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Two-dimensional magnetic materials hold great promise for applications toward efficient data storage and
transfer. It would be a huge advantage if their ground-state properties had strong responses against external
stimulations, such as magnetic and electric fields. Here, we report several intriguing discoveries in single-crystal
Cr,Te;. Based on comprehensive specific heat, differential scanning calorimetry, variable-temperature x-ray
diffraction, and linear-thermal-expansion measurements, we find that Cr,Te; has a low-temperature ferromag-
netic (FM) ground-state phase, which changes to an antiferromagnetic (AFM) phase when temperature is
increased to Tc = 160 K. This FM-AFM transition is a first-order phase transition, and the transition temperature
can be further enhanced to 178 K by a moderate magnetic field. At the same time, the first-order phase
transition will transform into a second-order phase transition, indicating strong spin-lattice coupling (SLC).
A second-order AFM-paramagnetic phase transition emerges at 7y = 181 K. This AFM phase is gradually
suppressed by the magnetic field and eventually disappears at a critical field of 0.48 T. The SLC results in a
notable negative-thermal-expansion coefficient of —17.2 ppm/K and a remarkable magnetostriction coefficient
of 44.7 ppm/T at 200 K. With the assistance of first-principles density functional theory calculations and Monte
Carlo simulations, we conclude that the collinear FM, canted FM, and AFM configurations in Cr,Te; depend
on the temperature and applied magnetic field. Our work reveals the highly tunable magnetic phases and SLC in
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Cr,Tes, which will be helpful for developing the potential functionalities of this material.
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I. INTRODUCTION

Two-dimensional (2D) magnetic materials have recently
received increased attention. Besides being ideal experimental
platforms for many magnetic exchange interaction models,
they have potential applications in spintronics devices. Mag-
netic anisotropy in 2D materials has long been theorized to
enable long-range magnetic ordering, forming 2D magnets
[1]. Recently, such devices were experimentally confirmed
with the discovery of monolayer Crl; and bilayer Cr,Ge, Teg,
with Curie temperatures 7¢ of only 45 K [2] and 30 K
[3], respectively. Monolayer Fe;GeTe, (Tc = 20 K) uses
an ionic gate method, and its T¢ could be raised to room
temperature [4]. The search for high-temperature 2D mag-
netic materials has been intense, involving theoretical and
experimental efforts. The research work has also seriously
considered transition metal dichalcogenides. Monolayer VSe,
has been successfully grown via the molecular beam epitaxy
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method [5], which can maintain a robust ferromagnetic (FM)
behavior with a large magnetic moment above room tempera-
ture even if it is chemically unstable. Yu et al. [6] reported that
introducing thiol molecules onto the VSe, surface could pas-
sivate the exfoliated flakes, thus well addressing the instability
problem. In the monolayer limit, epitaxial MnSe, also exhibits
room-temperature ferromagnetism [7]. For TaS,, magnetic
ion intercalated Mng »5TaS; and Feg »5TaS, thin films can both
have long-range FM orders [8]. Two-dimensional magnetic
materials present formidable challenges due to their low Curie
temperature and instability. Researchers have recently turned
their attention to metal tellurides, specifically Cr-based Te
compounds.

Chromium tellurides Cry,,Te, (—0.333 < x < 1) exhibita
wide variety of structural, electrical, and magnetic properties
due to their rich physical phases and tunability. According
to previous reports [9-19], this compound has been fabri-
cated in more than 10 compositional variants, ranging from
CrTe; (x = —0.333) to CrTe (x = 1), with the proportion of
Cr changing from less to more. Interestingly, within each
of the phases, it again varies with the difference in low Cr
concentration, as ultimately expressed in the magnetism and
resistivity. CrTe;, a quasi-2D van der Waals (vdW) material,
was first prepared in bulk using rapid precipitation in solution
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with Tc of 350 K [11]. Freitas et al. [20] also synthesized it
indirectly by oxidizing KCrTe,, obtaining 7¢ of 310 K. Sun
et al. [21] first demonstrated that ferromagnetism could hold
above 300 K in 17-CrTe, down to the ultrathin limit, making it
an exfoliated ultrathin vdW magnet with intrinsic long-range
magnetic ordering above room temperature. Wen et al. [22] re-
ported a breakthrough by synthesizing one- and two-unit-cell
Cr,Tes (x = 0.333) and discovering near-room-temperature
ferromagnetism in 2D Cr,Tes. In contrast to CrTe,, the di-
mensional effect of Cr,Te; was more prominent, where its
Tc ranged from 160 to 280 K, with the thickness changing
from 40 down to 5 nm [22,23]. So far, Cr,Tes thin films have
been extensively studied both theoretically and experimen-
tally, including as novel heterojunction devices [24,25] and
topological Hall effect devices [26-28]. However, relatively
little research has been carried out on Cr,Tes single crystals
so far. The intrinsic and detailed properties of Cr,Te; remain
unclear. Consequently, one of the motivations of this work is
to better understand the bulk properties of Cr,Tes.

