temperature increases,

~_~
&0

L=
N
S

(b) s

40

o
S
T

M (emu/g)
|
—r —
\ E
! &
|
|
|
|
|
M (emu/g)
U
— .
\ z
\ -
3

i
S
T
w
S
3
=
|
&
S
T

Py
S
|
£y
S

-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6

H (10*0e)
(c) 60 T
L Hile | i
40 | &5‘_0“'
@ 20 | T=2K : Q:. :
= ) |
I A y------ 3
= wp | Ho=2400c :
—40 |- I |
L 1 | |
JPT) ) A I N RN NI NI S OFY v oy
-04 -03 =02 0.1 0.0 0.1 02 03 04 0 5 10 15 20 25 30
H (10*0e) H (10°0e)
FIG. 3. (a),(b) Field-dependent magnetization [M (H)] at dif-

ferent temperatures for H//c and H//ab. (¢) The magnetic
hysteresis loop at 7= 2 K for H//c. (d) Isothermal M (H) curves
up to high magnetic field for H//ab.

034006-4



CRITICAL PHENOMENON OF THE FERROMAGNET Cr;Tes. ..

PHYS. REV. APPLIED 22, 034006 (2024)

the saturation field decreases to 85 kOe (8.5 T) at 120 K.
The ratio of Hgb /H (approximately 44.3) in Cr,Te; is
larger than any other Cr-based TMDCs, such as Cr,Si; Teg
(16 times at 2 K) [49], Cr,Ge,Teg (2 times at 10 K) [50],
and Crls (1 times at 2 K) [51]. This indicates significant
PMA with the easy axis along the ¢ axis in Cr,Te;. The
strong PMA in 2D Cr, Te; is suggested to suppress thermal
fluctuations, resulting in Ising-like magnetic order even in
low-dimensional samples. Furthermore, strong PMA can
enable intriguing topological physics, making 2D Cr,Te; a
promising candidate for spintronic devices [30,34].

Due to the significantly strong PMA observed in Cr,Te;
single crystals, it is useful to perform an in-depth study
of the transition and critical behavior along the ¢ axis.
The initial isothermal M (H) curves are shown in Fig. 4(a)
to analyze the critical phenomenon. In general, the Arrott
plot, represented by the equation (H /M) = A + BM?,is a
valid method for investigating the critical behaviors, which
is associated with the mean-field theory with critical expo-
nents 8 = 0.5,y = 1.0, and § = 3.0. In an Arrott plot, M?
vs H/M should result in a set of parallel straight lines
in the high-field region, with the one at 7 intersecting
the origin. Additionally, the positive or negative slopes
of these lines can indicate the phase transitions is of a
second-order (continuous) or a first-order (discontinuous)
type [52]. Figure 4(b) shows the Arrott plot of Cr,Tes for
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for typical theoretical models, including 3D-Heisenberg, 3D-X7,
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H //c in the high field. The positive slopes observed in the
M? vs H/M curves suggest that the PM-FM transition for
H //c is of the second-order (continuous) nature in the high
field. However, these curves do not appear to be well par-
allel, indicating that the Arrott plot is not fully satisfied for
CI‘2T€3.

More generally, a modified Arrott plot (MAP) is uti-
lized, which is based on the Arrott-Noakes equation of
state [53]:

(H/M)"/" = (T - Tc)/Te + (M /M)YP 2

where M, is a constant. The critical exponents g, y, and
8 correspond to the spontaneous magnetization Mg below
T¢, initial magnetic susceptibility x, !above T¢, and criti-
cal isotherm magnetization M (H) at T¢, respectively. The
MAP consists of (M)# vs (H/M)"7, in which these
exponents fulfill the following functions [54]:

My(T) = My(—¢)P e < 0,T < T¢ 3)
xo(D~' = (ho/Mp)e¥ e > 0,T > Tc 4)
M =DH"? ¢=0,T=Tc, Q)

where ¢ = (T'— T¢)/T¢ represents the reduced temper-
ature, ho/My, My, and D are critical amplitudes. The
MAPs are constructed using different theoretical mod-
els, including Heisenberg, Ising, XY, and tricritical mean-
field models with dimensions ranging from one (1D) to
three (3D). Since the three-dimensional crystal structures,
only the typical MAPs for the 3D-Heisenberg, 3D-Ising,
3D-XY, and tricritical mean-field models are depicted in
Figs. 4(c)4(f), others are not shown here. All curves in
MAPs exhibit quasistraight lines, although some of them
such as the MAP of the tricritical mean-field model, are
not parallel to each other.

