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The paper is devoted to study of the magnetic and ferroelectric properties of [N(C2H5)4]2CoCl2Br2
(TEACCB-2) solid solution. Investigations of the temperature dependence of the spontaneous polariza-
tion confirmed existence of the improper ferroelectric phase in this crystal. The anomalies corresponding
to the ferroelectric phase transition were also observed in the temperature dependences of the inverse
magnetic susceptibility — respectively at 227.7 K and 226.4 K, depending on the orientation of the
magnetic field. These anomalies confirm both ferromagnetic interactions in a very small temperature
range around this point and the spontaneous magnetoelectric effect arising in the phase, which simul-
taneously is improper ferroelectric and paramagnetic. Observation of such an effect testifies that the
ferroelectric ordering is closely connected with magnetic interactions between Co2+ ions. The analyzed
Co(II) complexes are monomeric and are characterized by antiferromagnetic interaction (θ < 0 K)
around the central ion.
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1. Introduction

Multifunctional materials, where magnetic and
electric orders coexist at the same phase present
high research interest due to the potential to drive
exotic cross-functionalities in these materials. Such
functionalities can include the electric field con-
trolled magnetization or magnetic field controlled
polarization [1]. For the technical applications it is
important that these materials would possess not
only large magnetoelectric coupling but also large
magnetization and electric polarization values [1].

Often such materials meet preparation difficul-
ties related to the fact that majority of magnetic
materials are not good insulators and therefore can-
not sustain electric polarization. The search for such
materials is recently branching out to include also
organometallic systems [2], where improper electric
polarization can appear due to thermodynamically
induced structural transformation. However, these
materials are predominantly paramagnetic due to
prevailing organic content. In that respect, the in-
troduction of strong magnetic interactions to these
materials and maintain electric polarization at the
same time is a very challenging issue.

Here we report that coexistence of electric po-
larization and magnetic interactions could also be
found within the rich family of the crystalline fer-
roics with an alkylammonium cation. The crys-
talline ferroics of such a type possess series of in-
teresting properties and are actively studied us-
ing different experimental methods. First of all,
they are characterized by the complex sequences of
phases that are accompanied by different kinds of
structural transformations connected with dynam-
ics of organic cations and inorganic anions [3–8].
In the previous paper [4] we reported the data
concerning the magnetic and electric properties of
[N(C2H5)4]2CoClBr3 (TEACCB-3) solid solution.
This paper is devoted to another related potential
multiferroic from the same family of solid solutions
— TEACCB-2.

Previous investigations of the initial
[N(C2H5)4]2MeCl4 (Me = Co, Zn, Mn) single
crystals by NMR and dielectric methods showed
that these compounds undergo a phase transition
around 225 K (in a heating run T1 = 225 K
for Me = Co, T1 = 226.2 K for Me = Mn, and
T1 = 227 K when Me = Zn) [5]. At room temper-
ature [N(C2H5)4]2CoCl4 belongs to the P42/nmc
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space group [6]. The phase transition obviously
into the rhombic phase is connected with ordering
of the organic cations.

Contrary to the compounds of [N(C2H5)4]2MeCl4
group, [N(C2H5)4]2MeBr4 crystals are character-
ized by availability of the first order phase transition
at higher temperatures (T2 = 280 K for Me = Co
and T2 = 266 K for Me = Mn) [7, 8].

The initial crystals — [N(C2H5)4]2CoCl4 and
[N(C2H5)4]2CoBr4 — do not look very attractive
from the practical point of view since they do not
show clear ferroelectric properties.

However, the solid solution TEACCB-2 is much
more interesting since it obviously possesses the
ferroelectric phase. According to [9] the bulk
TEACCB-2 crystal undergoes two structural phase
transitions below room temperature

Obviously
improper

ferroelectric
←−

T2=224 K
(on cooling)

T2=232 K
(at heating)

←− T1 = 249 K (1)

One can conclude that considered solid solutions
undergo phase transitions characteristic for both
the corresponding pure chloride and bromide crys-
tals but at the “intermediate” temperatures. The di-
electric parameters of TEACCB-2 showed the sharp
peaks at T2 = 224 K in a cooling run (232 K at heat-
ing), whereas more slight anomalies were observed
at T1 = 249 K. On the basis of the shape and val-
ues of the anomalies of the real and imaginary part
of dielectric permittivity the transition at T2 was
supposed to be improper ferroelectric. Moreover,
it has been found that this phase transition mani-
fests a considerable temperature hysteresis. Besides,
above this transition the clear dielectric dispersion
characteristic of the Debye type relaxation was ob-
served [9]. Meanwhile, as it was deduced from the
Cole–Cole diagrams, the relaxation is characterized
by a certain distribution of relaxation time due to
interaction between the dipoles [10]. It was sug-
gested that observed dielectric dispersion as well as
the phase transitions are connected with the coop-
erative motion of complex anions and cations [10].
The low temperature transition strongly affects
mobility both of cations and anions leading to
disappearance of the dielectric dispersion at low
temperatures.

