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The magnetic and ferroelectric properties of the multiferroic system Mn;_,Co, WO, (x = 0.135, 0.15, and
0.17) are studied in magnetic fields H, oriented along the monoclinic ¢ axis. Mng gsCog 15 WOy, which is right at
the phase boundary between two helical spin structures, exhibits a spontaneous sign change of the ferroelectric
polarization when cooled in fields H. > 25 kOe. The origin of the ferroelectric polarization is studied and two
magnetic exchange interactions contributing to the polarization are identified. In Mng g5Cog 15 WO,, domains of
the characteristic helical spin structures, known for x < 0.15 and x > 0.15, coexist and form domain boundaries.
The contributions of the different domains to the global polarization are determined. The polarization reversal
in Mng g5Cop.15sWO, can be explained by a combination of various contributions to the polarization and a strong
correlation between magnetic domains of different helical spin orders resulting in a smooth transition across the

domain walls, which preserves the chirality of the spin spiral.
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I. INTRODUCTION

Multiferroic and magnetoelectric materials have attracted
renewed attention since it was shown experimentally [1] as
well as theoretically [2] that highly frustrated magnetic orders,
breaking the spatial inversion symmetry, can give rise to
a ferroelectric state with a macroscopic polarization, which
originates either from the displacement of the electronic charge
distribution [3] or from a polar displacement of ionic charges
once the spin-lattice coupling is sufficiently strong [4]. The
coupling between magnetic and ferroelectric orders within one
and the same bulk phase has particularly inspired researchers
studying the fundamental properties of multiferroics and their
change in external magnetic and electric fields as well as
the possibilities of developing future applications as memory
elements, magnetoelectric sensors, etc., based on these mate-
rials [5—7]. The frustrated nature of the magnetic state in most
multiferroics is the reason for the extreme sensitivity of the
ferroelectric/magnetic orders to small perturbations in form of
magnetic and electric fields [8—12], external pressure [13—16],
and chemical substitutions [17,18].

Among different frustrated magnetic structures giving rise
to a multiferroic state, the transverse helical spin order has been
identified as one of the more prominent candidates to stabilize
aferroelectric state in different compounds, as, for example, in
TbMnOs; [19], Ni3V,0g [20], LiCuVO, [21], CoCr,04 [22],
MnWOy [10,23], and many others. MnWOy, also known as
the mineral Huibnerite, is one end member of the wolframite
family Mn,_,Fe, WO,, which was known already 500 years
ago [24]. However, the multiferroic properties of MnWOy have
been discovered only in 2006.

The ferroelectricity observed in MnWQ, between T¢ =
12.7 K and T; = 7.5 K is induced by an incommensurate
(ICM) inversion symmetry breaking helical magnetic order
(AF2 phase), which is sandwiched between an ICM sinusoidal
phase (AF3 phase, Tc < T < Ty with Ty = 13.6 K) and a
commensurate (CM) phase with the frustrated 11J| spin
modulation along the monoclinic a and ¢ axes (AF1 phase,
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T < Tp) [10,23,25]. The AF3 and AF1 phases are both
collinear and paraelectric since their magnetic structures
preserve the inversion symmetry. The magnetic exchange
coupling and anisotropy parameters of MnWOQ, can be well
controlled by chemical substitutions of other nonmagnetic
(Zn) or magnetic transition metals (Fe, Co, Ni, Cu) since all
TMnO4 (T = Fe, Co, Ni, Zn) form isostructural compounds
with similar lattice parameters as MnWOQO, [26-28], only
CuWO, crystallizes in a different, slightly distorted P1
structure [29]. The modification of the microscopic magnetic
parameters through ionic substitutions allows for the control
of various magnetic structures as well as the tuning of the
multiferroic properties leading to a deeper understanding of
the complex physics of the multiferroic state.

While the effect of substituting nonmagnetic ions like Zn
or Mg for Mn did stabilize the multiferroic AF2 phase as
the ground state by suppressing the AF1 phase [30,31], the
replacement of Mn by Fe resulted in a quick suppression of
the AF2 phase and only two paraelectric phases, AF3 and
AF1, survived Fe doping levels above 5% [15,32,33]. The
competition of the AF1 and AF2 phases for the ground state
and the opposite effects of Zn/Mg and Fe substitution was
attributed to the strong magnetic frustration due to competing
exchange interactions and the strength of the single spin
anisotropy controlled by the substitution of different ions [15],
in agreement with a more quantitative theoretical treatment
based on a Landau theory for the Heisenberg model with
single-ion anisotropy [34].

