PHYSICAL REVIEW B 108, 094429 (2023)

Field-dependent anisotropic room-temperature ferromagnetism in Cr;Te,
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Materials hosting intrinsic room-temperature ferromagnetism have significant application in spintronics. In
this context, the transition metal sulfide chromium telluride (Cr,Te,) has sparked significant attention due to its
room-temperature ferromagnetism, as well as high magnetic anisotropy, easy tunability, and air stability. This
study carefully examines the magnetic characteristics of an intrinsic room-temperature ferromagnetic Cr; Te4 sin-
gle crystal. Magnetization measurements identify a paramagnetic-to-ferromagnetic (PM-FM) phase transition at
Te ~322 K and high magnetic anisotropy. Meanwhile, a coexistence of ferromagnetism and antiferromagnetism
is unveiled below 7y ~90 K. A systematic investigation of magnetization isotherms collected near 7 provides
the asymptotic critical exponents 8 = 0.365(5), y = 1.212(9), 6 = 4.580(4) for H//ab, and B = 0.370(3),
y = 1.329(1), § = 4.554(9) for H//c. The obtained critical exponents for H//ab and H//c suggest strong
anisotropic and multiple magnetic interactions in Cr3Te4. The comprehensive H — T phase diagrams for H//ab
and H//c are constructed using universal scaling and detailed magnetization, revealing strong field-dependent
anisotropic room-temperature ferromagnetism and coexistence of ferromagnetism, antiferromagnetism, and
noncollinear ferromagnetism. The multiple phases demonstrate that the magnetic couplings in Cr;Tey are

mediated by intralayer super exchange, interlayer double exchange, and direct exchange.

DOI: 10.1103/PhysRevB.108.094429

I. INTRODUCTION

The finding of intrinsic long-range magnetic ordering
in two-dimensional (2D) materials sparks interest in low-
dimensional magnetism and opens the door to spintronics
applications. According to the Mermin-Wagner theorem,
long-range magnetic order cannot exist in a 2D isotropic
Heisenberg system due to the strong thermal fluctuation [1].
However, strong anisotropy can suppress the thermal fluctu-
ation, leading to long-range magnetic ordering in a 2D sys-
tem [1]. Intrinsic long-range magnetic ordering is respectively
found in monolayered Crl; [2] and bilayered Cr,Ge,Te¢ [3],
which opens the opportunity to low-dimensional magnetism.
Subsequently, in Fe;GeTe, with Curie temperature Ty ~
205 K, long-range ferromagnetism is revealed to be main-
tained until monolayer, which can be modulated to room
temperature by the ionic gate method [4]. Theoretical studies
predict that intrinsic ferromagnetic order may also exist in
other systems, such as monolayered Cr,Si,Teg with T¢ ~
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33 K for bulk crystals [5,6]. However, these materials are
very unstable in air and 7¢ is much lower than the room
temperature, especially for the monolayered or few-layered
samples, significantly hindering their applications.
Chromium telluride Cr,Tey, a transition metal sulfide fam-
ily of materials, has received a lot of interests for its easy
tunability, room-temperature ferromagnetism, strong mag-
netic anisotropy, and air stability [7-9]. For example, intrinsic
ferromagnetism has been observed in ultrathin CrTe crystals,
which are non van der Waals (vdW) structures but still can be
exfoliated due to the low cleavage energy of (002) face [10].
The T¢ of 2D CrTe (~367 K) is higher than that of a bulk
(~343 K) crystal, both of which are above room tempera-
ture [10]. The crystal structure of Cr,Te, can be tuned by
stoichiometry, pressure, and field. Corresponding changes in
conductivity and magnetism occur simultaneously [11-14].
Many materials in this family have been reported to have
near-room-temperature 7¢ and tunable magnetism, includ-
ing 1T-CrTe, (~320 K) [15], CrsTeg (~230 K for trigonal
and ~222 K for monocline) [16,17], Cr3Tes (~316 K) [18],
CryTes (~318 K) [19], and CrsTes (~338 K) [20]. Ad-
ditionally, a topological Hall effect has been detected in
Cr,Tey, suggesting the presence of topological or noncollinear
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magnetic structures such as skyrmions in CrTe single crys-
tals and Cr,Tes;-Bi interface, bi-skyrmions in Cr;Tey4, and
Moiré superlattice in CrsTeg heterostructure [9,21-29]. In
particular, the bi-skyrmion in Crs3Te, is suggested to pro-
mote the development of a new generation of high-density
memory functions, whereas the spin filtering effect in Cr3Tey
can further show its superiority in spintronic device appli-
cation [30]. In addition, for atomic-thick Crs;Te4, previous
studies have unveiled that the Curie temperature and the mag-
netocrystalline anisotropy are strongly dependent on the layer
numbers [31,32].

