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Direct and inverse magnetoelectric effects in HoAl3(BO3), single crystal

A. L. Freydman, A. D. Balaev, A. A. Dubrovskiy, E. V. Eremin, V. L. Temerov and |. A. Gudim
Kirensky Institute of Physics, Russian Academy of Sciences, Siberian Branch, Krasnoyarsk 660036, Russia

(Received 30 December 2013; accepted 20 April 2014; published online 2 May 2014)

The direct (MEy-) and inverse (MEg-) magnetoelectric effects in the HoAl3(BOs), single crystal are
studied. Temperature and magnetic field dependences of permittivity of the crystal are investigated.
A relation between the investigated effects was established. It was found that the magnetoelectric
effect can exist in crystals without magnetic order or spontaneous polarization. It was shown that the
phenomena investigated are due to magnetostriction or magnetoelastic effect. The thermodynamic
potential was considered for describing magnetoelectric effect at low magnetic fields. The results
obtained are explained within a proposed qualitative microscopic model, based on interplay of
configuration of 4f- electron subshell of the rare-earth element and applied magnetic or electric
field. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4874270]

INTRODUCTION

Coexistence of the magnetic order and spontaneous
electric polarization in multiferroic materials has been an
object of study in condensed matter physics. The interest in
these systems is due to a great number of fundamental effects
exhibited by multiferroics'™ with a multitude of possible
applications.®™ According to the definition given in study by
Eerenstein e al.,” multiferroics are a class of compounds
with any two or all three of the following ordering types:
spontaneous magnetic moment, spontaneous dipole moment,
and spontaneous deformation.

However, the ferroelectric phase rarely coexists with the
magnetic order and even when it does, they interact very
weakly.'? There are two types of multiferroics: in the multifer-
roics of the first type, the magnetic and ferroelectric phase tran-
sitions do not depend on one another; in the multiferroics of
the second-type, the phase transitions occur simultaneously and
are interrelated. In the latter case, the interaction between the
magnetic and ferroelectric subsystems can be very strong.>!*'?

It is still unclear which mechanism is responsible for the
magnetoelectric effect at the microscopic level. Following
the experimental observation of the linear magnetoelectric
interaction,® a number of works devoted to the search for
and investigation of materials revealing this effect were
published.'*'® The materials revealing the magnetoelectric
effect exhibit the dependence of polarization on an applied
magnetic field, i.e., the MEy-effect, or the magnetization
variation in an applied electric field, i.e., the MEg-effect.
Study of the magnetic symmetry and thermodynamic poten-
tial of an investigated system usually yields some informa-
tion on the magnetoelectric effect. In particular, the presence
of the center of the spatiotemporal inversion symmetry sug-
gests the magnetoelectric effect, which is expressed by the
EH term in the thermodynamic potential, while the presence
of the spatial inversion symmetry only suggests the bilinear
magnetoelectric effect, the corresponding terms of which in
the thermodynamic potential are EEH or EHH.*!”

The EH and EHH effects are measured by dynamic and
quasi-steady-state methods. The quasi-steady-state method
for measuring the MEy-effect'®!'” is a direct technique
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applicable up to very strong static magnetic fields. This
method is sufficiently accurate, since it allows measuring a
magnetic-field-induced charge directly without calibration.
The technique for measuring the MEg-effect developed by
Astrov et al.?® allows the magnetization to be measured in an
applied electric field.

Among substances revealing the magnetoelectric effect
is the borate family RM5(BOs),4, where R is a rare-earth ion
or Y and M is an Al, Fe, Ga, Sc, or Cr ion. Crystals in this
family have the R32 space group,”' which determines the ab-
sence of the inversion center. The MOg octahedra sublattice
forms a helical chain along the ¢ axis with the exchange
interaction of 3d elements; the rare-earth ions form ROg
prisms and are isolated from one another by BOj triangles,
i.e., there is no the R—O—R interaction.?? Both the BO; trian-
gles and ROg prisms are coupled with three MOg chains.