The spins of the magnetic transition metal ions Fe, Ni,
and Cu in the respective structures of FeWO,, NiWQ,, and
CuWO, show uniaxial anisotropic properties very similar to
the Mn ion in MnWOy. Their spin easy axes lie in the a-c plane
at a positive angle with the a-axis between 57° and 28° [37].
However, the magnetic anisotropy in CoWOQy is very different
from the other transition metals; the Co spins form an angle of
—46° with the a axis [38], nearly perpendicular to the Mn spins
in MnWOy. As a consequence, the effects of Co doping on the
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FIG. 1. (Color online) Multiferroic ~ phase  diagram  of
Mn;_,Co, WO, in the absence of magnetic fields [35]. The different
collinear and noncollinear magnetic orders in all magnetic phases
are schematically shown and assigned to separate regions of the
phase diagram. The two regions with line patterns have the same
characteristic AF1 magnetic modulation (11 | ), however, the spins
in the high-temperature AF1 phase (0.1 < x < 0.15) form an angle
of —33° with the a axis [36].

magnetic phases and on the nature of the spiral spin order in
Mn,_,Co, WOy are more complex than in other cases.

A completely different and more complex phase dia-
gram was recently revealed for the case of Co substitu-
tion [35,36,39]. Besides the suppression of the AF1 phase
by a small amount of Co (similar to Zn doping), two more
sudden changes of the magnetic order in the multiferroic phase
upon increasing Co content have been reported [36,40—42].
At about 7.5% Co content, the spin helix in the AF2 phase
suddenly rotates by 90° into the a-c plane causing a flop of
the ferroelectric polarization from the b to the a axis (AF5
phase). At 15% Co doping, the a-c spiral becomes unstable
and the spins form a conical structure about the easy spin axis
(AF2/4 phase). This conical spin modulation is characterized

by two _Q) vectors, one CM modulation _Q)4 = (0.5,0,0)
describing the modulation of the axial component S4 and a

second ICM modulation 05 = (—0.211,0.5,0.452) defining
—

the radial component Si of the spin vector S . The complete
phase diagram of Mn;_,Co, WOy and the spin structures of
the different collinear and noncollinear magnetic phases are
shown in Fig. 1. At 15% Co content, two multiferroic phases
(AF5 and AF2/4) coexist at low temperatures [43]. The spin
orders in the two coexisting phases are schematically shown in
Figs. 2(a) and 2(b), respectively. Figure 2(d) defines the axial
and radial components of the spin in the conical structure.
Similar to the AF2 phase, the conical phase allows only
for a b-axis component of the ferroelectric polarization, i.e.,
Mn,_,Co, WO, shows another polarization flop from a to b
at x = 0.15 [35]. The symmetry-allowed components of the
polarization are shown by bold (blue) arrows in Fig. 2.
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FIG. 2. (Color online) Schematic presentation of different spin
orders in the multiferroic phases which coexist in Mng gsCog.1s WOy,
as discussed in the text. (a) a-c spiral spin structure of the AF5
phase, stable for 0.075 < x < 0.15. (b) Conical spin structure of the
AF2/4 phase, stable for x > 0.15. (c) Spin structure of the AF5
phase after the spin flop in c-axis magnetic fields. (d) Axial (S'A) and
radial (S‘R) components of the spin vector S in the conical phase.
The normal vector 7 defining the orientation of the spiral is also
shown. The bold (blue) arrows in (a) to (c) show the components of
the ferroelectric polarization allowed by symmetry when magnetic
exchange interactions along c¢- and a-axes are taken into account.

With this multitude of different phases in the phase diagram
of Mn;_,Co,WQ,, some multiferroic but others collinear,
highly frustrated and paraelectric, the influence of external
perturbations such as magnetic fields can be significant and
interesting, particularly near the critical Co concentrations
where the multiferroic_states and the direction of the fer-
roelectric polarization P change abruptly (x.; >~ 0.05 and
X2 2~ 0.15). In the low-doping range (x = 0.05), it was shown
that the direction of P rotated continuously from the b axis
toward the a axis upon increasing magnetic fields oriented
along the b axis [44]. In the AFS5 phase (for x = 0.1), it was
found that the a-axis polarization was strongly suppressed in a
c-axis field [40,41]. A systematic study of the field effects on
the magnetic and multiferroic phases of Mn;_,Co,WQ, for
x > 0.1 is still lacking.

Here, we study the magnetic field effects on the multiferroic
phases in Mn;_,Co, WO, for x =0.135, 0.15, and 0.17,
three compositions that are crossing the boundary between
the a-c spiral (AF5) and the conical (AF2/4) phases. For
x = 0.15, we find a spontaneous polarization reversal at a
critical temperature in a constant external field applied along
the c axis. The results are interpreted in terms of two coexisting
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multiferroic phases with a strong correlation across the walls
separating the domains of these phases.

II. EXPERIMENTAL

Single crystals of Mn;_,Co, WO, (x = 0.135, 0.15, 0.17)
have been grown in a floating zone optical furnace, as
described earlier [35,43]. Powder x-ray analysis confirms the
monoclinic structure (space group P2/c) and no impurity
phases could be detected. The precise chemical composition
was determined by testing different spots of one single crystal
employing inductively coupled plasma mass spectrometry.
The measured Co content was always close to the nominal
composition with a high uniformity across the crystal. The
lattice parameters determined from powder x-ray spectroscopy
show a tendency to decrease only slightly with the Co doping
from those of MnWOy. The crystals cleave easily and expose
a smooth a-c plane after cleavage. The out-of-plane and
in-plane orientations were determined by single crystal Laue
diffraction. Crystals for different measurements were cut from
the bigger piece and shaped according to the demands.

