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We have studied the ion doping effects in multiferroic MnWO, proposing a microscopic model. It
is shown that the exchange interaction constants can be changed due to the different ion doping
radii. This leads to reduction of the magnetic phase transition temperature 7T, by doping with non-
magnetic ions, such as Zn, Mg, whereas Ty is enhanced by doping with transition metal ions, such
as Fe, Co. The different behavior of the temperature 7| (where up-up-down-down collinear spin
structure appears) by Fe and Co doping could be explained taking into account the single-ion
anisotropy. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4703913]

. INTRODUCTION

There has been increasing recent interest in magneto-
electric (ME) multiferroics,'™ which are materials that show
spontaneous magnetic and electric ordering in the same
phase. From a technological point of view the possibility to
control magnetic properties by electric fields and, vice versa,
ferroelectric order by magnetic fields, is very desirable. The
coupling between dielectric and magnetic properties is of not
only fundamental importance, but also of significant interest
for application in magnetic storage media and “spintronics.””
There exist several different microscopic mechanisms which
cause multiferroic (MF) behavior,* for example a strong
spin-lattice coupling,”® coupled magnetic and electric
domains.” The magnetic phase control by an electric field is
discussed in Ref. 8. The properties of the MF compounds are
very sensitive to different ion doping.’

The aim of the present paper is to study the ion doping
effects on different transition temperatures in the MF com-
pound MnWOQO, based on a microscopic model. MnWO,
undergoes three magnetic phase transitions under zero mag-
netic field below a temperature of 14K.'" With decreasing
temperature MnWQO, first transforms from a paramagnetic
state to a collinear spin sinusoidal state (AF3) at a Neel temper-
ature Ty of ~13.5K, then to a tilted elliptical spiral spin state
(AF2) at T, ~ 12.3K, and eventually to an up-up-down-down
collinear spin structure (AF1) at T} ~ 8 K. The loss of inver-
sion symmetry due to the helical spin ordering at 7, makes
MnWOQO, exhibit ferroelectric polarization in the AF2 state,
which can be controlled by an external magnetic field, and so
T is also the ferroelectric critical temperature, T, = oM

Tuning of the magnetic exchange interactions and,
consequently, the MF properties by partial substitution of
different ions, such as Mg, Co, Zn, Fe, Ni, was achieved
recently.'”™"” The effects of non-magnetic ions, such as Zn
and Mg, are studied in Refs. 12—14, which cause a reduction
of Ty and T with increasing of the doping concentration. Fe
and Co substitution is opposite to the results on Ty of Zn and
Mg substitution.'*"'” Moreover, there is a different behavior
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of T by the ion doping with Co and Fe.'*'” The Fe substitu-
tion stabilizes the AF1 order, whereas the Co doping
suppresses this AF1 state and stabilizes the spin-spiral
AF2 magnetic structure. Chaudhury er al.'® proposed a sim-
ple mean-field model, including nearest- and next-nearest-
neighbor interactions, spin anisotropy and external magnetic
field, to explain the observed phase diagram in Fe-doped
MnWO,. It was speculated that the lack of ferroelectricity
(at zero magnetic field) in Mng oFe( 1O, is due to the increase
in the uniaxial anisotropy.

Il. MODEL AND METHOD

Similar to the orthorhombic multiferroics,'® the Hamil-

tonian for MnWOQy could be written as
H=H’+H"+H"™. ()

H¢ is the Hamiltonian of the transverse Ising model (TIM)
for the electric subsystem,

He:—QZSf ZJ S5, 2)

where S, §7 are the spin-1/2 operators of the pseudo-spins,
Jij denotes the nearest-neighbor pseudo-spin interaction, € is
the tunneling frequency.

