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Slightly Co-doped MnWOj, at the lowest 5% Co concentration, for which the multiferroic cycloidal phase
becomes a ground state, has been studied in magnetic fields up to 60 T by bulk magnetic and electric polarization
measurements along different crystallographic directions. The field induced magnetic transitions up to 12 T and
the ways they proceed were tracked also by single-crystal neutron diffraction, and the relevant field induced
magnetic structures were identified and refined. The complete magnetoelectric phase diagrams for magnetic
fields along distinct directions in relation to the cycloidal spin structure have been constructed for magnetic field
values exceeding those necessary to induce a spin-flip transition into the paramagnetic state. Their common
feature is the existence of nonpolar sinusoidal phases identified by the disappearance of the electric polarization
in a field regime slightly below the spin-flip transition. At lower magnetic fields either continuous or abrupt field
induced reorientations of the cycloidal magnetic structures were observed, respectively, for a field direction along
the crystallographic b axis or along the easy magnetic axis, and the different character of those transitions has
been attributed to specific features in the magnetic anisotropy.

DOI: 10.1103/PhysRevB.96.104435

I. INTRODUCTION

Magnetoelectric multiferroic materials exhibit simultane-
ously both magnetic and electric orders [1-3]. MnWOy is
considered as an archetypal multiferroic, having a cycloidal
magnetic structure with zero net magnetization coexisting
with macroscopic electric polarization [4,5]. It belongs to the
so-called type II multiferroics, in which both order parameters
are inevitably coupled since the magnetic order is what breaks
the inversion symmetry and induces ferroelectricity. The main
interest in these materials is the possibility of manipulating the
polarization by inducing changes in the magnetic structure or
vice versa.

Like most of the magnetically frustrated materials, MnWOQO4
is extremely sensitive to small perturbations induced not only
by an external agent such as magnetic field or pressure, but
also by chemical substitution. It has been observed [6] that
substituting Mn>* by Co*" in MnWOy, enlarges the temper-
ature range where the multiferroic phase of this compound is
stable. At 5% of cobalt the low-temperature collinear antifer-
romagnetic nonpolar phase is suppressed and the multiferroic
phase remains stable down to very low temperatures while its
average monoclinic crystal structure remains unchanged. The
zero-field magnetic structures of this composition have already
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been described in Refs. [6-8]. Furthermore, a polarization
control at spin-driven ferroelectric domain walls was recently
demonstrated [9]. On the other hand, in contrast to the
pure MnWO,, the evolution of the magnetic structures of
Mnyg 95C00.0s WO4 under magnetic field is still unclear. The
present paper is aimed at describing the magnetic behavior
of this material in a large range of magnetic field, revealing
how the field induced magnetic structures evolve and also the
corresponding evolution of the electric polarization.

It is worth recalling the crystal structure and the zero-field
magnetic orders that appear below the Néel temperature in
Mny 95C0g.0s WO4. The crystal structure has P2/c monoclinic
symmetry (b monoclinic axis). Within the unit cell there
are two symmetry-related manganese atoms surrounded by
deformed oxygen-made octahedra. Those octahedra form
zig-zag chains along the crystallographic c axis. Below 13.2 K
the structure becomes magnetically ordered: between 13.2 and
12.2 K the so-called AF3 phase exists, while below 12.2 K
the AF2 multiferroic phase prevails. For the AF3 phase, it
has been proposed [10,11] that the most likely magnetic
structure is a cycloidal one, where the different chains display
a mutually opposite chirality and therefore a zero net electric
polarization. Nevertheless, the oscillating spin y component is
very small (relativistic effect), and the AF3 order is usually
considered as an amplitude-modulated collinear sinusoidal
structure [10]. As for the AF2 phase, it has a cycloidal spin
structure with the moments rotating within the ba plane, o
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(a) (b)

FIG. 1. Sketch of the directions along which the magnetic field
was applied: the crystallographic directions a, b, c; the easy o and
the hard w magnetic axes within the ac plane; and the field induced
transitions relevant to the AF2 phase (only H||b and H||a are
depicted). At 2 K and H=0 this phase has a cycloidal spin structure
with the moments rotating within the ba plane (enveloped by the
red semicircles), « being located at about 15° from the a towards
the ¢ axis, and w at 90° to « within the ac plane. (a) At 2 K, for
H||b a flop of the magnetic moments from the ab to the aw plane
(i.e., ac plane) occurs continuously via a rotation of the cycloid plane
around the o (only one of the two directions of rotation is depicted),
and « is the angle between w and the cycloidal plane. (b) For H||«, a
flop from the b to bw plane occurs discontinuously via a rotation of
the cycloid plane around the b axis (only one of the two directions of
rotation is depicted). For H ||w no magnetic field induced transitions
take place up to the spin-flip fields (not illustrated).