Magnetic measurements have been conducted using the
Magnetic Property Measurement System (MPMS, Quantum
Design) in magnetic fields up to 50 kOe. The ferroelectric
polarization in the multiferroic state was determined by
measuring the pyroelectric current. A thin (typical 0.5 mm)
platelike crystal was prepared for the measurements. Silver
paint was used to form a contact area of about 20 to
40 mm?. Temperature and magnetic field control was pro-
vided by the Physical Property Measurement System (PPMS,
Quantum Design) and a home made top-loading dielectric
probe was employed as sample holder. The alignment of
ferroelectric domains was secured through cooling the sample
from above Ty in an external electric bias field of about
2 to 3 kV/cm. At the lowest temperature, the bias field
was released and the two contacts were shorted for several
minutes. The pyroelectric current, measuring the change of the
ferroelectric polarization, was recorded upon heating at a speed
of 1 K/min employing a K6517A electrometer (Keithley). The
polarization was calculated by integrating the current starting
from high temperature (paraelectric state).

III. RESULTS AND DISCUSSIONS

A. Polarization reversal for x = 0.15

In the absence of magnetic fields, the ferroelectric po-
larization in the multiferroic phase is directed along the b
axis [43]. The characteristic feature of P,(7T') is a peak just
below the transition temperature 7¢; = 10.2 K followed by
a continuous increase upon further decreasing 7', as shown
in Fig. 3. Neutron scattering experiments have shown that
this b-axis polarization originates from the formation of the
conical AF2/4 phase, which coexists with other magnetic
phases. The scattering intensity associated with the AF2/4
phase has a similar sharp peak just below T¢; and thus mimics
the temperature dependence of P, [36,43]. The decrease of
the polarization on the low-temperature side of the peak is due
to the formation of another collinear magnetic phase with the
same modulation as the AF1 phase of the undoped compound

[_Q>AF1 = (£0.25,0.5,0.5)], which is stable between 6.5 K and
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FIG. 3. (Color online) Ferroelectric polarization of

Mn;_,Co, WO, (x =0.15) in magnetic fields oriented along
the ¢ axis. Data shown were measured with increasing temperature.

10 K. This phase, that was observed in Mn;_,Co, WO, for
0.12 < x < 0.15 [36], is paraelectric and it competes with
the ferroelectric AF2/4 phase. It should be noted that below
6.5 K, the AF5 phase (a-c spiral) coexists with the AF2/4
phase, according to the neutron scattering data. While the
AF5 phase is responsible for the large a-axis polarization
at x = 0.1, it was shown that the magnitude of P, quickly
decreases with increasing x and it becomes vanishingly small
at x = 0.15 [35].

The effect of an external c-axis magnetic field on the
ferroelectric polarization is shown in Fig. 3. At low fields
(H: < 20 kOe), P,(T) initially does not change significantly.
At about 20 kQOe, P, develops a sharp, step-like decrease
near T¢p >~ 7 K with decreasing temperature, indicating a
transition in the magnetic system that affects the ferroelectric
polarization. With further increasing H., the step size increases
and P, reverses sign below T, for fields above 25 kOe. It is
most interesting that the sign change of P, is even observed
during the cooling process with a positive poling voltage
applied. Measurements of the pyroelectric current while
cooling show that the transition into the low-temperature phase
happens about 2 K lower indicating a first-order transition at
Tc» with a significant thermal hysteresis (note that only data
obtained with increasing temperature are displayed in Fig. 3
for better clarity). The critical temperature T, increases by
about 0.5 K between 20 and 70 kOe, while T decreases
slightly between 50 and 70 kOe.

It should be noted that a polarization reversal was recently
observed in the undoped MnWOQ, upon increasing magnetic
field, but only at very high magnetic fields (H > 140 kOe)
[45]. The change from the AF2 spin spiral to a conical spin
order with a different orientation of the axial spin vector
induced by high magnetic fields was suggested as a possible
explanation and a theoretical description based on a Landau
theory could well reproduce the experimental high-field phase
diagram of MnWOy [46]. However, the polarization reversal in
MnWO, was only observed upon changing the magnetic field
at a constant temperature and the derived phase diagrams,
experimental as well as theoretical, do not indicate the
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possibility of a sign reversal as a function of temperature.
In contrast, the sign change of Pj, in Mng g5Co¢.15s WOy could
be observed as a function of temperature in constant magnetic
fields, as shown in Fig. 3. This implies that different physical
mechanisms should be responsible for the polarization reversal
in Mno'85 C00.15WO4.

