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In this letter, we investigate the magnetic and ferroelectric properties of polycrystalline MnW;_,Mo,O4 (x = 0, 0.05,
0.10, 0.20) compounds. The substitution of nonmagnetic Mo®* ions for W8 jons modifies the magnetic transition tem-
peratures of MnW;_,Mo,0O4 by changing the Mn—-O-Mn bond. As a result, distinct ferroelectric properties and enhanced
magnetoelectric effects are observed in Mo®*-doped MnWO,4 compounds. The effects of substitution of Mo®* ions on
magnetic properties and magnetoelectric coupling are discussed.
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1. Introduction

Magnetoelectric multiferroics have attracted renewed in-
terest due to the cross coupling between magnetic and ferro-
electric orders as well as potential applications in magnetic
sensors, multi-state memories, and spintronic devices, etc.!! !
Recently, large magnetoelectric effects have been observed in
so-called type-II multiferroics, in which ferroelectric polar-
ization is induced by noncentrosymmetric magnetic order.>-%]
One of the common features in this type of multiferroics is that
ferroelectric polarization arises from specific spin orders via
spin-correlated mechanisms, in particular in noncollinear cy-
cloidal spin order through the inverse Dzyaloshinskii—-Mariya
(DM) interaction mechanism or E-type antiferromagnetic or-

[6-101 In order

der through the symmetric exchange striction.
to deeply understand the coupling mechanism and optimize
magnetoelectric effects, the multiferroic properties of type-II
multiferroics have been extensively studied by modifying their
exchange interaction, since the magnetic structure plays a key
role in determining the ferroelectric properties.!!=16]

Among these type-II multiferroics, MnWOy is a repre-
sentative and well-studied compound.!"*2% The schematic
structure of this compound is shown in Fig. 1(a). It is mon-
oclinic with space group P2/c and each unit cell includes
two Mn”* ions that are interconnected by edges of distorted
MnOg octahedra, forming zigzag chains along the ¢ axis. The
WOt jons stacking alternately along the a axis are also co-
ordinated by oxygen octahedral, corners sharing with MnOg

1.014-201 Besides, this compound shows a compli-

octahedra
cated magnetic structure, which is established out of compe-
tition and subtle balance among complicated multiple mag-

netic interactions. Upon cooling, MnWQ, experiences three
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magnetic phase transitions (AF1, AF2, and AF3).[14‘20] Be-
low the Néel temperature of 13.5 K (7x3), it shows a sinusoidal
spin order with an incommensurate modulation and propaga-
tion vector g3 = (—0.214, 0.5,0.457), which is schematically
plotted in Fig. 1(b). Further decreasing the temperature leads
to the appearance of another AF2 phase with a spiral magnetic
order at 12.6 K (Tn2). As shown in Fig. 1(c), the spins of
AF2 tilt toward the b axis, forming a helix structure, while the
propagation vector remains unchanged (g = g3). According
to the model of spin-current or inverse DM interaction, ferro-
electric polarization along the b axis can be obtained in this
antiferromagnetic phase, which well demonstrates the strong
correlation between the spiral magnetism and the ferroelec-
tricity in MnWOy.[%2%1 At a lower temperature, about 7.8 K
(T\1), the collinear AF1 phase, which is characterized by a
frustrated 11 spin structure with the commensurate modula-
tion vector g; = (£0.25,0.5,0.5) is observed. In this phase,
the Mn spins form an angle of about 35° with an axis lying in
the a—c plane, as presented in Fig. 1(d). Since this spin config-
uration preserves the spatial inversion symmetry, the ground
state of MnWOy below 7.8 K is paraelectric.?”) According
to the earlier report, the exchange coupling of this material
can be effectively altered by various approaches, leading to
the modification of its multiferroic properties./14-19-21-201 It jg
known that the helical AF2 phase of MnWOy is the origin
of ferroelectricity.?”) Therefore, many efforts have been de-
voted to modulate the stability of the AF2 phase by substitut-
ing magnetic Mn ions.!?>-2%! For example, in Mn; _Fe, WOy,
the multiferroic AF2 phase is gradually suppressed and the
low-temperature AF1 phase is stabilized with the Fe content
increasing. As a result, Mng9Fey WO, shows paraelectric
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behavior in zero magnetic fields at all temperature ranges and
its ferroelectricity could be induced by a magnetic field above
4.0 T.'23] However, in the case of Zn-doped MnWOy4, the AF1
transition temperature quickly shifts to lower temperature with
increasing the doping content and only 5% of Zn ions is suf-
ficient to suppress the collinear AF1 phase and stabilize the

