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Abstract

Magnetization of the cation-substituted Co,Mn;_, S sulfides upon cooling in zero and 100 Oe

magnetic fields at the temperatures 4-300 K has been measured. Permittivity of these materials
at frequencies from 1 to 100 kHz in magnetic and dc electric fields in the 100-300 K
temperature range has been determined. Change in the dielectric permittivity under an external
magnetic field is found to have a maximum in the temperature ranges of 77 ~ (110-120 K) and
T, ~ (230-250 K). Formation of spontaneous magnetic moment and the rise of magnetic
susceptibility are revealed at the same temperatures in the Co,Mn;_, S solid solutions. Features

of the magnetoelectric properties of the sulfides have been explained by orbital ordering.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The study of multiferroics, in which at least two of the
three order parameters (magnetic, electric and spontaneous
deformations) coexist, has been an urgent problem as the
magnetic properties of these materials can be controlled by
an electric field and, vice versa, the electric properties can be
modulated by a magnetic field [1-3]. The realization that these
materials have great potential for practical applications has led
to extremely rapid research and development of multiferroics.
Applications include the ability to address magnetic memory
electrically (and without currents), the creation of new types of
four-state logic (i.e. with both up and down polarization and
up and down magnetization) and magnetoelectric sensors. In
spintronic devices, information is converted via transformation
of magnetization to electric voltage; in multiferroics, the
correlation between the magnetic and electric subsystems
manifests itself in the magnetoelectric effect [4].

The multiferroic family includes borates [5], hexagonal
manganites [6] and magnetoelectrics, for example, bismuth
ferrite BiFeOs [7-9], in which the Curie temperature of the
ferroelectric phase transition exceeds the temperature of the
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magnetic phase transition. In materials of the TbMn,0Os5 [10]
manganite family, magnetic and ferroelectric orders are formed
at close temperatures.

In TbMnO;3; [11] ferroelectricity exists only in a
magnetically ordered state and is caused by a particular type
of magnetism [10, 11], for example, a magnetic spiral of
a specific kind. Polarization can appear as a consequence
of exchange striction because the magnetic coupling varies
with the atomic positions. CazCoMnOg [12] consists of one-
dimensional chains of alternating Co?* and Mn** ions. At
high temperature the distances between the ions along the
chain are the same, the chain has inversion symmetry and
polarization is absent. Magnetic ordering, however, breaks
inversion symmetry and due to an exchange striction because
the distortion of ferro and antiferro bonds is different, and
the material becomes ferroelectric. One can, however, get
the same effect even for identical magnetic ions when one
takes into account that the exchange in transition metal oxides
usually occurs via intermediate oxygen and depends on both
the distance between the metal ions and the metal-oxygen—
metal bond angle. In RMnOj; perovskites, where R is a small
rare earth element, the exchange striction [13] in this case can

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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cause the oxygen ions to shift perpendicular to the Mn—Mn
bonds, which produces a polarization along the direction of the
shift.

The break of the inversion center may be caused by
the topology of the magnetic structure. For example, in
Gd,CuQy [14] the spins of copper ions are antiferromagneti-
cally ordered in the basal planes of the tetragonal crystal lattice,
while the spins of gadolinium ions form ferromagnetic layers
magnetized parallel to the basal planes. Thus, the copper and
gadolinium subsystems have different magnetic symmetries.

Currently, manganese oxides [15], selenides [16, 17]
and sulfides undergoing the metal-dielectric transition and
possessing colossal magnetoresistance [18] are intensively
studied. Electron density redistribution inside the 3d shell
arising from the electron transitions from e, to ty, levels or
due to the different electronegativities of cobalt and manganese
ions can lead to changes in the orbital electron occupancy of the
tpg shell of Mn ions. The important feature is that the magnetic
exchange interaction depends on the orbital occupancy, i.e.
even the sign could change [19]. Therefore, it is possible
that the magnetic correlation in the normal state can be very
different from that in the ordered phase when the orbital order
exists. An active role of orbital degree of freedom in the lattice
and electronic response can be manifest in sulfide compounds
with perovskite structure [16, 17]. The variation of the orbital
occupancy may be caused by the change in polarizability and
in the spin state of the cation.

The aim of this study is to reveal the properties of the
Co,Mn,_, S solid solutions similar to multiferroics and to offer
a mechanism for the origin of the correlation between the
magnetic and electric subsystems.