Blinc and de Gennes'® proposed the TIM for the descrip-
tion of order-disorder KDP-type ferroelectrics (FE). Further
the TIM is applied to displacive type FE, such as BaTiO;
(BTO),>*?! too. In the case of a tunneling frequency very
small with respect of the interaction constant one may use the
TIM as a model for order-disorder FE without tunneling
motion (e.g., for NaNO,, TGS). Therefore the TIM can be
applied to describe the electric polarization in all types of FE.
MnWQy, is one of the representative materials that exhibit fer-
roelectricity induced by spiral spin structure together with the
perovskite RMnO; (R =Tb and Dy) compounds. The ferro-
electric polarization P of MnWQO, appears in the spiral-spin
state AF2. Here, we propose in our model for MnWQ, that
the tunneling frequency can be neglected and that the polar-
ization P might be connected with an octahedral tilting in a
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perovskite (for example, WOg¢ or/and MnQOg octahedron in
MnWO,)."

In the ordered phase we have the mean values (S*) # 0
and (S°) # 0, and it is appropriate to choose a new coordinate
system rotating the original one used in (2) by the angle 0 in
the xz plane. The rotation angle 0 is determined by the
requirement (S*)=0 in the new coordinate system. The
exchange interaction constant J;; (and later for the magnetic
subsystem A) depends on the distance between the pseudo-
spins, i.e., on the lattice parameters, on the symmetry, and on
the number of nearest neighbors. By ion doping due to the
different radii between the doping ions and the host ions there
appear different strains, which lead to changing of the
exchange interaction constants. We denote them in the defect
sites with the index d. In dependence of the strain - tensile or
compressive - they can be smaller or greater compared to the
case without strain, without ion doping or defects.

H™ is the Heisenberg Hamiltonian for the magnetic
subsystem,

H :—E;A(w)Bij—Ziij(Bf)z, 3)

where B is the Heisenberg spin operator, the exchange inte-
gral A represents the coupling between the nearest neighbors,
D is the single-ion anisotropy. In the case without defects,
Eq. (3) describes the interaction between the Mn-ions in
MnWO,. By replacing some of the Mn-ions with different
doping ions, the situation would be similar to a ferrimagnet
with two sublattices, so (3) describes the interaction between
the Mn-ions in the new strained lattice, then we must add a
Heisenberg term which describes for example the interaction
between the Co ions, and a term for the description of the
interaction between the Mn-Co ions.

H™ gives the coupling between the magnetic and the
electrical subsystems in MnWOQO, which we assume to be
linear,

H™ =-g> > S{B:B, )
ij ok

Here g is the coupling constant between the magnetic and
the electric order parameters. The ME coupling in the MF
orthorhombic RMnO3; and MnWO, should be invariant with
respect to spatial inversion. Therefore the actual coupling
mechanism is more complicated and is proportional, e.g., to
some vector, but the resulting coupling can be modeled by
the form (4) where the coupling constant g is a pseudoscalar.
In the phenomenological treatment as done by Mostovoy??
this was taken by introducing one more vector in the ME
coupling term, i.e., the coupling is not S°BB, but rather
P.M(A-M) in the notation of the author. In our model the
spins B are even, but polarization, or pseudo-spins S are odd
under reflection, i.e., S should change sign. For the total cou-
pling term to be invariant, the coupling constant g should
change sign, i.e., it should be a pseudoscalar.