being the easy-magnetic axis located at about 15° from the a
towards the ¢ axis (see Fig. 1). The hard-magnetic axis, w, is at
90° to o within the ac plane. The latter description corresponds
to a simplified picture where the magnetic moments of
all Mn atoms are supposed to sit in the same plane. The
electric polarization in the AF2 phase is along the b axis. Its
origin is well explained by the antisymmetric Dzyaloshinskii-
Moriya interaction which induces a local electric polarization
P ~r;; x (§; x §;), favored by the noncollinear arrangements
of neighboring moments S; and S; connected by aradial vector
r;; and possessing nonzero spin chirality S; x S; [3,12,13].
Field induced changes of the magnetic structure are expected
to be accompanied by apparent variations of the electric
polarization including its value and orientation.

Here we report a comprehensive study of the various
phase transitions in Mng9sCog0s WO, induced by magnetic
fields up to 60 T using magnetic, electric polarization, and
neutron-diffraction measurements along different crystallo-
graphic directions.

II. EXPERIMENTAL DETAILS

Single crystals of Mng95C00sWO, were grown by a
float-zone method using light heating [14]. The crystal growth
was performed in an air atmosphere at a linear speed
8—10 mm/h with a counter-rotation of crystal and feed rod.
Finally, the crystal was annealed in air at 7 = 1100°C for
about 6 h. Samples with dimensions suitable for the particular
measurements and with different crystallographic orientations
were cut from the same crystal.

The magnetic response of the crystal to both, ac and dc
magnetic fields was studied using the physical properties
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measuring system and superconducting quantum interference
device from Quantum Design. The magnetic field was applied,
within a few degrees of accuracy, along the monoclinic b axis,
the magnetic easy, or the hard direction of the crystal (shaped
as 5x2.5x1 mm? parallelepiped). No measurable frequency
dependence was found in the ac susceptibility in the frequency
range of 10 Hz to 3 kHz, which was studied at an ac field
amplitude of 10 Oe and at different superimposed dc fields
up to 9 T. To better monitor the field induced transitions,
instead of monitoring the departure from the linear variation
of magnetization with the applied dc field, we studied the
ac susceptibility at fixed temperatures as a function of the
amplitude of the dc field, superimposed in the same direction
as the ac field (i.e., the so-called incremental susceptibility).

Electric polarization was studied along the principle crystal-
lographic axes by pyroelectric measurements using a Keithley
6517A electrometer in the static magnetic field measurements.
Electrical contacts were attached by Ag paint on the two
parallel surfaces of the sample. A poling field, E,, up to
+1.4 kV/cm was first applied in the paraelectric state at
temperature 15-20 K prior to cooling the sample through the
Néel temperature down to 1.9 K in order to obtain a single
polar domain state. This electric field was maintained during
the magnetic field or temperature-dependent polarization ex-
periments. The temperature dependence of polarization upon
heating or cooling was measured in swiping the temperature
mode with a rate of about 1 K/min, resulting in a small
hysteresis of less than 1 K.

The high magnetic field experiments were performed at the
Dresden High Magnetic Field Laboratory. Pulsed magnetic
fields up to 60 T with pulse duration of 35 and 150 ms
were used. The magnetization was measured by integrating the
voltage induced in a coil system surrounding the sample. The
system was precisely compensated before the pulse to cancel
the d B /dt contribution. Electric polarization, P, was measured
by a pyroelectric technique [15]. The pyrocurrent was captured
through the voltage variation in a shunt resistor connected in
series with the measurement circuit by a digital oscilloscope
Yokogawa DL750 with a high sampling rate of 1 MS s~! and a
resolution of 16 bit. Then, P was calculated by integrating the
pyrocurrent numerically. Magnetic field dependencies were
usually recorded with electric field (equal to the poling field
of about 1.4 kV/cm) switched on in attempt to secure a single
domain structure after the field induced transitions. The sample
used in the above high-field experiments was shaped as a
parallelepiped (pseudocub) with ~1.8-mm-long edges along
the easy and the hard magnetic axis, and the b axes.

