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ABSTRACT

Correlations between the direct and inverse magnetoelectric effects in orthorhombic DyMnOj single crystals have been investigated. In the
inverse magnetoelectric effect, the magnetic moment of the crystal appears to have a contribution that is sinusoidal oscillating in ac electric
fields below the temperature Trg of ferroelectric phase transition. The first and the second harmonics of the inverse magnetoelectric effect
are clearly detected. The magnetoelectric susceptibilities & and B, corresponding to first and second harmonics, are found to correlate with
the derivative of polarization with respect to the magnetic field. The influence of the magnetic and electric regimes during cooling on mag-
netoelectric effects has also been studied. The maximum change in the magnetic moment of a sample under the action of electric fields is
observed under the same (T, H) conditions as the rotation of the spontaneous polarization vector from the crystallographic ¢ direction to

the a axis in the magnetic field H || b.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0006595

INTRODUCTION

In recent times, multiferroics belonging to the class of
rare-earth RMnO; (R** is the rare-earth ion) manganites have been
intensively investigated.'™'® One of the most intriguing families of
these compounds is the orthorhombic manganites (space group
Pbnm). Depending on the ionic radius of the rare-earth element, dif-
ferent types of magnetic ordering are established in them. According
to the phase diagram presented in Ref. 1, for R=La,..., Gd, the
A-type antiferromagnetic (AFM) ordering is observed in the ground
state. For small-radii rare-earth ions (R=Ho, ..., Yb, Y, Sc), E-type
AFM ordering is established.” There are improper TbMnO; and
DyMnO; ferroelectrics on the boundary between A-AFM and
E-AFM regions of the phase diagram.” At low temperatures, a spiral
(cycloidal) magnetic structure of the manganese moments forms in
these compounds, which is accompanied by ferroelectric ordering.”

The detailed study of the temperature evolution of the magnetic
structure in the orthorhombic RMnOj; (R = Tb and Dy) compounds”*
showed that the incommensurate AFM ordering, which represents a
sinusoidal modulated collinear structure consisting of only the manga-
nese magnetic moments, is established at temperatures of Ty=39K

for Dy and Ty =41K for Tb. With a further decrease in temperature
to Tpg=18K for Dy and Trp=28K for Tb, transition to the non-
centrosymmetric spiral (cycloidal) magnetic structure occurs.” The
absence of an inversion center and the nonuniform magnetoelectric
interaction'” lead to the occurrence of electric polarization P. The
value of P changes in an applied magnetic field H, which is the
direct magnetoelectric effect.”””'" In addition, the observed electric
polarization is sensitive to the direction of an external magnetic
field. For example, in the orthorhombic DyMnOj; crystals, the spon-
taneous polarization vector changes its direction from P||c to P||a
and then an external magnetic field is applied in the ab plane.” This
behavior is apparently related to the rotation of the spin cycloid
from the b to the ab plane.””'” The results obtained are indicative
of the strong interplay of the electric and magnetic subsystems,
which makes these compounds promising for application.'” Of fun-
damental interest is the establishment of mechanisms responsible
for the observed magnetoelectric phenomena.'*

The strong magnetoelectric interaction makes it possible to
control the electric polarization by applying an external magnetic
field'° and, vice versa, to affect the magnetic subsystem by applying
an electric field."” Therefore, the magnetoelectric effect manifests
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itself in two ways: (i) a direct magnetoelectric effect is polarization
change AP in the applied magnetic field H; (ii) an inverse magneto-
electric effect is magnetization change AM in the applied electric
field E. The direct effect in the discussed compounds was thor-
oughly investigated both experimentally”® and theoretically,"'*>"
whereas only fragmentary studies were devoted to the effect of an
electric field on the magnetic subsystem in orthorhombic manga-
nites.'™'” It may be said that while the direct magnetoelectric effect
is a conventional approach to study the coupling of magnetic and
electric subsystems in orthorhombic manganites, the inverse effect
is unexplored. In the present research, we carried out a detailed
experimental study of both the direct and inverse magnetoelectric
effects in the orthorhombic DyMnO; single crystals in order to fill
the gap and to establish regularities and interplay between direct
and inverse magnetoelectric effects.

