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ABSTRACT: An unusual high magnetic hardness for the layered
perovskite-like (C2H5NH3)2[Fe

IICl4], in addition to its already
found canted antiferromagnetism, ferroelasticity, and ferroelec-
tricity, which are absent for (CH3NH3)2[Fe

IICl4], has been
observed. The additional CH2 in the ethylammonium compared
to methylammonium allows more degrees of freedom and
therefore numerous phase transitions which have been charac-
terized by single-crystal structure determinations from 383 to 10 K
giving the sequence from tetragonal to orthorhombic to
monoclinic (I4/mmm ↔ P42/ncm ↔ Pccn ↔ Pcab ↔ C2/c)
accompanied by both tilting and rotation of the FeCl6 octahedra.
The magnetic properties on single crystal and powder samples at
high temperature are similar for both compounds, but at TN
(C2H5NH3)2[Fe

IICl4] is a proper canted antiferromagnet unlike
the hidden canting observed for (CH3NH3)2[Fe

IICl4]. The canting angle is 0.6° toward the c-axis, and thus the moments lie in
the easy plane of the iron-chloride layer defined by a critical exponent β = 0.18. The isothermal magnetizations for the field along
the three orthogonal crystallographic axes show wider hysteresis for H ∥ c and is present at all temperature below 98 K. The
coercive field increases as the temperature is lowered, and at T < 20 K it is difficult to reverse all the moments with the available
50 kOe of the SQUID for both single crystal and powder samples. The shape of the virgin magnetization after zero-field-cool
(ZFC) indicates that the high coercive field is due to domain wall pinning. Thus, there are unusual associated anomalies such as
asymmetric hysteresis and history dependence. The difference in magnetic hardness of the two compounds suggests that
magnetic, electric, and elastic domains are intricately manifested and therefore raise the key question of how the different
domains interact.

■ INTRODUCTION

In the past 20−30 years there has been a great purpose in
molecular science to marry different physical properties in one
single crystalline material, especially metal−organic hybrids due
to the possibility of each moiety contributing its own
characteristic properties.1 For example, the coexistence of
electrical conductivity and magnetism or optical properties can
be beneficial in informatics such as data storage and high-
definition screens as well as solar energy conversion.2 As such,
several science communities are developing materials with a
variety of combinations of properties. Consequently, much
effort is being devoted to understand when, how, and why
certain properties are easily coupled and others are not, as well
as what is the synergy involved when they do.3 But most
importantly for the chemists is the development of these
materials, and this is where metal−organic systems are

becoming an exclusive set since the tuning of the organic
moiety often has considerable consequence on the structural
and physical properties of the inorganic moiety, or vice versa.4

Among the systems being scrutinized presently are those
displaying magnetic, electric, elastic, and toroidic properties
grouped under the heading of “Multiferroic”.5 One such
example is (C2H5NH3)2[Fe

IICl4], which is a canted anti-
ferromagnet and displays both ferroelectricity and ferroelas-
ticity, while (CH3NH3)2[Fe

IICl4] exhibits only antiferromag-
netism with hidden canting and a low metamagnetic critical
field of 200 Oe.6−8 Following our study of the latter, we studied
the structural and magnetic properties of the next member
(C2H5NH3)2[Fe

IICl4], where in addition to its already reported
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canted-antiferromagnetism we found an exceptional magnetic
hardness that renders it highly desirable for durable data storage
with operating temperatures (<99 K) above that of liquid
nitrogen (77 K).
The recent burst of interests in metal−organic multiferroic

materials (those displaying long-range magnetic ordering and
ferroelectricity) initiated the present work due to our focus on
the effect of Dzyaloshinsky−Moriya interaction in chiral
magnets that is also manifested in ferroics.9−11 The current
interests are due to the realization of ferroelectricity and
magnetic ordering in some metal−organic systems based on
divalent transition metal formate having either a porous
diamond structure, MII

3(HCOO)3.solvent, or a perovskite
structure, (CH3)2NH2M

II(HCOO)3.
12,13 Wang et al. and Gao

et al. first reported their syntheses and structural and magnetic
properties.14,15 The observation of ferroelectricity has revived
the search for multiferroic in coordination compounds.16−20