The neutron-diffraction experiments were carried out on
the CEA-CRG D23 single-crystal diffractometer at the Institut
Laue Langevin (Grenoble, France). The same crystal, which
was used for the bulk magnetic measurements, was mounted
inside a vertical cryomagnet and investigated with an incident
wavelength A=1.277 A. Two different sample orientations
have been employed: first the crystallographic b axis was
set vertical with respect to the laboratory frame of reference,
and afterwards the easy axis was set vertical. The neutron
absorption in the sample (1 = 0.041mm™~") has been corrected
using the Cambridge Crystallography Subroutine Library [16]
and the structure refinements were done using the FULLPROF
SUITE package [17]. Data treatments were done by least-square
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refinements of the integrated intensities and they included
an extinction correction following the model of Becker-
Coppens [18]. For determining the magnetic structures, the
crystallographic parameters and the scale factors were fixed
to the values obtained in the nuclear refinements. The spin
configurations have been described as follows: For a given
magnetic propagation vector k (and the associated —Kk)

my; = my;ijcos[2r(k - R, + @;)]
+my;0; sin[2(k - R, + @;)] ()

where my; is the magnetic moment of the atom j in the unit
cell I, R, is the vector joining the arbitrary origin to the origin
of unit cell /, and ®; is a magnetic phase [19].

III. RESULTS AND DISCUSSION
A. Field induced transitions at moderate fields (H < 15 T)

1. Probing field induced transitions by incremental
magnetic susceptibility

To detect field induced transitions, ac susceptibility was
measured along different directions at fixed temperatures when
varying the amplitude of the dc field (limited to 9 T) which was
superimposed in the same direction as the ac field. Figure 1
shows a sketch of the directions in which the magnetic field
was applied: the three principle crystallographic directions, the
easy « and the hard w magnetic axes within the ac plane. It also
illustrates the transitions induced in moderate magnetic fields
which will be discussed further in the paper. The evolution of
the incremental susceptibility at 1.8 K shown in Fig. 2 reveals
a field induced transition for the H||b direction and suggests a
beginning of such transition along the « easy direction, while
no indication of any transition is seen along the hard axis up
to the highest applied field.

The transition with H||b starts at fields of about 3.5 T,
as indicated by the increase of the real component of the ac
susceptibility in Fig. 2, and ends at about 7 T. The susceptibility
evolution suggests that this transition is completed in two

1T=18K
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FIG. 2. Real component of the ac susceptibility vs superimposed
dc field along the « easy and the @ hard magnetic directions, and
along the b axis, obtained at 1.8 K.
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FIG. 3. Real component of the ac susceptibility along b crys-
tallographic and o easy magnetic axes vs superimposed dc field, at
different temperatures—panel (a) and (b), respectively. The insets are
zooms. Temperatures at which (at zero magnetic field) the AF2 phase,
the AF3 phase, or the paramagnetic phases exist are represented by
full circles, triangles, and crosses, respectively.

stages, evidenced by the susceptibility increase from the prac-
tically constant low-field values, followed by an almost linear
increase and then a decrease to a roughly constant value at high
field. The higher the temperature is, the lower the field needed
to induce the transition is and the narrower the transition itself
is [see Fig. 3(a)]. The two consecutive stages seem to merge
into a single one at temperatures above 8 K. In the AF3 phase,
between about 12.1 and 13.2 K, the peak in the susceptibility
completely disappears and the slope of the curves coincides
with the slope of the high-field phase of the AF2 structure [see
the inset of Fig. 3(a)]. In the paramagnetic region (14 K), as
expected, the susceptibility is practically constant.

A field induced transition takes place also for the H||«
easy direction. As seen from Fig. 2, at 1.8 K, the susceptibility
initially increases almost linearly up to about 7 T followed by
much faster increase at higher fields indicating the beginning
of the transition, which, however, remains uncompleted up to
the highest field available of 9 T. The susceptibility maxima
[see the inset of Fig. 3(b)] observed on the 12, 12.25, and

104435-3



I. URCELAY-OLABARRIA et al.

12.5 K curves (AF3 phase region) should be related to the
crossing from AF3 either to a spin-flopped AF3” phase or
to the paramagnetic region. This will be further argued when
presenting the high-field data.

2. Continuous rotation of the magnetic structure
and the electric polarization with H||b

The first step in the neutron study of the evolution of the
magnetic structure under magnetic field applied along the
b axis was to follow the behavior of two magnetic reflections
as the field increased at a fixed temperature of 2 K. The
integrated intensities of those reflections, namely, (00 0)**and
00 )7k, depicted in Fig. 4(a), exhibit changes in the field
range 2.5-7 T, which agree with the field induced transition
observed by means of ac susceptibility measurements with
H||b.The (000)** reflection shows an evolution characterized
by a maximum and a minimum intensity value that occur at the
fields where the (00 1) starts increasing and has a maximum,
respectively.

