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Abstract

We report the remarkably robust ferroelectric state in the multiferroic compound
Mni_,Zn,WQO,. The substitution of the magnetic Mn?* with nonmagnetic Zn?* reduces the mag-
netic exchange and provides control of the various magnetic and multiferroic states of MnWOQy.
Ounly 5 % of Zn substitution results in a complete suppression of the frustrated collinear (paraelec-
tric) low temperature phase. The helical magnetic and ferroelectric phase develops as the ground
state. The multiferroic state is stable up to a high level of substitution of more than 50 %. The
magnetic, thermodynamic, and dielectric properties as well as the ferroelectric polarization of single
crystals of Mnj_,7Zn, WOy are studied for different substitutions up to x=0.5. The magnetic phases
have been identified in single crystal neutron scattering experiments. The ferroelectric polarization

scales with the neutron intensity of the incommensurate peak of the helical phase.

PACS numbers: 75.30.-m,75.30.Kz,75.50.Ee,77.80.-¢,77.84.Bw



I. INTRODUCTION

Multiferroic materials have received increasing attention in recent years because of the
coexistence and mutual interaction of magnetic and ferroelectric orders and their coupling to
external magnetic and electric fields.! Improper ferroelectricity can be induced by certain
kinds of inversion symmetry breaking magnetic order if the magnetic moments are strongly
coupled to the lattice causing the ionic displacements with a macroscopic electrical polariza-
tion. The transverse helical magnetic structure was shown to be compatible by symmetry
with a ferroelectric polarization arising from a third order coupling term of the ferroelec-
tric and magnetic order parameters in the Ginzburg-Landau thermodynamic potential.*?
Helical (non-collinear) magnetic structures have in fact been found in various multiferroics,
for example, in ThMnOs3,* NizV,05,% and MnWO,.”® Different microscopic models have
been recently proposed to describe the phase complexity and ferroelectricity in multiferroic

manganites.” 2

The non-collinear magnetic order observed in these compounds is a consequence of mag-
netic frustration due to geometric constraints or competing exchange interactions resulting
in a close competition of different magnetic structures that are nearly equal in energy. Most
multiferroic materials are therefore extremely sensitive to small perturbations. Magnetic
fields may stabilize or destroy the multiferroic state or result in the rotation of the fer-
roelectric polarization by 90° or even by 180°.7!31% Similarly, the application of external

16-19

pressure as well as chemical substitutions?’ 23

are a viable tool to change and tune the

multiferroic properties of different compounds.

MnWOy, is also known as the mineral Hiibnerite. The crystallographic structure of
the compound is monoclinic (space group: P 2/c). Three magnetic phase transitions at
Ty=13.5 K, T¢=12.6 K, and T;=7.8 K separate different collinear and non-collinear mag-
netic phases.?® The AF3 phase (T¢ <T<Ty) shows a sinusoidal spin order given by the
incommensurate (IC) vector ¢4 = (—0.214,1/2,0.457). The collinear Mn spins are con-
fined to the a-c plane forming an angle of about 34° with the a-axis. Below T¢ the spins
tilt out of plane and form a helical, non-collinear structure breaking the spatial inversion
symmetry (AF2 phase). The modulation vector of the spin order does not change at T¢,
G 5="035 The helical phase becomes unstable at T, and the low temperature AF1 phase

(ground state) is characterized by a frustrated 77]| spin structure with a the commensurate
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(CM) modulation vector ¢, = (—1/4,1/2,1/2). Among the three magnetic phases only
the helical AF2 phase is ferroelectric. The details of the magnetic structures have been
revealed in neutron scattering experiments.?#2> The complex phase diagram of MnWO, and
the multiferroic properties have been described extensively through magnetic, dielectric,
and thermodynamic measurements.” %2622 Novel physical phenomena such as the coupling

30 or the control of the magnetic domain chirality by

of ferroelectric with magnetic domains
electric fields®! have been reported.
The tuning of the magnetic exchange interactions and, consequently, the multiferroic
properties by partial substitution of manganese by other transition metals, for example iron
or cobalt, was achieved recently.?? 3¢ The magnetic phases and the multiferroic properties are
extremely sensitive to small amounts of Fe substitution.?’:21:37 Some of the observed effects
of transition metal substitution can be qualitatively described by simple Heisenberg models
with competing interactions and uniaxial anisotropy,?®3® however, a more quantitative and
microscopic understanding of the complex magnetic interactions and the effects of Fe or Co
substitution seems to be a challenge because of the fact that Fe as well as Co carry their
own magnetic moments and their exchange interactions with the Mn spins as well as their
anisotropy parameters are not known. To overcome some of these problems and to simplify
the physics of magnetic exchange in substituted MnWO, we decided to replace the Mn?*
by non-magnetic d-metals such as Zn?*. We have therefore synthesized single crystals of
Mn;_,7Zn, WO, with x between 0 and 0.5 and investigated their magnetic, thermodynamic,

and multiferroic properties.