In order to understand the origin of the sign reversal of P, in
fields above 25 kOe, we have to consider all magnetic phases
that could contribute to P,. Mng g5Cog 15 WOy is right at the
boundary between the AF5 (a-c spiral) and AF2/4 (conical)
phases, and it is not surprising that both multiferroic phases
have been found to coexist at low temperatures [36]. The
conical spin structure is consistent with a b-axis polarization,
whereas the a-c spiral can generate polarizations within the
a-c plane, but no component along b. This was indeed
observed experimentally [35] and it is consistent with general
symmetry arguments [2]. The ferroelectric polarization of
the AF5 magnetic phase, which has a maximum between
x = 0.075 and 0.1, does decrease for x > 0.1 and it did
vanish at x = 0.15 [35]. However, this may change under
the action of an external magnetic field. It is therefore
necessary to study the ferroelectric polarization of the AF5 and
AF2/4 phases in magnetic fields separately. Neutron scattering
experiments have revealed that for slightly smaller (larger)
Co concentrations, i.e., x = 0.135 (0.17), the low temperature
phase is the pure AF5 (AF2/4) phase [36]. These two special
Co concentrations are used to investigate the c-axis field effect
on P, in both phases independently.

B. Field effects on the polarization for x = 0.135 and 0.17

The b-axis polarization for x = 0.135 (AF5 phase) in c-axis
magnetic field is shown in Fig. 4(a). At low fields, P, is
zero within the experimental resolution. It should be noted

that even the a-axis component of 7’) is very small (P, < 2
uwC/m?) [35]. However, with increasing H, above 20 kOe there
arises a sizable polarization along the b axis at temperatures
below 8 K. This polarization component increases further with
increasing field and the critical temperature also increases
to about 9 K at 70 kOe. The stabilization of P, in a c-axis
magnetic field has to be a consequence of a spin-flop transition
from the a-c spiral to an umbrellalike magnetic structure,
as schematically shown in Figs. 2(a) and 2(c). The umbrella
structure represents a conical spin modulation with the axial
component S, aligned with the field, i.e., along the ¢ axis.

A magnetic field-induced spin-flop transition is frequently
observed in antiferromagnetic spin structures when the mag-
netic field is parallel to the spin orientation. Above a critical
field, the spins reorient themselves perpendicular to the
field, conserving the antiferromagnetic exchange energy. The
simplest example to describe this effect is the Ising model in
a transverse field [47]. For the more complex case of non-
collinear spin structures, the spin-flop transition from a proper
screw to a conical modulation was theoretically studied [48,49]
and it was, indeed, experimentally observed in Mn; _, Co, WOy,
for x = 0.1 [41]. In Sec. IIT C, we provide further evidence for
the spin-flop from magnetic measurements. The origin of P,
in the spin-flop phase will be discussed in detail in Sec. IIT D.

The b-axis polarization in the AF2/4 conical phase at x =
0.17 responds very differently to the c-axis magnetic field, as
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FIG. 4. (Color online) Ferroelectric polarization of

Mn;_,Co, WO, in magnetic fields oriented along the ¢ axis.
(a) x = 0.135 and (b) x = 0.17. Data shown were measured with
increasing temperature.

shown in Fig. 4(b). P, is not affected at all in fields up to
50 kOe. Only at higher fields the maximum of P, decreases
slightly from 32 ©C/m? at 50 kOe to 25 uC/m? at 70 kOe.
The ferroelectric critical temperature 7¢ decreases by about
0.1 K. Alternative magnetic field orientations along the a or
b axis have shown a similar result, a small depletion of the
maximum P, and a minute decrease of T¢. It should be noted

that no component of ?’) along other directions (a or c¢) have
been observed in any field up to 70 kOe. The conical AF2/4
magnetic structure, that defines the ground state for x > 0.15,
appears to be very stable with respect to magnetic fields up to
70 kOe.

From the results presented in Fig. 4 it becomes clear that a b-
axis ferroelectric polarization can originate from both phases,
AF2/4 as well as AF5, in the latter phase a c-axis magnetic field
above 20 kOe needs to be present and the magnetic system has
to be in the spin-flop phase. Since the AF2/4 and AF5 phases
coexistin Mn;_,Co, WOy for x = 0.15, one should expect two
contributions to P, arising at different temperatures, 7¢; and
Tc». It remains to be shown that the spin-flop actually happens
in Mn().85CO()'15WO4.
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C. Evidence for the spin-flop in Mng g5Cog.;1s WO,

Magnetic systems with strong uniaxial spin anisotropy, such
as Mn;_,Co, WOy, display a characteristic response of the
temperature dependent magnetization to the external magnetic
field below the antiferromagnetic transition temperature Ty.
If the field is oriented longitudinal (parallel) to the spin
moment (spin easy axis), the magnetization M(T) drops
sharply below Ty and continues to decrease toward lower
temperatures. However, in the transverse field case, M(T)
remains nearly constant below Ty [47]. The same behavior is
also observed in spiral spin structures. Once the external field
is applied in the helical plane the spin spiral has a longitudinal
component relative to the field and M (T') decreases below Ty .
However, the magnetization below Ty is nearly independent
of temperature once the field is oriented perpendicular to
the helical plane. Antiferromagnetically ordered spins with
a component longitudinal to the field tend to experience a
spin flop above a critical field which reorients the spins
so that they become nearly perpendicular to the field. This
spin flop is associated with a change of the characteristic
M(T) behavior below Ty as discussed above. Similarly, the
application of a magnetic field in the plane of a spin spiral will
flop the spins forming a conical, umbrellalike structure with
the corresponding change in the temperature dependence of
M(T).

