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Magnetization has been calculated as a function of temperature in the ferro-
magnetic phase of (CH3)2NH2Na0.5Fe0.5(HCOO)3 denoted by DMNaFe as one
of the metal formate framework by using molecular field theory. Calculated
M(T) is compared with the magnetization measured as a function of temper-
ature (H = 10 Oe) in field-cooling and zero-field-cooling regimes from the lit-
erature, and a power-law analysis of the experimental data was performed for
DMNaFe. Magnetization measured as a function of the magnetic field, as
reported in the literature, has also been analyzed by the power-law formula.
The magnetization indicates a weak first-order (or nearly second-order) fer-
romagnetic transition in DMNaFe.
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INTRODUCTION

Hybrid organic–inorganic materials, in particu-
lar, metal–organic frameworks (MOFs), have been
studied extensively because of their various struc-
tures which can be changed by using different
organic ligands and metal ions.1–4 MOFs have
potential applications as catalysts, chemical sen-
sors, and luminescent materials,2,5,6 which are
attractive for gas storage,7–9 and they possess good
gas sorption and luminescence properties,10,11 as
previously indicated.12,13

MOFs are the multiferroic materials which
exhibit two coexisting orders among the electric
and magnetic (also elastic). Thus, as mainly oxides
of transition metal elements,14 they are widely used
for dynamic random access memories, data storage
media, telecommunication systems, and electromag-
netic sensors, etc.,15,16 as also stated in an earlier
study.17 As multiferroic materials, they undergo
order–disorder transition, and also some perovskite
MOFs, such as a heterometallic (CH3)2NH2Na0.5-

Fe0.5(HCOO)3 or shortly DMNaFe, exhibit

structural phase transition12,13 with the R�3 sym-
metry at 293 K and the triclinic symmetry at
110 K.12 This compound undergoes a magnetic
phase transition at Tm = 8.5 K with a small hys-
teresis in the magnetization ,M(H), as measured,
indicating a ferromagnetic character of the order-
ing.12 It exhibits a weak ferromagnetism due to a
small canting of the underlying antiferromagnetic
lattice.12 It has been pointed out12 that the small
saturation magnetization of DMNaFe, as in the
other metal formates templated by dimethylammo-
nium,17–20 ammonium,21 and imidazolium,22 is con-
sistent with the spin-canted mechanism of the long-
range magnetic ordering in DMNaFe. Magnetiza-
tion of DMNaFe has been measured in a nominal
magnetic field of 10 Oe under zero-field cooling
(ZFC) and field-cooling (FC) conditions.12 Recently,
we have calculated the magnetization of DMMn and
chromium-doped DMMn,23 magnetization, mag-
netic susceptibility and the specific heat in hetero-
metallics.24 In addition, we have investigated the
magnetic ordering of the two mixed-valence iron
(II)–iron (III) metal formate framework (MOFs).25

In this study, we perform a power-law analysis of
the magnetization, M(T), as a function of tempera-
ture by using the experimental data in the ZFC and
FC regimes at 10 Oe,12 and we deduce the values of
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the critical exponent, b, for the order parameter
(magnetization) below Tc = 8.5 K for DMNaFe. Our
second analysis is the field dependence of the
magnetization, M(H), through the power-law for-
mula by using the experimental data.12 From this
analysis, we extract the values of the critical
isotherm, d (at T = Tc), for DMNaFe. In the second
part of this study, we calculate the temperature-
dependence of the magnetization, M(T), in the ZFC
and FC regimes by means of molecular field theory
(MFT) 26,27 for DMNaFe. Calculated M(T) is com-
pared with the experimental data12 for this
compound.

In ‘‘Theory’’ section we introduce an outline of the
theory. In ‘‘Calculations and results’’ section, calcu-
lations and results are given. Sections ‘‘Discussion
and Conclusions’’ give our discussion and conclu-
sions, respectively.

THEORY

In order to investigate the magnetic properties of
MOFs which undergo order–disorder transitions,
we employ here two theoretical models, namely, the
Ising and Heisenberg models. On the basis of the
classic Weiss theory of ferromagnetism, the Hamil-
tonian of the Heisenberg and Ising models under
the field can be described as:

H ¼ � 1

2

X
vij SI

�!
Sj
!�H

X
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Heisenberg ð1aÞ
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respectively, where vij is the exchange force

between spins I and j, SI
�!

is the spin operator of
the spin at site I (Heisenberg model), lI is the z
component of spin ½ which can take values of ± 1
(Ising model) and H is the external field (in the
units of energy), as given by Brout.26 Spins in the
Heisenberg model are isotropically coupled,
whereas in the Ising model the coupling is com-
pletely anisotropic as a classical model since all
operators lI commute.26