The diamond frameworks were among the first porous metal−
organic framework to display porosity and long-range magnetic
ordering.21 The solvents in the channels can be removed
without destroying the framework and other solvents were
inserted in their place while the framework conforms to the
shape, size and hydrogen-bonding properties of the inserted
solvents with the host frameworks. The magnetic ground states
depend on the electronic and spin configurations of the
transition metals and the long-range ordering temperature
varies with the solvent in the channels. Kobayashi et al. then
reported the dielectric properties of the three-dimensional
(3D) diamond metal-formate framework, M3(HCOO)3·sol-
vent,12 where an anomaly at high temperature was associated
with order−disorder of the solvent. On the basis of previous
experiences on metal-oxide perovskites, Cheetham et al. then
demonstrated ferroelectricity in the 3D perovskite metal-
formate frameworks, where the transition involves ordering of
the organic cation at the A-site.17 This work generated a flurry
of activities where several groups have performed related
studies on other compounds of this family.18−20 While these
3D materials exhibit ferroelectricity and ferrimagnetism or
canted-antiferromagnetism (CAF), the respective transition
temperatures are very far apart, ca. 200 K for the former and
below 30 K for the latter. Cheetham and co-workers also
showed the coexistence of ferroelastic and magnetic ordering in
[(CH2)3NH2][Mn(HCOO)3], where the cation is the cyclic
[azetidinium]+.22

Cheetham’s reports were also behind reviving the search for
multiferroic in metal−organic layered perovskite by Palstra et
al., Kundys et al., and Xiong et al.23−25 Some 30 years earlier
these layered perovskite-like compounds, A2M

IIX4, where A is
an alkyl- or aryl-ammonium cation, M are divalent diamagnetic
or paramagnetic metals, and X is a halogen, experienced intense
activity due to the long-range magnetic ordering and their
multitude of phase transitions.26−29 Ferroelectric transition has
already been reported for the ethylammonium salts of
cadmium, iron, and manganese chloride, while Kundys et al.
have added the copper chloride to this list, and Palstra et al.
reported similar results for propyl ammonium copper chloride.
The results of these recent studies and the observation of

spiral spin orders30 in the oxide perovskite31 prompted us to
study the family of layered perovskite A2M

IICl4,
32 where A is an

alkyl ammonium, M is iron(II) to provide the magnetism, in
order to complement our long-term interest in chiral
materials.9−11 These materials have been of major interest
since the early seventies due to the long-range magnetic

ordering of the moments at fairly high temperatures of ca. 100
K, although they are layered with interlayer spacing of up to 30
Å in some cases. Having realized that the crystal chemistry and
the magnetic properties of the (CH3NH3)2FeCl4 (MAFC) are
far more complex than those reported,8 we have now examined
the structural and magnetic properties of the ethyl analogue,
(C2H5NH3)2·FeCl4 (EAFC), which is supposed to have a
weaker interlayer magnetic interaction while maintaining
interactions of similar energies within the layer as that of
MAFC.
In contrast to MAFC, EAFC has been relatively less studied.

Willett et al. reported its Mössbauer spectrum at room
temperature to show it exhibits similar parameters for FeII as
MAFC.6a Suzuki et al. determined the lattice parameters (a′ =
7.314, b′ = 7.238, c = 21.90 Å) at room temperature using X-ray
oscillation method and located the phase transitions at 97.7,
133.7, 203.5, and 378.8 K using elastic (C66) measurements.