To determine the best model for Cr,Tes, the normal-
ized slope (NS) should be adopted, which is defined as
NS = S8(7)/S(T¢) with S(T) representing the slope of sin-
gle M8 vs (H/M)'7 . The model with NS closest to “1”
is considered the best for Cr, Tes. Figure 5(a) plots NS val-
ues for different models ranging from 1D to 3D, which
indicates that 3D-Ising model is the most suitable for
this system. However, the 3D-Ising model provides only
the initial parameters for the iteration method. To deter-
mine the appropriate critical exponents, a rigorous iterative
procedure is performed. Initially, Mg(7T) and x, Y(T) are
generated from MAP based on the 3D-Ising model. Then,
the linear fitting to the high-field region extrapolates the
intercepts of the M'/# axis and (H/M)'/" axis. Using
Egs. (3) and (4), a set of critical parameters can be derived
from Mg(T) and yx, (7). With the obtained values of 8
and y, an alternative MAP is constructed. This process
is repeated until § and y are stabilized. The final fitting
of Mg(T) and Xo_l(T) is shown in Fig. 5(b), in which
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critical exponents 8 = 0.340(5) with T = 178.065(4) K
and y = 1.114(1) with T¢ = 178.208(9) K are obtained.

Alternatively, the Kouvel-Fisher (KF) technique is used
to estimate the critical exponents as [55]

Ms(T) _Ice-T ©)
dMs(T)/dT B’
_1
Xo (D) _ Tc — T' 7

dy,"(Djar v

The Ms(T)/[dMs(T)/dT] and xq ' (D)/[dx, ' (T)/dT]
exhibits a linear relationship with temperature, with slopes
of 1/8 and 1/y, respectively. As shown in Fig. 5(¢c), 8 =
0.339(1) with T¢ = 178.021(1) K and y = 1.116(6) with
Te = 178.134(1) K are obtained using the KF technique.
The critical exponents obtained by the KF method closely
match those extracted by the MAP iteration, confirming
the reliability of the fitting results. Meanwhile, according
to Eq. (5), § can be determined by fitting the isotherm
M (H) at T¢. As shown in Fig. 5(d), it yields 6§ = 4.504(5).
Although these critical exponents are obtained indepen-
dently, they are inherently connected, as indicated by the
Widom scaling law [56]:

14
§=1+—. 8
t g ®)

Using the values obtained by the MAP iteration and KF
methods, § = 4.276(5) and § = 4.292(1) are obtained by
the Widom scaling law, respectively, confirming the reli-
ability and self-consistency of the obtained critical expo-
nents.

Figure 6(a) replots the final MAP with the obtained
B and y in the high-field region. In this region, all the
straight lines are parallel to each other and the line at
Tc crosses the origin. According to the universality prin-
ciple of phase transitions, M (H) curves near the critical
temperature satisfy the scaling equation [52]:

M(H, &) = ePf . (H /eP17). ©)

Here, fi for T > T¢ and f_ for T < T¢ are the regular
functions. The rescaled M (H) curves collapse onto two
independent branches above and below T¢, respectively,
as shown in Fig. 6(b). The scaling equation can also be
expressed as [52]

M €
HUS h <H1/(ﬂ+y)> : (10)
Here, 4 is the normalizing function. As seen in the inset of
Fig. 6(b), the M (H) curves around 7¢ scale onto a single
universal curve, with T¢ corresponding exactly to a zero
transverse coordinate.

Table I lists the critical exponents of Cr, Tes single crys-
tals determined using various techniques, along with those
of different theoretical models and related materials for
comparison. The critical parameters of Cr,Te; cannot be
categorized into a single universality class, which is com-
mon in the Cr,Te, family due to the complex and multiple
magnetic interactions. For instance, 8 of Cry4Tes is close to
the 3D-Heisenberg model while y approaches the 3D-Ising
and 3D-XY model [42]. For CrsTeg, its critical expo-
nents lie between the mean-field model and 3D-Heisenberg
model [43]. For Cr; Tes, the critical exponent 8 = 0.340(5)

(a) 2410 (b) 140 N
~ 120
= o L
_';lsxlm- E i N
i g sf b
A [
E 186 K] s el st
s A § wf '
S 12x10tf r 5
= B=0340)| T L f | F
y=1.114(1) g F ol B
60%10° L 1 L 1 L oF N 1 P
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(H/M)"" (Oe g emu™)"" He[ 7P (0e)
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@ E 20
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FIG. 6. (a) MAP with the obtained critical exponents in the
high-field region for H//c. (b) Scaling plot of normalized m (%)
curves for H//c (the insets show scaling plots of MH~'/% vs
eH~1/#B9) (c) MAP in the low-field region for H//c. (d) x (T)
under different fields.
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TABLE L.

