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ABSTRACT

CrVl; is a recently proposed van der Waals topological magnetic material derived from its parent compounds, Crl; and VI3, via elemental
substitution. However, beyond initial proposals of its topological nature, the fundamental characteristics of its magnetic ordering remain
largely unexplored. Investigating the critical behaviors of a magnet provides deep insight into its underlying spin interactions and universality
class. In this work, we synthesized high-quality CrVIs single crystals, demonstrating strong perpendicular magnetic anisotropy below the
Curie temperature (~58.2K) via DC magnetization and heat capacity measurements. The critical magnetic behavior in the vicinity of the
paramagnetic to ferromagnetic phase transition region has been systematically analyzed using multiple approaches, yielding the critical expo-
nents f§ =0.294(8), y =0.947(9), and 6 =4.21(5). These values do not conform to any single universality class but instead demonstrate a dis-
tinct crossover behavior between the three-dimensional Ising and tricritical mean-field models. This crossover is indicative of complex
magnetic ordering, characterized by the coexistence of short-range and long-range exchange interactions. Further analysis using renormaliza-
tion group theory quantifies the decay of the exchange interaction J(r) ~ r~*%, confirming the behavior consistent with the crossover model.
Our findings establish a comprehensive picture of the fundamental spin correlations in CrVI, highlighting it as a fertile platform for develop-

ing future quantum and spintronic applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0272657

Since the discovery of two-dimensional (2D) ferromagnetic Crl;'
and Cr,Ge,Tes” in 2017, significant research efforts have been devoted
to exploring various 2D magnetic materials, such as Fe;GeTe,,’
CrBrs," VI;,”° and MnBi,Te,” with relatively low Curie temperature
(Te), as well as CrTe,,” FesGaTe,,” and FeCrysGa; sSe,"’ with T¢
above room temperature. These recently discovered 2D magnets pro-
mote the development of spintronic devices."" ' Crl; is one of the
most studied 2D magnets. It is a 2D trihalide exhibiting T of 61 K in
the bulk form and 45K in the monolayer." Crl; has a rhombohedral
Bil; structure, and each Cr ion is centered in an octahedron of T ions,
forming a honeycomb lattice in the ab-plane.'” Few-layer Crl; has
layer number-dependent magnetic properties due to the intralayer fer-
romagnetic coupling and interlayer antiferromagnetic coupling.'”"'
Another member of 2D trihalides is VI;, which is an insulating ferro-
magnet with a Tc of 50K in bulk, while a higher T¢ (57K) was

observed in a few-layer VI; tunneling device.”” V15 has a crystal struc-
ture similar to Crls;, but no layer-dependent magnetism has been
revealed.” VI and Crl; have good structural compatibility but dis-
tinct magnetization, leading to the potential design of 2D magnetic
materials by element mutation of V and Cr atoms.

CrVIg has been theoretically proposed to be a topological nontriv-
ial Chern insulator exhibiting the high-temperature quantum anoma-
lous Hall effect in 2021.” In the next year, Pan et al. synthesized CrVIg
crystals (T ~55K), the magnetic crystal anisotropy and coercivity of
which are increased compared to the parent Crls, showing the charac-
teristics of hard magnets.”* Recently, Li et al. observed the topological
Kerr effect in CrVI films due to the broken in-plane inversion symme-
try,” which experimentally proved the topologically nontrivial nature
of CrVIs. Although some initial theoretical and experimental research
has been conducted on the topological effects in CrVIe, systematic
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investigations of the magnetic phase transition and spin interactions in
CrVIg are still scarce. Analysis of critical behaviors is an important
approach to gaining deep insight into the fundamental nature of mag-
netic interactions and the universality class of CrVIg, which is also help-
ful in understanding the origin of the topological effects.”* >’