EXPERIMENTAL

The DyMnOs; single crystals were synthesized by spontaneous
crystallization from the flux. Their magnetic properties were
reported before.”” The average sizes of the obtained single crystals
were about 1x 1x 1.5mm> According to the x-ray diffraction
data, the synthesized DyMnOj single crystals have an orthorhom-
bic space group Pbnmm with lattice parameters a=5.2816 A,
b=5.8457 A, and ¢=7.3802 A.°° The specific heat C,(T) of the
samples was measured on a QD PPMS-9 facility. The magnetiza-
tion was measured on a home-made vibrating sample magnetome-
ter with a superconducting solenoid.”'

To measure the direct and inverse magnetoelectric effects, a
sample in the form of a flat capacitor was prepared (Fig. 1). The
capacitor plates formed from an epoxy-based conductive paste with
a silver filler were deposited onto the preliminary polished crystal
faces perpendicular to the a axis.

Electric polarization (the MEy effect) was determined by mea-
suring the electric charge flowing off the capacitor plates with a

DyMnO, Pbnm
d=0.27 mm m=2.3mg

(b)

110 s L b
18O ®
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B :
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FIG. 1. Sample for investigations before (a) and after [(b)(d)] the mechanical
treatment. The grid step equals 1 mm.
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Keithley 6517B electrometer. The spontaneous polarization during
transition to the ferroelectric state can give rise to a domain struc-
ture, in which the charge on the sample surface is partially or fully
compensated by the domains with oppositely directed polariza-
tion.””** To ensure a single-domain state, the sample was prepolar-
ized before the measurements of the magnetoelectric effect. The
electric field was applied to the opposite sample faces at a tempera-
ture above Trg; the sample was cooled in the applied electric field.
After that, the applied electric field was switched off and the mea-
surements started.

The spontaneous polarization vector P along the ¢ direction
can be directed oppositely by an external electric field. Also, in the
orthorhombic DyMnO; crystals, the polarization vector can be
flopped to the a direction by an external magnetic field applied in
the ab plane.” To study the polarization behavior in this com-
pound, it is necessary to take into account a prehistory, which
includes cooling in both an electric field and a magnetic field.
Therefore, the measurements were performed also upon cooling in
a magnetic field. Before the measurements, the sample was prepo-
larized by cooling in a dc electric field E,=7.4kV/cm applied
along the a axis of the crystal and in different magnetic fields H
applied along the b axis to the temperatures below Trg. After that,
the external field was switched off and the measurements started.
The specific polarization of the unit volume was determined as
P =Q/S, where Q is the charge that flew off the sample surface with
area S. The temperature and field dependences of polarization P,
along the a axis of the crystal were measured. During the polariza-
tion measurements, the magnetic field H, was applied along the b
direction (here and through all lower indices indicate the direction
along the corresponding axes).

The inverse magnetoelectric (MEg) effect was measured on
an original experimental setup using the same sample (Fig. 1).
The experimental setup and measurement technique were
described in detail in Refs. 24-26. Before the measurements, the
sample was prepolarized by cooling in a dc electric field of
Ey=7.4kV/cm (200 V/0.27 mm) applied along the a axis of the
crystal. After cooling, the polarizing field was switched off and
the ac electric field E=E;-cos(wt) with an amplitude of
Ey=3.7kV/cm and a frequency of f=w/27r=1kHz was applied
to the capacitor plates. Due to the magnetoelectric effect, the
applied ac electric field E changes the magnetic moment of the
sample according to the periodic law. As a result, the voltage is
generated in a pickup coil, which is proportional to the ampli-
tude of the magnetic moment oscillations in the sample.

The exciting electric field was only applied along the a axis,
and the magnetic moment change AM along the b axis (the trans-
verse MEg effect) was detected. The signal was measured by an
SR830 lock-in amplifier, which determines the first and second
harmonics (AM" and AM”) of the magnetic moment oscillations.
The first harmonic corresponds to the magnetic moment oscilla-
tions at the frequency @ of the exciting electric field and the
second to the magnetic moment oscillations at the doubled fre-
quency 2w. The harmonics are determined as AM' =¢ - E, and
AM" = B - E}/2,”° where a and f are the susceptibilities of the first
and second harmonics of the inverse magnetoelectric effect by
the electric field and E is the oscillation amplitude of the applied
electric field.
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RESULTS AND DISCUSSION

The temperature dependence of specific heat for the sample
under study is shown in Fig. 2 (in the right-hand axis). With the
temperature decreasing, three pronounced features arise in Cy(T)
dependence, which are related to magnetic transitions in DyMnO;.’
The kink in the curve at T=40K corresponds to the occurrence of
the AFM ordering in the manganese subsystem. The peak at Tpg
~18 K is related to the transition of the manganese subsystem from
the sinusoidal modulated collinear magnetic structure to spiral
(cycloidal) one. This transition is accompanied by ferroelectric
ordering. Finally, the dysprosium subsystem is ordered at a tempera-
ture of T ~8K. It is worth noting that the first two features (at
T=40 and 18 K) are not seen on the temperature dependence of
magnetization M,(T) (the left-hand axis in Fig. 2) due to the great
paramagnetic contribution of dysprosium ions.”’