For crystalline structures, Yamada et al.28 has
developed an Ising pseudospin–phonon coupled
model by considering the NH4Br crystal according
to the Hamiltonian:
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where p~ks
and q~ks

denote the momentum and the

coordinate of the phonon with the wave vector ~k and
mode s, respectively, and w~ks

is the characteristic
frequency of the phonon. riand rj represent the spin

variables as li and Jij is the interaction parameter
as vij in the Ising model (Eq. 1b). In Eq. 2, the first
term describes the phonon energy, the second term
with the Jij gives the interaction between the
nearest-neighbor spins (separated by rij

!) and the
third term represents the phonon–pseudospin inter-
action with the coupling constant g~ks

.
Matsushita27 has extended the model of Yamada

et al.28 with the interaction of one phonon and one
spin by considering the interactions between two
spins and two phonons according to his
Hamiltonian:

H ¼ 1
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where

Jeff ~qð Þ ¼ J ~qð Þ þ
X

m

g ~qmð Þj j2 ð4Þ

is the effective interaction parameter. In Eq. 3, the
first term, in brackets, gives the interaction energy
between the two phonons, and the second term is
the interaction energy between the two nearest-
neighbor spins. The third term describes the inter-
action energy between the one pseudospin and the
two phonons. Finally, the fourth term is the inter-
action energy due to the two pseudospins and two
phonons. HA denotes the anharmonic Hamiltonian.
In Eq. 3, K1;eff and K2;eff are the coefficients related
to the lattice and force constants, which define the
orientations of the ions (orientations of the NH4

+ in
the case of NH4Br).

Matsushita derived the damping constant from
his Hamiltonian (Eq. 3) in terms of the scattering
function, and predicted the line widths of the optic
modes of NH4Br. The two models, namely, pseu-
dospin–phonon coupled29 and energy-fluctuation30

models were developed from Matsushita’s Hamilto-
nian (Eq. 3). Those two models for the damping
constant were used under the assumptions and
simplifications to interpret the temperature-depen-
dence of the line widths of the internal modes in the
KDP-type materials.31,32 In our earlier studies, we
have also applied those two models to the ammo-
nium halides (NH4Br and NH4Cl)33,34 and
(NH4)2SO4.35
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Regarding the temperature-dependence of the
order parameter (P), Matsushita27 also derived it
near TC from MFT,26 with the critical exponent b ¼
1
2 according to P / T�TC

TC

� �b
as follows:

3 1 � T
TC

� �h i1
2;
; 0<TC � T <TC

M ¼ 1 � 2 exp �2TC=Tð Þ; T � TC

0; T >TC

ð5Þ

with the critical temperature, Tc, where the order
parameter, P, is replaced by the magnetization, M,
for the ferromagnetic materials.

CALCULATIONS AND RESULTS

The temperature-dependence of the magnetiza-
tion for the MOFs, in particular, the DMNaFe
compound, can also be calculated from MFT accord-
ing to Eq. 5, and its critical behavior can be
analyzed near Tc by means of a power-law formula:

M Tð Þ ¼ M0
0

T � TC

TC

� �b

ð6Þ

where b is the critical exponent for the order
parameter (magnetization) and M0

0 is the amplitude.
The field-dependence of the magnetization can also
be analyzed by the power-law formula:

MH ¼ MO
H �HC

HC

����

����
1=d

ð7Þ

with the critical isotherm d and the amplitude MO.
The temperature-dependence of the magnetiza-

tion was calculated according to Eq. 5 close to the
phase transition (Tc = 8.5 K) for DMNaFe at 10 Oe.
Our calculated M(T) was then compared by fitting to
the experimental magnetization measured in the
ZFC and FC regimes of DMNaFe12 according to the
relationship:

Mcal

MO
¼ aþ b

Mobs

MO

� �
þ c

Mobs

MO

� �2

ð8Þ

with the fitted parameters a, b, and c which were
determined as given in Table I. Since the magneti-
zation increases from the low temperatures toward
Tc for the ZFC regime as observed experimentally,12

for the calculation of M(T), we employed the disor-
der parameter, D, defined as:

D ¼ 1 �M Tð Þ ¼ 1 � 3 1 � T

TC

� �	 
1
2;

ð9Þ

for DMNaFe. Figure 1 gives our calculated magne-
tization, M(T), as a function of temperature in the
ferromagnetic phase (T< Tc) for the FC and ZFC
regimes in DMNaFe.