Here, we performed detailed investigations of the fundamental
magnetic properties and the critical behaviors of the CrVIg crystal. The
synthesized crystal has demonstrated strong perpendicular magnetic
anisotropy (PMA) below its T (~58.2K). The critical behaviors of
CrVIs were analyzed using critical isotherm (CI), Kouvel-Fisher plot
(KFP), modified Arrott plot (MAP), iterative modified Arrott plot
(iMAP), and magnetic entropy change (MEC) methods. The opti-
mized critical exponents are obtained as ff =0.294(8), y =0.947(9),
and 0 = 4.21(5), which fall into the range exhibiting crossover between
the 3D Ising model and the tricritical mean-field model, demonstrating
complex magnetic interactions with the coexistence of short-range and
long-range interactions in CrVIs with interlayer coupling. This is also
confirmed by the magnetic exchange interaction, which decays with
the distance between spins as J(r) ~ r~*30. Such strong uniaxial
anisotropy combined with complex magnetic interactions could be the
potential driving force of the topological spin texture.

The CrVI crystals were synthesized by chemical vapor transport
(CVT) (experimental details see the supplementary material). The x-
ray diffraction (XRD) spectrum of the crystal demonstrates typical lay-
ered features [Fig. 1(a)], with diffraction peaks indexed to the (001)
family, consistent with those reported in the literature.”"”” Elemental
analysis by energy dispersive x-ray (EDX) demonstrates that Cr, V,
and I elements are uniformly distributed [Fig. 1(b)] without phase sep-
aration between Crl; and V1; at this resolution scale. Figure 1(c) shows
the EDX spectrum of the CrVIg crystal, based on which the atomic
ratio of the crystal is determined to be Cr:V:I = 0.91:1.09:6, close to the
designed ratio of 1:1:6.

DC magnetization measurements were performed to explore the
magnetic phase transition of the CrVIg crystal. Figure 2(a) shows the
temperature-dependent zero-field-cooled (ZFC) and field-cooled (FC)
magnetization curve M(T) with a 1000 Oe magnetic field applied
along the ab-plane and ¢ axis. An abrupt increase in the magnetic
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moment indicates the paramagnetic (PM) to the ferromagnetic (FM)
phase transition near T¢, which is determined to be 58 K based on the
dM /dT plot [inset of Fig. 2(a)]. The observed T of the CrVI crystal
lies between those of Crl (T¢c =61K)" and VI; (T¢ = 50K) crystals.”
Below T, the out-of-plane (OOP) magnetic moment is an order of
magnitude larger than the in-plane (IP) moment, demonstrating
strong PMA with the ¢ axis as the easy axis. Subsequently, we also
measured magnetic hysteresis loops at different temperatures. When
the external magnetic field was applied along the ¢ axis (H//c), decent
square-shaped magnetic hysteresis loops were observed at tempera-
tures below T¢ [Fig. 2(b)]. In contrast, highly inclined unsaturated
loops were obtained when H//ab [Fig. 2(c)], again demonstrating the
PMA of the CrVI crystal.

Subsequently, heat capacity was measured to characterize the
phase transition of the CrVI, crystals. Figure 2(d) shows the zero-field
heat capacity curve of CrVIs in the cooling-temperature mode
[Cp(T)], where a pronounced peak appears at 58 K, consistent with
the Tc obtained from the M(T) curve. Furthermore, the heat capacity
curves near T under different external magnetic fields [Fig. 2(e)] were
measured. It reveals that as the magnetic field increases, the lambda-
like feature at T¢ shifts to higher temperatures and broadens, which
typically signifies a second-order ferromagnetic phase transition.”
Similar behavior has been observed in Crl; and VI;.*'%7'"%*
Additionally, the heat capacity change ACp defined as Cp(T,H)
—Cp(T,0)” under different magnetic fields is shown in Fig. 2(f). As
the temperature decreases, ACp transforms from positive values in the
PM phase to negative values in the FM phase. The temperature at the
intersection point with the horizontal axis can be accurately deter-
mined as Tc, which is 58.2 K.