Although many theoretical and experimental studies have
been carried out on 2D Cr;Tey4 [29,31,32], however, few in-
vestigations have been performed for bulk single crystals.
Because of the exotic physical properties such as room-
temperature ferromagnetism and bi-skyrmion in Cr;Teq,
magnetic structures must be clarified due to the close re-
lationship between the exotic properties and its magnetism.
Therefore, this study thoroughly investigates the magnetism
of the Cr;Te, single crystal. The magnetization study suggests
that the CrzTe4 single crystal exhibits anisotropic magnetic
behaviors with the easy axis in ab plane. Using analytical
techniques such as modified Arrott plot, Kouvel-Fisher plot,
and critical isotherm analysis, critical exponents 8, y, § are
obtained for H//ab and H//c. The obtained critical exponents
with different field orientations suggest strong anisotropic
and multiple magnetic interactions in Cr3Te, single crystal.
Furthermore, H — T phase diagrams for H//ab and H//c
are constructed, and the magnetic structures are explored.
Multiple magnetic interactions, including intralayer super ex-
change, interlayer double exchange, and direct exchange, are
revealed.

II. EXPERIMENTAL METHODS

Single crystals of CrzTes were grown by a chemical va-
por transport (CVT) method [18]. High-purity powders of
Cr (99.99%, Alfa Aesar) and Te (99.99%, Alfa Aesar) were
mixed thoroughly in an Ar-filled glove box. The mixture
was sealed in an evacuated quartz tube, with iodine used as
the transport agent. The quartz tube was heated up slowly
to 400°C, and held at that temperature for 24 hours. Then,
it was continuously heated to 1000 °C for the source zone
and 820 °C for the depositional district. After being held for
a week, the quartz tube was cooled to room temperature.
Finally, bright single crystals with hexagonal shape can be
acquired on the cold side of the tube.

The crystalline structure was checked by the x-ray diffrac-
tion (XRD) with Cu Ko radiation using Rigaku-TTR3
diffractometer. The chemical compositions were determined
by the energy dispersive x-ray spectrometry (EDXS) in an
FEI Nanolab 600i SEM/FIB dual beam system. The mag-
netic behaviors were measured by a superconductive quantum
interference device vibrating sample magnetometer (SQUID-
VSM) (MPMS-3, Quantum Design). To acquire the initial
isothermal magnetization, the sample was heated above the
phase transition temperature. Then, after held for 2 minutes,
the sample was cooled to the target temperature under zero
field to carry out the isothermal magnetization measurement.
The temperature dependence of magnetization [M (T )] curves
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FIG. 1. (a) Crystal structure of Cr;Tes. (b) XRD patterns for
powder and single-crystal Cr;Te, (the inset shows the rocking curve).
(c) EDXS of the single crystal (the inset gives the picture of the
as-grown single crystal).

were measured under zero-field cooling (ZFC) and field-
cooling (FC) sequences, respectively. The ZFC M(T) curve
was obtained by cooling the sample to low temperature under
zero field, and then measured on warming under external field.
The FC M (T') curve was registered by cooling the sample to
low temperature under external field, and then measured on
warming under external field.