In this work, we grew Cr,Te; single crystals and per-
formed comprehensive investigations of their response to an
external magnetic field. A field-controlled first-order FM-
antiferromagnetic (AFM) phase transition with a strong
spin-lattice-coupling (SLC) effect was observed. Upon apply-
ing a moderate magnetic field, the first-order phase transition
transformed into a second-order phase transition. Moreover,
the magnetic field enhanced the FM transition tempera-
ture considerably, with 7¢ changing from 160 to 178 K.
The second-order AFM transition initially appeared at Ty
= 181 K, with the temperature decreasing as the field
strength increased, until this transition eventually disap-
peared. The linear-thermal-expansion measurements directly
presented the relevance of the structure versus the applied
magnetic field and temperature, with a large negative ther-
mal expansion (NTE) coefficient of oy = —17.2 ppm/K in
the ab plane. First-principles calculations yielded a possi-
ble magnetic structure for the ground state and revealed the
characteristics of different magnetic interactions. We ascribed
these findings to the canted FM structure and strong SLC in
Cr,Tes. Finally, the H-T phase diagram was obtained using
the critical fields deduced from Arrott plots. We expect these
investigations to contribute to a better understanding of the
critical behavior and magnetic interactions of 2D magnetic
materials with multiple phase transitions. Furthermore, the
strong SLC in Cr,Tes represents a development toward future
spintronics devices.

II. METHODS

Single crystals of Cr,Te; were grown using the self-flux
method. Cr powder (99.94%, Alfa Aesar) and Te chunks
(99.999%, Aladdin) were mixed in a ratio of 1:4 and sealed
in an evacuated quartz tube. The quartz tube was heated
up to 1473 K at a rate of 60 K/h, equilibrated for 12 h,
and then slowly cooled at a rate of 2 K/h. After reaching
1153-1183 K, it was taken out quickly from the furnace and
decanted with a centrifuge to separate the single crystals from
the Te flux. X-ray diffraction (XRD) patterns of single crystals
and polycrystalline powders, crushed from the single crystals,
were measured by a PANalytical X’Pert diffractometer using

the Cu Ko radiation (1.5406 A) at room temperature. The
synchrotron x-ray powder diffraction measurements were per-
formed at room temperature using the powder diffractometers
on beamlines 02U (0.58490 A) at the Shanghai Synchrotron
Radiation Facility, Shanghai. The atomic ratio was determined
by the Aztec-X-Max 80 energy dispersive x-ray spectrometer
in the Hitachi SU8000 series scanning electron microscope
(see Fig. S1 in the Supplemental Material [29]). The de-
tailed information of the structure transition was studied by
variable-temperature XRD measurements using a Rigaku-
D/max-y A diffractometer employing high-intensity Cu K«
radiation from 300 to 20 K. Magnetic measurements were
performed on a Quantum Design magnetic property mea-
surement system (MPMS-XL5). The resistivity, specific heat,
and linear thermal expansion AL/L (using a strain gauge)
data were collected in the temperature range from 300 to
2 K using a Quantum Design physical property measurement
system (PPMS-9T). Differential scanning calorimetry (DSC)
measurements were catried out on a sample of ~6.9 mg using
a TA instruments 200 F3 equipped with a refrigerated cooling
system under N, atmosphere. The sample was cooled down to
100 K, followed by heating from 100 K to room temperature
at the scanning rate of 10 K/min.