The study of critical behavior is essential for uncovering the
universality laws of phase transitions in complex systems. Critical
exponents serve as quantitative tools to characterize these laws, func-
tioning to characterize and correlate critical behaviors of different
physical quantities, define universality classes, and validate theoretical
models.”

For magnetic phase transitions, these critical exponents depend
solely on order parameter symmetry and lattice dimensionality,

FIG. 1. (a) XRD patterns of CrVls single
crystal demonstrating 2D layered charac-
teristics. The inset is an optical image of a
typical CrVls crystal. (b) Scanning electron
microscopy image of morphology and the
elemental distributions of CrVls. (c) EDX
spectrum of the CrVIg crystal.
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FIG. 2. (a) Temperature dependence of field-cooled and zero-field-cooled magnetization M(T) curves for a CrVls crystal when H//c and Hi/ab. The inset shows the derivative of
M(T) curve with respect to temperature under field-cooled mode when Hilc. (b) Magnetic hysteresis loops of a CrVg crystal taken at different temperatures when the magnetic field
was applied along the ¢ axis, as well as in the ab-plane (c). (d) Heat capacity Cp(T) curve for a CrVIg crystal at zero external magnetic field. The red curve represents the lattice

contribution fitted by a second-order polynomial. (€) Cp and (f) the ACp as a function of temperatures in the vicinity of T¢ while applying different external magnetic fields.

independent of the microscopic details of the homogeneous magnet. Ms(T)  T-Tc ()
Physically, they provide crucial insights into spin dimensionality, dMs(T)/dT B

magnetic interactions, correlation length, and spatial decay of the cor- .

relation function.””"’ For magnetic materials, their critical behavior is %o (T) r-Tc (5)

typically characterized by the critical exponents f3, y, and J, which are
related to the spontaneous magnetization Mg below T, the inverse ini-
tial susceptibility y,! above Tc, and the initial isothermal magnetiza-
tion at Tc, respectively. These critical exponents are defined by the
following relations:*®

A (T)/dT ~—

. My (T) 75 (T)
Based on this method, pITR (ST) TaT Sy

of temperature with slopes of 1/f and 1/y, respectively, while the
critical exponent 0 can be obtained through Widom’s scaling
relation,

are linear functions

and 7

Ms(T) = My(—¢), e<0, T<Tc, (1) )
XO_ (T) = (hO/mO)S'? &> 07 T > TCa (2) ﬁ
M =DHY)  ¢=0, T =Tk, 3) The specific process for obtaining the critical exponent of CrVIs

where ¢ = (T — T¢)/Tc is the reduced temperature, and My, ho/my,
and D are the critical amplitudes."' After several decades of develop-
ment, these critical exponents can now be determined through multiple
approaches, including CL™ KFP,”” MAP,” iMAP,"” and MEC.”
Notably, the initial isothermal magnetization curves around T¢ provide
essential experimental data for analyzing critical behavior using these
methods, with the CrVI, results specifically presented in Fig. 3(a).

Based on Egs. (1)-(3), the CI and KFP methods are early
approaches for determining critical exponents. The CI method, devel-
oped based on Eq. (3), determines the critical exponent J by the
power-law fitting of the initial isothermal magnetization curve at Tc.
The fitting results of CrVIs are presented in Fig. 3(b), yielding
0 =13.923(8). Although this method demonstrates excellent fitting, it
can only determine a single critical exponent and fails to fully charac-
terize the critical behavior of the system. The KFP method was devel-
oped by analytically differentiating and reformulating Eqs. (1) and (2)
into the following expression:*