Figure 3 shows temperature dependences of polarization P,
of the DyMnOj single crystal in different magnetic fields. Before
each measurement, the sample was warmed up to 100 K; then an
electric field of 7.4 kV/cm was applied along the a direction and
the sample was cooled down to T=4.2K; after that, the electric
field was switched off, a magnetic field was applied, and the P(T,
H,) measurements were performed. It is seen in Fig. 3 that, under
these experimental conditions, the polarization is low and does
not exceed 150 uC/m?* even in the lowest temperatures; in addi-
tion, one can see that the polarization is almost absent at temper-
atures above Tpg ~18 K.

Upon cooling to Tgg the spontaneous electric polarization
along the ¢ axis occurs [case (i) in Fig. 4]. The electric field applied
along the a axis does not significantly affect the domain structure of
a ferroelectric [case (iii) in Fig. 4]. After switching-off the electric
field E, and applying the magnetic field H,, of above 20kOe (at
T'=4.2K), the polarization switches from ¢ to a direction (P, — P,).
However, since the external electric field is not applied in this case,
the ferroelectric can be arbitrary divided into domains [case (ii) on
Fig. 4]. The dependences measured in magnetic fields of 10 and

180

It Dy

160

140
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100

80

My, emu/g
*
Cp, mJ/g*K

60

40

20

FIG. 2. Temperature dependences of magnetization M,(T) (left-hand axis) at
H=1KkOe (H|| b) and specific heat C,(T) (right-hand axis) at H=0.
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FIG. 3. Temperature dependences of electric polarization P, along the a direc-
tion in different magnetic fields H, applied along the b axis. Before each mea-
surement, the sample was cooled from 100K to 42K in E,=7.4kV/cm and
H=0. The measurements were performed in a warming mode.

40 kOe correspond to two spontaneous polarization directions P|| ¢
and P|| a, respectively (Fig. 3). It can be seen that there is no signifi-
cant difference between these dependencies. It implies that polariza-
tion P, induced in the magnetic field H, is compensated by the
domain structure.

An absolutely different case occurs when the sample is cooled
in the simultaneously applied electric field E, and magnetic field
H,,. Figure 5(a) shows temperature dependences of polarization P,
(T, Hp). The measurements were performed in the following
manner: at a temperature of 100K, the electric field E, and mag-
netic field H, were applied, and the sample was cooled down to
4.2 K; then, the electric field was switched off and the polarization
measurements started in the sample warming up regime, while the
magnetic field remained invariable.

It can be seen in Fig. 5(a) that the polarization obtained after
cooling in the magnetic field of 10 kOe is comparable in an order

a
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b 0 (i
g0 [F7 fif) 7.
>
|

g g (il
’ P P

a

(iv)—
i

FIG. 4. Scheme of the ferroelectric domain structure in applied electric and
magnetic fields. The magnetic field Hg,, corresponds to polarization vector
switching.
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FIG. 5. Temperature dependences of the electric polarization P, (a) and sus-
ceptibility of the first a,, and second B, harmonics of the MEg effect [(b) and
()] in different magnetic fields H,. The measurements were performed in a
warming mode.

of magnitude with the results obtained after cooling in a zero mag-
netic field (Fig. 3); this corresponds to case (iii) in Fig. 4; the latter
implies that the value of H,=10kOe is insufficient to upset the
polarization vector to the a direction, at least, in the investigated
temperature range, which is consistent with the results obtained in
Ref. 7. However, upon cooling in a field of 20 kOe and more, one

ARTICLE scitation.org/journalljap

can observe a sharp increase in polarization [case (iv) in Fig. 4]:
at low temperatures, it is more than 2000 4C/m?. The polariza-
tion switching field Hp,, depends on the temperature. The steep
polarization drop with increasing temperature is related to the
inverse switching of the vector: P, — P in this case, the higher
field H, corresponds to the higher temperature of flop transition.
In sufficiently strong magnetic fields H;, (40 kOe and more), the
polarization P, vanishes at temperature Tpg on transition to the
paraelectric state.