2. Experimental results

The crystal structure of the Co,Mn,;_, S sulfides was studied
with the DRON-3 facility using monochromatic Cu K radiation
at a temperature of 300 K. Prior to and after the measurement
of temperature dependences of magnetic susceptibility and
permittivity, the samples were subjected to the x-ray diffraction
analysis.  According to the x-ray diffraction data, the
Co,Mn;_,S samples with 0 < x < 0.4 have an NaCl-
type face-centered cubic (FCC) lattice. With an increase in
concentration of cation substitution (x), the lattice parameter
linearly decreases from ~5.222 A (x = 0)to ~5.204 A
(x = 0.4), which shows the formation of the «-MnS-based
solid solutions in the system. The magnetic properties were
investigated with a SQUID magnetometer in fields up to H =
0.5 kOe at the temperatures 4.2-300 K.

A spontaneous magnetic moment is revealed in the system
of Co,Mn;_,S solid solutions in the magnetically ordered
region (T < Ty). The existence of the magnetic moment
is confirmed by the presence of a hysteresis loop in the
magnetization curve o (H) shown in figure 1 for x = 0.05.
The exchange field Hg = JzS§° = 90 K was found for
the second type of magnetic ordering in the FCC lattice
using the molecular field approximation. For an isotropic
antiferromagnet, magnetization is linear against the field.
The calculated magnetization of the canted antiferromagnet
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Figure 1. Magnetization for Cy 9sMng9sS versus magnetic field at

T =42K(a)and T = 115K (b), where AM = M*™ — M, M
and M™ are experimental and theoretical magnetization for isotropic
AF.

is much less than the experimental value. In particular, the
magnetization value is M = 0.45 ug and M* = 1.2 ug at
T =4.2Kand H = 8 T. The difference M*™* — M™ is shown
in figure 1(b) and can be attributed to orbital magnetization of
cobalt ions in the Mn—Co—Mn clusters, which disappears upon
heating above 7, = 120 K (figure 2).

The magnetization temperature dependence of the
Coo.15sMnp gsS compound measured at cooling in zero
magnetic field and in the fields H = 13, 100 and 500 Oe
reveals the hysteresis at 7 < 250 K. The dependences nearly
coincide at the increase of the external magnetic field up to
500 Oe. The temperature at which the spin-glass effect starts
manifesting itself in the magnetic properties is much higher
than the 7y = 175 K Néel temperature. In the M (T') curves,
one can mark three temperatures (77 >~ 240, 120 and 50 K)
corresponding to the sharp magnetization growth in the cooling
sample. Critical temperatures 7, at which the spontaneous
magnetic moment is formed, coincide for x = 0.05,0.15
(figure 2) and decrease with an increase of cobalt concentration
for x > 0.15. Magnetization measured in the same magnetic
field has a maximum value at x = 0.05 and disappears at
T = 120 K (inset in figure 2).

Real and imaginary parts of the permittivity were
measured in the 80 K < 7 < 300 K temperature range
at frequencies of 1, 10 and 100 kHz in magnetic and
dc electric fields in dependence on the cooling conditions.
Temperature dependences of permittivity for Mn;_,Co, S with
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Figure 2. Temperature dependences of magnetization upon cooling
in the magnetic field H = 100 Oe (FC-1) and in zero magnetic field
(ZFC-2) for Cy1sMng g5S. The inset shows the dependence of
magnetization for the Cog osMng¢sS sample upon cooling in the
magnetic field H = 0.5 kOe (FC).

x = 0.05 are presented in figure 3. One can distinguish
two temperature ranges: at 7 < 200 K permittivity is
frequency-independent, whereas at 77 > 200 K the real
part of the permittivity decreases and the imaginary part
grows with increasing frequency. This effect is explained in
terms of the model of localized electrons in some areas of
the crystal lattice, where at the boundary of the localization
area the inversion center disappears and a dipole moment is
formed due to ion displacement as a result of the electron—
phonon interaction. Qualitative temperature and frequency
dependences of €(w) are described in terms of the model of
heterogeneous dielectrics consisting of two layers. One layer
has the conductivity o = 0 and permittivity € and the other is
made of a material with ¢ = 0 and ¢ # 0. The ratio of the
layer thicknesses is y [20]:

e(l+y) oy (1 +7y)
Re(ecfr) = 7;,7/2; Im(ecfr) = %
14+ (35 4o + L=

(D

As follows from these relations, the real part of the
permittivity decreases, while the imaginary part associated
with dielectric loss grows with frequency. A small permittivity
peak measured at the frequency f = 100 kHz is observed at
T ~ 120 K. The peak manifests as distinct in the derivative
de(T)/dT. Two inflection points in the €(7) temperature
dependence are observed at 77 ~ 170 K and 7, ~ 250 K
for Co,Mn;_,S with x = 0.15. The €(T) curves are plotted in
figure 4.