through the KFP method is as follows: First, the Mg and yg I are
acquired by replotting the isothermal magnetization curves around
Tc [Fig. 3(a)] as the Arrott plot”’ [M* vs H/M, Fig. S2(a) in the
supplementary material] based on mean-field theory. Linear fitting of
the high-field regions of the Arrott plot (Fig. SI in the supplementary
material) yields the Mg from the y-intercept of isotherms for T < T¢
(black line of Fig. S1 in the supplementary material) and the y,! from
the x-intercept of isotherms for T > T¢ (red lines of Fig. SI in the
supplementary material). Then, the Mg and y;' were fitted using
Egs. (4) and (5) to determine the critical exponents ff and y. The fitted
results are shown in Fig. 3(c), where the critical exponent § = 0.295(7)
with Tc=59.74(9) K, y=0.904(6) with Tc=59.77(3) K, and com-
bined with Eq. (6), 0 =4.05(9). Here, the acquisition of ¢ reflects the
scaling law-determined correlations among critical exponents and is
inherently dependent on the fitting accuracy of y and f, which may
underlie the observed differences in ¢ values obtained via the KFP
and CI methods. Then, combining the power-law behavior of magnetic
parameters described by Egs. (1)-(3) with the correlations among
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critical exponents described by Eq. (6), the magnetic behaviors in the
vicinity of T can be characterized by the Arrott-Noakes equation, "’

(H/M)'" = ae + bM"/F, @)

where a and b are constants. Based on Eq. (7), the MAP method was
established as an analytical framework for determining critical behav-
ior through phenomenological comparison with established universal
classes. The specific procedure of the MAP method involves substitut-
ing the critical exponents of the given universal models into Eq. (7) to
reconstruct isothermal magnetization curves around T [Fig. 3(a)] to
modify Arrott plots with (H/M)"" as the x axis and M"/# as the y
axis (where f=0.5 and y=1 correspond to the Arrott plot of the
mean-field model). When the critical behavior of the system matches a
universal model, the corresponding modified Arrott plot will exhibit a
series of linear parallel lines close to T in the high-field region, with
the line at T passing through the origin point. For the MAP method,
the Arrott plot of the mean-field model (f = 0.5 and y =1.0) and the
modified Arrott plots for universal classes, 2D Ising model (f = 0.125,
y=1.75), 3D Ising model (f = 0.325, y = 1.24), 3D Heisenberg model
(B=0.365, 7 = 1.386), 3D XY model (§=0.345, y = 1.316), and tri-
critical mean-field model (ff =0.25, y = 1.0),37"18 were used to analyze
the critical behaviors of CrVI [Figs. S2(a)-S2(f) in the supplementary
material]. To find the best fit, the slope corresponding to the curve is
normalized in the high-field region to evaluate the parallelism of the
curve. The slope is defined as S(T) = dM"/# /d(H/M)"", and the
normalized slopes NS = S(T')/S(T¢) of different models are shown in
Fig. 3(d). Apparently, the critical behavior of CrVIs does not belong to
any single universality class. However, the 3D XY, 3D Ising, and 3D
Heisenberg models show results much closer to 1, demonstrating the
non-negligible interlayer coupling and short-range interactions in the
CrVI crystal.

To obtain self-consistent results that match experimental data,
the iMAP method is widely employed. This approach begins by con-
structing an initial MAP using a set of starting critical exponents
(y=1, B=0.5 used for CrVIs). The Mg and ;' are then determined
through high-field linear extrapolation of the MAP, following the
same procedure as that in the KFP method. These derived quantities
are subsequently fitted using Eqs. (1) and (2) to generate refined esti-
mates of y and 5. Then, the obtained f and y are used to construct the
MAP again for the next fitting. The entire process is iteratively
repeated until the critical exponents converge to stable values. The crit-
ical exponents obtained by this method are independent of the initial
values, avoiding unphysical fitting and systematic errors.***"">" This
method also preserves the scaling relations between critical exponents
throughout the iterative process. Using the iMAP method, the final
optimal critical exponents of the CrVIg crystal are obtained [Fig. 4(a)
shows the stable fitting results obtained from the last iteration]. The
estimated stationary values of critical exponents are § = 0.294(8) with
Tc=57.80(6)K, y=0.947(9) with Tc=57.55(9) K, and according to
Eq. (6), 6 =4.21(5). Simultaneously, the obtained critical exponents
were substituted into the modified Arrott plot to yield optimized
results [Fig. 4(b)], which reveal a series of parallel lines with data of T
intersecting the origin, validating the values of ff and y. The reliability
of the critical exponents obtained by the iMAP method can be further
proved by the scaling equation, which is also an important criterion
for judging the critical state and the correctness of the critical expo-
nents. It can be expressed as’’