The dashed curve in Fig. 5(a) is worth to be described sepa-
rately. This curve was obtained after cooling the sample from 100 K
in zero electric and magnetic fields: E=0 and H=0. In contrast to
zero-field cooled (ZFC) dependences in Fig. 3, both an electric field
of E,=7.4kV/cm and a magnetic field of Hj, = 30 kOe were applied
at T=4.2 K. Then, the electric field was switched off and the tem-
perature dependence of polarization was measured. Thus, at low
temperature, the polarization vector switching P, — P, was induced
by the magnetic field, and the electric field led to the predominance
of one direction in the domain structure of the crystal [case (iv) in
Fig. 4]. However, it can be seen in Fig. 5(a) that the polarization
obtained after such a prehistory is somewhat lower than the polari-
zation after cooling from high temperatures in the electric and mag-
netic fields with the same values (Hj, = 30 kOe and E, = 7.4 kV/cm).

Figures 5(b) and 5(c) show temperature dependences of
magnetoelectric susceptibility of the first (a,) and second (B,)
harmonics of the MEg, effect, respectively. These data were obtained
in the configuration with the magnetic field applied along the b
axis, the electric field applied along the a axis, and the magnetic
moment change detected along the b axis.

Our measurements in the zero magnetic field (H =0) showed
that the MEj effect is absent, i.e., under the action of an ac electric
field, the oscillations of the magnetic moment relative to zero are
not observed: AM’ =0 (& =f=0). However, in a dc magnetic field,
when the sample has a certain constant magnetic moment, we
observe the oscillations of this moment AM’ # 0 (o # 0), which are
excited by an ac electric field. This behavior corresponds to the
nonlinear magnetoelectric effect.”’

The inverse MEy, effect has a maximum, which shifts toward
higher temperatures with the increasing magnetic field. This
reflects the behavior of polarization. Indeed, it can easily be seen
from the comparison of P,(T), ap(T), and B,,(T) dependences
that, in this magnetic field, the o,(T) and B,,(T) peaks lie in the
same temperature region as the P,(T) inflection points. In addition,
it can be seen that the magnetoelectric effect vanishes after
approaching a temperature of Trp ~18 K. However, the magnetic
field H, of more than 30 kOe somewhat increases this temperature;
the similar shift of temperature Tpg in strong magnetic fields is
observed also for polarization.

Figure 6(a) shows field dependences of polarization P,(H,) at
T=42K obtained for different sample prehistories. The black
curve shows the dependence of polarization of the sample frozen in
the electric field E, without a magnetic field. It can be seen that, in
this case, a two-step polarization jump occurs near 10 and 20 kOe.
This jump is caused by polarization vector switching P.— P,.
However, since the polarizing electric field is already switched off,
the transition to the multi-domain state occurs and the resulting
polarization is low.
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FIG. 6. Field dependences of the electric polarization P.(H) (a) and the sus-
ceptibility of the first harmonic of the MEg effect a,o(H) (b) and the first mag-
netic field derivative dP./dH, (c) at the temperature of 4.2K. The insets in b
show the AM(t) behavior before and after passing the point of the change in the
sign of the MEg effect.

The red curve was obtained after cooling the sample from
100K to 4.2K in the polarizing electric field E, and a magnetic
field of H, =30kOe; it can be seen that, in this case, the polariza-
tion values are much higher. Before the measurements, the electric
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field was switched off and the course of polarization [shown by
arrow 1 in Fig. 6(a)] was recorded; a decrease in polarization is
related to the polarization vector switching P, — P.. If we apply a
magnetic field again and induce transition P.— P, (the curve
shown by arrow 2), then polarization P, does not attain its initial
value, since in this case, the polarizing electric field E, is not
applied during transition and the domain structure arises.
Nevertheless, this polarization is much higher than that in the ZFC
case; it means that the crystal keeps the memory about the pre-
ferred direction of polarization P, even after the return to the state
P.. However, the greater number of magnetic field cycles inducing
sequential transitions P, — P, — P, corresponds to lower resulting
polarization P,. Figure 6(a) shows also that polarization switching
has a magnetic hysteresis.