Our first-principles calculations based on the density func-
tional theory (DFT) [30] were implemented in the Vienna Ab
initio Simulation Package (VASP) [31,32], and the generalized
gradient approximation [33] according to the Perdew-Burke-
Ernzerhof parametrization was used. The projector augmented
wave [34] method was employed to simulate the ionic poten-
tials. We set a plane-wave kinetic cutoff energy of 400 eV for
all calculations. The system was fully optimized in regard to
the atomic positions until the force and energy converged to
0.01 eV/A and 1075 eV, respectively. We used the 4 x 4 x 2
k-point sampling for the Brillouin zone integration. We con-
sidered spin-orbit coupling in the calculation. For magnetic
systems, the Hamiltonian based on the Wannier function was
constructed using WANNIER9O [35]. Then, we used the TB2J
package [36] to calculate the exchange parameters.

III. RESULTS AND DISCUSSION

Figure 1(a) shows that Cr,Te; crystallized as almost hexag-
onal flakes. The XRD pattern of the single crystal showed that
the natural surface is the (00/) plane. This crystal structure
is closely linked to CrTe,, with every two layers of super-
cells (v/3 x +/3) intercalated by one Cr atom. To characterize
this structure, crushed Cr,Tes single crystals were analyzed
via powder XRD at room temperature. XRD refinement data
[Fig. 1(b)] indicate that Cr,Tes has a trigonal crystal structure
with space group P31c (No. 163), and the derived lattice
constants are a = b = 6.7921(2) A and ¢ = 11.985(2) A. We
find an additional minor peak contributed by a small amount
of the remaining Te flux between the (110) and (004) peaks.
Previous reports indicated that XRD patterns of the variants
of Cry4,Te, are very similar, and the low-symmetry phases
usually have a split XRD peak around scattering angles of
50° (Cu Ka) [37]. A high-resolution XRD measurement did
not find such a split peak (see Fig. S2 in the Supplemental
Material [29]), confirming the Cr,Te; phase of our single
crystals.
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FIG. 1. (a) X-ray diffraction pattern of single-crystalline Cr,Te; showing (00/) diffraction peaks. The schematic insets show Cr,Te;
morphology and structure. (b) Powder XRD pattern of crushed Cr,Tes single crystals measured at room temperature. (c) and (d) Temperature
dependence of magnetization M(7) under ZFC, FCC, and FCW modes with H along the ¢ axis and the ab plane, respectively. T was defined as
the temperature of the minimum slope of the M(T) curve under the ZFC mode. Ty was defined as the temperature of the local maximum of the
M(T) curve under the ZFC mode. The insets show the temperature-dependent inverse susceptibility 1/ (7') of Cr,Te; in 0.01 T with H along
the ¢ axis and the ab plane, respectively. The pink solid lines were the fitted results according to the Curie-Weiss law. (e) and (f) Magnetic field
dependence of magnetization M(H) at 5, 100, 150, 170, 200, and 300 K for Cr,Tes single crystals. The applied magnetic field was along the ¢

axis and the ab plane, respectively.

To explore the crystal’s magnetism, its temperature-
dependent magnetizations M(7T) along the ¢ axis and the ab
plane were measured. Figures 1(c) and 1(d) showed M(T)
curves of Cr,Tes in the zero-field-cooled (ZFC), field-cooled-
cooling (FCC), and field-cooled-warming (FCW) modes of
Cr;Tes in a 0.01 T magnetic field (ioH). For both directions,
we found kinks on M(T) curves at 181 K, denoted as Ty, which
could be attributed to the AFM-paramagnetic (PM) transition,
and rapid changes at around 160 K, denoted as 7¢, may be
attributed to the FM-AFM transition, both of which were
confirmed by the anomalies of derivatives dM/dT. This is
consistent with previous observations in ultrathin Cr,Te; films
[22,38]. The large difference in magnetization along the two
measured directions is evidence of strong magnetic anisotropy
in single-crystal Cr,Tes;. The insets of Figs. 1(c) and 1(d)
depict that the temperature-dependent inverse susceptibility
1/x above T¢ can be described well by the Curie-Weiss law
from the mean-field theory [39]:

1 T — GCW
x  C 7

where C is the Curie constant and 6cw is the Curie-Weiss
temperature. The fitted C values are 3.8 (¢ axis) and 3.7 (ab
plane), and the effective magnetic moment .5 is determined

ey

to be around 3.90u g, which is close to the theoretical value of
3.87 expected for Cr’* according to the equation calculated
from the ionic model, piefr = +/3kgC/Ny . However, the or-
dered magnetic moment of a Cr atom derived from saturation
magnetization is about 2.04up, consistent with a previous
report [40], but is much smaller than the peq calculated using
the Curie-Weiss law, indicating the itinerancy of 3d electrons
[41]. The Curie-Weiss temperatures Ocw were positive for
both directions, suggesting that FM exchange interactions
dominated in both directions. Ocw for H || ¢ axis (210 K)
is much higher than that for H || ab plane (170 K), indicat-
ing the existence of AFM interactions. Figures 1(e) and 1(f)
present measurements of isothermal magnetic susceptibility.
The magnetization along the ¢ direction is easier to saturate
than the case in the ab plane, indicating that the ¢ axis is
the easy magnetization axis. This result is similar to that for
other chromium tellurides, e.g., CrsTeg [42]. Simultaneously,
a slight metamagnetic transition apparently occurred at 170 K,
which is just between T¢ and Ty.

The crystal’s magnetic anisotropy was thoroughly inves-
tigated by measuring angle-dependent magnetization M(g).
As depicted in Figs. 2(a)-2(d), the M(¢) curves have simple
twofold symmetries at 5 and 150 K, indicating a uniaxial
anisotropy along the c¢ axis. As the magnetic field strength
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FIG. 2. The angle-dependent magnetization at 7 =5, 150, 200, and 300 K. The applied magnetic fields are 0.01, 0.1, 0.3,0.5, 1,and 4.5 T,

respectively.

increases, the anisotropy diminishes significantly, with the
curves gradually becoming oval as poH approaches 1 T.
Above the AFM phase transition temperature, the magnetic
anisotropy changes significantly since the magnetic interac-
tions disappear at this point and the thermal perturbations lead
to a spatially isotropic spin arrangement. At room tempera-
ture, M(¢) forms several concentric curves in different fields,
indicating homogeneity in all directions. Meanwhile, the mag-
netic anisotropy of Cr,Te; also behaves as the anisotropy of
the magnetocaloric effect (see Fig. S3 in the Supplemental
Material [29]).

To investigate the evolution of the phase transitions under
external fields, M(T) measurements in various fields for H ||
c axis were carried out. Figure 3(a) illustrates that the applied
field significantly raised T¢ from 160 to 178 K when puoH =

1 T while also lowering 7y. The anomaly corresponding to the
AFM-PM phase transition in the M(T) curve disappears when
woH > 0.5 T, indicating the AFM phase is completely sup-
pressed by this field. The resultant magnetic phase diagram is
presented in Fig. 3(b).

To study the spin-dependent transport properties of Cr,Tes,
the in-plane (I || ab plane) and out-of-plane (/ || ¢ axis) re-
sistivities p were measured and are presented in Fig. 3(c).
Both exhibit metallicity with temperatures ranging from 2 to
300 K. A clear discontinuous change corresponding to the
FM-AFM transition occurs at about 160 K, consistent with the
measurements. The p measured along different directions are
at the same magnitude as p./p,» = 1.6 at 300 K, illustrating
the three-dimensional electrical transport property in Cr,Tes.
A notable thermal hysteresis of the cooling and warming
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FIG. 3. (a) Magnetization as a function of temperature in various fields: 0.01, 0.05, 0.1, 0.2, 0.3, 0.5, and 1 T. (b) 7-H phase diagram
derived from (a). (c) Temperature dependence of in-plane and out-of-plane resistivity of Cr,Te;. Red and green lines represent warming and
cooling curves, respectively. The inset shows the results before and after applying the field. (d) Specific heat C, as a function of temperature T

for Cr,Tes. (e) Heat flow dQ/dT on cooling (green) and heating (red)
change AS(T) with respect to 7.

p(T) curves is found around 7¢, implying a first-order phase
transition. The insets of Fig. 3(c) present p(T) curves for /
|| ab plane and puoH= 0 and 1 T along the c¢ direction. A
negative magnetoresistance is observed, originating from the
suppression of electron-magnon scattering by the magnetic
field. Moreover, we find that the thermal hysteresis disappears
when pwoH= 1 T. This phenomenon indicates that a strong
magnetic field suppresses the first-order phase transition and
transforms it into a second-order phase transition.

