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The critical properties and the nature of the ferromagnetic–paramagnetic phase transition in the 2D organic-inorganic
hybrid (CH3NH3)2CuCl4 single crystal have been investigated by dc magnetization in the vicinity of the magnetic transi-
tion. Different techniques were used to estimate the critical exponents near the ferromagnetic–paramagnetic phase transition
such as modified Arrott plots, the Kouvel–Fisher method, and the scaling hypothesis. Values of β = 0.22, γ = 0.82, and
δ = 4.4 were obtained. These critical exponents are in line with their corresponding values confirmed through the scaling
hypothesis as well as the Widom scaling relation, supporting their reliability. It is concluded that this 2D hybrid com-
pound possesses strong ferromagnetic intra-layer exchange interaction as well as weak interlayer ferromagnetic coupling
that causes a crossover from 2D to 3D long-range interaction.

Keywords: critical behavior, critical exponent, organic-inorganic hybrid
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1. Introduction
Hybrid organic-inorganic compounds are an attractive

family of materials in condensed matter physics, which have
been extensively studied over the past decade for both fun-
damental science and technological applications.[1–5] Because
of the combination of organic and inorganic moieties within
a single structure, a variety of interesting properties have been
discovered in these compounds.[6,7] In some organic-inorganic
hybrids, the inorganic atoms are connected through covalent
and ionic interactions to form the inorganic network. Mean-
while, the organic blocks can be connected by weaker inter-
actions such as hydrogen and van der Waals bonding. Thus,
a layered structure with quasi-two-dimensional magnetic in-
teraction can be realized in them. Recently, two-dimensional
(2D) magnetism has been a hot topic. It was previously
thought that the surviving of long-range ferromagnetic (FM)
order in 2D was hard due to increased fluctuation. However,
the magnetic anisotropy in 2D magnetic crystals could stabi-
lize the long-range magnetic order.[8]

To investigate the 2D magnetic phenomena, a critical ex-
ponent survey provides rich information. Accordingly, by
evaluating the critical behavior, the nature of magnetic phase
transition and inherent characteristics can be determined.[9]

Since the critical phenomena of magnetic organic-
inorganic hybrids have not yet been well studied, in this pa-
per, we performed a study on the critical behavior of a layer-
structured organic-inorganic hybrid, (CH3NH3)2CuCl4. Vari-
ous methods were used to estimate the critical exponents near

the ferromagnetic–paramagnetic phase transition. A crossover
from 2D to 3D long-range order was identified based on the
analysis of the obtained critical exponents.

2. Experimental method
Single crystal samples of (CH3NH3)2CuCl4 were pre-

pared via a solvothermal condition method as reported
previously.[10] The structural properties of the samples were
studied by x-ray diffraction using a Cu-Kα radiation source.
Direct-current (dc) magnetization was measured by using a
Quantum Design magnetic properties measurement system
(MPMS) with the magnetic field applied parallel to the metal-
halogen layers.

3. Scaling analysis on the magnetization data
When a magnetic material undergoes a second-order

phase transition, the critical behavior around Curie tempera-
ture TC can be characterized by a series of interrelated critical
exponents, namely, β , γ , and δ .[11]

The magnetic equations can be given as

MS(T ) = M0(−ε)β , ε < 0, T < TC, (1)

χ
−1
0 (T ) =

(
h0

M0

)
(−ε)γ , ε > 0, T > TC, (2)

M = DH1/δ , ε = 0, T = TC, (3)

where MS is the spontaneous magnetization associated with
β , χ

−1
0 is the initial magnetic susceptibility associated with γ ,
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ε = (T−TC)/TC is the reduced temperature associated with δ ,
and M0, h0, and D are the critical amplitudes.

The parameter β (in the region below TC) is controlled
by the temperature dependence of the spontaneous magnetiza-
tion, and the parameter γ (in the region above TC) is controlled
by the temperature dependence of the initial susceptibility. At
TC, the δ exponent demonstrates the field dependence of the
magnetization.

The scaling hypothesis provides another way to determine
the critical exponents. The reduced magnetic equation of state
that follows the critical region theory can be expressed as

M(Hε) = ε
β f±(H/ε

β+γ), (4)

where f+ for T > TC and f− for T < TC.
The state described by the above equations will fall on

two universal curves: one above TC and the other below TC.
This is an important criterion for the critical regime; the expo-
nents in the vicinity of TC confirm the universal properties.

4. Results and discussion
Figure 1(a) displays crystal structure of (CH3NH3)2CuCl4.

The octahedral complexes are sandwiched between organic
blocks. It has been deduced that the diffraction peaks of the
sample are in accord with the monoclinic perovskite structure
with P21/a, the details of which were reported in Ref. [10].
Figure 1(b) displays the temperature dependence of mag-
netization under field cooled (FC) conditions with different
applied magnetic fields in the ab plane of (CH3NH3)2CuCl4.
The sample displays a FM–paramagnetic (PM) transition at
TC ∼ 9 K in 0.1 T magnetic field, and the transition temper-
ature shifts to a higher temperature with increasing magnetic
field.