6b

They also demonstrated ferroelastic domain of the order of
millimeter using a polarizing microscope and measured the
dielectric properties using a capacitance bridge to show the
associated anomaly at 203.5 K. In a couple of subsequent
papers,6c,d Yoshihara et al. proposed the I4/mmm−Cmca−
Pbca−P21/a sequence of transitions from Brillouin scattering
and associated the anomaly at 203 K to a transformation from a
D2h

18 to a D2h
15 symmetry change with respect to that reported

for the structurally characterized cadmium and manganese
analogues. In the second paper they theoretically reproduced
the temperature dependence dielectric using Landau theory.
Using heat capacity data to confirm the four phase transitions at
the appropriate temperatures and the critical exponent,
Yoshizawa et al. concluded a crossover from XY to Ising at
the magnetic transition.
A year after the study of the magnetic properties from 80 to

300 K by Mostafa et al., Nakajima et al. reported the magnetic
properties of EAFC to low temperatures where they used a field
of 9.5 kOe to determine the remnant magnetization along the c-
axis and the perpendicular moment in the plane as a function of
temperature. Both groups found a transition temperature near
100 K to a canted antiferromagnetic state, and the latter group
estimated a canting angle of 0.63°. Equally low-resolution data
have been reported for other iron chloride salts of longer alkyl-
or aryl-ammonium.
Following the realization of the intricate balance of energies

involved in MAFC,8 we performed similar magnetization
measurements using one aligned single crystal and fields
varying from a few Oersted to several kilo Oersted. The results
for EAFC are quite different from those of MAFC, which has a
hidden-canted antiferromagnetic ground state and metamag-
netism in field of 200 Oe along the c-axis. For EAFC the results
are consistent with canted-antiferromagnetism along the c-axis.
In addition, EAFC exhibits a phenomenal magnetic hardness
exemplified by coercive field exceeding 50 kOe as well as a
unique metastable state where the magnetic hysteresis of a
virgin sample, along all three crystallographic axes, is
asymmetric in moment but subsequent loops are symmetric.
The hysteresis loop is considerably reduced in powdered
samples due to domain effects. The results question the
intricate manifestation of the coexistence of elastic, electric, and
magnetic domains and their length scales.

■ EXPERIMENTAL SECTION
Synthesis. Since the product and reactants are hygroscopic and air

sensitive, all the steps were carried out in inert N2 atmosphere. EAFC
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was obtained by mixing methanol solutions of ethylammonium
chloride, (C2H5NH3)Cl, and FeCl2·4H2O in a 2:1 molar ratio. Clear
light ochre plate crystals were obtained by slow crystallization after a
few days. The crystals were either kept in sealed containers in the
mother liquor or selected and stored under N2 in the presence of CaO
as drying agent.
Thermal Measurements. Thermogravimetric analysis was

performed on a SII EXSTAR TG/DTA 6200N from 300 to 600 K
at a heating rate of 5 K/min under a nitrogen flow.
Magnetic Susceptibility Measurements. All the magnetic

measurements were performed using Quantum Design SQUID
magnetometers. The temperature dependence of the magnetic
susceptibility was measured between 2 and 400 K in different external
fields from 1 to 5000 Oe. Isothermal magnetizations were measured in
field between ±50 kOe. ac-susceptibilities were measured with ac-fields
from 0.8 to 5 Oe oscillating at different frequencies between 1 and
1000 Hz and dc-field from 0 to 20 Oe. Selected single crystals were
fixed on pieces of drinking straw with Araldite. To verify that the
crystals had not moved, we embedded crystals in poly(methyl
methacrylate) (PMMA) and repeated the measurements along its
three axes.33 Angular dependence magnetization measurements were
performed using the Quantum Design rotator. Crystals were indexed
using X-ray diffraction prior to use or after the experiments.
Crystallographic Data Collections and Structure Determi-

nations. Seven single crystals from different batches were used for the
unit-cell determinations and structure refinements at different
temperatures. Typically a single crystal was mounted on a glass
fiber. The temperature of the crystal was slowly decreased to that
desired or to 90 K (nitrogen flow cryostat) before taking measure-
ments on warming. On two crystals the temperature was cycled from
383 to 90 K and back. One crystal was used in a helium cryostat for
structure determinations at 10 and 150 K. Lattice parameters were
measured as a function of temperature, and intensity data collections
were made at some selected temperatures for which full structural
analyses were carried out. All measurements were performed on a
Bruker SMART-APEX diffractometer equipped with a CCD area
detector and graphite-monochromated Mo Kα radiation, λ = 0.71073
Å, ω-scan mode (0.3° steps). The structures were solved by direct
methods and refined by full-matrix least-squares against F2 of all data
using SHELX-97.34 Non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were included with isotropic thermal parameters but
not refined.