In this part of our study, we analyzed the
magnetization, M(T), at various temperatures close
to Tc according to the power-law formula (Eq. 6) in
the log–log scale:

lnM ¼ lnM0
0 þ b ln 2 ð10Þ

where the reduced temperature is 2¼ T � TCj j=TC.
From our analysis, we extracted values of the
critical exponent b and the amplitude M0

0 for the
FC and ZFC regimes of DMNaFe by using the
experimental data.12 Values of b and M0

0 are given
in Table II and lnM as a function of ln 2 is plotted in
Fig. 2 for both regimes (FC and ZFC) of DMNaFe.

For the analysis of M(T) in the ZFC regime of
DMNaFe, as it grows from the negative values to
zero at Tc = 8.5 K,12 we used the positive value of
the magnetization ratio of M=M0

0 (Eq. 6) according
to Eq. 9 with the critical exponent for the disorder
parameter (D), defined as D ¼ b� 1. By writing
Eq. 6 in the logarithmic form:

ln
M

M0
O

� �
¼ cO þ D ln 2 ð11Þ

where co is a constant (intercept), we determined
the values of D and co as given in Table II with the
M0

0 value, as plotted in Fig. 3.

Table I. Values of the parameters with the
uncertainties by fitting Mcal=MO in the field-
cooling (FC) (Eq. 5) and zero-field-cooling (ZFC)
(Eq. 9) regimes to the observed data12 for DMNaFe
according to Eq. 8

DMNaFe a b 2 c

FC 0.18 ± 0.02 1.82 ± 0.09 1.04 ± 0.09
ZFC 0.29 ± 0.01 1.37 ± 0.03 0.67 ± 0.03

1 2 3 4 5 6 7 8 9

0.0

0.2

0.4

0.6

0.8

1.0

Observed FC [12]
Calculated FC (Eq. 5)
Observed ZFC [12]
Calculated ZFC (Eq. 9)

M
/M

o

T(K)
Fig. 1. Temperature variation of the magnetization M (normalized)
calculated by using MFT in the field-cooling (FC) and zero-field
cooling (ZFC) regimes of DMNaFe according to Eqs. (5) and (9),
respectively. Magnetization data from Ref. 12 in the ZFC and FC
regimes of this compound are also shown
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We also analyzed the field-dependence of the
magnetization M(H) according to the power-law
formula (Eq. 7) in the logarithmic form:

lnMH ¼ lnMO þ 1=dð Þ lnh ð12Þ

where h ¼ H�HC

HC
is the reduced field, and we

determined using the experimental data12 the val-
ues of the critical isotherm d (at Tc = 8.5 K) and MO,
as given in Table III. lnMH versus ln h (Eq. 12) is
plotted in Fig. 4 for DMNaFe.

DISCUSSION

Magnetization M(T) calculated from MFT with
the critical exponent b ¼ 1

2 for the order parameter
(Eq. 5) describes qualitatively the critical behavior
of the observed magnetization,12 which was mea-
sured as a function of temperature in the ferromag-
netic phase (T< Tc) of DMNaFe in both the FC and
the ZFC regimes, as shown in Fig. 1. Although
quantitatively the observed and calculated M=MO

do not match, they both decrease as the transition
temperature (Tc = 8.5 K) is approached from the
low temperatures for the FC and ZFC regimes in
this compound. A quadratic fit (Eq. 8) was carried
out to the observed M(T) data12 with the parameters
a, b, and c (Table I), as shown in Fig. 1 for the FC
and ZFC regimes of DMNaFe. Discrepancies
between the observed and calculated M(T) can be
due to the inadequacy of MFT with the b ¼ 1

2 (Eq. 5)
for the magnetization (order parameter). As M(T)
was calculated according to Eq. (5) on the basis of
the Ising pseudospin–phonon coupled model,27 the
Ising model is expected to give a better description
of the observed data12 for the ferromagnetic transi-
tion in DMNaFe rather than the Heisenberg model,
which provides an adequate description of antifer-
romagnetism and ferrimagnetism in insulating
crystals as well as ferromagnetism in rare earths.26

In order to describe the magnetization adequately
near the TC, the observed M(T) data12 were ana-
lyzed according to the power-law formula with the
values of b for the order parameter in the FC regime
(Fig. 2) and D for the disorder parameter in the ZFC
regime (Fig. 3) with the values of b and D which we
determined (Table II), as stated above for DMNaFe.
Our value of b ¼ 0:86ð� 0:9) for the FC regime
(Fig. 2) is too large for a second-order-type of
ferromagnetic–paramagnetic transition in
DMNaFe, which indicates as more likely a weakly
first-order transition (nearly second-order) in this

Table II. Values of the critical exponent b for the order parameter and the amplitude M0
O in the field-cooling

(FC) regime (Eq. 10), and also values of the critical exponent D for the disorder parameter and the amplitude
M0