The magnetic data for x = 0.135 in Fig. 5(a) confirm
the field dependence of M(T) as discussed above. At zero
magnetic field, the magnetic system passes through three
transitions with decreasing temperature [35,36]. The onset
of commensurate and collinear magnetic order (described by
the AF4 magnetic structure) is clearly marked by a slope
change of M(T) at Ty. This magnetic structure is replaced
by the frustrated 11 | collinear AF1 phase below Tp;, also
clearly defined by another change of slope. At about 7 K,
the spiral magnetic structure with the helical plane in the a-c
plane becomes the stable magnetic structure (AFS5 phase). The
transition into the AF5 phase shows a hysteretic anomaly in
M(T). Since in the AF5 magnetic structure the spins form a
spiral confined to the a-c plane, we would expect a spin-flop
transition in fields along the a and/or ¢ axes.

The magnetic response to an a-axis field, shown in Fig. 5(a),
does not seem to indicate a spin flop within the field limits of
50 kOe. However, above 30 kOe, there is a sizable increase of
M (T) which could be the beginning of the spin reorientation.
Larger fields have to be applied to induce the expected flop of
the magnetic moments. This is consistent with data published
for Mngy9Cog WO, showing the onset of the spin flop in
a-axis fields above 60 kOe [41]. Magnetic fields along the b
axis are already perpendicular to the spins of the spiral phase.
Therefore the M /H data in Fig. 5(b) show little dependence
on the field at low temperatures. With the field applied along
the ¢ axis, however, the magnetization below T¢ experiences
a sharp increase in a narrow field range between 20 and
30 kOe. At higher fields M(T) is nearly constant below T¢
as expected after the spins flop perpendicular to the field. The
resulting spin spiral is now in the a-b plane with a small
conical component induced by the field [see Fig. 2(c)] and it
gives rise to a b-axis ferroelectric polarization, as discussed in
more detail in Sec. III D. The critical temperatures 7¢ derived
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FIG. 5. (Color online) Magnetization M/H of Mn,;_,Co, WO,
(x = 0.135) in fields of different orientations up to 50 kOe. The three
magnetic phases are separated by dashed lines in (a) and labeled
accordingly. The transition temperatures into the AF4 phase (7y),
the AF1 phase (Tar;), and the AF5 phase (T¢) are also indicated at
the top of the graph. Here and in Figs. 6 and 7, the low-field data

are slightly scaled up to match the high-temperature data for a better
comparison of the various phase transitions.

from the magnetic data (upon heating) are in perfect agreement
with the onset of P, in Fig. 4(a).

The magnetization response to high fields is very different
in the conical AF2/4 phase for x = 0.17. Figure 6 shows M/ H
data up to 50 kOe along all three crystallographic orientations.
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FIG. 6. (Color online) Magnetization M/H of Mn;_,Co, WO,
(x = 0.17) in fields of different orientations up to 50 kOe. The two
magnetic phases are separated by dashed lines in (a) and labeled
accordingly. The transition temperatures into the AF4 phase (Ty) and
the AF2/4 phase (T¢) are also indicated at the top of the graph.

A sharp drop of the magnetization below T in fields along
the @ and ¢ axes [Figs. 6(a) and 6(c)] is consistent with
a longitudinal component of M in the AF4 phase. Neutron
scattering experiments have determined the spin structure of
the AF4 phase as collinear with a CM magnetic structure
defined by _Q)4 with a strong uniaxial anisotropy. The spin-easy
axis is in the a-c plane at an angle of about —50° with respect
to the a axis [36,41]. The M/H characteristics between T¢
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FIG. 7. (Color online) Magnetization M/H of Mny gsCog 15 WO,
in magnetic fields oriented along the c-axis.

and Ty in a b-axis field, shown in Fig. 6(b), is quite different
with M/ H still increasing with decreasing temperature due to
the perpendicular orientation of the spin with respect to H.

In the conical AF2/4 phase [see Fig. 2(b)] the spin has
longitudinal components along all three field orientations, a, b,
and c. Therefore M /H is decreasing with temperature below
Tc. Tt is remarkable that M/H in Fig. 6 shows very little
change in magnetic fields up to 50 kOe. This is consistent with
the small field effect on the polarization discussed above [and
shown in Fig. 4(b)] for x = 0.17. The conical AF2/4 phase
is most stable with respect to external magnetic fields up to
50 kOe.