■ RESULTS AND DISCUSSION

Thermal Properties. Thermogravimetric analysis shows
that EAFC is stable to 450 K where it starts decomposing to
give iron oxide.
Crystal Structures and Structural Phase Transitions. A

detailed description of the structure of EAFC in all the phases
has not been properly reported, although several reports
indicate it has a structure similar to that of the manganese
analogue.35 We determined the full structures at different
temperatures between 10 and 400 K covering the phase
diagram (Figures 1 and 2). From heat capacity, elastic
measurements, and single crystal X-ray crystallography, Suzuki
et al. have given the following details: tetragonal I4/mmm−378
K−orthorhombic Bmab or Pccn−203 K−orthorhombic Fm2m
or P42/ncm−133 K−P21/c−98 K−monoclinic P21/c.

6b

Although the general trends are the same as our findings,
some details are slightly different due to the choice of space
groups. First we find P42/ncm describes better the structure at
350 K, Pccn for 296 and 223 K (phase II), while the space
group, Pbca envelopes phases III and IV between 97 and 173 K.
However, due to instability of temperature using the N2 jet-
stream cryostat several data sets around 90 K are less reliable
and therefore not used. We used data mostly with reliability R
≤ 0.1 except in two cases at 97 and 150 K. The structure at 10

K was resolved in C2/c rather than P21/c found at 80 K. These
phase transitions are associated with both tilting of the
octahedra and their rotations about the c-axis that are also
accompanied by the continuous rotation of the plane
containing the three heavy atoms of the ethylammonium with
temperature.
The key feature of the structure consists of inorganic layers

(ab-plane) separated by double layers of organic cations
stacked along the c-axis. Each unit cell contains two staggered
layers stacked in an ABAB fashion. The distance between two
adjacent inorganic planes is ca. 10.5 Å, 1 Å longer than in
MAFC.8 The inorganic layers are made up of corner-sharing
octahedra of FeCl6, as that in a perovskite. The octahedra
display Jahn−Teller axially compressed distortion where the
nonbridging axial chlorine atoms are closer (Fe−Cl1 = 2.41 Å)
than the intralayer bridging ones (Fe−Cl2 = 2.54 and Fe−Cl3
= 2.56 Å) to the iron center (Figure 2). The axial chlorine
atoms are involved in hydrogen bonds with the ammonium
moiety of the organic cations that sandwich the inorganic layer.
The change of the lattice parameters with temperature is

smooth within the experimental accuracy and the variance from
crystal to crystal (Figure 2a). There seems to be a minimum in
all three parameters but that of the c-axis is more pronounced.
There is a general marginal increase upon warming. Upon close
examination of the results, we find a subtle tilting of the FeCl6
octahedra accompanied by a puckering of the chlorine atoms
within the layer from the tetragonal phase to the orthorhombic
and monoclinic phases (Figure 2c). In contrast to only the
progressive tilting of the octahedra observed for MAFC as the
temperature is lowered, for EAFC the tilting is not progressive
and there is additionally a rotation of the octahedra.8 The two
effects are concerted, and they are accompanied by the rotation
of the plane of the ammonium cation which appears to be
progressive from 36° at 383 K to 90° at 10 K (Figure 2d).
The coordination of the iron center is an axially compressed

octahedron along the c-axis; that is, the Fe−Clax bond length is
shorter by 0.25 Å than those of Fe−Cleq (Figure 2b). On
lowering the temperature the difference is reduced to 0.15 Å
due to a concerted elongation of Fe−Cleq and a shortening of
Fe−Clax. In contrast to what we have shown before for MAFC
where the nitrogen atom of the amine follows the two-in two-
out tilting of the octahedra progressively as a function of
temperature as defined by the supramolecular interactions (N···
Cl), in the present case the change happens at the tetragonal to

Figure 1. Views of the crystal structures at different temperatures
showing the tilting of the octahedra (top) and the rotation of the
octahedra and of the cations (bottom).
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orthorhombic transition at 378 K, and it remains almost
constant at low temperatures.
From the parameters discussed above, it is difficult to see a

real phase diagram emerging. However, by looking at the Cl−
Fe−Cl angles in the equatorial plane one emerges (Figure 3).