To determine the nature of the FM–PM phase transition,
we plot the M2 vs. H/M curves in Fig. 2(a). According to
the criterion set by Banerjee,[12] the positive slope for the full
range of temperatures and fields studied indicates a second-
order phase transition. In this sample, the slope is positive and
accordingly, the FM–PM phase transition is second order.

In order to gain a deeper insight into the mechanism of
magnetic interactions between the spins during the magnetic
phase transition, the critical exponents need to be analyzed.[13]

We use the modified Arrott plots (MAPs) method based on
the Arrott–Noaks state equation to obtain the precise values
of the critical exponents and the class of universality to which
(CH3NH3)2CuCl4 could belong. The isotherm magnetization
data is transmitted to a sequence of M1/β = f (µ0H/M)1/γ

curves.
According to this method, the MAP is analyzed by cer-

tain types of possible exponents belonging to the triciriti-
cal mean-field model (β = 0.25 and γ = 1), 3D-Heisenberg
model (β = 0.365 and γ = 1.336), 3D-Ising model (β = 0.325

and γ = 1.24), and mean-field model (β = 0.5 and γ = 1),
while the 2D-Ising model (β = 0.125 and γ = 1.75) is also
considered,[11] which are shown in Figs. 2(b)–2(f).
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Fig. 1. (a) The crystal structure of the 2D organic-inorganic hybrid com-
pound. (b) Temperature dependence of FC magnetization with different
applied magnetic fields in the ab plane.

Table 1. Comparison of critical exponents of (CH3NH3)2CuCl4 ob-
tained with different theoretical models: modified Arrott plot (MAP),
Kouvel–Fisher (KF), critical isotherm analysis (CI).

β γ δ

Mean-field 0.5 1 3
3D-Heisenberg 0.365 1.336 4.8

Triciritical mean-field 0.25 1 5
3D-Ising 0.325 1.24 4.82
2D-Ising 0.125 1.75 15

This work (MAP) 0.22 0.82 4.72
This work (KF) 0.22 0.81 4.68
This work (CI) 4.4

The critical exponents for the above-mentioned models
have been predicted by particular values. The mean-field
model is suitable to describe the long-range magnetic inter-
action, which is equivalent to the classic Landau model. The
tritical mean-filed model is used to explain the first-order
and second-order magnetic interactions of the magnetic phase
transition. 3D-Ising is appropriate for understanding the mag-
netic anisotropic uniaxial magnetocrystalline interaction[14]

and 3D-Heisenberg is suitable for investigating the short-range
magnetic interaction. The critical behavior is impressively in-
fluenced by the magnetization data in high magnetic field
regions due to interplay variables such as charge, lattice, and
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Fig. 2. (a) The Arrott plots of M2 vs. H/M. (b)–(f) The modified Arrott plots with various models.

orbital degree of freedom in a ferromagnetic system.[15] The
lower-field data have not been considered in the fitting pro-
cess, because they represent the arrangement of magnetic
domains.[16]

As seen in Figs. 2(b)–2(f), these curves display almost
straight lines in the high-field regime. It is therefore difficult to
identify the best model. In order to solve this problem, we cal-
culate their relative slopes (RS) defined as RS = S(T )/S(TC),
where S(T ) and S(TC) are the MAP slopes at temperatures T
and TC, respectively. The RS of the most appropriate model
should be close to the optimal unity value.

Figure 3 shows the RS vs. T plots using the five distinct
models. It demonstrates that the system is well defined by
the tricritical mean-field model. The chosen exponents have
β = 0.25 and γ = 1 as the initial values.

By following a standard procedure to identify the exact
critical exponents β and γ , the linear extrapolation from the
high-field straight line portions of the isotherms to the M1/β

and (µ0H/M)1/γ axes provides the spontaneous magnetiza-
tion MS(T,0) and the initial susceptibility χ

−1
0 (T,0), respec-

tively. By fitting the data of MS(T,0) and χ
−1
0 (T,0) following

Eqs. (1) and (2), a set of β and γ can be obtained. Then, the
obtained new critical exponents are used to repeat this proce-
dure until convergence is reached and the values of β and γ

are stable. The intersection of the linear extrapolation of the
MS(T ) and χ

−1
0 (T ) straight lines gives the value of TC. The

final values of the critical exponents generated are β = 0.22
and γ = 0.82, as depicted in Fig. 4.