It must be noted here that the orthorhombic perovskite
RMnO; and the hexagonal RMnOj; are in very different classes
of magnetoelectrics. The use of the TIM and biquadratic
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coupling between the pseudospins and magnetic moments
implies that the magnetic and ferroelectric orderings have in-
dependent mechanisms. In particular, this generally leads to
different transition temperatures for the two subsystems,
Tc > Ty, and the ME coupling is small, for example in hexag-
onal RMnO5; and BiFeOs. In the orthorhombic perovskite
RMnOj; the leading ME interaction term is linear in the electri-
cal dipole moment, due to the improper nature of its ferroelec-
tricity, i.e., when ferroelectricity occurs as a secondary effect
or concomitantly with some other kind of ordering (such as
spin ordering, in particular). The same applies to RMn,Os,
which is also an improper ferroelectric. In these MFs the tran-
sition temperatures are nearly of the same order, Ty > T¢, and
the ME coupling is stronger compared to the biquadratic case.
Moreover, magnetically-driven improper FE, such as TbMnOj;
or MnWOQy,, are materials in which a spontaneous polarization
arises due to symmetry-breaking by a spin instability. These
materials naturally have a strong coupling between magnetism
and the polarization, but the polarization is too small for de-
vice applications. In known MF materials with a large electri-
cal polarization, such as BiFeOs, the ferroelectricity is proper,
originating from a zone-center polar lattice instability, as in
the prototypical perovskite ferroelectric PbTiOs;. However,
except in a few special cases that satisfy restrictive symmetry
criteria, the polar instability in a proper ferroelectric does not
break the right symmetries to turn on a nonzero magnetization
and therefore does not satisfy the criteria of the only known
mechanism that enables the electric field switching of the mag-
netization. It is desirable to identify a more general mechanism-
applicable to a large class of materials, for example, the ABO;
perovskites - whereby ferroelectricity and ferromagnetism are
induced by the same lattice instability. Octahedron rotations,
ubiquitous in perovskites and related materials, are natural can-
didates for this lattice instability as they are known to strongly
couple to magnetic properties.”>

Using the Green’s function method we have calculated
the polarization P, magnetization M, and the critical temper-
atures T and Ty as the temperatures where P and M vanish.
For the relative polarization P we obtain

1 E(k
P— ﬂ;tanhﬂfﬂ)" (&)
E(K) is the transverse pseudo-spin wave energy,
E(k) = 2Qsinf + %PCOSZHJgff - %PsinzﬁJeﬁ(k)
-~ ]% > (cos?0/yy(k — q) — %sinzﬁlgﬁc(q))
q
<885 > (6)

with Jop =Jo+2¢((B"B") + (B°B*)) and sin ¢ =4Q/ (PJ ).
The relative magnetization M for arbitrary spin value S
is equal to

s <0'5E/:;(;) )} . @)
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E,, is the spin-wave energy taking into account all correla-
tion functions

En(k) = ﬁ%;(&ﬁ(q) — Ak —q) (BB,

— (Bi_,Bi_,)) +2D(B’) (8)

with the renormalized exchange interaction constant A,y = A
+ gPcosb.

It must be mentioned that the analytical expressions for
the excitation energies in Egs. (6) and (8) are obtained with-
out any approximation, and the correlation functions are
observed from the Spectral theorem. By the numerical calcu-
lations we have made the following approximation in Jz
and in Eq. (8): the longitudinal correlation function (B*B?) is
decoupled to (B*)(B"). It can be seen that J, is proportional
to M?, whereas A, is proportional to P suggested by the
underlying model. The approximations are consistent with
the strong ME coupling mechanism.

lll. NUMERICAL RESULTS AND DISCUSSION

From the model presented in Sec. II we can obtain the
properties around the magnetic and ferroelectric critical tem-
peratures, Ty and T¢, and in the phase where magnetic and
ferroelectric properties coexist. Moreover, taking into
account the single-ion anisotropy it can be applied in the
whole temperature interval and can describe the correct de-
pendence of Ty, T¢, and T on the Fe- and Co-ion doping
concentration.

We have studied at first the influence of doping with the
non-magnetic ions Zn>" and Mg”". Their radii (0.88 and
0.86 A, respectively) are larger compared to the ion radius of
Mn*" (0.81;\). This leads to tensile strain and to smaller
magnetic and electric exchange interaction constants A; < A,
Ja < J. The results for the critical temperatures Ty (curve 1)
and T¢ (curve 2) for Mn;_,Zn, WO, are shown in Fig. 1. It
can be seen that they decrease with increasing Zn-
concentration x. This is in agreement with the experimental
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FIG. 1. Zn-concentration dependence x of the (1) magnetic Ty and (2) ferro-
electric T¢ transition temperatures in Mn;_,Zn,WO, with AM" = —12.2 K,
AMn = 0.8AMn DM — pMn — _5 K, A7M" = —6 K, J; = 0.8] =8 K.
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data of Chaudhury er al.'* and Meddar er al.'> For Mg-
doping the behavior is comparable.