At 383 K the angles are 180° as imposed by symmetry. Between
350 and 203 K (phase II) there are two different angles where
one is nearly 180° and the other ca. 169°. The tilting of the
octahedra at 350 and 296 K are along a Cl−Fe−Cl direction
with two opposite ones of a Fe4-square being parallel to one
another but antiparallel to the other pair. Instead between 223
and 10 K, the tilting is offset from the Cl−Fe−Cl directions but

retain the pairwise configuration. The angles become similar
(170 ± 1°) in phase III. In the structure taken at the magnetic
transition (97 K), the angles revert which may be due to the
magnetostriction effect (the set of data at 97 K is not well
refined and the results are of low quality). Finally at the lowest
temperature of 10 K the monoclinic structure results in similar
angles of 171.3(1)°.

Magnetic Properties and Magnetic Phase Transition.
With the experience acquired during the study of MAFC we
decided to perform magnetic measurements on both single
crystals and powders.8 Numerous powdered samples in gelatin
capsules and five crystals were studied independently while
being fixed on strip of drinking straw. To verify these results we
later studied two more crystals embedded in PMMA.33 For the
latter it was easier to manipulate the crystals in between
experiments and also to keep them for further experiments after
longer periods as they are protected from air oxidation.
The behaviors of the magnetic susceptibilities for field along

the three orthogonal crystallographic axes show a broad
maximum at ca. 150 K (Figure 4). The absolute value of the
susceptibility follows the trend H ∥ a ∼ H ∥ b > H ∥ c. The data
are consistent with those observed for MAFC. Analyses of the
high temperature data (250−400 K) using the Curie−Weiss
function give very large Weiss temperatures (−300 ± 5 K for H
∥ a or b and −530 ± 10 K for H ∥ c). From the Curie constants
we found the following g-value relation, ga/gb/gc = 1:1:1.175.
The broad maximum centered around 150 K in each case is
characteristic of the two-dimensional antiferromagnetic behav-
ior.35,36 The values of the Weiss temperature suggest very
strong antiferromagnetic interaction between nearest iron
centers within the layer. However, the very large value of
−530 K does not reflect the true exchange interactions between

Figure 2. Temperature dependence of the (a) lattice parameters, (b) Fe−Cl bond lengths, (c) minimum and maximum lengths of the N···Cl
distances, and (d) dihedral angle (θ) of the plane defining the ammonium atoms (red line) and the Fe−Fe direction (blue line). The lines are all
guides to the eyes.

Figure 3. Temperature dependence of the Cl−Fe−Cl equatorial
angles within the layer−defining the five phases of EAFC. The blue
and red points represent the two different angles and the lines are
guides to the eyes.
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nearest neighbors and between layers due to the limiting
temperature range used for the estimation that are lower than
the estimated exchange interaction. Considering the crystal
structure, where the layers are not chemically connected to one
another and are 11 Å apart, we expect the exchange to be
dipolar and thus very small with respect to those within the
layer where the connection is through one chlorine atom
bridge.
There were no anomalies in the susceptibility data for all

three axes that can be associated with the aforementioned
structural transitions at 378, 203, and 133 K, but at the 99 K
magnetic transition a sharp increase in magnetization is
observed along all three axes which slowly tends to saturation
at low temperatures when cooled in field and that for H ∥ c is
the most pronounced (Figure 5). The small magnetization for

H ∥ ab plane may originate from slight misalignment of the
crystals. The zero-field cooled data are very difficult to measure
using a squid magnetometer equipped with a 50 kOe magnet,
since the smallest field of 0.1 Oe can drive a large magnetization
on cooling and the high coercivity of this material (see later)
makes it hard to reverse the induced magnetization from say
negative to positive. After careful elimination of the trapped
field within the shield and that of the magnet coil, a nonzero
temperature independent magnetization is observed up to a

fraction of a Kelvin from the transition temperature. We
manage this once for measurement in an applied field of 1 Oe
when H ∥ c-axis. The attempt for H ∥ b was not successful as a
very small negative residual field (<0.1 Oe) drove the
magnetization to the opposite direction and upon warming in
1 Oe it remains negative until just below TN. Upon subsequent
cooling the increase in magnetization is observed near 99 K but
the following remnant magnetization, after removing the field,
is nearly the same as the FC data except for the slight shift in
the temperature at which the magnetization is zero (Figure 6).