Alternatively, the critical exponents and TC can be speci-
fied more accurately by the Kouvel–Fisher (KF) method based
on the following equations:

MS(T )
dMS(T )/dT

=
T −TC

β
, (5)

χ
−1
0 (T )

dχ
−1
0 (T )/dT

=
T −TC

γ
. (6)

According to this method, these equations are linear functions
of temperature with slopes 1/β and 1/γ , respectively.
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As seen in Fig. 5, the new exponents of the linear fits
are obtained as β = 0.22 with TC = 15.52 and γ = 0.82 with
TC = 15.93, respectively. It is worthy to note that the values
of the critical exponents and TC deduced from the KF method
agree with the estimation from the MAP technique.
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The third critical exponent δ can be calculated directly
from the fitting of the critical isotherm M vs. H at TC

(Fig. 6(a)). According to Eq. (3), the high-field region of the
critical isotherm at T = 16 K in log–log plot would give a solid
straight line with a slope of 1/δ (Fig. 6(b)). Subsequently, the
δ exponent is obtained as 4.4.
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Fig. 6. (a) Isothermal M(h) curve at TC. (b) The same plot on a log–log
scale. The straight line is the linear fit of Eq. (3).

According to Wisdom’s scaling relation, the exponent δ

can also be theoretically verified by the following relationship:

δ = 1+
γ

β
. (7)

Based on the β and γ values obtained from the MAP, KF meth-
ods and Eq. (7), a value of 4.68 is obtained for δ . We empha-
size that the values obtained from the critical isotherms and
Widom’s scaling are close. Thus, the critical exponents calcu-
lated in this research are accurate and self-consistent.

Since the obtained exponents of the sample are not
matched with conventional universal classes, we investigate
whether the acquired values of the critical exponents can gen-
erate the equation of the Widom’s scaling or not.[15,17]

The scaling analysis of Eq. (4) can be used in the critical
region to further confirm the validity of the results obtained so
far and is calculated with the obtained critical exponents. The
scaling equation implies that M/εβ vs. H/εβ+γ yields two
universal curves for T > TC and T < TC, respectively.

Figure 7(a) shows that the experimental data collapse into
two separate branches, one below TC and the other above TC.
Figure 7(b) illustrates the same plots on the log–log scale. The
experimental data collapse in the higher-field region into two
distinct curves. This supports the validity of the obtained val-
ues of the critical exponents and TC. However, while the scal-
ing is effective in the high magnetic field regime, a tiny diver-
gence is present in the low magnetic field regime. This can
be attributed to the magnetic inhomogeneity. FM clusters may
generate a local anisotropic field. When an applied field is not
sufficiently high to overcome the local anisotropic field, the
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magnetic moment can be aligned with a local anisotropic field.
As a result, some magnetization data points do not entirely fall
on the branches.[18,19]

The Arrott–Noakes equation of state is(
H
M

)1/γ

=

(
T −TC

TC

)
+

(
M
M1

)1/β

, (8)

where M1 is constant and this equation of state is only obeyed
at the limit of TC. The Arrott–Noakes equation is rewritten
as[20] (

H
M

)1/γ

= A′+B′(M)1/β , (9)

where A′ and B′ are temperature-dependent coefficients. Fig-
ure 8(a) depicts the (H/M)1/γ vs. (M)1/β curves constructed
with the critical exponents obtained from the KF method. As
can be seen, the set of lines are parallel to each other and the
line at T = TC passes through the origin. The line fitted by
Eq. (9) and A′, B′ are shown in Fig. 8(b). It is notable that
TC is placed at the zero point of the perpendicular axis and
the minimum of B′ is placed at TC. The well-rescaled curves
suggest that the obtained critical exponents are reliable.
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Fig. 7. (a) Scaling plots of renormalized magnetization M|ε|−β vs.
H|ε|−(β+γ) using β and γ determined by the KF method. (b) The alter-
native plot on a log–log scale.

The obtained critical exponents in the present study do
not belong to any predicted class of universality. The effec-
tive critical exponents (βeff and γeff) have been examined as
a function of ε using Eq. (9) in order to determine whether
they match any universality class in the asymptotic area of the

system,

βeff(ε) =
d[lnMS(ε)]

d[lnε]
, γeff(ε) =

d[ln χ
−1
0 (ε)]

d[lnε]
. (10)

The effective exponents γeff and βeff as a function of re-
duced temperature ε are plotted in Fig. 9. Both βeff and
γeff show non-monotonic temperature dependence and do not
match with any predicted universality class. A similar phe-
nomenon was observed in many magnetic crystals.[21] This be-
havior is attributed to two sources: (1) spin disorder which re-
strains the rapid development of the FM state; (2) the crossover
from 2D to 3D magnetic order. The disorder may arise from
the inhomogeneous phase above and below TC.[22] According
to the Harris criterion, if the heat capacity critical exponent
is positive (α > 0), the disorder changes the critical expo-
nent. Meanwhile, if α is negative, the disorder is irrelevant.[23]

Using the Rushbrooke scaling relation, which is given by[22]

α +2β + γ = 2, the exponent α is found to be positive for the
system, which implies that the disorder is relevant.
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Fig. 8. (a) The (H/M)1/γ vs. (M)1/β curves with the critical exponents
obtained from the KF method. (b) Temperature dependence of modified
coefficients A′ and B′.