M(H, &) = P fo (H/eM), (8)

where f. are regular functions (fy for T > T¢ and f_ for T < To).
Equation (8) can be rewritten as m = f= (h) with the renormalized
magnetization m = ¢’ M(H,¢) and renormalized field h = H/e*7.
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FIG. 4. (a) Temperature dependence of the spontaneous magnetization Ms(T) (left) and the inverse initial susceptibility 151 (T) (right). (b) The modified Arrott plot using /3 and
y obtained by the iIMAP method. (c) Scaling plots of m vs h below and above T¢. The inset is the logarithmic form of the plot.

The scaling equation indicates that through proper selection of critical
exponents, all M(H) curves can be collapsed into two independent
branches above and below Tc. Figure 4(c) presents the scaling results
using the critical exponents obtained by the iMAP method, which
shows two general branches that conform to Eq. (8). The inset of
Fig. 4(c) is the logarithmic form of the scale, which also collapses into
two general branches.

In addition, the MEC method provides an alternative approach
for determining critical exponents. Unlike the previously discussed
methods that directly fit power-law dependencies of magnetic parame-
ters, the MEC method extracts the critical exponents by correlating the
field dependence of the magnetic entropy change with critical expo-
nents. The specific steps for determining the critical exponents of the
CrVIg crystal using the MEC method are as follows: Obtaining the
change of magnetic entropy (ASy) is the first step to fit the critical
exponents using the MEC method. ASy; can be calculated by the fol-
lowing formula using the isothermal magnetization data [Fig. 3(a)]:*

H H

ASy (T, H) — J (OM/OT),dH,  (9)

0

(0S/OH) ;dH — J

0

where (9S/0H),; = (OM/OT), is based on Maxwell’s relation.
Considering the interval of the magnetic field and temperature is suffi-
ciently small, Eq. (9) can be rewritten as™”

H

0

M(Ti+1,H)dH—JHM(Ti,H)dH> /(Ti+1 ~T).

0
(10)

ASy(T,H) = (J

The obtained temperature-dependent ASy; plots under different
magnetic fields are illustrated in Fig. 5(a). When ASy is obtained, a
series of fitted exponents can be extracted from the following equations
for a second-order phase transition:”*”

|AST™| o H",
RCP o HY,

(11)
(12)
where |AS)™| is the maximum absolute value of ASy;, RCP = |AS}™|
X 0 Tpwrm is the relative cooling power, 6 Trwy is the full-width at

half maximum. The fitted exponents, n and ¢, can be used to deter-
mine the critical exponents using the following equations:*’

p-1

n=1+-— 13

iy (13)
—14lt (14)
c= 5

Figure 5(b) shows the fitting results of |ASy®™| and RCP, the
obtained fitted exponents are n=0.527(5) and ¢ = 1.203(6). Based on
Egs. (6), (13), and (14), the critical exponents are calculated to be
£=030(1), y=1.17(7), and 6 =4.91(1). In the MEC method, addi-
tional effects, for example, the Jahn-Teller effect, can impact the
entropy change,”*”” leading to deviations in critical exponents com-
pared to the iMAP method.