As it follows from the data of the spectroscopic
study [11], the structure of TEACCB-2 contains
[CoCl2Br2]2− groups carrying the dipole moment
but not the separated [CoCl4]2− and [CoBr4]2−
anions. The distortion of the metal–halogen com-
plexes in the solid solution explains possible appear-
ance of the ferroelectric properties in TEACCB-2
solid solution contrary to the case of the initial
[N(C2H5)4]2CoX4 (X = Cl, Br) crystals. Never-
theless, the ferroelectric nature of the phase lying
below T2 still demands confirmation using the di-
rect methods of measurements of the spontaneous
polarization.

The technical application of the considered crys-
tals and solid solutions is restrained because of their
hygroscopicity, brittleness, and damaging caused
by overheating above 100◦C. Nevertheless, it was
shown [9, 12] that incorporation of the nanocrys-
tals of TEACCB-2 into a polymer matrix may
open a new opportunity for their practical applica-
tion since such unfavourable properties in this case
would be overcome. Moreover, our preliminary di-
electric study of the TEACCB-2 nanocrystals incor-
porated into a polymer matrix revealed the resonant
type dielectric dispersion at comparatively high fre-
quency of the measuring field (around 1.2 GHz) [12]
that might find the effective technological applica-
tion in the principally new type of piezotransducers.

Taking into account all mentioned above one can
conclude that study of the magnetic and ferroelec-
tric properties of TEACCB-2 solid solution would
be very interesting both for the fundamental science
and for the practical applications.

2. Experimental

The system of interest, the TEACCB-2 com-
pound, was grown in a single-crystal form at
room temperature by slow evaporation of an aque-
ous solution of CoCl2, CoBr2, N(C2H5)4Cl and
N(C2H5)4Br salts taken in the stoichiometric ra-
tio. The obtained single crystals were of deep blue
colour. X-ray powder diffraction studies have re-
vealed that at room temperature TEACCB-2 is
isomorphous with TEA-CoX4 (X = Cl, Br) com-
pounds and belongs to the P42/nmc group of sym-
metry [12]. The unit cell parameters were found to
be a = b = 9.028(1) Å and c = 15.404(2) Å [12].

Polarization was calculated on the basis of the
pyrocurrent measured with a Keithley 6517A elec-
trometer. Silver paste was used to make electrical
contacts to the sample. Measurement of the polar-
ization was performed in direction coinciding with
a axis of the single crystal.

Magnetic susceptibility of the single crystals of
TEACCB-2 were investigated within the temper-
ature range of 16–300 K. The measurements were
made at a magnetic field strength of 9.9 kθe us-
ing Quantum Design SQUID–VSM magnetometer.
The superconducting agent was generally operated
at a field strength ranging from 0 to 7 T. Field de-
pendences of magnetization were measured at room
temperature and 50 K in an applied field up to 5 T.
The SQUID magnetometer was calibrated with the
palladium rod sample.

The magnetic field was applied in direction of c
axis and in the perpendicular direction.

Correction for diamagnetism of the constituent
atoms was calculated by the use of Pascal’s con-
stants [13]. The effective magnetic moment values
were calculated as

µeff = 2.83(χMT )
1/2, (2)
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where µeff is the effective magnetic moment, χM —
the magnetic susceptibility per molecule, and T —
the absolute temperature.

3. Results and discussion

In order to confirm a ferroelectric nature of the
phase lying below T2 we investigated the sponta-
neous polarization in vicinity of this temperature
point in regime of heating (see Fig. 1).

The temperature dependence of the spontaneous
polarization confirms existence of the ferroelectric
phase below T2. Its maximal value is considerably
lower (practically, two orders of magnitude) than in
TEACCB-3, which was related to the proper fer-
roelectrics [4]. These data confirm the supposition
made in [9] concerning the improper character of
the hypothetic ferroelectric phase in TEACCB-2.
Similarly to the case of TEACCB-3 appearance of
the spontaneous polarization also should be con-
nected with ordering of the distorted anions. This
conclusion fairly well correlates with the data of [9]
concerning the change of the dielectric relaxation
process in the point of the phase transition at T2.
The organic cations also would be involved into this
process. According to the data of previous study [9]
no other anomalies of the dielectric parameters were
observed down to 78 K. Therefore, the improper fer-
roelectric phase would exist at least down to this
temperature.

The magnetic susceptibilities of TEACCB-2
were investigated for knowing whether the nature
of atomic magnetic interaction changed at low
temperatures.

From the obtained results it appears that the
magnetic susceptibility for two different orienta-
tions of magnetic field obeys the Curie–Weiss law
showing the paramagnetic character of their com-
plex central ions (see Fig. 2). The dependences of
the magnetic susceptibility reciprocal values and
also of χcorr

M T worth’s as a function of temperature
for Co(II) complexes are presented in Fig. 3.