An external magnetic field leads to a decrease in the
permittivity as a result of magnetoelectric interaction (ME).
Relative variation of the permittivity measured in zero
magnetic field and in the H = 5 kOe field is shown in figure 5.
Two maxima (Ae = (e(H =0,T) —e(H,T))/e(H, T)) at
T, ~ 125 K and 75 ~ 230 K are observed for x = 0.05.
The maximum value of the real part Ae(H) is 3% and the
imaginary part of €(7) decreases in the magnetic field at
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Figure 3. Temperature dependences of the real (a) and imaginary (b)
parts of permittivity measured at the frequencies f = 1, 10 and

100 kHz and temperature dependences of resistivity p(w) = 4/
[Im(€e(w))w] (c) measured at the same frequencies 1 kHz (1), 10 kHz
(2) and 100 kHz (3) for COO.OSMHOA%S.

T ~ 110 K by several orders of magnitude. The relative
change in the real part of the permittivity Ae(H) increases
by an order of magnitude at 7 ~ (230-250) K and the
imaginary part of Ae(H) drops by two orders of magnitude
at T ~ 110 K in the electric field E = 5 Vem™'. The T =
110 and 125 K temperatures corresponding to the maximum
ME effect are situated in the vicinity of the temperature at
which the weak spontaneous magnetic moment is formed in
Mn;_,Co,S. An additional maximum in Ae(T) is revealed
at the antiferromagnetic—paramagnetic phase transition for
Co,Mn;_,S with x = 0.15.

3. The model and interpretation of the results

The different electronegative value between sulfur and
manganese ions leads to a redistribution of the electron density
between ions as a results of d—p hybridization. The part
of the sulfur electrons located on the Mn>* ion may cause
degeneration of ty, orbitals in the octahedral configuration.
Interaction between sites lifts the degeneration and gives rise
to nonuniform electron distribution between orbitals. For
example, the t,, orbitals are occupied by 2d.,, d, electrons at
the ith site and d;, 2d,, electrons at the (i 41)th site. Hopping
between the neighboring sites occurs without variation in the
Coulomb interaction between electrons. As a result, different
populations of the d,,, d,; and d, orbitals are induced and
the charge-orbital order results in the orbital angular moments
ordering.
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Figure 4. Temperature dependences of the real (a) and imaginary (b)
parts of permittivity measured at the frequency f = 1 kHz for
Cog.15Mny g5S in the fields H = 0(1) and 5 kOe (2).

Let us now consider ferromagnetic ordering of the orbitals
with a small moment on a site. In the phenomenological
representation, the Hamiltonian for two orbitals d,, and d_,
and two sites can be written as

H=—-Ji(n, — nly)(”Zx - n2y)(1 —¢) — (gx(niy +nyy)
+gy(niy +na)) (1 =) + 1/2k(x* + y7)

— b +yY) = H(niy 4 noe — iy — nay)(1—¢)

— Jo(n1ix — niiy)(n2iy — ngiy)c — KM M,

— & +yY)M My — A(nyx — n1y)M,

— Mnax — nay)My — H(My + M)

— H(nyjx — nigy + noix — Roiy)c, (2)
where ny i, and n; », , are the electron densities on the d,; and
dy, orbitals of cobalt ions surrounded by manganese ions with
concentration ¢ and on manganese ions with concentration
(1 —¢),J; and J, are the interaction parameters between
the orbital Mn—-Mn and Co—Co magnetic moments, g is the
electron—lattice interaction parameter, x and y are the ion
displacements in the directions corresponding to the square
sides, k and b are the elastic constants, H is the magnetic field,
a is the lattice constant, K < 0 is the exchange interaction
between magnetic moments M; and M;, g is the constant of
the spin-lattice interaction and A is the spin—orbital coupling
parameter. In general, the interaction between the orbital and
spin moments includes the high-order term (L;L,)(M;M>),
which is much smaller than the spin—orbital interaction.

Now, within this Hamiltonian, we will try to answer the
following questions. How dependent is the magnetic moment

Figure 5. Relative change in the real ((a) and (c)) and imaginary ((b)
and (d)) parts of permittivity measured in zero and in H = 5 kOe
magnetic field versus temperature at f = 1 kHz, the frequency in
zero electric field (1) and in the field E = 5V cm™' (2) for
Co0.0sMng95S ((a) and (b)) and Cog ;5Mngg5S ((c) and (d)) in zero
electric field.

value on the concentration of the Mn—Co—Mn clusters and
on the effective orbital interaction? How does the external
magnetic field affect the orbital correlation functions (and,
correspondingly, electron population orbitals)? The average
electron density on the ty, orbitals of manganese ions can
be estimated from the spin moment at the site S = 4.4 ug
for MnS and n;, is equal to ~0.1. The electron density
on the cobalt ion in an Mn—Co-Mn cluster can attain the
value n;; ~ 0.5. The thermodynamic characteristics and
the correlation function between the nearest neighbors for the
orbital ((LiL), (L = nix — ni,)) and magnetic ((M,M,))
moments are calculated in terms of a continuous Potts model,
where the electron density and the ion displacements vary
within the range of 0 < nyo,, < 0.1,0 < 115, < 0.5,0 <
x,y < 1l,and —1 < M, < 1, respectively.