III. RESULTS AND DISCUSSION

Figure 1(a) illustrates the crystal structure of Cr3;Tes, which
has a monoclinic symmetry with pseudo-NiAs type belonging
to the space group 12/m (No.12). Alternatively, Cr3Te4 can be
regarded as CrTe, with intercalation of 50% Cr atoms [33,34].
The Cr vacancies are ordered along the ¢ axis, where Crl and
Cr2 represent the fully-occupied and vacant layers, respec-
tively [18,35-37]. Figure 1(b) shows XRD patterns for Cr;Tey
powder and single crystal. The powder XRD can be fitted
with the space group I2/m, which gives the lattice constants
a=6.871(5) A, b =3.9439) A, ¢ = 12.297(9) A, and B =
91.068(5)°. The obtained lattice constants are in agreement
with the previous reports [18,35]. The observed Bragg peaks
of the single-crystal XRD pattern can be indexed by (00/)
indices of the lattice plane, suggesting that the ¢ axis is per-
pendicular while the ab plane is parallel to the surface of the
sample. The inset of Fig. 1(b) displays the rocking curve of the
single crystal, which exhibits a single peak with full-width-at-
half-maximum (FWHM) of A6 = 0.159°. Figure 1(c) shows
the EDXS of the single crystal, which gives the stoichiometry
of Cr: Te = 3 : 4.069, highly close to the desired ratios [38].
The picture of the single crystal is presented in the inset of
Fig. 1(c), the hexagonal shape of which agrees with the crystal
structure. The XRD and EDXS indicate the high quality of the
as-grown single crystals.

Figures 2(a) and 2(b) display the M(T) curves for
H//ab and H//c, respectively. As temperature decreases,
a paramagnetic-to-ferromagnetic (PM-FM) transition occurs
for both H//ab and H//c. The insets of Figs. 2(a) and 2(b)
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FIG. 2. [(a),(b)] Temperature-dependent magnetization [M(T)]
for H//ab and H//c (the insets plot dM/dT with H = 100 Oe).
[(c),(d)] Field-dependent magnetization [M(H)] at T =2 K for
H//ab and H//c (the insets show the enlarged M(H) curves in
low-field region for 7 = 2 K and 200 K).

show the dM/dT curves for H//ab and H//c, respectively,
where the Curie temperature (7¢) are determined as TC‘”’ =
322 K and 7£ = 321 K by the minimum of dM/dT curves.
As the temperature drops, both M(T) curves for H//ab and
H//c show a decline at ~90 K, indicating another magnetic
transition. Under H = 1000 Oe, the magnetic steps are AM ~
4.3 emu/g for H//ab and AM ~ 5.8 emu/g for H//c. In
fact, the magnetic transition at 90 K is demonstrated to be an
antiferromagnetic (AFM) one, in agreement with the previous
reports [18,35].

Furthermore, M(T) curves under ZFC and FC sequences
display low-temperature divergence, which may be at-
tributed to canted AFM structures and magnetocrystalline
anisotropy [17,39]. M(T') values for H//ab are substantially
larger than those for H//c, indicating that the easy axis is
within the ab plane. It is noticed that the easy axis of a
monolayered CrsTey is out-of-plane, suggesting that the easy
axis can be modified by crystal thickness [31]. The difference
between the M(T) curves for is resulted from the magnetic
anisotropy. For the magnetic material with strong anisotropy,
the direction of applied field usually affects the magnetic be-
haviors. For Cr3Tey, the T¢ for H//ab and H//c are identical,
which means that the direction of field has rarely effect on the
FM transition. However, the heights of the steps at 7y are very
different for H//ab and H//c, which indicates that the direc-
tion of field has a significant influence on the AFM transition
temperature. The AFM step for H//c is larger than that for
H//ab, indicating the enhancement of the AFM transition for
H//c. The field dependence of magnetization [M(H)] mea-
sured at T = 2 K for H//ab and H//c are shown in Figs. 2(c)
and 2(d), respectively. The saturation field and saturation mag-
netization are determined as H. S“b ~ 20 kOe with Mgb ~ 7.98
ug/f.u. for H//ab, and H§ ~ 24 kOe with Mg ~ 8.86 ug/f.u.
for H//c, respectively. The enlarged M(H) curves at 2 K
and 200 K in the low-field region are shown in the insets of
Figs. 2(c) and 2(d). In the low-field region, M (H) for H//ab
increases sharply while that for H//c increases gradually,
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FIG. 3. [(a),(b)] Initial isothermal M (H ) around T¢ with H//ab
and H//c. [(c),(d)] Arrott plot for H//ab and H//c.

confirming the easy axis along the ab plane for bulk crystals.
Moreover, very small loops are observed in low-temperature
and low-field regions, which are rarely affected by the phase
transitions.