(241 Interestingly,

multiferroic AF2 phase as the ground state.
when Mn is replaced by Co, the AF2 phase would be sta-
bilized by suppressing the AF1 phase at the proper substitu-
tion level. While at a higher Co doping level (x > 0.05), the
magnetic phases would include several coexisting commen-
surate and incommensurate phases, leading to more complex
multiferroic properties.[*%! Up to now, there have been few re-
ports about the investigation of multiferroic properties for the
MnWOj4-based system in which W6+ ions are substituted. !}
In this letter, we synthesize a series of MnW;_,Mo0,04 (x =0,
0.05, 0.1, 0.2) compounds and study their magnetic, ferro-
electric, and magnetoelectric coupling properties. Since the
AF2 structure can be easily affected by an external mag-
netic field, a pronounced magnetoelectric effect is observed
in MnW;_,Mo,04 compounds.
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Fig. 1. (color online) Schematic images of crystal and magnetic struc-
tures of MnWOy; (a) the crystal structure of MnWOy; (b) spin structure
of the AF3 phase with a sinusoidal spin order; (c) spin structure of the
AF?2 phase with a helical structure; (d) spin structure of the AF1 phase
with a frustrated 11 spin structure.

2. Experiments

The polycrystalline compounds MnW;_,Mo,04 were
prepared by conventional solid state reactions. Stoichiometric
amounts of high-purity WO3, MoOs, and MnO were chosen
as the raw materials and thoroughly ball-milled for 24 h. Then
the mixture was carefully grounded and then annealed in air at
873 K for 12 h. After intermediate grinding and sintering at
873 K for 12 h again, the powder was compressed to pellets
and annealed at 1223 K for 20 h in air followed by cooling
down to room temperature. The structures of the as-prepared
samples were checked using X-ray diffraction equipped with

Cu Ko radiation at room temperature. The temperature de-
pendence of the magnetization (M-T) was measured by a su-
perconducting quantum interference device (SQUID, Quan-
tum Design). The ferroelectric polarization as a function of
the temperature was obtained by integrating the pyroelectric
current, which was recorded with a Keithley 6514 connected
to a physical property measurement system (PPMS, Quantum
Design).

3. Results and discussion

Figure 2(a) shows the room-temperature powder X-ray
diffraction pattern and Rietveld refinement for MnWQOy. The
structural refinement data (Table 1) indicate that the polycrys-
talline MnWOy is crystallized in a wolframite-type monoclinic
structure with a space group (P2/c). The XRD patterns of
MnW;_,Mo,04 compounds are shown in Fig. 2(b), indicating
that the samples are well crystallized and no impurity phase
can be detected within the apparatus resolution. Due to the
slight difference of ionic radius between Mo®* (0.59 A) and
WO+ (0.60 A),I?7! there are no obvious peaks shifting shown
in the inset of Fig. 2, suggesting that the pristine crystal struc-
ture is almost unchanged with the substitution of Mo®* ions.
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Fig. 2. (color online) (a) The room-temperature powder X-ray diffrac-
tion pattern and Rietveld refinement for MnWOy; (b) XRD patterns for
MnW,_,Mo,04 compounds measured at room temperature. The inset
shows the amplified local data for (002) and (200) reflections.
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Table 1. Lattice parameters, unit cell volume, atomic coordinates,
and site occupation obtained by Rietveld refinement data for the poly-
crystalline MnWOy4. Here, a = 4.82535(7), b = 5.75353(8), ¢ =
4.99285(7), oo = 90°, B =91.1561(13)°, y=90°, V = 138.5772(32),
Wap = 7.85%, and R, = 6.19%.