In study by Liang et al.,>* the authors reported the giant
MEy magnetoelectric effect in the HoAl;(BOs), crystal. It is
noteworthy that this material is not a multiferroic in the ordi-
nary sense, since it is not magnetically ordered.”> > As was
shown in study by Chaudhury e al.,?® the transition element,
e.g., iron, is not necessary for the existence of the magneto-
electric effect. It has been recently demonstrated that the
value of magnetoelectric polarization in HoFe;(BOs5), and
HoAl3(BOs3), is mainly caused by the value of magnetostric-
tion in these compounds.”” However, the processes occurring
at the microscopic level are still not fully understood. The
magnetoelectric interaction, and in particular, the role of a
rare-earth ion, needs further investigation.

The aim of this study was to investigate the MEg-effect
and permittivity in the HoAl3(BOj3),4 crystal in order to clar-
ify the microscopic mechanism responsible for this effect.

EXPERIMENTAL

Holmium aluminum borate HoAl3(BO3), single crystals
were grown from the flux. As in study by Liang er al.,> we
use the orthogonal system of coordinates (x, y, z) with the x
and z axes coinciding with the a and ¢ crystallographic direc-
tions, respectively, and the y axis perpendicular to the xz
plane. Samples under investigation were rectangular plates

© 2014 AIP Publishing LLC
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cut parallel to the natural face (1121) so that the x and z
directions were in the plate plane and the y direction was per-
pendicular to it.

For the measurements of permittivity and the MEy- and
MEg-effects, the sample faces were covered with a conduc-
tive epoxy adhesive. The MEy-effect was studied by meas-
uring a charge between two contacts on the opposite sides of
the parallel-sided plate with a Keithley 6517B electrometer.
Temperature and magnetic field were controlled with the use
of a Physical Property Measurement System PPMS-9
(Quantum Design). Permittivity was investigated by the
capacity measurements on an Agilent E4980A Precision
LCR Meter. The MEg-effect was measured by technique
proposed by Astrov et al.*® on an original setup.?®

The magnetic properties of the grown crystals were
investigated on a vibrating-coil magnetometer (Quantum
Design) at temperatures of 3—300 K in magnetic fields up to
9T.

A setup for measuring the MEg-effect based on a
vibrating-coil magnetometer is illustrated in Fig. 1. Sample 1
with plates 2 was placed in the center of pick-up coil 3 and
an AC voltage with the frequency of 1 kHz from generator 4
was applied to the sample plates. As a result of the magneto-
electric effect, the magnetic moment of the sample changes
periodically and an AC voltage is induced in pick-up coil
3 and detected by detector 5. Using this circuit, one can
detect the magnetic moment variation along the axis of coil
3 only.

If the magnetic and electric subsystems of the crystal are
coupled by the elastic interaction (piezoelectricity, piezo-
magnetism, magnetostriction, or electrostriction), it is rea-
sonable to detect the signal at several harmonics, since the
frequency of the crystal strain caused by the piezoelectric
effect coincides with the AC voltage frequency (first har-
monic). However, electrostriction is the quadratic function
of the electric field strength E; therefore, the strain frequency
exceeds the applied AC voltage frequency by the factor of 2
(second harmonic). The strain affects the magnetization of
the sample via the magnetoelastic effect. Thus, the advantage
of our measurement technique over the measurements of the
MEy-effect is that while measuring the first and second
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FIG. 1. Schematic circuit of the MEg-effect measurements.
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harmonic signals separately, we can determine the contribu-
tions of the piezoelectric effect (first harmonic) and electro-
striction (second harmonic), whereas the MEy-effect
measurements cannot detect the electrostriction contribution,
since the induced strain does not lead to the sample polariza-
tion variation due to electrostriction. As was mentioned by
Schmid,'” the drawback of the technique proposed by Astrov
et al.®® is the necessity of the calibration of the entire meas-
uring circuit. Synchronous detector 5 measures voltage U
induced in pick-up coil 3 via magnetic moment variation
AM of the sample and not the value of AM in itself. To com-
pare the values of U and AM, the setup was calibrated.