By the Fe and Co-doping we observe the opposite result
for the magnetic transition temperature 7. The ionic radii of
Fe>™ and Co®>" (75 and 79 A, respectively) are smaller in
comparison to the Mn-ion radius. This leads to a compressive
strain, i.e., to A; > A. In Fig. 2 is demonstrated the Fe-
concentration x dependence of the magnetic transition tem-
perature Ty (curve 1), it increases with an increase of x. A
similar dependence was obtained also for Co-doping. The
increase of T is stronger compared to the Fe-doping, because
exchange energies for Co®" are typically much larger than
for Fe?*. This behavior is experimentally reported by many
authors."*"” For the ferroelectric transition temperature T
(curve 2) we obtain a small decrease with an increase of the
Fe- and Co-ion doping concentration.

In order to explain the experimentally observed differen-
ces in the T behavior by Fe- and Co-ion doping, we must
take into account the single-ion anisotropy D.'”** The sub-
stitution of magnetic transition metal (TM) Fe*" (S = 2) or
Co?" (S = 3/2) ions for Mn**(S = 5/2), which introduces
extra Mn-TM (AM"=F¢(0, AM"=C2)(0) and TM-TM (TM = Fe,
Co, AFe=Fe > 0, A®~C% > () spin interactions, along with a
different local magnetic anisotropy D determined by the
TM?" ions, modifies the phase competition. Additively,
there is a some competition between the influence of the
exchange interaction constant A, which enhances the mag-
netization, Ty and the spin wave energy, and D, which
reduces them.”*

It is also important that the single-ion anisotropy is of a
different sign for Fe and Co and that in Fe is at least one
order of magnitude larger than in Co.>>2® In the case of the
Fe-doping (Fig. 2) all this leads to an increase of the transi-
tion temperature 7 (curve 3) which reaches the ferroelectric
T, curve, i.e., the Fe-doping would stabilize the AF1 order.
On the contrary, by the Co-ion doping (Fig. 3) T, (curve 3)
would decrease with increasing Co-concentration, i.e., it
would suppress the AF1 state and stabilize the spin-spiral
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FIG. 2. Fe-concentration dependence x of the transition temperatures (1) Ty,
(2) Te, and (3) Ty in Mn,_,Fe, WO, with AM" = —12.2 K, AM" = 1.24M",
D)n = 0.8DM", AF¢ =30 K, D" = —24 K,A™" = —21 K.
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FIG. 3. Co-concentration dependence x of the transition temperatures (1) Ty,
() T¢, and (3) Ty in Mn;_,Co, WO, with AM" = —12.2 K, A" = 1.54M",
Dif" = 1.4DM" A% = 49.5 K, D = 12 K, A" = 30 K.

AF2 magnetic structure. This behavior is in agreement with
that reported in Refs. 14 and 17. It must be mentioned that in
MnWOQO,, as in many other multiferroics, the spin-phonon
interaction is strong and plays an important role.”’*® There-
fore, it must be taken into account in order to obtain correct
results. It would contribute also to clearing if the origin of
the polarization is electronic or ionic. This will be considered
in the next paper.

In conclusion, in this paper we report an initial study of
the doping effects of nonmagnetic and magnetic substitution
at the Mn site on the phase transition temperatures of
MnWO,. Using a microscopic model proposed for MnWO,
we show that depending on the ionic radius of the doping
ions, i.e., on the exchange interaction constants in the defect
sites, the magnetic phase transition temperature can be
smaller (for non-magnetic Zn or Mg ions) or larger (for tran-
sition metal Fe or Co ions) compared to the case without
defects. The differences in the Fe- and Co-doping concentra-
tion dependence of T could be explained by the different
sign of the single-ion anisotropy.
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