The magnetization data for x = 0.15 are shown in Fig. 7
with the magnetic field applied along the c¢ axis. The data
clearly reveal the occurrence of a spin-flop transition in
Mny 35C0g.15s WOy, similar to the data in Fig. 5(c) for x =
0.135. It is therefore conceivable that the spin-flop transition
in Mng g5Cog.15 WOy arises from the AF5 a-c spiral phase that
coexists with the AF2/4 conical phase. The critical field of the
spin-flop transition as derived from the magnetic data of Fig. 7
coincides with the critical field above which the polarization
reversal (Fig. 3) had been observed. In addition, the upward
shift of the critical temperature T, of the polarization
reversal with increasing field H, is consistent with the similar
temperature shift of the spin-flop transition (Fig. 7). This leads
to the conclusion that the polarization reversal observed in
c-axis magnetic fields in Mng g5Co.1s WOy is associated with
the spin-flop of the magnetic structure in the AF5 phase.
However, it is not clear why the induced b-axis polarization
in the spin-flop phase is negative despite the positive poling
electric field applied during the cooling process. A more
detailed discussion of the possible contributions to the b-axis
polarization is needed and presented in the next section.

D. Source of the ferroelectric polarization in different phases

MnWO;, and its substituted analog Mn;_,Co, WO, ex-
hibit a wealth of frustrated magnetic phases the origin of
which lies in competing exchange interactions. Theoretical
calculations [50] and inelastic neutron scattering measure-
ments [51,52] have led to a more specific picture of the
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b a

FIG. 8. (Color online) Mnions of MnWO, forming zigzag chains
along the c-axis. The most relevant exchange coupling constants are
labeled Ji and the interacting ions are connected by dashed lines.
Magnetically frustrated interactions are J1 and J4 (blue) as well as
J1,J3, and J6 (green). Only pairs of spins coupled by J1 and J3 (bold
dashed lines) contribute significantly to the ferroelectric polarization.

exchange coupling and anisotropy parameters of MnWO,. The
most accurate fit of the magnetic excitations to a Heisenberg
model with uniaxial anisotropy was obtained by involving 11
inequivalent exchange constants, J1 to J11, among different
pairs of Mn spins [52]. This long-range nature of the magnetic
interactions explains the extraordinary stability of the magnetic
and multiferroic phases with respect to diluting the magnetic
system through nonmagnetic Zn substitution of up to 50% [31].
With so many relevant magnetic exchange interactions present,
it is important to discuss those pairs of interacting spins in
the structure of MnWOQ, that contribute significantly to the
ferroelectric polarization in the multiferroic state.

In the following, we will focus on the largest coupling
constants which assume values within 50% of the maximum
constant. The largest coupling constants are J1 and J6 (we
use the same labels for the J’s as in the original paper [52])
with values of about —0.42 eV. The additional significant
parameters are J3 (—0.32 eV), J4 (—0.26 eV), and J9
(—0.26 eV), the corresponding exchange pathways are shown
in Fig. 8 as dashed lines.

It is obvious that the spins in the MnQOg octahedral chains
aligned with the c-axis are frustrated since the nearest (J 1)
and next-nearest (J4) neighbor interactions compete with
one another and the result of this competition in MnWO;,
is an incommensurate spin modulation with Q, ~ 0.457 at
high temperature and the 11| | spin sequence at low 7. The
spins of neighboring chains, stacked along the a axis, are also
frustrated since three spins coupled by J1, J3, and J6 form
a triangle with all AFM exchange interactions. This explains
the high-temperature ICM modulation with Q, >~ —0.214 and
the 11| | spin sequence along the a axis at low T.

It is essential to identify those pairs of spins, which
contribute significantly to the ferroelectric polarization in the
spiral and conical states. Since the local electrical dipole
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moment, induced by the noncollinear spin pairs, is proportional
to the vector product of the two spins, the angle between the
interacting spins is important. According to the incommen-
surate modulations (Q,, Q.) and the specific helical orders
as shown in Fig. 2, there are only two pairs of spins which
make large contributions to the electrical polarization. Those
are the pairs interacting through J1 and J3 along the ¢ and a
directions, respectively. The spins within each pair are almost
perpendicular to each other with an angle between 80° and
85°, depending on the exact values of Q, and Q. in the helical
phase. The vector product of those spins is therefore near its
maximum value. All other spin pairs, coupled by J4, J6,
and J9, are nearly collinear (parallel or antiparallel) and their
contributions to the polarization can be neglected.

The two exchange pathways J1 and J3 contribute sepa-
rately to the ferroelectric polarization in the different multifer-

: DU g P :
roic states, noted as P Y and P ') hereafter. The magnitude

— —

and orientation of PV and P /? depend on the specifics
of the noncollinear spin structure in the multiferroic phases
AF2, AF5, and AF2/4. The contributions have been derived
as function of the orientation of the normal unit vector 77 [see
Fig. 2(d)] defining the orientation of the spin spiral in space
as [35]

—_
PUY = CYDmym sin(r Q.)[— sin O sing &

+ sin@cos ¢ ¢ 1, (1)