II. EXPERIMENTAL

The crystals were grown from a polycrystalline feed rod employing the floating zone op-
tical furnace. The X-ray characterization shows that the a- and c-axes significantly decrease
with the Zn substitution (Fig. 1) whereas the b-axis shows only a minor decrease within
the resolution of the measurements. The smooth change of a, b, and ¢ indicates that a
solid solution of MnWQO, and ZnWOQO, has formed. Small pieces were cut from the crystals
and oriented using Laue single crystal X-ray techniques. The size and shape of the crystals
was carefully chosen to fit the demands of the different experiments. The susceptibility was

measured in a 5 Tesla Magnetic Property Measurement System (MPMS, Quantum Design).
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FIG. 1. (Color online) Lattice constants a, b, and ¢ of Mn;_,Zn, WO, as function of x.

The ferroelectric polarization of the multiferroic phase was measured by integrating the
pyroelectric current upon heating the sample in zero electric field at a speed of 1 K/min.
Before the pyroelectric measurement the sample was cooled in an electric bias field of 3
kV/cm to align the ferroelectric domains. The heat capacity was measured in the Physical
Property Measurement System (PPMS, Quantum Design). The elastic neutron scattering
measurements were performed at the HB1A and HB1 three axis spectrometers at the High
Flux Isotope Reactor at the Oak Ridge National Laboratory. The crystals were aligned
in the scattering plane defined by the two orthogonal wave vectors (1,0,-2) and (0,1,0), in
which the magnetic Bragg peaks and other structural peaks can be surveyed. The incident
neutron energy was fixed at 14.7 meV using pyrolytic graphite crystals as monochromator,

analyzer, and filter.

III. RESULTS AND DISCUSSION

The b-axis magnetic susceptibility at high temperatures (T>50 K) follows the Curie-
Weiss law, as shown in Fig. 2. From the inverse susceptibility the effective magnetic moment
pess per formula unit (Mn;_,Zn, WO,) as well as the Curie-Weiss temperature Oy, can be
extracted and are displayed in the inset of Fig. 2. Oy is negative as expected for dominantly
antiferromagnetic coupling and it’s magnitude decreases with Zn substitution indicating the
weakening of the magnetic coupling between the Mn spins. The effective magnetic moment

also decreases with x since the Zn substitution continuously dilutes the system of Mn spins.
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FIG. 2. (Color online) Inverse magnetic susceptibility of Mn;_,Zn,WO,. The inset shows the
x-dependence of the estimated effective magnetic moment f.¢r and the Curie-Weiss temperature

Ow. The dashed line is the expected p.r¢ for an Mn spin of S=5/2. The black (solid) line is a
linear fit to the data of Oyy.
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FIG. 3. (Color online) Low-temperature magnetic susceptibility x; of Mn;_,Zn, WO,. Different

curves are vertically offset for enhanced clarity.

The expected values for p.ss, assuming localized spins of the Mn?* ions with S=5/2, are
shown by the dashed line in the inset of Fig. 2. The experimentally determined values for
lefs are in very good agreement with the calculated values confirming the conclusion that
the Zn?* substitutes for the Mn?* at levels up to the maximum of this work, 50 %. This is
further confirmed by Inductively Coupled Plasma Mass Spectrometry, testing the elemental
composition at ten different spots of a single crystal with nominally 50 % Zn doping. The

average Zn concentration was determined as 0.49 40.03, close to the nominal composition.