This effect is also seen for data taken in 5 Oe field and it
appears to be for any orientations and for different crystals. The
magnetization data taken in 50 Oe are as those reported above
for 1 and 5 Oe. However, if presented as susceptibility there is
large variance indicating the initial susceptibility is nonlinear.
The FC magnetization data measured in 1 and 5 Oe for H ∥ c
have been fitted to M = M0(1 − T/TN)

β to extract the critical
exponent (Figure 5).37 The Neél temperature was found to be
98.9(1) K and the critical exponent β = 0.180(2).
Increasing the applied field to 100 and 500 Oe, the ZFC data

change shape by becoming broader with increasing field but the
bifurcation between ZFC and FC data remains for all
temperatures below 90 K (Figure 7). We note that the
magnetization in 50, 100, and 500 Oe tend to the same value.
For applied fields of 5 and 10 kOe a very sharp rise is observed
in the ZFC magnetization below 10 K, but the difference
between ZFC and FC is still present. In 20 kOe the sharp
increase is absent. The FC magnetization value at 2 K depends
on the applied field up to 50 Oe and reaches the same value for
field strength of 50, 100, and 500 Oe. At higher fields, 5, 10,
and 20 kOe, the saturation value is again dependent on the
applied field but is nonlinear. However, in each of the applied
fields used the value of the magnetization at 2 K is very far from
that expected for a ferromagnetic material with all moments
parallel, suggesting a canted-antiferromagnetic ground state is
most appropriate. The dependence of the magnetization for
fields of 1−50 Oe is likely to be due to the motion of domains,
but the nonlinearity may be associated with their highly 2D
nature. The same saturation magnetization values (250 cm3 G/
mol) for H = 50−500 Oe reflect the canting moment of this
magnet. Thus, taking the value of 250 cm3 G/mol for the
magnetization at 2 K in 50 Oe and using gS = 2*2*5585 cm3

G/mol for a fully aligned Fe(II) moment, we estimate the
canting angle as sin−1[250/(2*2*5585)] = 0.64°. This is the

Figure 4. Temperature dependence of the susceptibility (M/H) of a
single crystal embedded in PMMA for H = 5 kOe ∥ a-axis (red), ∥ b-
axis (blue) and ∥ c-axis (green) in the paramagnetic region 100−400
K.

Figure 5. Temperature dependence of the zero-field-cool and field-
cool magnetizations of a single crystal embedded in PMMA in an
applied field of 1 Oe for H ∥ a-axis (red), ∥ b-axis (blue) and ∥ c-axis
(green) in the region 5−150 K. The slight negative ZFC magnet-
ization for H ∥ b-axis is due to a negative field of <0.1 Oe on cooling.
The black line is the fit for the critical exponent.

Figure 6. Temperature dependence of the field-cool and remnant
magnetizations of a single crystal embedded in PMMA in applied fields
of 1 and 5 Oe for H ∥ c-axis.

Inorganic Chemistry Article

DOI: 10.1021/ic5030229
Inorg. Chem. 2015, 54, 2866−2874

2870

http://dx.doi.org/10.1021/ic5030229


same as that found by Nakajima et al.6e However, the nonlinear
susceptibility in field of 5−20 kOe suggests reversal of
moments, which is rarely found for a canted-antiferromagnet.
Its origin in the present case is presently not known.
The above observations are indication that it is difficult to

move the domain walls in this compound, and thus it is very
coercive and hard. However, the rapid reversal in low field after
ZFC suggests the mechanism for the magnetic hardness is due
to wall pinning rather than nucleation driven (Figure 8).38 In
contrast to the soft nature of MAFC that does not display any
electric or elastic properties, the magnetic hardness in the
present case raises the question of the manifestation of the
coexistence of the different domains of varying length scales
and the relation between them. As expected the magnetic
hardness is increased in the powdered samples (Figure S1) due