Analogously to the above-described polarization measure-
ments, we measured the magnetoelectric susceptibility ap,(H})
after cooling in the electric field E, and the magnetic field of
H, =60KkOe [Fig. 6(b)]. The initial course of the curve corresponds
to a decrease in the magnetic field from 60 kOe to 0kOe (shown
by black arrow 1). With a further increase and decrease in the mag-
netic field H, (the curves are shown by arrows 2 and 3, respec-
tively), the peak of magnetoelectric susceptibility decreases. Similar
to polarization, the inverse magnetoelectric effect has a magnetic
field hysteresis. In addition, in strong magnetic fields, the suscepti-
bility oy, becomes negative.

The MEj, effect and AM change the sign at the same electric
field. Strictly speaking, the electric field direction does not affect
an increase or a decrease in the magnetic moment. This direction
is apparently related to the direction of the prepolarizing field Ej,.
However, during the measurements, while the magnetic field
increases, the signal phase AM(t) was detected to shift by z. The
insets in Fig. 6(b) show the AM(t) behavior before and after
passing the point of the sign change of the MEg effect. Here, we
should note that the magnetoelectric susceptibility is negative in
the magnetic field region where the P,(H;,) curve has a negative
slope (Fig. 6).

To trace the correlation between the direct and inverse magneto-
electric effects, we presented the derivative dP,/dH,, which is conven-
tionally named as the linear susceptibility of the direct MEy effect to
the magnetic field Hj,. The comparison of Figs. 6(b) and 6(c) shows
that the curves are very similar. The derivative dP,/dH,, becomes neg-
ative in field of above 20 kOe. However, the negative course is much
less pronounced than in the a,,(H,) dependence.

The field dependences of the susceptibility of the MEg effect
at different temperatures are presented in Fig. 7. These depen-
dences were measured after cooling the sample in the dc electric
field E, without a magnetic field. As can be seen from the compari-
son of the plots in Figs. 6(b) and 7, the magnetoelectric susceptibil-
ity upon cooling in the magnetic and electric fields is several times
higher than the value obtained after cooling in only the electric
field Eo. The magnetoelectric effect exhibits a magnetic field hyster-
esis related to polarization switching hysteresis P, —» P.— P,.
Interestingly, the hysteresis of the second harmonic of the MEg
effect B,,,(H) [Fig. 7(b)] is significantly stronger than the first har-
monic hysteresis a;,(H) and polarization P,(H).

We should pay attention to the fact that, during cooling in the
electric field E, at temperature Tgg, the spontaneous polarization in
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the sample occurs along the ¢ direction, while the polarizing field
E, is applied in the orthogonal a direction. Nevertheless, the mag-
netoelectric response after such prehistory is nonzero.

In addition, we should keep it in mind that, during MEg measure-
ments, a significantly high exciting ac electric field (E,~ 3.7 kV/cm)
was applied to the sample; this field was twice as low as the prepola-
rizing field Eo; nevertheless, their values are comparable. Thus, we
can expect that the ac electric field with the frequency of 1kHz
makes the sample to be single-domain during the measurements.
The used value of Ey ~ 3.7 kV/cm looks to be sufficient to cause the
nonlinear effects related to the polarization hysteresis. In Ref. 7, a
ferroelectric loop was observed at the liquid helium temperature in
the magnetic field of H,=60kOe and the electric field range of
+25kV/em. The amplitude E, and the frequency @ of the exciting
electric field should affect the susceptibility of the inverse magneto-
electric effect.

CONCLUSIONS

The inverse magnetoelectric effect in the orthorhombic DyMnO;
single crystal was investigated first in wide temperature and magnetic
field ranges for the transverse (E || a, H|| b) configuration. The effect
manifests itself after cooling the sample in an external electric field,
i.e., after the prepolarization of the sample. The inverse magnetoelec-
tric effect arises in the ferroelectric phase and vanishes above tem-
perature Trp of phase transition. The analysis of the experimental
data with regard to the measured polarization values (the direct mag-
netoelectric effect) showed that the temperature and field behavior of
susceptibility of the inverse magnetoelectric effect correlates with the
behavior of polarization. The maximum change in the magnetic
moment of the sample under the action of the electric field is

ARTICLE scitation.org/journalljap

observed under the same temperature and magnetic field ranges as
the rotation of the spontaneous polarization vector from the ¢ crys-
tallographic direction to the a axis. The direct and inverse magneto-
electric effects in the DyMnO; orthorhombic crystals appear to be
the two sides of the same coin: the polarization rotation is related to
the rotation of the spin cycloid from the bc to the ab plane;’ the
inverse magnetoelectric effect is caused by the change in the direc-
tion of spin rotation in the cycloid plane in the ac electric field."
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