Fig. 1. Temperature dependence of the sponta-
neous polarization measured at heating.

Fig. 2. Temperature dependences of the corrected
magnetic susceptibilities measured at two different
orientation of the magnetic field: along the axis
(001) (a) and in the perpendicular direction (b).

Fig. 3. The temperature dependences of magnetic
susceptibility reciprocal values and χcorr

m T for differ-
ent orientation of the magnetic field: along the axis
(001) (a) and in the perpendicular direction (b).
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Fig. 4. Field dependences of the magnetization for
two different orientations of the magnetic field ob-
tained at T = 50 K.

The effective magnetic moment values experi-
mentally determined in the range of 16–300 K
change from 4.58 to 4.92 µB for the orientation of
the magnetic field along c axis and 4.59 to 4.95 µB

for its orientation in the perpendicular direction.
The magnetic moment values experimentally de-

termined for the investigated compound seems to
be close to spin only values for the respective ions
calculated from the equation µeff = [4s(s + 1)]1/2,
s = n/2 in the absence of the magnetic interac-
tions for present spin-system. This theoretical value
calculated at room temperature for Co(II) is equal
to 3.88 µB.

In the case of the magnetic field oriented
along and perpendicularly to c axis the values of
χcorr
M T vs T change from 2.6255 cm3 mol−1 K

(16 K) to 3.0176 cm3 mol−1 K (300 K) and from
2.6326 cm3 mol−1 K (16 K) to 3.0634 cm3 mol−1 K
(300 K), respectively. But on the both ana-
lyzed curves two peaks appear with a maximum
at 227.7 K and 74.9 K for the magnetic field parallel
to c axis and at 226.4 K and 77 K for the magnetic
field oriented in a perpendicular direction. These in-
creases in χcorr

M T vs T values are due to the appear-
ance of ferromagnetic interactions in a very small
temperature range around these points.

There is a general trend that in the range about
of 300–50 K the values of χcorr

M T alter slowly. In the
range of about 50–16 K they drastically decrease
for both directions of the magnetic field orienta-
tion. This drastic decrease indicates a negative θ

value which may suggest the antiferromagnetic in-
termolecular interaction. Therefore, the magnetic
moment values are 4.58 µB and 4.59 µB, appropri-
ately. It suggests a weak antiferromagnetic inter-
action between Co(II) canters [14] or a weak inter-
molecular hydrogen bonds in the crystal lattice [14].

We also did not observe any pronounced nonlin-
earity in the magnetic field dependences, measured
at T = 50 K (see Fig. 4). This testifies that mag-
netic ordering in the investigated compound would
be realized at much lower temperatures.

4. Conclusions

Investigations of the temperature dependence of
the spontaneous polarization confirmed existence
of the improper ferroelectric phase below T2. This
temperature was found to be close to those obtained
in the previous study of the temperature depen-
dence of the real and imaginary part of the dielectric
permittivity (232 K at heating) [9]. One can sug-
gest that the spontaneous polarization exists down
to the liquid nitrogen temperature (78 K).

The anomalies corresponding to the ferroelectric
phase transition were also observed in the temper-
ature dependences of the inverse magnetic suscep-
tibility — respectively at 227.7 K and 226.4 K, de-
pending on the orientation of the magnetic field.
The observed difference in the temperatures of this
phase transition obtained on the basis of the ferro-
electric and magnetic studies reflects the hysteresis
of the phase transition, considerably depending on
the sample’s size and the rate of temperature change
that are different in the above mentioned experi-
ments. Presence of the anomaly of inverse magnetic
susceptibility at T2 confirms both ferromagnetic in-
teractions in a very small temperature range around
this point and the spontaneous magnetoelectric ef-
fect arising in the phase which simultaneously is
improper ferroelectric and paramagnetic. Observa-
tion of such an effect testifies that the ferroelectric
ordering is closely connected with magnetic inter-
actions between Co2+ ions.

Anomalous behavior of the inverse magnetic sus-
ceptibility in the vicinity of 74.9–77 K also would be
related to the early unknown phase transition that
demands further detailed studies.

According to SQUID method the effective mag-
netic moment values calculated for the Co(II) com-
plexes change from 4.58 to 4.92 µB for the magnetic
field parallel to c axis and from 4.59 to 4.953 µB for
the magnetic field oriented in the perpendicular di-
rection. They are higher than the spin-only worth
which results from a spin–orbit coupling. The val-
ues of µeff calculated for the Co(II) ion using the
values of L, S and J of the free ion ground term
(4F9/2) may be different. The values may indicate
that it is a complex with tetrahedral structure. Such
a conclusion fairly well correlates with the data of
previous spectroscopic studies [11].
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The analyzed Co(II) complexes may be
monomeric and characterized by antiferromag-
netic interaction (θ < 0 K) around the central ion.
Its determined values of magnetic moment indicate
a spin–orbit coupling in one Co(II) center.
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