(@ 304 ' 3 ' ' —
& o (000)* 1100
.% %&%fp % o (001);“;
_ o @ T~2K|
2 % % o H/lb 2
5 25% %c;xéo 6 S o0 5
g o%eg;%es) 20 0§%§ %?&@§§§§§ g
80
0 10
(b) —
T~2K 7
1.54 Hila
@ 0]
S 65
S 14- s
s s
134
0P,
O 2 4 6 8 10 12

HoH (T)

FIG. 4. (a) The experimental integrated intensities of (0 0 0)*¥
and (0 0 1)7% reflections as a function of the magnetic field
applied along the b axis at 2 K. Inset: Zoom of the field range
3-7 T, including also the calculated intensities (full symbols) for
those reflections as a function of the angle « between the cycloidal
plane and the hard direction w in the ac plane. (b) The experimental
integrated intensities of (0 0 —1)** and (=1 1 1)7* reflections as a
function of the field applied along the easy direction « at 2 K.
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TABLE 1. Refined parameters of Mng¢sCog s WO, magnetic
structures at zero field, 5 T, and 10 T (2 K, H||b). For simplicity
the following notation has been used: kg = [—0.216(1), %, 0.461(1)]
and k, = [—0.216(2), % 0.460(2)]. The unitary vectors i and 9 are
described by spherical angles: ¢ is the angle that the projections
of the unitary vectors in the xy plane make with x (||a) and 0 is
the angle the unitary vectors make with z (||c*). A® corresponds
to the magnetic phase difference of Mn; and Mn,. « is the angle
between the plane where moments lay and the hard direction w in
the ac plane; it is not refined but derived from ¢, and 6,. The data
set collected at 5 T was refined in two different ways: in the first one
the easy axis was fixed (1) and only the orientation of U was refined,
whereas in the second refinement the orientation of both vectors was
refined. m;; and m,; correspond to the modulus of the two oscillating
orthogonal components of magnetic moments shifted 90° in phase.
Rp2/%, Rp2,, /%, Rp/%, and x? are the reliability factors.

Temperature: 2K 2K 2K 2K
Magnetic Field: 0T 5T 5T 10T
k ko k, k, k,
Mn, mijip 3.83(7) 3.88(3) 3.86(4) 3.91(6)
¢u Oo 0° 00 Oo
0, 77(2)° 77° 64(4)° 86(2)°
myjpup  —3.89(6) —3.43(4) -3354) —3.30(4)
0 90° 106(3)° 124(4)° 180°
0, 90° 32(3)° 46(4)° —4°
Mn, ﬁan = —ﬁMnl
ﬁan = _ﬁMnI
AD k./2 k./2 k./2 k./2
K 90° 32(4)° 37(4) 0°
R /% 11.8 12.3 11.5 14.5
Rp2y /% 10.0 9.58 8.71 13.1
Rp/% 16.1 17.2 16.8 19.0
x? 10.2 8.40 7.00 4.01
Note Fixed o Free o

Centering of roughly 20 magnetic reflections at 5 and
10 T led us to conclude that the propagation vector (k;, =
[—0.216(2), %, 0.460(2)]) practically remains unchanged in
comparison to the one found at zero field (kg = [—0.216(1),
%, 0.461(1)]). The magnetic structures were refined from
the integrated intensities of about 130 reflections [20], at
5 and 10 T, i.e., at a magnetic field value at which the
transition takes place and at another in which the transition
is completed, respectively, as indicated by the susceptibility
measurements (see Fig. 2). The parameters that describe the
proposed spin arrangements are gathered in Table 1. The data
treatment concluded that the high-field structure (uo H = 10 T)
is a cycloidal structure in the ac plane, perpendicular to the
external field, as expected for an antiferromagnet at fields
above the spin-flop transition. Hereafter AF2’ will be used
for this phase. The treatment of the data recorded at 5 T, i.e.,
in an intermediate field, revealed that the magnetic structure is
such that the rotation plane of the moments is in between
the initial and final orientations, and hence suggests that
the transition occurs in a continuous manner. Taking into
account the refinement at 5 T, the plane in which the moments
rotate tilts around the easy axis («): one can observe in
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Table I that by fixing the easy axis and leaving the rest of
the parameters free in the refinement the plane rotates around
o towards the ac plane making an angle of k = 32(4)° with the
ac plane. However, if we give more freedom to the structure,
and refine the parameters associated to the easy axis too, it
slightly tilts towards c. In this last model the angle « is bigger,
46(4)°.