For a second-order phase transition, by scaling equation, the
expression of ASy; can be rewritten as’”®'

ASy (T, H) = H=9/Ag(c/HYAY, (15)

= AS,"

n = 0.527(5)
R? = 0.999(9)

Fitting of |AS,,"™|~H"

A

40 45 50 55 60 65 70 75 0 1 2
T(K)

3

(c)
50 8.0x10°+
. 03T [ 25T
.
40 ~  B0x10°{
30 Q % b
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H

FIG. 5. (a) Temperature-dependent —ASy under different magnetic fields. (b) Magnetic field dependence of parameters from —ASy (T, H) with the fitted curves of |ASH|
and RCP. (c) Scaling of the —ASy (T, H) curves plotted by —ASy/H(!=%)/A vs ¢/H1/A,
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a=2-=20-y, (16)
A=65xp, (17)

where ¢ = (T — T¢)/Tc is the reduced temperature, and g represents
a regular scaling function. With appropriate selections of critical expo-
nents, the plots of —ASy;/H~%/2 ys ¢/H'/% should collapse onto a
single curve. By substituting the critical exponents obtained by MEC
into the above-mentioned equations and plotting the results in
Fig. 5(c), the plots under different external magnetic fields (0.3-5T)
collapse into a single curve, which proves the reliability and effective-
ness of the critical exponents obtained by the MEC method.

Finally, the critical exponents of CrVIg, Crls, VI3, and theoretical
models are summarized in Table I for convenient comparison. The
analysis concentrates on the critical exponents derived from both
MEC and iMAP methods, as these have been rigorously validated
through scaling equations. For the iMAP method, we find that the crit-
ical exponents of CrVIg lie between those of Crl; and VI; obtained by
the iMAP method, suggesting intercorrelated interactions from Cr and
V in this system. Taroni et al. reported a comprehensive study of the
critical exponents of 2D magnets and concluded that the critical expo-
nent f§ should be within the window of 0.1<<0.25.°* However, the
critical exponent f§ of CrVIg is much greater than 0.25 and approaches
the theoretical value predicted for the 3D Ising model. It demonstrates
non-negligible interlayer coupling and short-range interactions in
CrVI, crystals, consistent with the conclusions derived from the MAP
method. Meanwhile, the result approaching the Ising type is consistent
with the strong uniaxial anisotropy found in the CrVlg, as discovered
in the experiment. The 7y value of CrVIs closely matches y=1 for
mean-field or tricritical mean-field with long-range interactions, indi-
cating that long-range interactions dominate in this system. Overall,
the f§ value of CrVI; falls between those of the 3D Ising model and the
tricritical mean-field model, while its y value is closer to the tricritical
mean-field model. This suggests a crossover behavior between 3D
Ising-type and tricritical mean-field-type interactions in CrVIe, which
indicates a competition and coexistence of short-range and long-range
interactions, reflecting the complex magnetic interactions in the sys-
tem. For the MEC method, while the § value shows results similar to
iMAP, the 7y values lie between the 3D Ising model and the tricritical
mean-field model, which suggests that the system may exhibit
extended types of exchange interactions beyond the nearest neighbors.
Although minor discrepancies exist between the critical exponents
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obtained by these two methods, the MEC results independently con-
firm the crossover behavior between 3D Ising and tricritical mean-
field regimes in CrVIs This agreement robustly demonstrates the
coexistence of both short-range and long-range magnetic interactions
in CrVlI, revealing the inherently complex nature of its magnetic cou-
pling mechanisms.

To gain further insights into the critical behaviors of CrVIs, the
renormalization group theory was adopted.””** For itinerant electrons,
the exchange interaction between magnetic spins exhibits a spatial
decay with respect to the distance r, characterized by the relationship
J(r) =~ r~(4+9), where d denotes the spatial dimensionality and 7 is a
positive constant that quantifies the range of the exchange interaction.
Leveraging this renormalization group theory, the critical exponent y
can be forecasted by the following correlation:

B 4(n+2)
Y= 1 + mAO’
4)(7n
8(n+2)(n—4) ZG(Z) (7n +20) PET
&(n+8)° (n—4)(n+8)

where A = (a — %), G(Q) =3 (l) (4)2, and 7 is the spin dimen-

2 1)
sionality. For a 3D system (d = 3), J(r) = r~®*%), When ¢ < 2, this
situation corresponds to the long-range mean-field model, leading to a
scaling relationship of J(r) o< r~*°. On the contrary, when ¢ > 2, it
corresponds to the short-range 3D Heisenberg model, resulting in
J(r) o< r=°. According to the specific value of {d: n}, the ¢ parameter
can be evaluated by Eq. (18). The obtained ¢ enables the derivation of
the other remaining critical exponents of the system through the utili-
zation of the following relationships:y =y/0, o =2 —vd,
p=2—-a—7)/2, and 6 =1+ (y/f). The degree of agreement
between these derived critical exponents and the original critical expo-
nents serves as an indicator of which {d: n} and o best represent the
system. It has been determined that, for CrVls, ¢ = 1.80 is obtained
when {d: n} ={3:1} produces the critical exponents by the MEC
method and ¢ = 1.40 is obtained when {d: n} = {3:3} produces the
critical exponents by the iMAP method. For the MEC method, the cal-
culated J(r) ~ r~*% lies between the long-range and short-range
model, consistent with the situation where y obtained by the MEC
method lies between the 3D-ising model and the mean-field model.

TABLE I. Comparison of critical exponents of CrVlg, Crls, and VI3 obtained from various theoretical models. The iIMAP, KFP, Cl, and MEC denote the iterative modified Arrott

plot, Kouvel-Fisher plot, critical isotherm, and magnetic entropy change, respectively.

System/model Technique Tc (K) p y 0
CrVI; (this work) CI e e e 3.923(8)
CrVlI; (this work) KFP 59.7 0.295(7) 0.904(6) 4.05(9)
CrVI; (this work) iMAP 57.8 0.294(8) 0.947(9) 4.21(5)
CrVI (this work) MEC 58.2 0.30(1) 1.17(7) 4.91(1)
Crl;* iMAP 64.0 0.325 0.825 3.538
VI;*° iMAP 50.1 0.244(5) 1.028(1) 5.24(2)
3D XY Theory - 0.345 1.316 481
3D Ising Theory 0.325 1.240 4.82
Tricritical mean-field Theory 0.25 1 5
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For the iMAP method, the calculated ] (r) ~ r~*4° demonstrates a pre-
dominantly long-range interaction-dominated scenario, consistent with
the situation where 7 obtained by the iMAP method is approximate to
the mean-field model. These findings provide further evidence for com-
plex magnetic interactions with the coexistence of short-range and long-
range interactions in CrVIg, as revealed by critical exponents analysis.

Additionally, the coexistence of the long-range RKKY
(Ruderman-Kittel-Kasuya-Yosida) interaction and the short-range
exchange interaction in the PrMn,Ge, system has been reported to be
a possible origin of its topological spin structure.”” The
Dzyaloshinskii-Moriya interaction (DMI) experimentally found in
CrVIg” and the spin—orbit coupling theoretically predicted in CrVIs”
are both likely to increase the complexity of the magnetic interactions,
corroborated by the critical behaviors reported in this work. Inspired
by the case of PrMn,Ge,, the coexistence of short-range and long-
range interactions with interlayer couplings can serve as one of the rea-
sons driving the topological effects in CrVI.

In this work, we have grown ferromagnetic CrVIg single crystals
with strong perpendicular magnetocrystalline anisotropy, the T of
which is determined to be 58.2 K. The critical exponents are observed
as f=0.294(8), y = 0.947(9), and 6 = 4.21(5) for CrVI, crystals, which
indicate that the magnetism of CrVI follows the crossover behavior
between the 3D Ising and the tricritical mean-field type interactions.
After the scaling process, the isothermal magnetization curves below
and above the critical temperatures collapse into two independent uni-
versal branches, which signifies the reliability of the estimation of criti-
cal exponents. This study of the magnetic phase transition and critical
behavior of CrVI provides valuable insights into the magnetic proper-
ties of the 2D magnetic system with element mutation of Cr- and V-
based trihalides and enhances the comprehension of its nontrivial

topology.

See the supplementary material for the experimental details, the
acquisition of spontaneous magnetization and inverse initial suscepti-
bility, and modified Arrott plots for CrVIs.
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