To further explore the magnetic anisotropy and nature of
PM-FM transition in Cr3Tey, the initial isothermal M(H)
curves were measured around 7. Both initial isothermal
M (H) curves for H//ab and H//c reveal saturation behaviors
below T¢, as shown in Figs. 3(a) and 3(b). The Arrott plot of
M? vs H/M can uncover useful information for FM transition.
The M? vs H/M plot should demonstrate a series of straight
lines parallel to each other in the high-field region, with the
one at T going through the origin. The slopes of the M?
vs H/M curves reveal the order of the transition: A positive
slope suggests a second-order (continuous) phase transition,
whereas a negative slope implies a first-order (discontinuous)
one [40]. Figures 3(c) and 3(d) show the Arrott plots of M? vs
H/M for H//ab and H//c respectively, with positive slopes
indicating second-order phase transitions. However, the M?
vs H/M curves are nonlinear and not parallel, suggesting that
the Arrott plot associated with the mean-field model cannot
explain the critical behaviors of Cr;Tey.

In general, the magnetic behaviors are described by the
Arrott-Noakes equation of states [41],

H/M)'Y = (T —Te)/Tc + M/My)P, (1

where B and y are the critical exponents, and the M, is
constant. The critical exponents can be determined by the
following functions [42]:

M(T) = My(—¢)f, &<0,T <T, 2)
x0(T)™" = (ho/Mo)e”, &>0,T > Tp, 3)
M=DH'Y® ¢=0T=T, )

where ¢ = (T — T¢)/T¢ is the reduced temperature, hy/M,
My, and D are critical amplitudes. The critical exponents S,
y, and § are corresponding to the spontaneous magnetization
Mg, initial magnetic susceptibility o, and isothermal M (H)
at T, respectively. Since the traditional Arrott plot cannot
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FIG. 4. Modified Arrott plots (MAPs) of M'/# vs H/M'/” for different theoretical models including 3D-Heisenberg, 3D-Ising, 3D-XY, and
tricritical mean-field models. [(a)—(d)] Those for H//ab, and [(e)—(h)] those for H//c.

describe the critical behaviors of Cr;Tey4, the modified Arrott
plot (MAP) of M'/# vs (H/M)'/" is adopted. In order to obtain
the critical parameters, four common models, 3D-Heisenberg,
3D-Ising, 3D-XY, and tricritical mean-field models, have been
opted to construct the MAPs for both H//ab and H//c. As
can be observed, all of the M'/# vs (H/M)"" in Fig. 4
are quasistraight in the high-field region. Thus, the optimum
model for describing the critical behaviors of Cr;Tey still
needs to be determined. To choose the best model representing
spin interactions in Cr3Te,, we utilized the normalized slopes
(NS) technique defined as NS = S(T")/S(1¢) [where S(T') is
the slope of single M'/# vs (H/M)'/7]. The NS should be
near “1” if the MAP displays a series of entire parallel lines
regardless of temperature. As seen in Figs. 5(a) and 6(a),
the 3D-Heisenberg model is the most suitable initial one for
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FIG. 5. The fitting for H//ab: (a) NS vs T for different models.
(b) My (left) and yx, U (right) with the fitting curves (red). (c) The
initial M(H) at Tc = 320 K with that on log-log scale in the inset.
(d) KF plot for Ms(dMs/dT)™" (left) and x,'(dx, ' /dT)~" (right)
with fitted lines.

H//ab and H//c. A rigorous iterative procedure is employed
to identify the proper values of 8 and y. By linear extrap-
olation from the high-field region to the intercepts with the
axes M/ and (H/M)"7, the initial values of M¢(T) and
Xo '(T") with H//ab and H/ /c are determined from the MAPs
based on 3D-Heisenberg model. New MAPs are constructed
using the newly obtained values of 8 and y. This process
is repeated until 8 and y are stable. Figures 5(b) and 6(b)
show the final Mg(T') and x; (T with solid fitting curves for
H//ab and H//c, respectively. Using this iterative method,
the critical exponents 8 = 0.365(5) with T = 320.335(5)
K and y = 1.212(9) with Tc = 320.642(2) are obtained for
H//ab. Meanwhile, 8 = 0.370(3) with T = 313.955(8) K and
y = 1.329(1) with Te = 314.246(4) K are acquired for H//c.
Figures 5(c) and 6(c) show isothermal magnetization M (H ) at
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FIG. 6. The fitting for H//c. (a) NS vs T for different models.
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initial M(H) at Tc = 314 K with that on log-log scale in the inset.
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with fitted lines.
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critical temperatures Tc = 320 K for H//ab and Tr =314 K
for H//c, respectively, with the insets plotted the same curves
on a log-log scale. Equation (4) can be used to obtain the third
critical exponent § = 4.580(4) for H//ab and § = 4.554(9)
for H//c. The exponents can be examined using the Widom
scaling relation, which provides the following relationship
between 8, v, and § [43]:

14
§=1+=. 5
5 &)

Using the 8 and y from the MAP iterative method, we found
6 =4.318(8) for H//ab and § = 4.588(7) for H//c, confirm-
ing the self-consistency and reliability of the derived critical
exponents.

Alternatively, the critical exponents can be further exam-
ined by the Kouvel-Fisher (KF) technique [44],

My(T)  Tc—T ©
dMy(T)/dT ~— B

T Te — T

6 O _ I @)
dx, (T)/dT 14

The Ms(T)/[dMs(T)/dT] and x, ' (T)/[dx, ' (T)/dT] are
linear in relationship with temperature, with slopes 1/8 and
1/y respectively. As shown in Fig. 5(d), the linearly fitting
gives B = 0.353(2) with 7¢ = 320.269(7) Kand y = 1.211(1)
with T = 320.631(3) K for H//ab. Meanwhile, as plotted
in Fig. 6(d), B = 0.369(7) with T = 313.793(6) K and y =
1.303(4) with T = 314.362(1) K are acquired for H//c. The
values of B and y obtained from the KF method are consistent
with those extracted by the MAP iterative method, further
confirming the reliability of these obtained critical exponents.
It is important to verify that these critical exponents fulfill
the magnetic equation of state in the asymptotic critical re-
gion. The magnetic equation of state is presented as follows:

M(H, &) = &P fL(H/ePHT), ®)

where f1 (T > T¢) and f_ (T < Tt) are the regular functions.
Equation (8) can also be stated in terms of renormalized
magnetization m = e PM(H,e) and renormalized field
h=¢e BtVH ag

m = f(h). )

Equation (9) predicts that for the proper selection of critical
exponents, the normalized m(h) curves should split into
two distinct branches for T > T¢ and T < T¢. As shown in
Figs. 7(a) and 7(b), all m(h) curves around ¢ collapse onto
two distinct branches. Alternatively, the accuracy of critical
exponents and T¢ is confirmed more rigorously by plotting
m? against 1/m. The inset of Figs. 7(a) and 7(b) depict m?> vs
h/m in which all curves are split into two universal curves:
one for T > Tr and another for T < T¢, indicating that
interactions in the critical regime are properly renormalized
using a scaling state equation. Figures 7(c) and 7(d) show the
final MAPs obtained with the values 8 = 0.365(5) and y =
1.212(9) for H//ab, and B = 0.370(3) and y = 1.329(1) for
H//c, respectively. The final MAPs show that all the lines in
the high-field region are reasonably straight and that one line
crosses the origin at 7o = 320 K for H//ab and T = 314 K
for H//c. The critical exponents of CrsTes single crystal
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FIG. 7. [(a),(b)] Scaling plot of normalized m(h) curves for
H//ab and H//c (the insets show scaling plots of m? vs h/m).
[(c),(d)] MAPs with the obtained critical exponents on liner scale
in high-field region for H//ab and H//c.

determined using various techniques are provided in Table I
for comparison with those of related materials and theoretical
models. The critical exponents 8 for both H//ab and H//c
are close to the 3D-Heisenberg model. However, y for H//ab
is close to the 3D-Ising model and that for H//c is close
to the 3D-XY model, which indicates anisotropic magnetic
interactions in this system. The critical exponents of Cr;Tey
single crystal cannot be described under a single universality
class, which is similar to other compounds of the Cr,Te,
family listed in Table I. This result demonstrates multiple and
complex magnetic interactions in CrsTey4, as well as in other
Cr, Te,. The universality class of the magnetic phase transition
depends on the exchange interaction J(r). According to the
renormalization group theory, the exchange interaction decays
as J(r) ~ 1/r%+ for long range, and J(r) ~ e¢~'/? for short
range (where d is spatial dimensionality, o is a positive
constant, b is a spatial scaling factor, and r is the spatial
distance). The J(r) is related to y and o as [42,45]