The evolution of the magnetic reflections in Fig. 4(a)
has been simulated based on the proposed model for the
transition, i.e., by considering that the plane rotates around
a. The simulation has been done just considering the rotation
of the ¥ vector, maintaining constant its modulus and the
orientation and modulus of . The inset of Fig. 4(a) presents
the experimental integrated intensities of the (0 0 0)** and
(0 0 1)7* reflections (represented by empty symbols) as a
function of the external field and their calculated intensities
(full symbols) as a function of x. The resulting evolution
of the intensities of the observed reflections is satisfactorily
reproduced just by modeling the transition with one parameter,
k. Therefore, in a first approximation, the behavior of the
magnetic reflections holds that the transition between the
magnetic structures can be described as a continuous rotation
of the plane of the moments around the magnetic easy axis.
Note that the higher-order effects revealed by the refinements,
such as the small reorientation of the easy axis or the variation
of the amplitudes, were not taken into account in the simulation
and could be at the origin of the offset between « and the field
in the refinements and the simulation.

Figures 5(a) and 5(b) show the field dependence of the
a, b, and ¢ components of the electric polarization at different
temperatures, in H ||b configuration. A smooth decrease of P,
is observed starting at ~3.5 T and finishing at ~7.5 T (data
taken at 4.2 K), in good agreement with the other techniques
we used. As observed in the susceptibility measurements, the
width of the transition decreases with increasing temperature
and this is also reflected in the polarization measurements
(note that P, at 10 K disappears within the 3 T field range).
Polarization P, exhibits a small hysteresis with the field.
On cycling the magnetic field it reaches the same zero-field
value, thus suggesting a polar single domain state or at least
establishing the same balance between magnetic domains with
opposite chirality when coming from high temperature in zero

()
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Hilb HIlb
P,(42K) 51
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| €
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FIG. 5. Field dependence of the components of the electric
polarization along the principle crystallographic directions for H||b.
(a) P, component at several temperatures and (b) P, and P,
components at 4.2 K. (c) Temperature dependence of P, at different
fields.
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magnetic field and on cycling the field at a fixed temperature
(we recall the presence of an electric field in both experiments).
Both a and ¢ components of the polarization rise at about 3 T
and reach their maximum at about 6.5 T (at 4.2 K). These
results agree with the continuous flop of the rotation plane of
the moments upon the AF2-to-AF2’ transition. In the initial
and final stages of the phase transition, the electric polarization
is either along b or in the ac plane, whereas in the intermediate
stages it has nonzero components along all the three principle
crystallographic directions. One may argue that this can be due
to a phase separation and therefore a result of the contribution
of two polar magnetic structures each of which producing
polarization either along b or in the ac plane. However, the
magnetic-diffraction data refinement concluded that there is
a unique ferroelectric phase in which the rotation plane of
the moments is in between the ba and the ac plane, keeping
always the direction of the easy axis o, AF2*"¢(P,, Py, P..), and
hence the hypothesis of the phase separation can be ruled out.

The electric polarization along the a axis, P,, was measured
also as a function of the temperature at fixed fields parallel to b.
The data plotted in Fig. 5(c) suggest that at moderate magnetic
fields the temperature of the onset of electric polarization
remains unchanged. The behavior of the polarization is rather
peculiar: at low fields, it has a maximum value close to Trg
and decreases at low temperatures. In the work by Liang et al.
[8] this interesting response to the temperature of P,, that
occurs at fields between 2 and 5 T, is associated to the rotation
of the spin plane around the easy axis. The authors suggest
that in this field range and right below Trg, the spin plane is
parallel to ac, and then, with decreasing temperature the plane
rotates. The temperature range where the reorientation of the
plane takes place depends on the field; for example, at 2 T,
P, tends to zero within 2 K. In contrast, at 4 T none of the
components of the polarization is zero and therefore, at that
field, the rotation of the spin plane is not completed.

3. Transitions induced with the H || easy axis

Susceptibility measurements with H ||« suggest the begin-
ning of a field induced transition, presumably a spin flop of the
cycloidal plane (see Fig. 1), that is probably completed slightly
above the maximum available field of 9 T for this measurement
(this will be further confirmed by the pulsed high-field data in
Sec. III B 2). This reorientation is due to a competition of the
Zeeman with the crystallographic magnetic anisotropy term in
the free energy. At zero field the latter stabilizes the cycloidal
structure located in the easy ab plane. With increasing the
field along the easy « axis this direction of the spins becomes
unstable, which results in a reorientation of the cycloidal plane
presumably to the bw plane (perpendicular to the field).