The origin of the FM interaction in this compound is due
to the magnetic ions (Cu) in the ab plane and the antiferro
distortive displacement of the halide ions within the ab plane,
which is the consequence of Jahn–Teller distortion of the oc-
tahedral complex in the inorganic sheet. As a result, the single
unpaired electron is located in the dx2−y2 orbital at each of the
3D holes of the Cu2+ ions in this compound, which aligns with
the long axis of the octahedron and the spins experience FM
superexchange, leading to a long-range FM order.[2,24–26]
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Fig. 9. Effective critical exponents (a) βeff and (b) γeff as a function of
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It is clear from the previous sections that the FM interac-
tion in this system does not completely conform to any pre-
dictive model. The results from the report of Taroni et al.
show that the critical exponent β for the bidimensional system
should be within the range 0.1 ≤ β ≤ 0.25.[26] The sponta-
neous survey magnetization by Jongh et al. illustrates that the
critical exponent β is approximately 0.125 for the 2D system,
except in the region very close to the ordering temperature;
β will be changed to the 3D value of approximately 0.33 ac-
cording to Griffiths universality hypothesis.[27] The β value
of (CH3NH3)2CuCl4 is close to 0.25; this value lies between
those of the 2D and 3D characteristics, which indicates that
the interlayer coupling should be considerable. The exchange
in the layer and between layers is typically strong and weak,
respectively. Namely, the intralayer exchange is FM while
the interlayer coupling is antiferromagnetic. For this sort of
material including anisotropic intralayer exchange, a 2D-type
behavior is predicted, but in a narrow ordering temperature
(near TC), the crossover from 2D to 3D caused by the inter-
layer interaction begins to take effect.[28] The γ value is close
to the mean-field model prediction and δ is located between
the long-range and short-range couplings. These exponents
can be attributed to a crossover effect of the 2D to the 3D sys-
tem. To describe the crossover effect, we should consider the
interlayer coupling.

The results indicate that the critical exponents in this
compound do not strictly belong to the common universality
models. Accordingly, it is important to determine the nature
and the range of the interaction in the present study. For a ho-
mogeneous magnetic system, the universality of the magnetic

phase transition is strongly dependent on the exchange inter-
action J(r). Renormalization group theory treats the magnetic
ordering as an attractive interaction of spin which decays with
distance r as

J (r) = r−(d+σ), (11)

where d is the spatial dimension and σ is the range of inter-
action. Moreover, the susceptibility exponent σ is predicted
as

γ = 1+
4
d

(
n+2
n+8

)
∆σ +

8(n+2)(n−4)

d2(n+8)2

×
[

1+
2G(d/2)(7n+20)
(n−4)(n+8)

]
∆σ

2, (12)

where ∆σ = (σ − d/2), G(d/2) = 3− 1
4 (d/2)2, and n is the

spin dimensionality.
It has been argued that if σ > 2, the 3D-Heisenberg pa-

rameter is valid, where J(r) decreases faster than r−5. When
σ 63/2, the conditions for the mean-field model are satisfied
so that J(r) decreases more slowly than r−4.5. In this research
work, by using Eq. (12) we see that σ = 122 (d = 3, n = 3),
so the exchange distance decays as J (r)≈r−4.22, in agreement
with a long-range interaction.

The previous study of the field dependent susceptibility
demonstrated a very weak FM coupling near TC between the
layers that causes the space dimensionality of the system to
crossover to a 3D long-range order.[25] From the studies per-
formed so far, it can be concluded that the strong magnetic
anisotropy, as well as the dipole interaction and inevitable in-
terlayer interaction, can induce the system to display a 3D
long-range magnetic characteristic above TC.[29]

5. Conclusion
We have provided a detailed analysis on the critical ex-

ponents of the organic-inorganic hybrid with the formula
(CH3NH3)2CuCl4. The system undergoes a second-order
PM–FM phase transition. By using various methods, such as
MAPs, Kouvel–Fisher, and critical isotherm analysis, the re-
liable critical exponents of β = 0.22, γ = 0.82, and δ = 4.4
were estimated. The critical exponents of this system do not
belong to any universality class. The value of β is between
those of the 2D and 3D systems and suggests a crossover from
2D to 3D near the Curie temperature.
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