to reduction of multidomains further questions how the three
properties are intricately connected. The results from several
crystals were consistent and reproducible irrespective of their
size (1−3 mm), shape, and the method of crystal mounting
used.
The ac-susceptibilities of this compound are very sensitive to

the ac- and dc-field as well as the oscillating frequency (Figure
9). All measurements were performed on an aligned single
crystal. As the susceptibility is highest for field applied parallel
to the c-axis, we have aligned the crystal in this orientation. The
ac field was chosen from 0.8 to 5 Oe and oscillating frequencies
from 1 to 1000 Hz, while the bias dc field was from 0.8 to 20
Oe. First the sample was cooled in zero dc-field and the bias dc
field was applied when the temperature has stabilized at 2 K for
about 5 min. Thus, the experiment can give us information on

Figure 7. Temperature dependence of the zero-field-cool and field-cool magnetizations of a single crystal in different applied fields H ∥ a-axis (left)
and H ∥ c-axis (right).

Figure 8. (a) Isothermal magnetization at 10 K of a single crystal embedded in PMMA after zero-field-cool for H ∥ a-axis (blue), ∥ b-axis (blue), and
∥ c-axis (green) and after field cooling in 50 kOe from 300 K for H ∥ c-axis (purple). (b) Isothermal magnetization at different temperatures for a
single crystal after zero-field-cool with H ∥ c-axis. (c) Isothermal magnetization at different temperatures for a single crystal after zero-field-cool with
H ∥ c-axis after removal of a linear part (see text). (d) Temperature dependence of the coercive field for a single crystal after zero-field-cool with H ∥
c-axis.
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the domain structure and the phase transition. The observed ac-
susceptibilities have three anomalies. Below 50 K both the real
and imaginary components are very weak or zero. This is
consistent with the high magnetic hardness mentioned above.
Above 50 K a broad hump is seen which is due to domain wall
dynamics, and the other anomaly is two sharp peaks near the
Neél temperature. First we found that increasing either the ac-
or dc-field independently or simultaneously can have dramatic
changes in the response. Both have the effect of decreasing the
imaginary component to zero and also the broad hump. The
two sharp peaks are centered at 98.9 and 98.7 K. There is very
little frequency dependence in the peak temperature, but the
intensity decreases with increasing frequency for the real
component and the imaginary component becomes zero. We
should note that the higher temperature peak matches the
transition measured by the field-cool magnetization in 1 or 5
Oe (Figure 6), while the lower temperature peak matches that
at which the remnant magnetization becomes zero. The
presence of peaks in ac-susceptibilities of canted antiferromag-
nets is unusual; thus in the present case we associate these
anomalies to domain structure within the layer for the weak
ferromagnetic state. As we have already argued in the case of
methylammonium iron chloride that long-range ordering is
prominent in 2D before 3D at a slightly lower temperature, we
believe similar conclusion can be drawn in the present case.8

Although there is a big difference in ground state between the
two compounds, the ac-susceptibility behavior is expected to be
the same. The varying value of susceptibility for different ac
fields is due to the large variation of the initial magnetization as
a function of field while the appearance or not of an imaginary
part is due to the narrow range of relaxation rate for the canted
antiferromagnetism as well as the small width of the domain
wall which should lie between that of Bloch for a ferromagnet
and that of Neél for an antiferromagnet.39 It is important to
note that with such a narrow peak in the ac-susceptibilities
spanning only 0.5 K it is a lesson to learn that one can easily
miss these details for canted antiferromagnets and wrong
interpretations can follow.
The structural and magnetic data for EAFC shown above

present certain anomalies that were not encountered in the
studies of MAFC.8 First in addition to the tilting of the
octahedra, there was their rotations within the layer of EAFC
that was not present for MAFC and has been associated with
the presence of ferroelasticity in EAFC.6b Second, the magnetic
ground state is different; EAFC is a straight canted
antiferromagnet without the hidden canting found in MAFC.
The transition temperatures being almost the same suggest that

the exchange interactions within the layer are of the same order
of magnitude and that a dipole−dipole interaction between
layers is the most logical mechanism for the long-range
ordering, although the resultant moment due to the canting is
smaller (0.64° for EAFC and 1.4° for MAFC).6e