In the neutron-diffraction study, first two magnetic reflec-
tions were monitored at 2 K as the field increased from 0 to
12 T. The evolution of the integrated intensities of those two
reflections displays a clear and sharp transition at 10 T [see
Fig. 4(b)]. The intensity of the (0 0 —1)*¥ reflection gradually
decreases until the transition occurs, then it remains constant
up to 12 T. In contrast, the intensity of the (—1 1 1)~ reflection
increases and has a maximum value at 10 T, then it decreases
and above 11 T it becomes constant too. Magnetic Bragg peak
intensities were collected at 8 (before the transition), 10, and
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11.75 T (above the transition). Unfortunately, the collected
data at both high field and intermediate fields did not allow
us to determine unambiguously the corresponding magnetic
phases. Due to the geometrical restrictions imposed by the
magnet, the number of collected reflections was not enough to
give a definitive answer.

B. Field induced transitions at high fields (up to 60 T)

With anticipation to reach the field-forced ferromagnetic
alignment (i.e., paramagnetic state) and consequently access-
ing all possible field induced transitions, the field range in
this paper was extended by using pulsed magnetic fields up
to 60 T at the European High Magnetic Field Laboratory
facilities in Dresden to measure magnetic susceptibility and
the pyrocurrent.

1. Transitions induced with H||b

Figure 6(a) shows the evolution of the magnetic suscep-
tibility in fields along the b axis, while the magnetization
obtained by integrating the corresponding susceptibility curves
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is plotted in Fig. 6(b). The clear magnetization change on the
1.5 K data at about 58 T [Fig. 6(b)] is indicative for reaching
the spin-flip field. The forced ferromagnetic alignment of the
moments above this field value is reflected in magnetization
saturation and consequently the susceptibility tends to zero
[see Fig. 6(a)]. The estimated magnetic moment per formula
unit is ~4.4 wp, which is somewhat smaller than 4.9 ug,
expected from Mn?* (§ =5/2) and Co*" (S =3/2) spin
only moments. However, this difference should be taken with
some precautions since it might result, at least partly, from
inaccuracy in the calibration of the high-field magnetization
when using the low dc field data. As expected, with increasing
temperature the spin-flip field decreases and is smeared out due
to the thermal fluctuations opposing the collinear alignment of
the magnetic moments along the direction of the applied field.
This intrinsic feature affects the accuracy in determining the
spin-flip fields at the higher temperatures.

The above transition is expected to occur via an interme-
diate (magnetic sinusoidal, which is paraelectric) phase, i.e.,
following the sequence: cycloidal AF2’— AF3 (intermediate
sinusoidal magnetic structure) — forced ferromagnetic state.

(b)
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FIG. 6. H||b case: (a) Magnetic susceptibility, x;, in pulsed magnetic field along the b axis. Low-field anomalies (~4-6 T) correspond
to continuous rotation of the spin cycloid from ab to ac plane, while the high-field ones can be identified as a transition to the
forced ferromagnetic (paramagnetic) state occurring presumably via an intermediate (sinusoidal paraelectric) phase. (b) Magnetization
curves M,(H) obtained by integration x,(H) and scaled using the low-field (up to 9 T) magnetization data. (c) The evolution of the
pyrocurrent (left scale) and the electric polarization (right scale) along the « axis on the pulsed magnetic field applied along the b axis.
(d) Electric polarization P,(H) for selected temperatures, recorded at magnetic field decreasing. Solid and dashed lines are for decreasing and

increasing magnetic field branches, respectively. The vertical arrows

tentatively indicate the expected field induced transitions.
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FIG. 7. H||x case. (a) Evolution of the magnetic susceptibility in fields along the easy magnetic axis «, x,(H). Low-field anomaly (~9.6 T)
corresponds to the flop of the spin cycloid to the plane perpendicular to the easy axis. The high-field features can be identified as a transition to
the forced ferromagnetic (paramagnetic) state, which is expected to occur via an intermediate (sinusoidal, paraelectric) phase. (b) Magnetization
curves M, (H) obtained by integration x,(H ) and scaled using the static (up to 9 T) magnetization data. (c) The evolution of the pyrocurrent (left
scale) and the electric polarization (right scale) along the a axis on the pulsed magnetic field applied along the b axis. Vertical arrows indicate
threshold fields of the phase transitions. (d) Electric polarization P,(H) for selected temperatures, recorded as the magnetic field decreased.
Solid and dashed lines are for decreasing and increasing magnetic field branches, respectively. Arrows illustrate possible identification of these

high-field transitions.

However, it is not easy to identify all corresponding anomalies
from the yx,(H||b). Arrows in Fig. 6(a) indicate a tentative
identification of these high-field transitions being in reasonable
agreement with the electric polarization measurements (as will
be discussed below).