_ +§n+2 8(n+2)(n—4)
V=i dn s 2(n + 8)?
d
x |14+ w Ao? (10)
(n—4)(n+3)

where n is the spin dimensionality, and Ao = o — %, G(%) =
3-— %(%)2. The parameter in the above expression is adjusted
for particular values of {d : n} to produce values similar to
those obtained experimentally, y = 1.212(9) for H//ab and
y = 1.329(1) for H//c. The process is repeated with a dif-
ferent set of {d : n}. It was observed that for {d : n} = {3 : 1}
and o = 1.863(3), the exponent y approaches experimentally
obtained values for in-plane (H//ab). According to the
following expressions: v=y/o, a =2 —vd, B=(2—
a—y)/2,8 =1+ y/B, the other exponents are computed as
B =0.369(8) and § = 4.277(1), which match the experimental
values, showing that the finding is reliable. Meanwhile, for
H//c, {d:n}=1{3:2}, and o = 1.934(2), the exponents
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TABLE I. Comparison of critical exponents of Cr3Tey single crystal, related Cr, Te, compounds, and different theoretical models [modified
Arrott plot (MAP), Kouvel-Fisher (KF) technique, and critical isotherm (CI) analysis].

Composition Reference Technique Te (K) B y )
MAP 320.335(5) 0.365(5) 1.212(9) 4.318(8)
. KF 320.269(7) 0.353(2) 1.211(1) 4.429(4)
Cr;Teqs H//ab This paper CI 4.580(4)
MAP 313.955(8) 0.370(3) 1.329(1) 4.588(7)
. KF 313.793(6) 0.369(7) 1.303(4) 4.525(1)
CrsTes H//c This paper I 4.554(9)
Mean-field Theory 0.5 1 3
3D-XY Theory 0.345 1.316 4.81
3D-Heisenberg Theory 0.365 1.386 4.8
3D-Ising Theory 0.325 1.24 4.82
Tricritical mean field Theory 0.25 1.0 5
m-CrsTes(H//c) [17] MAP 222.13(4) 0.327(4) 1.26(1) 4.85(1)
CroeTe H//c [16] MAP 230.76(9) 0.314(7) 1.83(2) 6.83(7)
CrsTes(H//ab) [19] MAP 319.06(9) 0.388(4) 1.290(8) 4.32(3)
CrsTeq(H//ab) [20] MAP 340.73(4) 0.485(3) 1.202(5) 3.52(3)

B =0.366(3) and 6 =4.628(2) are in good agreement with our
experimentally determined values for out-of-plane (H//c).
Consequently, the calculations reveal that the interaction
decays with distance as J(r) ~ r~*83 for in-plane (H//ab)
and J(r) ~ r~*93 for out-of-plane (H//c), respectively. It is
noticed that the magnetic coupling of the monoclinic CrsTeg
(m-CrsTeg) is also of the Ising-like type for H//c [17].
However, the critical behavior of Cr4Tes for H//ab is of
a 3D-Heisenberg type, whereas CrsTeg for H//ab is of a
3D-Ising one [19,20]. The variety of universality classes
confirms complex magnetic interactions in Cr,Te,.

Since the CrsTe4 possesses multiple phase transitions and
complex magnetic structures, it is necessary to construct the
H — T phase diagrams for H//ab and H//c. Based on low-
field MAPs and M(T ) curves in Figs. 8(a)-8(d), the transition
boundaries can be distinguished by the inflection points. Fig-
ures 9(a) and 9(b) show the H — T phase diagrams of Cr;Tey
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FIG. 8. MAPs on log-log scales based on the obtained critical
exponents in lower-field regions for (a) H//ab and (b) H//c. M(T)
curves under different field for (¢c) H//ab and (d) H//c.