The b-axis magnetic susceptibility at low temperatures clearly reveals the magnetic phase
transitions at Ty and Ty, as shown in Fig. 3 (different curves are vertically offset for better
clarity). The transition into the AF3 phase is defined by the maximum of x,(7T) as indicated
by the dashed line labeled Ty. With the lock-in transition into the AF1 phase y; shows
a sharp increase at T which is quickly shifted to lower temperatures with increasing x
and is completely missing for x>0.05. 5% of Zn substitution is sufficient to suppress the
collinear AF1 phase and to stabilize the multiferrroic ferroelectric phase as the ground
state. The effect of Zn substitution is opposite to the results of Fe substitution?' where
the multiferroic AF2 phase was suppressed and the low-T AF1 phase was stabilized with
increasing Fe content. It is also interesting to note that a similar stabilization of the AF2
phase was reported for Co substituted MnWQO, powder samples®® although the magnetic
phases of Mn;_,Co,WQ, are far more complex and several coexisting commensurate and

incommensurate phase have been observed in single crystals at higher Co doping.®

The main feature of the multiferroic phase is the existence of a spontaneous ferroelectric
polarization that is oriented along the b-axis. Fig. 4 shows P,(T) of Mn;_,Zn, WO, for x
between 0 and 0.5 as measured by the pyroelectric current method. In perfect agreement
with the magnetic data, the ferroelectric phase extends to the lowest temperature for x
values equal or above 5 %. The multiferroic phase becomes the ground state and it exists
even at substitution levels as high as 50 % while the onset temperature, T¢, is reduced
with increasing x. It is interesting that the 2 % substitution does decrease T rapidly but
there remains a finite polarization in the low-temperature state indicating the coexistence
of the AF1 and AF2 phases. Similar phase coexistence has also been observed in recent sin-
gle crystal neutron scattering experiments on Mn;_,Fe,WO,3"4% and Mng g5Cog.15 WO,.?
At higher substitution levels the ferroelectric polarization increases continuously with de-
creasing temperature. The polarization data of Fig. 4 prove that, unlike the Fe-substituted
system Mn;_,Fe, WOy, the substitution of the non-magnetic Zn ion favors the multiferroic
ferroelectric state which becomes the ground state for x>0.05.

To identify the magnetic orders and their development with increasing Zn substitu-
tion neutron scattering experiments have been conducted. The temperature dependence
of the integrated magnetic peak intensities in doped Mn;_,7Zn, WO, is displayed in Fig.
5. The measurements were performed near the characteristic magnetic wavevector G, =

(—0.214,1/2,0.457) for the AF2 phase that is associated with the ferroelectric behavior. At
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FIG. 4. (Color online) Ferroelectric polarization of Mnj_,Zn, WO, in zero magnetic field. Ty and

T, are labeled for the x=0 data.

the lowest Zn concentration x=0.02, the peak intensity first increases upon cooling below
13 K, and is significantly suppressed below 6 K but remains finite at lower temperature.
Such behavior is accompanied by the sudden appearance of the commensurate magnetic or-
der with G, = (—0.25,0.5,0.5) below T, =6 K (solid circles in Fig. 5). For higher Zn-doping
systems, only incommensurate magnetic orders exist at all temperatures, and the thermal
evolution of the integrated intensity closely tracks the polarization measurement evidencing

the intimate connection between the spiral order and the ferroelectricity.

At the high-temperature side the onset of magnetic order (AF3 phase) is clearly visible in
the sudden increase of the neutron intensities at T . The transition from the sinusoidal AF3
phase to the helical AF2 phase at T is more difficult to detect because both phases have
the same magnetic modulation vector. A small change of slope and an anomaly in the width
of the magnetic scattering peak is associated with the AF3—AF2 transition. The derived

critical temperatures, Ty and T¢, are included in the phase diagram of Fig. 7 (triangles).

Similarly, the two transitions at Ty and T¢ are also difficult to distinguish in the mag-
netization data of Fig. 3. The heat capacity C,(T), however, shows two well-defined sharp
anomalies at the two phase transitions, a sharp rise and peak at Ty and a second peak
at Tc. We have measured the heat capacity for all samples as shown in Fig. 6. Both
transitions are well resolved although the width of the transitions slightly increases with

x. For the undoped MnWO, (x=0) the sharp peak at 7.8 K indicates the first order phase

7



40

T T T T T T T T T
q,=(-0.25,0.5,0.5) q,=(-0.214,0.5,0.457)

| @ x=0.02 0 x=002 1
A 005

30t 0.10 -
o 020

4 040

20

10

(114
(14
'r.-,-_.'_'_
-
-
-

Integrated tensity (arb. units)

FIG. 5. (Color online) Neutron scattering intensities of the incommensurate (open symbols,
g2 = (—0.214,1/2,0.457)) and commensurate (filled symbols, ¢; = (—0.25,0.5,0.5)) peaks of
Mnj_,7Zn,WOy.

transition into the AF1 phase. The T-x phase diagram is constructed from heat capacity,
magnetization, and polarization measurements (Fig. 7). The commensurate AF1 phase is
completely suppressed for x>0.05. The finite value of the low-temperature polarization for
x=0.02 reveals the coexistence of AF1 and AF2 below Tp, as confirmed by the neutron

scattering experiments (Fig. 5).