Atom  Wyckoff  Site X y z
Mn 2f 2 0.500000 0.6870(4) 0.250000
w 2e 2 0.000000  0.18016(16)  0.250000
01 4g 1 0.2107(11)  0.1045(10)  0.9517(14)
02 4g 1 0.2526(11)  0.3537(11)  0.3844(14)

Figure 3 shows the M-T curves at 0.1 T for
MnW|_,Mo,04 compounds in both zero-field-cooling (ZFC)
and field-cooling (FC) modes. As shown in Fig. 3(a), there is
little difference between the ZFC and FC curves of MnWOy.
However, in the case of Mo-doped compounds (Figs. 3(b)-
3(d)), a remarkable magnetization separation between the ZFC
and FC curves is observed below about 12 K, suggesting that
the low-temperature spin structure becomes more flexible with
the substitution of Mo®" ions. Moreover, it is worth noting
that not only the values of magnetization but also the transi-
tion temperatures of the AF phases vary with the increase of
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Mo content, which indicates that the magnetic interaction has
been changed in MnW_,Mo,04 compounds. As mentioned
above, earlier reports about the doped MnWO, system mainly
focuses on magnetic or nonmagnetic 3d-transition metal ions,
which modify the magnetic interaction by different magnetic
moments or ionic radius with respect to Mn ions.[14-1621-24]
In the present compounds, both W8 and Mo®* ions have the
same nonmagnetic d° configuration and almost the same ionic
radius, except that there is a certain difference of electronega-
tivity between W (2.36) and Mo%* (2.16) ions due to the
different charge distribution of 4d and 5d ions.!*>?8] Since
the Mo-O bond is more ionic than the W-O bond, the Mn—
O bond would become more covalent according to the induc-

[17.29.30] Besides, the slight difference of the radius

tive effect.
between the W+ and Mo®* ions would make a perturbation
on the Mn—O-Mn bond and modify the magnetic properties.
Therefore, the strength of the super-exchange interaction of
Mn—O-Mn is modified with Mo doping, leading to the change

of magnetic interaction in MnW;_,Mo,04 compounds.
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Fig. 3. (color online) The temperature dependence of magnetization for MnW;_,Mo,O4 compounds in the ZFC and FC modes under

0.1 T. (a) x=0; (b) x=0.05; (c) x =0.10; (d) x = 0.20.

Owing to intrinsic coupling between magnetic and fer-
roelectric properties in type-II multiferroics, the ferroelectric
polarization of MnW_ Mo, 04 compounds would be changed
with variation of magnetic structures. Figures 4(a)-4(d) plot
the temperature dependence of the pyroelectric current (I-T)
of the compounds for x = 0, 0.05, 0.1, 0.2, respectively. In
order to show the inherent relation between magnetic and fer-
roelectric orders, the ZFC M-T curves for the compounds are

also presented. Before measurement, the samples are cooled

down to 2 K in a poling field of 1 MV/m. Then, the poling
field is removed. After short-circuiting for a sufficiently long
time, the pyroelectric current is collected upon heating from
2 K to 20 K with a warming rate of 3 K/min. Since the do-
main states in the ferroelectric phase are memorized even in
the nonpolar phase with a collinear spin configuration,3!! we
can cool down the sample to the AF1 paraelectric phase in an
electric field and measure the pyroelectric current from 2 K.

In the case of MnWOy, the peak of the pyroelectric current is
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observed just at 12.6 K (T\2), which is consistent with the ear-
lier reports.[?%1 As for MnW, 95sMoy 0504, a similar I-T curve
is observed except at a higher transition temperature of the
ferroelectric phase (13.0 K), suggesting that the AF2 phase is
stabilized with the substitution of Mo®" jons. As shown in
Fig. 4(c), the pyroelectric current of MnW 9Mog 104 peaks at
14.4 K and does not disappear until 2 K, indicating that the

M/emu-g~!