single crystal for H//ab and H//c, respectively. As shown by
the M(T) curves in Figs. 8(c) and 8(d), an AFM ordering oc-
curs at Ty ~ 90 K. However, the FM behavior remains below
Ty, which suggests the coexistence of AFM and FM phases.
The neutron diffraction has demonstrated the FM coupling

along the a axis and AFM coupling along the (_b) + ) direc-
tion [46]. The spins of Crl and Cr2 are respectively arranged
at angles of 38° and 30° with the a axis, as shown in the left
insets of Figs. 9(a) and 9(b) [46]. As illustrated in Fig. 1(a),
Cr3Tes can be regarded as (Cr1)>*Te, with intercalated
50% (Cr2)>* atoms {i.e., [(Cr1)**],[(Cr2)**];Tes}, where
(Cr1)** (3d?) loses more electrons than (Cr2)** (3d*) [33,47].
Therefore, there are two different layers of Crl and Cr2, re-
spectively. The AFM coupling is suggested to originate from
the d — d direct exchange between Cr atoms (Crl1-Crl and
Cr2-Cr2). The FM interaction stems from two couplings: the
d — p — d super exchange between the intralayered near-90°
Crl-Te-Crl (or Cr2-Te-Cr2) and double exchange between
interlayered Crl-Te-Cr2 [47,48]. The nearest Cr-Te-Cr pairs
form the super exchange for the intralayer Cr atoms, which fa-
vors the in-plane FM coupling. For the interlayered Cr atoms,

il
80 300 310 320
T (K)

FIG. 9. [(a),(b)] H — T phase diagrams of Cr;Te, single crys-
tal for H//ab and H//c (AFM, FM, NC-FM, FFM, and PM are
on behalf of the antiferromagnetic, ferromagnetic, noncollinear fer-
romagnetic, forced ferromagnetic, and paramagnetic phases). The
insets show the magnetic structures for (a) H//ab and (b) H//c.
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the double exchange dominates the nearest Cr1-Te-Cr2 pair,
which enhances the out-of-plane FM coupling. However, the
direct exchange AFM coupling competes with these two FM
couplings. These three kinds of magnetic couplings [direct
exchange (AFM), super exchange (FM), and double exchange
(FM)] collectively result in the complex coexistence of AFM
and FM phases in Cr;Tes. Under a lower field (H < Hy), as

the temperature increases, the AFM coupling along (_b) +7)
direction is suppressed, which results in the appearance of a
noncollinear FM (NC-FM) state, as illustrated in the bottom
insets of Figs. 9(a) and 9(b) [9,49]. This indicates that the
two kinds of Cr ions in Cr3Tes have strong magnetic inter-
action with each other, which cannot ordered independently.
The NC-FM state is resulted from the strong magnetic in-
teraction between these two kinds of Cr ions. Under higher
field (H > Hy), both spins of Crl and Cr2 are polarized into
the forced FM (FFM) state, as shown in the right insets of
Figs. 9(a) and 9(b). Therefore, the multiple phases and mag-
netic structures in CrzTey4 are resulted from variable magnetic
interactions, including intralayer super exchange, interlayer
double exchange, and direct exchange. The Cr,Te,, hosting
complex magnetic phases and spin configurations, proves a
platform to investigate the multiple magnetic interactions and
couplings.

IV. CONCLUSIONS

In conclusion, the magnetic properties and critical behav-
iors of Cr3Tey single crystal with intrinsic room-temperature
ferromagnetism have been thoroughly explored for H//ab
and H//c. In contrast to the perpendicular anisotropy of the
Cr;Tes thin film, the magnetization study reveals a field-
dependent anisotropic FM ordering with the easy axis within

the ab plane in Cr3Tey single crystal. The critical exponents
obtained through the critical behavior analysis in the vicinity
of the FM-PM transition are S = 0.365(5), y = 1.212(9),
8 =4.580(4) for H//ab, and B = 0.370(3), y = 1.329(1),
8 = 4.554(9) for H//c. The obtained critical exponents for
H//ab and H//c indicate strong anisotropic and multiple
magnetic interactions in Cr3Tes single crystal. Moreover,
the obtained J(r) ~ r~*+863 for H//ab and J(r) ~ r~*°3 for
H//c suggest that the magnetic interactions lie between a
long-range and short-range magnetic interaction. The H — T
phase diagrams for H//ab and H//c are constructed, which
unveil the coexistence of FM, AFM, NC-FM phases at low
temperature and the field-dependent anisotropic FM state at
room temperature. The multiple phases and variable mag-
netic structures in Cr;Te4 are resulted from the competition
between the intralayer super exchange, interlayer double ex-
change, and direct exchange.
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