O with co (Eq. 11) in the zero-field-cooling (ZFC) regime of DMNaFe (H = 10 Oe)within the temperature
interval indicated by using the experimental data12

Power-law analy-
sis

FC ZFC

b
M0

O (emu/
g)

Temperature interval
(K) D co

M0
O (emu/
g)

Temperature interval
(K)

DMNaFe 0.86 59.92 1.7< T< 8.1 0.32 1.27 � 116.9 1.9< T< 7.8

Fig. 2. Magnetization M analyzed as a function of the reduced
temperature 2¼ T � TCj j=TC in the log–log scale with the critical
temperature (Tc = 8.5 K) at H = 10 Oe according to the power-law
formula with the critical exponent b for the order parameter (Eq. 10)
by using the experimental data12 in the field-cooling (FC) regime of
DMNaFe

Fig. 3. Magnetization M (normalized) analyzed as a function of the
reduced temperature 2¼ T � TCj j=TC in the log–log scale with the
critical temperature (Tc = 8.5 K) at H = 10 Oe according to the
power-law formula with the critical exponent D for the disorder
parameter (Eq. 11) by using the experimental data12 in the zero-
field-cooling (ZFC) regime of DMNaFe
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compound. However, the value of D ¼ 0:32 for the
disorder parameter (D) in the ZFC regime of
DMNaFe is reasonable as compared to the values
of b M;Tð Þ ¼ 0:326 � 0:004 and 0.38 ± 0.03 due to
the three-dimensional (d = 3) Ising and Heisenberg
(d = 3, D = 3) models, respectively ,for a second-
order ferromagnetic transition.36,37 On the other
hand, from the analysis of the magnetization MH as
a function of the field (Eq. 7), our value of d ¼ 1:48
for the critical isotherm (at Tc = 8.5 K) of DMNaFe
is too small in comparison with the values of
d B;Mð Þ ¼ 3; 4.80 ± 0.05, 4.63 ± 0.29 and 5, as
expected from the theoretical models of the mean
field, Ising (d = 3), Heisenberg (d = 3, D = 3), and
spherical (d = 3, D = 1), respectively. Since all
these models describe ferromagnetic–paramagnetic
transition of a second-order-type in the physical
systems, our M versus H analysis also indicates a
weak first-order (nearly second-order) transition
according to the M versus T analysis given above
for the ferromagnetic transition in DMNaFe. An
indication of weak first-order (nearly second-order)
transition in DMNaFe is also supported by the
small hysteresis visible in the magnetization, which
was measured as a function of the magnetic field to
describe the ferromagnetic character of the ordering
in this weak ferromagnet.12 For both the FC and
ZFC regimes of DMNaFe, the M(H) curve is non-
linear in high magnetic fields. Below Tc, as exhib-
ited by some metal formate frameworks (MOFs)
such as DMFeCu,13 short-range ordering of

dimethylammonium (DMA+) cations can occur in
DMNaFe at low temperatures, whereas, in the para-
magnetic phase (T> Tc), the DMA+ cations become
dynamical disorder. Also, the large negative magne-
tization that occurs in the ZFC regime of DMNaFe, as
observed experimentally,12 is very rare in molecular-
based magnets as pointed out previously,38 which was
also discovered in a similar formate framework
templated by DMA+ cations.39,40 The negative ZFC
values were considered as due to the small negative
residual field of the instrument used and the easy
magnetization of the sample at H = 10 Oe.12 A
possibility of the occurrence of the short-range order-
ing of DMA+ cations and the negative magnetization
in the ZFC regime of DMNaFe should be studied in
some more detail in this compound.

CONCLUSIONS

The temperature-dependence of the magnetiza-
tion, M(T), was calculated in the ferromagnetic phase
of DMNaFe by using MFT. It was compared with the
magnetization measured as a function of tempera-
ture in the FC and the ZFC regimes as reported in
the literature (H = 10 Oe), which we analyzed for
this compound by a power-law formula. Values of the
critical exponent for the order (FC) and disorder
(ZFC) parameters were extracted. Analysis of the
magnetization, M(H), which was measured as a
function of the magnetic field, was also performed
by the power-law formula and the value of the
critical isotherm (at Tc = 8.5 K) was extracted for the
ferromagnetic transition in DMNaFe.

Our calculation and the analysis of the magneti-
zation indicate that the ferromagnetic–paramag-
netic transition in DMNaFe is of a weak first-order
or close to a second-order. It is suggested here that
calculation of the magnetization from MFT and its
power-law analysis can also be performed for some
other MOFs close to ferromagnetic–paramagnetic
phase transitions.
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