A low-field (~4—6 T) anomaly on the susceptibility is also
observed in agreement with the static field data presented in
Sec. Il A. The two stages of the anomaly, clearly seen on the
static-field susceptibility and attributed to the beginning and
the end of the continuous rotation of the spin cycloid from
the ab to the ac plane at the AF2-to-AF2’ transition (see
Sec. IIT A 2), could be clearly appreciated on the pulsed field
data.

The above low-field transition is also manifested on the field
dependence of the pyrocurrent I, (H||b), plotted in Fig. 6(c),
though its details are not so well expressed as on the P,
data presented in Fig. 5, measured in static or in pulsed
fields with significantly smaller d H/dt (please also keep in

mind the small, some 15°, difference between the « and the
a geometries). Figure 6(c) includes also the corresponding
polarization evolution, P,(H||b), which appears at the low-
field AF2-to-AF2’ transition and disappears at about 52 T. This
latter value is lower than the spin-flip field of 58 T determined
from the magnetic data and thus supports the hypothesis for
the existence of an intermediate magnetic phase, most likely a
sinusoidal collinear magnetic configuration, which separates
the cycloidal and the paramagnetic phases. Note that this latter
intermediate state does not support electric polarization. It
is worth noting the huge difference between the ascending
and the descending field branches of the polarization. This
implies that the true maximum value of the P, polarization
is achieved only when the AF2’ phase is entered from the
nonpolar phase (the forced ferromagnetic or the proposed
intermediate sinusoidal one) on reducing the magnetic field
and in the presence of an electric field ensuring a single
polar state. Note that this maximum P, polarization value
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is much bigger than the one established after the AF2-to-AF2’
transition in the presence of the same electric field.

The field evolution of the P, polarization at several
temperatures is gathered in Fig. 6(d) for decreasing field.

2. Transitions induced with the H || easy axis

Figure 7(a) shows the evolution of the magnetic sus-
ceptibility in fields along the easy magnetic axis «, while
the magnetization obtained by integrating the corresponding
susceptibility curves is plotted in Fig. 7(b). The high-field
features can be identified as a transition to the forced ferro-
magnetic (paramagnetic) state, which is expected to occur via
an intermediate (sinusoidal, paraelectric) phase. It is plausible
to identify this phase with a flopped AF3 phase, which we will
denote as AF3”. The low-field anomaly (~9.6 T) corresponds
to the flop of the ab spin cycloid to the plane perpendicular to
the easy axis AF2-to-AF2”, as discussed in Sec. III A 3.

Both, the low-field transition AF2 — AF2” and the high-
field AF2”— sinusoidal phase one are manifested in the field
dependence of the b component of the pyrocurrent in the
Hl|lo configuration I,(H||e) at 2 K, plotted in Fig. 7(c)
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together with the correspondent field evolution of P,(H||x).
Upon initial increasing of the magnetic field, P,(H ||) sharply
rises at the AF2 — AF2” transition and goes through a broad
maximum before vanishing in the high-field sinusoidal state.
One notices a striking difference in how the polarization
evolves at the ascending/descending field branches for this
spontaneous P, component recorded in H ||« and the magnetic
field induced P, component in H||b: namely, unlike the
P,(H||b) case (see Sec. IIl B 1), the P,(H||x) ascending
branch value is much bigger than the value for the descending
branch for fields exceeding the spin flip. The different behavior
in the last case P,(H||a) could be due to the existence of the
spontaneous polarization P,(H = 0) the maximum value of
which is established by a poling procedure and results in a
single chirality state remaining in the spin-flopped phase AF2”.
The field evolution of P, polarization at several temperatures
is presented in Fig. 7(d).

3. Transitions induced with the H ||w hard axis

As expected in analogy with the more simple case of a
collinear antiferromagnet, at H||w, i.e., parallel to the hard

(b)
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FIG. 8. H||w case: (a) Evolution of the magnetic susceptibility in fields along the hard magnetic axis @ within the ac plane, x.,(H). The
arrows illustrate the spin-flip transition. (b) Magnetization curve M, (H) obtained by integration of x,(H) and scaled using the static (up to
9 T) magnetization data. (c) The evolution of the pyrocurrent (left scale) and the electric polarization (right scale) along the ab axis on the
pulsed magnetic field applied along the hard magnetic axis @ within the ac plane. Vertical arrows indicate threshold field to the paraelectric
state. (d) Electric polarization P,(H ) for selected temperatures, recorded at magnetic field decreasing. Solid and dashed lines are for decreasing

and increasing magnetic field branches, respectively.
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magnetic axis, no magnetic field induced transitions were
observed up to the spin-flip field of about 58 T, a value similar
to that found for the other two directions [see Fig. 8(a)]. The
spontaneous b component of the electric polarization P,(H ||w)
shows [Fig. 8(b)] the same behavior on increasing/decreasing
magnetic field as in the H ||« case, i.e., as the field increases,
the polarization along b is much bigger than its value when
the field descends from fields exceeding the spin flip. The
field evolution of the P, polarization at several temperatures
is presented in Figs. 8(c) and 8(d).