M/emu-g—!

4 8 12 16 20
T/K

ferroelectric phase regime has been greatly extended. It is ob-
vious that the magnitude of the pyroelectric current decreases
sharply with x = 0.1 and reduces to almost zero when twenty
percent of Mo®" ions are introduced. Therefore, due to the
limit of apparatus resolution, the corresponding relationship
between the magnetic and the ferroelectric phases cannot be
observed from Fig. 4(d).
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Fig. 4. (color online) The temperature dependence of pyroelectric current for MnW;_,Mo,O4 compounds. (a) x = 0; (b) x = 0.05;

(c) x=0.10; (d) x = 0.20.
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Fig. 5. (color online) (a)—(c) Ferroelectric polarization as a function of temperature under various magnetic fields for the samples with
x=0,0.05, 0.10, respectively; (d) the magnetic field dependence of magnetoelectric susceptibility for MnW;_,Mo,O4 compounds at

the ferroelectric polarization peak temperature.

Figures 5(a)-5(c) show the temperature dependence of

ferroelectric polarization (P-T') under various magnetic fields,
where the ferroelectric polarization is calculated by integrat-

ing the pyroelectric current. Consistent with the earlier re-

port, in parent phase MnWOQy, ferroelectric polarization can
be observed only within the AF2 phase between Tn; and
Tno.?% By applying an external magnetic field, the magnetic

and ferroelectric behaviors vary correspondingly. As shown in
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Fig. 5(a), Tn; decreases with the increase of the magnetic field
and the ferroelectric polarization around it increases, which
suggest that the ferroelectric AF2 phase begins to extend to
the paraelectric AF1 phase.l?>! On the other hand, the ferro-
electric polarization in the vicinity of Ty, decreases with the
magnetic field increasing. This phenomenon could be under-
stood by the spin-current model (P o< r;; x (S; x §;), where S;
and §; are two adjacent spins along the propagation direction
rij) in which the magnitude of ferroelectric polarization is re-
lated to the angle between the two adjacent spins.[%7! For the
AF2 phase, an applied magnetic field would modify the angle
between the two neighboring spins, leading to the change of
ferroelectric polarization. As for MnWj 95sMog 9504, a sim-
ilar P-T curve is observed but the value of ferroelectric po-
larization decreases more sharply with applying the magnetic
field, which is shown in Fig. 5(b). However, in the case of
x = 0.1, the substitution of Mo ions has led to the replacement
of the AF2 phase for the AF1 phase in the measured temper-
ature range (2 K-14 K) and the suppression of ferroelectric
polarization by the external magnetic field is observed as well.
Figure 5(d) shows the magnetic field dependence of magne-
toelectric susceptibility & (o« = AP/AH, AP = P(0) — P(H))
for MnW;_,Mo,04 compounds at the ferroelectric polariza-
tion peak temperature. It is evident that the values of o under
each field are obviously enhanced in Mo-doped MnWO4 with
respect to the pristine phase. As mentioned before, the ferro-
electric polarization in Mo-doped MnWOQO,4 compounds origi-
nates from its special spin configuration, which is more sen-
sitive to the applied magnetic field due to the modification of
the Mn—-O-Mn bond. Since the intimate coupling between the
magnetism and the ferroelectricity, the ferroelectric polariza-
tion can be more easily modified by a magnetic field for the
compounds with x = 0.05 and 0.1, showing an enhanced mag-
netoelectric effect.

4. Conclusion

In summary, the magnetic and magnetoelectric proper-
ties are investigated in a series of doped MnWOQO,4 compounds.
With substitution of Mo%* ions for W8 ions, the AF2 phase
tends to extend to the AF1 phase and Ty increases as well.
Due to the inherent coupling between ferroelectricity and
magnetism, the ferroelectric properties of Mo-doped MnWOQO4
compounds change correspondingly. Since the modified spin
structure in the MnW;_,Mo,04 compound is more sensitive

with the external magnetic field, an enhanced magnetoelectric
effect is observed in these multiferroics.
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