The magnetic moment correlator decreases by a factor
of two or three in the range of the transition temperature
from the magnetically ordered to the paramagnetic phase and
has an inflection point. Therefore, the critical temperature at
which the long-range orbital ferromagnetic order disappears
is associated with the inflection point in the temperature
dependence of (L{L,)(T) and (M;M,)(T) the correlation
functions. Figure 6(a) depicts temperature dependences of the
correlators for several cobalt ion concentrations. As seen from
figure 6 the two 7. and 7;; temperatures exist at which the
orbital magnetic moments of manganese ions and the orbital
moments of the Mn—Co—Mn clusters are ordered. The typical
concentration behavior of T;;(c) is presented in figure 6(b)
for two exchange parameters J,/J;. It is similar to the
concentration dependence ¢ = zx(1—x)"! of the Mn—Co-Mn
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Figure 6. Correlation of magnetic orbital moments (L;L,) (a) of
manganese ions (light symbols) and cobalt ions located in the
Mn—Co—-Mn cluster (dark symbols) versus temperature for the
parameters J; = 10, J, =6,g =6,k =20,b=3,K =
—0.35,8,=0.1,A =0.1 and x = 0.02 (1), 0.05 (2) and 0.15 (3) (a).
Temperature of the formation of the orbital magnetic moment of
cobalt ions in the Mn—Co—Mn cluster normalized by the Néel
temperature for the parameters J, = 5(1),8(2), J;, =10, g =6,k =
20,b =3, K = —0.35, g, = 0.1 and A = 0, and experimental data
for Co,Mn;_, S (3) versus cobalt concentration (b).

clusters, where z = 12 is the number of nearest neighbors for
the FCC lattice. According to the results of our calculations,
the dependence of T; on the value of the interaction between
the orbital magnetic moments is linear. The line slope angle
depends on the cobalt ion concentration and the electron—
lattice interaction which shifts the temperature of the transition
of orbital ordering towards the higher temperatures within
20% with an increase in g/J ~ 1. The experimental results
presented in figure 6 are satisfactorily described in terms of the
model with orbital ordering of the angular moments.

The variation of the electron population in the e, and
te states leads to a change in the full magnetic moment
J = L 4+ § and induces electron polarization determined by
the atom polarizability ¢ = o, + 2b,l[M3 —1/3J(J + 1)],
where «, and b, are the constants, J is the full moment of an
atom and M is the projection of the magnetic moment onto
a selected direction. Permittivity is related to polarizability
as € = 1 4 4xaN and the change in permittivity in the
external magnetic and electric fields is determined as Ae ~
Ao ~ AM 3 ~ A(LjL,). The shift and splitting of electron
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Figure 7. The difference between the correlators of the orbital
magnetic moments calculated in a magnetic field and without a
magnetic field for cobalt ions in the Mn—Co—Mn clusters (left scale)
and manganese ions (right scale) versus temperature for J; =

10,J, =5,8=6,k=20,b=3,K=-035,8,=0.1,A=0.1
and x = 0.02 (1), 0.05 (2) and 0.15 (3).

energy levels under the magnetic or electric fields will manifest
itself in the correlation function variation. In figure 7, one
can see the difference between the correlators of the orbital
magnetic moments calculated in a magnetic field and without
a magnetic field for several concentrations. The first maximum
in the low-temperature range is caused by the change in the
orbital ordering for cobalt ions surrounded by manganese ions;
the second maximum is related to the orbital order in the
manganese system. This qualitatively explains the presence
of two maxima in Ae(H). The similar behavior is observed
in the external electric field due to the change in the electron
population on the orbitals in the external uniform electric field.
The substantial contribution to permittivity is made also by the
Jahn-Teller ion displacement, which is not considered in this
model.

4. Conclusions

The Co,Mn;_,S solid solutions can be attributed to the
multiferroic class. In the temperature ranges of 7 =~
(110-120) K and T ~ (230-260) K. The correlation
between the magnetic and electric subsystems has been found.
The presence of this correlation is confirmed by a sharp
rise of the magnetization and the maximum in the relative
variation of permittivity, measured in the external magnetic
field and without it at lowering temperature. A model with
nonuniform electron population in the tp, orbitals is used for
an explanation of the magnetic and electric properties. The
charge-orbital ordering on the Co®* and Mn™27% ions causes
the magnetoelectric effect.
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