7?)(]3) = C(”)muml sin(2w Q,)[— cos ®_e)y
+ sin®sing € .]. @

Here, ® is the angle of 7 with the z axis and ¢ is the angle
of the projection of 7 into the x-y plane with the x axis. Q,
and Q, are measured in fractions of 1/a and 1/c, respectively.
The orthogonal coordinate system x, y, and z is chosen so that
x |l a and y || b (the small one degree tilt of ¢ with respect
to z is neglected for simplicity). m| and m denote the long
and short axes of the spin spiral, respectively, and C? and
CY3 are constants depending on structural details and the
interactions along the J1 and J3 exchange pathways. The a-c
spiral of the AF5 phase [Fig. 2(a)] is defined by ® = 90°,
¢ = 90° and it generates two contributions to the ferroelectric
polarization, P’V and P{/¥. Both components have been
observed experimentally [35,40,41]. The radial components
of the spin vectors in the AF2/4 phase [Fig. 2(b)] form the
spiral with ¢ = 0° and both exchange couplings, J1 and J3,
contribute to the polarization which is now oriented along the
b axis. In the spin-flop phase [Fig. 2(c)], however, ® is close
to zero and the major contribution to the polarization is Pb(”),
resulting from the interchain exchange coupling J3 along the
a axis.

E. Origin of the polarization flop in Mng g5C0¢ 15 WO,

In Mng g5Cog.15 WOy, two noncollinear phases coexist and
may contribute to the ferroelectric polarization [36]. The
conical AF2/4 phase emerges from the collinear AF4 phase
at T¢p = 10.2 K and this phase is responsible for the increase
of P, below this temperature (Fig. 3). T¢; is consistent with
the value of 9.6 K obtained for the onset of ferroelectricity in
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Mny 33C0g.17WO4, as shown in Fig. 4(b). (Note that T¢| of the
AF2/4 phase decreases with increasing doping x [35,36].) At
lower temperature and in c-axis magnetic fields above 20 kOe,
an additional contribution to P, arises from the a-b spiral of
the AF5 phase in the spin flop state, as shown for x = 0.135
in Fig. 4(a). The sudden change of P, at T¢y = 7 K shown
in Fig. 3 must therefore originate from the high-field AF5
phase [Fig. 2(c)], which generates a b-axis component of the
polarization [Fig. 4(a)]. The critical temperature T¢; is also
comparable with the value of 7.8 K, the critical temperature of
the AF5 phase for x = 0.135. Furthermore, the upward shift
of Tc, with field H, for x = 0.15 is similar to the same shift
for x = 0.135.

From the above discussion, we conclude that two
multiferroic phases contribute to the polarization P, in
Mn35sCog.;sWO4 in high magnetic fields H.. The first
contribution below 10 K is from the AF2/4 conical phase and
it is aligned (positive) with the poling electric field applied
during the cooling process. A second contribution to P; below
7 K arises from the spin-flopped AF5 phase causing the sudden
drop of P,. It is most remarkable that this contribution is
negative despite the positive poling voltage applied while
cooling. This unusual behavior can only be explained by a
strong correlation of the b-axis polarizations of both magnetic
structures. Once P,EAFZ/ * of the conical AF2/4 is established
and aligned with the poling field at higher temperature, the
Pb(AFS) arising from the AFS5 phase is forced into the opposite
direction resulting in the sign reversal as shown in Fig. 3.
Since the sign of the polarization in a helical spin structure is
determined by the chirality of the helix, this result requires a
strong coupling of the chiralities of both multiferroic phases,
AF2/4 and high-field AF5, across the domain boundaries.

The spatial transition from the AF2/4 conical spin structure
[Fig. 2(b)] to the high-field AF5 structure [Fig. 2(c)] across
their common domain boundary can be visualized by decreas-
ing the axial component of the conical spin vector and by
tilting the normal vector 7 of the spiral towards the c axis,
as sketched in Fig. 9. This transition is smooth and it is most
likely that the chirality of the helical spin order is preserved
across the domain boundary to minimize the boundary energy.
The ferroelectric polarization in both domains is parallel to

— —
the b axis, however, contributions from P VD and P 3
are different in the AF5 and AF2/4 domains. According to
equations (1) and (2), P, is the sum of contributions from both
exchange pathways, J1 and J3, and can be written as

P, = m“mL[C(“) sin(;r Q) sin ® cos ¢
—CY3sin(2w Q) cos O. 3)

CYD is significantly larger than C? as can be seen from
the different values of P, and P. in the AF5 phase (e.g., for
x = 0.1) in zero magnetic field [35,41]. Itis not clear, however,
whether or not the two contributions to Py, in Eq. (3) are of equal
sign. If P,f”) and P,f”) are of opposite sign, we can explain
the observed polarization reversal for x = 0.15 (according to
the data of Fig. 3), as discussed below.