The thermal effect accompanying the phase transition in
Cr,Tes is elucidated by specific heat and DSC measurements.
Figure 3(d) displays two specific heat peaks appearing at T¢
and Ty. The peak at T¢ is sharp, implying that it is a first-
order phase transition, while the peak at Ty is much broader,
signifying a likely second-order phase transition. Figure 3(e)
shows DSC curves with two distinct peaks in heating and
cooling processes, directly confirming the nature of the first-
order transition around 7¢. No such peaks form around 7y,
which also confirms a second-order phase transition at this
temperature. The peaks positions, usually taken to be the
phase transition temperature, are at 158 and 160 K, which
translates to a small hysteresis of 2 K. After subtracting the
baselines, the peak areas are integrated to obtain the enthalpy

processes across the transition range. The inset is the resulting entropy

of transition AH and the entropy of transition AS [43]:
h1d L1g
AS = / 1494 _ / 19,
T n T'T

TdT
where 77 and 7, are the start and end temperatures of the
transition, respectively. We obtain AH = 0.11 £+ 0.1 J/g
and AS = 0.75 £ 0.05 J/K/kg from the inset of Fig. 3(e),
indicating a weak first-order phase transition releasing a small
amount of heat.

Figure 4(a) presents the variable-temperature XRD pat-
terns captured as the crystal sample was cooled from 300
to 20 K. There are three Cu peaks and one Te peak. The
former is from the Cu powder added to calibrate the crystal
lattice, and the latter comes from the Te grains attached to the
Cr,Te; surface; they were ground together into a polycrystal.
The diffraction peaks at different temperatures appear to be
similar, indicating no change in the space group. However, as
shown in Fig. 4(b), (004) and (112) crystal planes gradually
coalesce, implying an NTE of in-plane lattice constant a and
a positive thermal expansion (PTE) of the out-of-plane lattice
constant c. We plot the contour map of diffraction intensity as
a function of temperature (from 300 to 20 K) and degree (from

@
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FIG. 4. (a) and (b) Variable-temperature x-ray diffraction patterns upon cooling from 300 to 20 K. (c) Contour plots of the (004) and (112)
crystallographic planes. XRD profile intensity as a function of temperature and degree. (d) Lattice constants a, b, and ¢ and unit cell volume V

as a function of temperature.

29.6° to 30.6°). Above Tc, two areas with high diffraction
intensity merge at about 30.1°, forming a Y-shaped pattern.
This anomaly signifies that the lattice is distorted by the FM-
AFM phase transition.

To confirm our conjecture, we performed the Rietveld re-
finement of XRD patterns at each temperature. Figure 4(d)
displays the change in lattice constants a or b and ¢ and the
unit cell volume V in regard to temperature. First, the ¢ axis
exhibits a PTE, consistent with the results of the contour map.
On the contrary, the a or b axis exhibits an NTE behavior in
a wide temperature range. Around T¢, the ¢ axis suddenly
increases, but no obvious change is observed on the a or b

axis, consistent with our resistance measurements, where the
change in p in the c¢ direction is more prominent than along
the ab plane. The change in V can be calculated from a,
b, and c. We observe an NTE of volume around the phase
transition, while a normal PTE of volume remains for other
temperatures.

NTE materials can be used to cancel out the normal PTE
of most materials and thus have many potential applications.
Figure 5(a) depicts the linear-thermal-expansion coefficient
ap = AL/L along the ab plane for the Cr,Te; single crys-
tal obtained through the strain gauge method. The lattice
constant a or b increases with decreasing temperature over
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heating and cooling processes, respectively, and the inset is an enlarged view near the transition temperature. (c) Temperature dependence of
AL/L in different fields. (d) Field dependence of AL/L at different temperatures.

a wide temperature range from 70 to 300 K, leading to a
large NTE coefficient oy = —17.2 ppm/K. For the poly-
crystal ingot sample, we ground single crystals and pressed
them into blocks. As revealed in Fig. 5(b), it shrank gradu-
ally during cooling until it neared the phase transition zone
at 160 K, followed by an expansion. The NTE coefficient
of this polycrystal is around —3.1 ppm/K, while the volu-
metric coefficient of thermal expansion is oy = 30z = —9.3
ppm/K, which is significantly different from the value ob-
tained via XRD, —50 ppm/K. Given the significant density
difference between the polycrystal and the single crystals,
the crystal boundary may be a fundamental contributor to
the variance [44,45]. Apart from this, we observe thermal
hysteresis between the cooling and warming curves, shown
in the insets in Figs. 5(a) and 5(b), which provides further
direct evidence of the presence of first-order phase transi-
tion. By analogy, the intrinsic correlation between the NTE
behavior and magnetism in CrTe compounds was analyzed
in detail, possibly originating from the magnetovolume effect
[46].