Critical exponents of Cr,Te; single crystal, different theoretical models, and related Cr-based compounds [MAP, modified

Arrott plot; KF, Kouvel-Fisher (KF) technique; CI, critical isotherm analysis].

Composition Reference Technique Tc (K) B y )
CryTes (H//c) This work MAP 178.065(4) 0.340(5) 1.114(1) 4.276(5)
KF 178.021(1) 0.339(1) 1.116(6) 4.292(1)
CI 4.504(5)
Mean field theory 0.5 1.0 3.0
3ID-XY{d:n} =1{3:2} theory 0.345 1.316 4.81
3D-Heisenberg {d : n} = {3 : 3} theory 0.365 1.386 4.8
3D-Ising {d : n} = {3 : 1} theory 0.325 1.24 4.82
Tricritical mean field theory 0.25 1.0 5.0
2D long range {d : n} = {2 : 1} theory 0.298 1.393 5.67
2D short range {d : n} = {2 : 1} theory 0.125 1.75 15.0
Crls (H//c) [51] MAP 60.0 0.284(3) 1.146(1) 5.04(1)
Cr,GeyTeg (H/ /) [50] MEC 66.4 0.177(9) 1.746(8) 10.869(5)
Cro2Te (H//c) [46] MAP 230.76(9) 0.314(7) 1.83(2) 6.83(7)
Cr3Tes (H//c) [44] KF 313.793(6) 0.369(7) 1.303(4) 4.525(1)
CrsTeg (H//ab) [42] MAP 338.170(1) 0.405(1) 1.200(1) 3.96(2)
CryTes (H//ab) [43] MAP 318.70(2) 0.388(4) 1.290(8) 4.32(3)

closely aligns with the 3D-XY model with {d : n} = {3 : 2},
where d represents the spatial dimensionality and # denotes
the spin dimensionality. However, y lies between the tri-
critical mean-field models and the 3D-Ising model with
{d : n} = {3 : 1}. As shown in Table I, the critical exponent
y of Cr,Te; bears resemblance to that of Crl;.

Moreover, the critical exponents provide evidence sup-
porting the existence of long-range magnetic order in 2D
Cr,Te; as previously discussed [34]. In the case of a
homogeneous magnet, the universality of magnetic phase
transitions is determined by the exchange distance of spin
J (7). According to renormalized group theory, there is
J () &~ r~@+9) for the long-range interaction, while J () ~
e”"/® for the short-range interaction, where » denotes the
distance, o is a positive constant, and b is the spatial scal-
ing factor [54,57,58]. The spin interaction related to o is
determined by [54,57,58]

y = 1+fn+2Aa 8(n+2)(n—4)
dn+38 d?(n + 8)2

d
- 2G(5)(7Tn + 20) Ao,
n—4)(n+38)

(11)

where Ao =0 — (d/2), G(d/2) =3 — }(d/2)*. Based
on the experimental value of y = 1.114(1) and the
3D crystal structure, o = 1.71(6) is calculated, which
falls between the long-range and short-range interactions
(3/2 <o <?2).

For a magnetic system with multiple phase transitions,
the scaling curves usually diverge in the low-field region,
as shown in Fig. 6(c). Two different turning points appear
at H; and H, respectively. Based on the slope of the
MAP, it can be determined that a second-order phase tran-
sition exists at Hc while a first-order one occurs at H;.