It is essential for the following discussion that domains of
different magnetic orders (AF2/4 and AF5) spatially coexist in
Mny g5C00.15 WOy [36,43]. While cooling in a positive poling
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U1 (J3) (net) U1 (J3) (net)
R R R " R R
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FIG. 9. (Color online) Possible scenario of a smooth transition
from the high-field AF5 phase to the AF2/4 phase. The chirality of
the helical spin modulation is maintained across the domain wall. The
top box shows a schematic of how the different contributions to P,
add up to the net polarization in the two domains, as discussed in the
text.

electric field, the ferroelectric polarization is first established at
Tc1 = 10.2 K due to the formation of domains with the AF2/4
conical spin structure. With 8 = 36° and ¢ = 0° [36,42], the
net P, includes two contributions according to Eq. (3). We
assume in the following that both contributions have opposite
sign. The first term from J1 dominates the second term (J3)
because of the larger coefficient CD and it is (positive)
aligned with the poling field. The second term, opposite in sign,
diminishes the total polarization accordingly to the relatively
small value of 3 £C/m? (Fig. 3). This small value also reflects
the reduced volume fraction of the conical AF2/4 phase in the
mixture of coexisting AF5 and AF2/4 phases. A schematic
presentation of the contributions to P, is shown in the box of
Fig. 9. The AF2/4 phase contribution to P, decreases slightly
with increasing field H,, consistent with the data for higher
doping at x = 0.17 [Fig. 4(b)].

Upon further decreasing temperature, below T¢y >~ 7 K,
the domains of the AF5 phase develop and, above the critical
H, of the spin-flop transition, add another contribution to
P, which arises from the J3 exchange path only since the
spiral axis in this phase is parallel to the c¢ axis. Once the
chirality of the magnetic order across the domain boundary
is preserved, this contribution to P, has to be negative, i.e.,
opposite to the ferroelectric polarization established above
Tc», as schematically shown in the box of Fig. 9. This negative
contribution dominates the overall polarization and results in
the sign change of P, according to our data shown in Fig. 3.

From the above discussion an interesting conclusion can be
drawn: the coexisting domains with different helical spin or-
ders (a-c spiral AF5 and conical AF2/4) in Mng g5Cog.15WOy4
are strongly coupled and the smooth transition across their
domains walls preserves the chirality of the spin order.
While this conclusion is indirect from our macroscopic
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measurements, it could be verified in experiments that are
sensitive to or allow to determine the chirality of the spin spiral
or the spacial distribution of the sign of P,. Possible examples
of those experiments are polarized neutron scattering [11] as
well as second harmonic optical imaging [53] or piezoelectric
force microscopy. When the MnggsCop 15 WO,4 sample is
cooled below T, the external poling electric field determines
the chirality of the multiferroic AF2/4 domains. Upon further
cooling, and in an external c-axis magnetic field, domains of
the second (high-field) multiferroic AFS phase form at T¢».
The strong coupling of both helical magnetic orders results in
the AFS5 order having the same chirality, which determines the
orientation of the polarization of the AF5 domain in opposite
direction to that of the AF2/4 domain. The polarization
reversal happens despite the positive poling electric field which
is an indication of the strength of the interdomain coupling
and the energy gained by preserving the spin chirality across
the domain walls. Future work should focus on the study of
the properties of the coexisting multiferroic domains and the
transition across their respective boundaries.

IV. CONCLUSIONS

In zero magnetic field, the cobalt doped Mn;_,Co, WO,
shows one of the most complex phase diagrams with repeated
flops of the ferroelectric polarization upon increasing Co
content. The application of external magnetic fields adds
another dimension to the stability and tunability of multiple
multiferroic phases. At a critical concentration x = 0.15,
cooling in a magnetic field aligned with the c-axis results
in a spontaneous polarization reversal at T¢p ~ 7 K. The
ferroelectric polarization, aligned with the b axis of the crystal
(Pp), changes sign despite a poling electrical field in the
opposite direction. The origin of this sign reversal was found in
the specifics of the multiferroic phases of Mng g5C0g.15WOy.
(i) Two major magnetic exchange interactions contribute to
the ferroelectric polarization, J1 and J3, which label the
exchange between nearest neighbors along the ¢ and a axes,
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respectively. Both exchange interactions can contribute to the
b-axis polarization and their contributions are of opposite sign.

(ii) At zero magnetic field, two multiferroic phases coexist
in Mng gsCog.;5s WO, in form of domains separated by domain
walls. The AF2/4 magnetic domain represents the conical
spin structure that is known for x > 0.15. The AF5 domain
shows the a-c spin spiral characteristic for Mn;_,Co, WO,
with 0.075 < x < 0.15. The spin spiral of this phase flops into
an a-b spiral above a critical c-axis magnetic field, allowing for
a contribution to P, which is superimposed to the polarization
arising from the AF2/4 domains.

(ii1) The magnetic domains of both multiferroic phases are
strongly coupled and the spin chirality is preserved in crossing
the domain wall. This strong correlation forces P, below T¢;
to be counteraligned with the polarization that originates from
the AF2/4 domain below the higher temperature T¢;, and it
explains the sign change of P, observed experimentally in
Mn g5Cog.15 WO, above a critical field H..

The results of this work demonstrate the complexity of
this particular multiferroic compound, Mn;_,Co, WOy, and it
shows new ways to control and manipulate the microscopic
parameters (exchange coupling, anisotropy), the mesoscopic
domain properties, and the macroscopic quantities such as
the ferroelectric polarization. Further studies are warranted
and suggested to explore and to better understand the domain
properties and the correlation across the domains walls on a
microscopic level.
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