We have also explored the evolution of lattice distortion
under an applied field. In Figs. 5(c) and 5(d), the thermal
hysteresis is notable for uoH = 0, 0.1, and 0.2 T and shifts
gradually to a higher temperature as the field strength in-
creases. The hysteresis is strongly suppressed for uoH =0.3 T
and eventually disappears when uoH > 0.5 T, indicating that
the lattice distortion and the related first-order phase transition
are suppressed by the field. The effect of an external magnetic
field on the first-order phase transition is evidence of a strong
SLC, which usually results in a strong magnetostriction. In
Fig. 5(d), we find the magnetostriction coefficient is negative
at low temperature and changes sign when the temperature
exceeds 150 K. The maximum magnetostriction coefficient of
44.7 ppm/T is found at 200 K due to the strong SLC.

The magnetic ground-state properties of the Cr,Te; single
crystal were calculated from first principles. We first study
the magnetic coupling between the Cr atoms by considering
five different magnetic structure configurations in a unit cell,
including two FM configurations, one ferrimagnetic config-
uration, and two AFM configurations, as demonstrated in
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FIG. 6. (a) Comparison of possible magnetic structures and their individual total energies. (b) Magnetic structures and magnetic exchange
interactions of Cr,Tes. (c) and (d) Energy band structure and partial density of states (PDOS) diagrams of Cr,Tes. (¢) Monte Carlo simulation
of the normalized magnetic moment of bulk Cr,Te; as a function of temperature.

Fig. 6(a). We find that the canted FM structure has the low-
est energy. In this low-energy configuration, the magnetic
moments have large out-of-plane components aligned par-
allel to the ¢ axis and small in-plane components aligned
antiparallel to the diagonal of ab plane, consistent with our
measurements of magnetic properties. The side view of the
intercalated layers shows that Crl, Cr2, and Cr3 moments
have different canting angles away from the ¢ direction. The
moments of intercalated Cr2 atoms have the stronger canting,
and the canting angles of Crl and Cr3 moments are small.

This is qualitatively consistent with the previous calculation
of magnetic structure of Cr,Te; [47].

Figure 6(c) shows the calculated band structure of Cr,Tes
in the low-energy canted FM configuration, where the differ-
ent colors denote the z component of the spins S, of the bands.
We find that most bands crossing the Fermi level carry positive
S., signifying metallic FM behavior. There are bands with
small S, components due to the canted magnetic configura-
tion. In Fig. 6(d), the calculated density of the states suggests
that the bands near the Fermi level are largely contributed by
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the Cr d and Te p orbitals. The strong hybridization between
the Cr d and Te p orbitals may result in an indirect exchange
interaction between the two Cr moments mediated by the
neighboring Te atom [48].

We attempt to explain the magnetic mechanism by an-
alyzing the interlayer and intralayer exchange coupling
parameters. The distance between the neighboring Cr atoms
within the layers is a relatively large value of 3.93 A, therefore
weakening their direct exchange interaction [44]. In contrast,
the bond angles of Cr-Te-Cr within the layers are about 92.3°,
resulting in a superexchange which favors the FM arrange-
ments. According to Goodenough-Kanamori-Anderson rules
[49-51], the interlayer distance is 2.99 10\, and the magnetic in-
teraction between Cr2 and Cr3 is expected to be stronger than
the intralayer Cr moments. The calculated exchange coupling
parameters Ji, J», and J3 are 13.665, 4.754, and 3.566 meV, re-
spectively. Their positive values indicate that FM interactions
dominate in the interlayer and intralayer coupling. Theoret-
ical calculations give magnetic moment values of 3.019u,
3.014up, and 3.044up for Crl, Cr2, and Cr3 respectively,
consistent with the ionic model but all significantly higher
than the empirical value of 2.56up for average Cr atoms
[17]. Notably, the canted FM configuration we consider is just
one possible low-energy magnetic configuration, and different
energetically degenerate magnetic configurations may coexist
in Cr,Tes; hence, the empirically measured magnetic moment
would be the average of these configurations [52].