Figure 6(d) displays x(7) under different external mag-
netic fields, the inset showing the field dependence of
Tc. It is evident that T¢ increases as the magnetic field
increases. By combining the above transition points, the
H-T phase diagram of Cr,Tes can be derived, as shown in
Fig. 7(a). The phase diagram is divided into four regions
by three phase-transition boundaries, which are, respec-
tively, labeled as PM (paramagnetic state), FFM (forced
ferromagnetic phase), canted FM1, and canted FM2 repre-
senting two kinds of canted spin textures.

a
5L Hile S—H,
11 <$—H,
~ 04} LaLat! ——Tc
8 27 hysteresis
S 0.
-
°
0.
0.1

©

canted FM1
forced FM (FFM)

FIG. 7. (a) H-T phase diagram of Cr,Te; single crystal for
H //c. (b) Magnetic interactions between different positions of Cr
ions. (c)—(e) Magnetic structures for canted FM1, canted FM2,
and forced FM (FFM).
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The multiple phases and transitions in Cr,Te; are a
result of the various magnetic couplings caused by its
unique crystal structure. Figure 7(b) provides a schematic
representation of the exchange couplings, showing the dif-
ferent positions of the Cr atoms: Crl, Cr2, and Cr3. Crl
ions are located in the vacancy layers, while Cr2 and Cr3
ions are classified based on the number of nearest neigh-
bors along the ¢ axis. Cr2 has no nearest neighbor, while
Cr3 has one. Previous studies indicate that the spin-canting
model arises from the competition between interlayered
direct interaction and intralayered superexchange, which
depend on the atomic spaces [35,59]. The superexchange is
associated with the angle of Cr-Te-Cr [35,59]. In Fig. 7(b),
the distances between different Cr atoms are d; = 3.9337
A,d, =3.0182 A, and § = 92.96°, which indicate that the
FM coupling dominates in the intralayers while the AFM
coupling prevails between the interlayers. Density func-
tional theory (DFT) suggests that the spins can align only
in parallel when the average moments of Cr are 3.03 5 /Cr,
which is notably higher than the experimental value. This
implies that the spins should be canted to counterbalance
a portion of the magnetic moments [36,37]. Between Crl
and Cr3, the spins are deflected in different directions due
to the direct AFM exchange, resulting in polar angles
indicated in blue and purple, respectively. Due to the pre-
dominance of intralayered FM coupling, Cr2 and Cr3 have
similar spin-canting directions. However, since Cr2 has no
nearest neighbor along the ¢ axis compared to Cr3, the
polar angle of Cr2 is larger. On the other hand, the spin-
canting angle for Cr2 and Cr3 are smaller than that of
Crl (6;). As shown in Fig. 7(c), the ground magnetic state
of Cr,Te; actually is a ferrimagnetic (FIM) configuration
when projected to the in plane, which is consistent with
the decline of x (7) curves. As the field increases, the Cr
spins canted in the fully occupied layers (i.e., Cr2 and Cr3)
are preferred to be polarized, resulting in another canted
or noncollinear model, as shown in Fig. 7(d). With a fur-
ther increase of the field, the polar angle is completely
polarized into the FFM state. On the other hand, with
the increase of temperature, the canted FM or FFM states
transform to the PM phase above approximately 181 K.
The thermal hysteresis in x (7) curves indicates that the
transition to canted FM2 under lower field is of the first-
order type, while the transition from canted FM1 or FFM
to PM under higher field is of the second-order one. This
means that the first-order magnetic transition under low
field can be suppressed by the external magnetic field.

IV. CONCLUSION

In summary, the magnetization and magnetic anisotropy
of Cr,Te; single crystal were systematically investigated.
FM-PM transitions were observed for both H//c and
H//ab at T¢ ~ 181 K. Additional, the study of magne-
tization revealed exotic magnetic behaviors, such as a

field-modulated first-order transition, a canted FM cou-
pling rather than spin-glass behaviors as previous reported.
Anisotropic magnetization showed significant PMA with a
negligible saturation field for H//c but a distinct one up
to 155 kOe for H//ab, stronger than any other Cr-based
TMDC:s. Critical exponents 8 = 0.340(5), y = 1.114(1),
and § = 4.504(5) were obtained for H//c, which do not
belong to any university classic model but fall between the
3D-XY and 3D-Ising models, suggesting strong anisotropic
magnetic coupling. An H-T phase diagram for Cr,Te;
single crystal was constructed for H//c, revealing the
canted FM1, canted FM2, FFM, and PM phases. The phase
diagram showed that the transition to the canted FM2
under lower field is of the first-order type, but can be
suppressed into a second-order one by the external mag-
netic field. The multiple phase transitions and complex
magnetic structures in Cr,Te; arise from the competition
between the intralayered superexchange (FM couplings)
and the interlayered direct interactions (AFM coupling).
The various magnetic configurations and PMA of Cr,Te;
make it highly potential for spintronic device applications.
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