The major differences between the two compounds lie in the
ac-susceptibilities in the ordered state below the transition
temperature, and the hysteresis where both observables are
related to magnetic anisotropy. Given the global structural
similarity and the mechanism of the long-range ordering being
also of the same origin, it leaves us with little reasons not to
think of the interaction of domains of different origins
ferroelectric, ferroelastic and ferromagneticas being respon-
sible for the various anomalies that are present. In the following
we attempt to relate these anomalies.
The most notable anomaly is the large hysteresis which starts

to be quite narrow near the transition temperature but grows
rapidly as the temperature is lowered to the point where the 50
kOe of the SQUID was not enough to reverse the moments
(Figure 8), as seen by the asymmetric loop offset to the upper
side (especially at 2 K). Furthermore, the hysteresis of a virgin
sample is different from the subsequent ones that are
reproducible (Figures S2 and S3, Supporting Information).
To envisage the effect it is better to look at the first
magnetization and its demagnetization. The former is almost
linear and increases rapidly with field up to 1.5 kOe before
taking a more gentle increase up to 50 kOe. On decreasing the
field the slope is almost the same as the increase in field with a
kink at the remnant magnetization point (i.e., at zero field), but
the saturation value is drastically reduced at −50 kOe.
However, on going back from −50 kOe to +50 kOe the
saturation value is the same as that in −50 kOe. To verify that
this is not a polar effect we did the reverse, that is, going to the
negative field after ZFC and back and forth. The symmetry of
the traces is reproduced, suggesting this is not a polar effect.
Examination of the loops for H ∥ c at different temperatures
indicates the effect is present for every loop below 80 K but not
for the one at 95 K (Figure 8c). For all temperatures between
35 and 95 K, the linear component of the magnetization is
reproduced following M = (M0 + 0.0106 H) emu G/mol. The
hysteresis loops at 10 K for the other orientations show the
effect is the same but reduced in magnitude. In a powder, the
hysteresis is weak but that after FC with positive or negative
field are not reversible due to probably enhancement of the
coercive field by reducing the particle size. It is to be noted that
the difference between virgin and subsequent loops are again
not of the same values.

Figure 9. Temperature dependence of the ac-susceptibilities for H ∥ c, real part (left) and imaginary part (right); Hac = 0.8 Oe, frequency = 10 Hz
and bias dc-field indicated in the figure.
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Such kind of magnetic behaviors are unique to EAFC, and in
comparison to its sister one MAFC one can presently only
associate them with the only difference between themthat is
the former is ferroelectric, ferroelastic, and weak ferromagnetic
in zero field, while the latter do not display ferroelectric and
ferroelastic but weak ferromagnetism in field higher than 200
Oe.8 Therefore, we tentatively associate the difference between
virgin magnetization and subsequent hysteresis to the different
scales of the domain size as well interaction between them.

■ CONCLUSION
Although (C2H5NH3)2FeCl4 has the same structural character-
istics as (CH3NH3)2FeCl4, the extra CH2 adds to a multitude of
phase transitions giving rise to ferroelectric and ferroelastic
properties in the former but absent in the latter. The crystal
structure determinations point to both tilting and rotation of
the octahedra where the latter is associated with the elasticity.
The magnetic order is consistent with weak ferromagnetism
due to the canting of the moments by 0.64° toward the c-axis.
In contrast to (CH3NH3)2FeCl4, (C2H5NH3)2FeCl4 displays
wide hysteresis below TC (98.9 K) which increases dramatically
as the temperature is lowered to exceed 50 kOe coercive field.
It is among the hardest molecular magnet known. The
difference in behavior is tentatively associated with the
interaction of domains of electric, elastic, and magnetic origins
that have different length scales. How the interaction is
manifested remains a question of major scientific curiosity and
can only be answered by the presently nontrivial engineering of
materials with known domain structures.
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