We also evaluate the Curie temperature of Cr,Tes; via
Monte Carlo simulations with the Heisenberg model and
using the magnetic parameters calculated above. The spin
Hamiltonian based on a classical effective spin model is de-
fined as [53,54]

1 1 2
H:—E%Mﬁ@—5%3%§$+AZX§% 3)

where S; is the normalized spin vector on site 7, J;; and B;; are
the isotropic and anisotropic parts of the exchange interactions
between sites i and j, respectively, and A is the magnetic
anisotropy. As depicted in Fig. 6(e), we obtain 7¢ equal to
183 K, which is close to the experimental measurement. How-
ever, Ty is difficult to estimate since the DFT calculation could
give the magnetic parameters only at O K and the positive
exchange coupling parameters prohibited the AFM state. We
did discover that J, and J3 are small and can easily change
signs due to the lattice volume change and distortions at high
temperatures, hence the introduction of the AFM state.
Finally, we investigate the critical behavior to uncover the
relationship between the magnetic field and the structure of
Cr,Tes. Figure 7(a) illustrates the Arrott plots of M? versus
H/M. All curves on the Arrott plots show linear behaviors in
the high-field region, which suggests that the magnetic inter-
action in Cr,Te; can be described by the conventional Landau
mean-field model [55,56]. According to Banerjee’s criterion,
the phase transition is first order if the slope of dM?/d(H /M)
is negative and second order if it is positive [57]. In our result,
the slope changes from negative to positive in the low-field
region, where the critical field strength is defined as Hc, as
presented in the inset. The saturated field strength Hg can be
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FIG. 7. (a) Arrott plots of M? versus H/M around T¢ and Ty for
Cr,Te; (the curves at Tc and Ty are marked in red and blue, respec-
tively). (b) H-T phase diagram obtained from the scaling relationship
with H || ¢ axis.

derived from the linear fit of the M? curves in the high-field
region.

Based on this method, we construct a magnetic phase dia-
gram of Cr,Tes by connecting Hc and Hg points. As revealed
in Fig. 7(b), we find that in low fields, Cr,Te; has a canted
FM state at low temperatures, an AFM state at moderate
temperatures, and a PM state at high temperatures. A magnetic
field stronger than Hg can transform these magnetic states to a
collinear FM state where the magnetic moments tend to be
parallel and constant. The AFM state shows a distinct bell
shape, indicating that it is influenced by the combined effect
of magnetic field and temperature. A magnetic field below the
maximum critical field strength of 0.48 T sees a rich evolution
of several magnetic states due to energy competition, whereby
as the temperature increases, the canted or collinear FM state
undergoes a first-order phase transition into the AFM state,
then crosses the right boundary of the H¢ curve with a second-
order phase transition, and finally settles into a PM state. Only
the FM-PM second-order phase transition is possible above
Hc=048T.
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IV. CONCLUSION

We grew Cr,Tes single crystals via the self-flux method
and systematically investigated their magnetic and electric
properties. Two magnetic transitions coexisted in this system:
FM-AFM (Tc = 160 K) and AFM-PM (7y = 181 K). The FM
transition was evidently more sensitive than the AFM tran-
sition. Raising the magnetic field strength greatly increased
Tc while slightly lowering Ty. In a critical field of 0.48 T,
the AFM orders disappeared, and the FM orders degenerated
from the first order to the second order. Furthermore, we
found that the lattice constant a or b of Cr,Tes increases with
decreasing temperature, with a significant NTE coefficient
ap = —17.2 ppm/K. Raising the magnetic field strength also
caused Cr,Tes to positively expand, with a maximum rate of
44.7 ppm/T at 200 K. Bulk Cr,Tes had a morphology tunable
by an external magnetic field, and this property is expected to
be present in its thin films as well, which hints at the feasibility
of electric field modulation.

Analysis of Arrott plots revealed the relationship between
the critical field strength and the transition temperature. The
possible canted FM ground state was predicted from first

principles; therefore, we finally obtained a complete phase di-
agram of the evolution of the ground state under the influence
of magnetic fields. The results presented here have potential
applications in the development of spintronics devices.
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