IV. PHASE DIAGRAMS AND SUMMARY

The critical fields probed by the different experiments
described above and denoted by arrows in Figs. 6-8 have
been used to construct the magnetoelectric phase diagrams for
magnetic fields along the crystallographic b direction, and the
two distinct magnetic directions o and w [see Figs. 9(a)-9(c)].
A common feature of all phase diagrams is the existence of the
nonpolar sinusoidal phases (AF3, AF3”) which were clearly
identified by the disappearance of the electric polarization
at threshold fields below the spin-flip ones. These phases
should have a sinusoidal component (orthogonal to the field
direction) along the easy («) axis (AF3) or intermediate (b) axis
(AF3”), respectively for H||b, w and H ||«. Evidences of such
nonpolar sinusoidal phases were also observed experimentally
in pure MnWO, [21] and confirmed by a simulation of the
H — T phase diagrams [22-24]. The appearance of the field
induced nonpolar sinusoidal phases (AF3 or AF3”) from the
polar cycloidal ones (AF2, AF2’, AF2”) can be qualitatively
explained by a progressive canting of the antiferromagnetic
structure, caused by increasing the Zeeman energy with respect
to the exchange term. This results in a recovery of the
phase transformation sequence (cycloidal — sinusoidal —
paramagnetic), similar to the temperature induced spontaneous
one at H = 0 (i.e., AF2 — AF3 — paramagnetic). The
analogy with spontaneous transitions is supported by the fact
that the antiferromagnetic order parameters are reduced either
by increasing temperature or by increasing magnetic field.

At lower magnetic fields a competition of the Zeeman
energy with the magnetic anisotropy becomes of primary
importance and governs the transformation of the magnetic
structures for H||b and o axes. Magnetic field applied in the
spin cycloidal plane, i.e., along the b direction or the easy
o axis, results in an instability and flop of the spontaneous
cycloidal magnetic structure oriented in the ob plane.
However, the character of the instability and the transformation
depends on the field orientation. For H ||« the cycloidal plane
rotates abruptly around the b axis to a state perpendicular to
the field direction (similarly to a usual spin-flop transition),
while for H||b the flop to the @w plane (i.e., ac plane) occurs
continuously via a rotation of the cycloid plane around the «
axis and the corresponding magnetic cycloidal structure could
be identified as an angular one, AF2%"¢, where the angle «,
between the plane where the moments lay and the ac
plane, varies between 90 (AF2) and 0° (AF2’) (Fig. 1). The
continuous character of the spin cycloid induced reorientation
in H||b, which was also observed in Ref. [8], suggests the
presence of fourth-order magnetic anisotropy terms needed
to stabilize the angular AF2%"¢ phase (in addition to the
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second-order terms). A possible origin of higher-order terms
in the Co substituted MnWO, compounds could be related to
the presence of intrinsic competition between the exchange
and the anisotropy of the Mn®* and Co®" ions. As a matter
of fact, recent x-ray magnetic scattering experiments [25]
indeed reveal some local noncollinearity of Mn and Co
spins in the commensurate antiferromagnetic AF4 phase of
Mny 35Co0g.15s WO4. The description of the system in terms of
averaged magnetic order parameters (angles) requires averag-
ing the free energy, which is a function of locally fluctuated
order parameters. This results in a renormalization of the
different terms in the free energy, including the anisotropy
energy one and even in appearance of additional fourth-order
terms in it (see, for example, Refs. [26,27]). How it could be
applied to our system requires a detailed microscopic analysis
of the Mn and Co contributions and is beyond the frame of
this paper. However, we note that the key effect of the light Co
substitution is a reduction of the anisotropy in the ab plane as
compared to the pure MnWOy. This results in stabilizing of the
cycloidal structure AF2 down to the lowest temperatures and
suppression of the commensurate collinear AF1 phase. The
noticeable decrease of the anisotropy in the bw plane results

PHYSICAL REVIEW B 96, 104435 (2017)

in lowering of the spin-flop field along the b axis as compared
to the MnWOy. Elucidating how each of the two distinct
magnetic atoms, sharing the same crystallographic site in the
structure and displaying competing anisotropies, behaves at a
local scale would require further experimental efforts.
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