The two phases (AF1 4+ AF2) coexisting for x<0.05 at low T can be tuned by external
magnetic fields and the degeneracy is completely lifted above a critical field. This is best
demonstrated in measuring the FE polarization of MngggZng g WO, in external magnetic
fields with different orientations (Fig. 8). With the field directed along the spin easy axis
(a-c plane, Fig. 8a) the low-T polarization (T<Tp) rapidly increases and for H>2 T the
small drop of P, at T, is gone. The magnetic field has completely suppressed the AF1 phase
and the multiferroic AF2 phase extends entirely to zero temperature. However, with the
field applied along the b-axis (Fig. 8b) the low-T polarization decreases and reaches zero
above 3 T. The low temperature phase and the ground state is now the AF1 phase and the
degeneracy of both phases is removed. The lock-in transition temperature increases with H,

from 5.7 K (zero field) to 8.7 K at 7 T.
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FIG. 6. (Color online) Heat capacity, C,/T, of Mn;_;Zn,WOy in zero magnetic field. Different

curves are vertically offset by two units (zero is defined by the dashed line for each curve).
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FIG. 7. (Color online) Multiferroic phase diagram of Mn;_,Zn, WO,. The low-temperature phase
below x=0.05 is a mixed phase, AF1 + AF2. Squares denote data from magnetic, heat capacity,

and polarization measurements. Triangles are data from neutron scattering.
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FIG. 8. (Color online) Magnetic field effect on the polarization of Mng 9gZngg2WO4. The phase

coexistence at low T is lifted in external fields.

IV. SUMMARY AND CONCLUSIONS

We have shown that the multiferroic AF2 phase in Mn;_,7Zn,WQy is remarkably stable
with respect to the dilution of the magnetic exchange couplings induced by the substitution
of nonmagnetic Zn ions. At low substitution levels and low temperatures a coexistence of
two phases, the paraelectric AF1 phase and the ferroelectric AF2 phase, is shown. External
magnetic fields do resolve the degeneracy of the two phases. Depending on the orientation

of the magnetic field either one of the coexisting states may become the ground state.

The rapid suppression of the collinear AF1 phase by less than 5 % Zn doping and the
survival of the sinusoidal AF3 and helical AF2 phases up to 50 % substitution is unique
and distinguishes the multiferroic MnWO, from other multiferroics with a similar phase
sequence, e.g. NizV50g.% In the latter compound it was shown that the magnetic and
multiferroic phases are strongly suppressed with the substitution of the magnetic Ni by
nonmagnetic Zn, consistent with a two-dimensional spin system.*! In MnWOQ,, however,
the relatively small effect of the dilution of the system of Mn-spins through Zn doping
on the AF3 and AF2 critical temperatures indicates a three-dimensional character of the
basic magnetic exchange interactions. The microscopic exchange interactions can be revealed
through inelastic neutron scattering (INS) experiments probing the magnetic excitations. By
comparing the magnon spectra with standard models the most relevant exchange parameters
can be extracted. According to recent INS experiments on MnWO, short range (nearest

and next-nearest neighbors) exchange interactions are not sufficient to explain the magnetic
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excitation spectrum but up to 11 different exchange pathways have to be involved to fit the
data.*?*3 The higher order exchange coupling constants involved in the magnetic correlations
prove the three-dimensional character of the magnetic fluctuations. In three dimensions
the percolation threshold for site dilution is much lower than for two-dimensional systems
explaining the robustness of the magnetic orders (AF3 and AF2) in Zn-doped MnWO;,.

The low-temperature AF1 phase, however, is in strong competition with the helical AF2
state. A simple mean-field model calculation has shown that the phase boundary between
AF1 and AF2 as function of competing exchange coupling and anisotropy constants can
be very steep and extremely sensitive with respect to small perturbations.?>* The frustra-
tion of different magnetic states results in the deviation from the mean field result for the
suppression of the critical temperature as a function of doping level in a diluted magnetic
system and the strong suppression of the AF1 phase as observed in Mn;_,7Zn, WOj,.

Note added: After submission of this manuscript the authors became aware of a related
investigation of polycrystalline MnWQ, doped with Mg and Zn up to 30 %.*> The conclu-
sions derived from magnetization and dielectric constant data are consistent with the phase

diagram of Fig. 7.
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