External field H is induced by superconducting solenoid
6. Since magnetic field H is static, it does not contribute to
the voltage induced in pick-up coil 3.

MAGNETIC MEASUREMENTS

Figures 2(a)-2(c) present the measured magnetization of
the HoAl3(BO3)4 sample vs applied magnetic field and tem-
perature at different field directions. The shape of the pre-
sented dependences indicates that the crystal is paramagnetic
and exhibits anisotropy of the magnetic properties. It can be
seen in Fig. 2(a) that the magnetization grows in field H,
faster than in field Hy, although the maximum signal in the
field H~90kOe is larger when the field is applied along the
x axis. Figure 2(b) shows temperature dependences of the
magnetization measured in different magnetic fields. Here,
one can also see the anisotropy of the magnetic properties.
Figure 2(c) shows the temperature dependence of the differ-
ence between magnetizations M, and M, measured in fields
H, and Hj, respectively.

It can be seen in Fig. 2(c) that the temperature depend-
ence of the magnetization difference M,—M, is
non-monotonic and the position of its maximum depends on
the applied magnetic field. As the field is increased, the max-
imum shifts toward higher temperatures and its magnitude
decreases. At the same time, in the field H = 1 kOe, the func-
tion M,—M,(T) is relatively small and has no maximum. In
the investigated compound, only Ho>" ions have the mag-
netic moment; consequently, the anisotropy of the magnetic
properties is explained by the fact that the magnetic
moments of Ho> " jons react differently to the magnetic field
applied in different directions. In field H,, the magnetic
moments of Ho>" ions align faster than in field H,.

ME,- AND ME-EFFECTS

According to the measurement results, the MEg-effect
AM(E, H, T) is a linear function of electric field E, but the
slope of the function AM(E) strongly depends on magnetic
field H. In Figure 3, the MEg-effect is plotted in coordinates
E and H; black and grey dots show the experiment and linear
approximation, respectively. In our designation AMjj, i is the
direction along which the value of AM was measured and j
is the direction of field E.

It can be seen in Fig. 3 that the linear approximation of
the function AM(E) fits well the experimental data for
both transverse (AM,y) and longitudinal (AM,,) effects.
However, the MEy-effect in this compound is nonlinear.*
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FIG. 2. (a) Field dependence of magnetization M(H) for the HoAl;(BO3),
crystal at different directions of a magnetic field and a temperature of 3 K.
(b) Temperature dependence of magnetization M(T). (c) Temperature de-
pendence of the magnetization difference M,—Mj.

In addition, the linear magnetoelectric effect is possible
only in magnetically ordered crystals, whereas, as men-
tioned above, HoAl3(BOs), is paramagnetic, i.e., magneti-
cally disordered. Nevertheless, the nonlinear effects can
be met in magnetically disordered crystals.>” This contra-
diction could be explained by consideration of higher
harmonics, but we managed to detect the signal only at the
first harmonic.

J. Appl. Phys. 115, 174103 (2014)
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FIG. 3. Transverse (a) and longitudinal (b) MEg-effect measured at the tem-
perature T =4.2 K.

Thus, in the thermodynamic potential there is no term
oEH, but there are terms that yield the linear dependence of
magnetization on field E and the nonlinear dependence on
field H.

Figure 4 shows temperature and field dependences of
the magnetoelectric susceptibility of the MEg-effect
Bij= AM;;/E; for two measurement configurations; black and
grey points correspond to the experiment and the approxima-
tion. In Figure 4(a), the electric field is applied along the x
axis (transverse effect) and in Fig. 4(b), along the y axis (lon-
gitudinal effect).

One can see from the Figure 4 the maxima in the depend-
ences fyx(Hy, T) and By (Hy, T) in fields Hy of 17.5 and
20kOe at a temperature of 4.2 K for the transverse and longi-
tudinal effects, respectively. Magnetoelectric susceptibility
Byx exceeds fy by a factor of 2. The MEg-effect maximum
shifts toward stronger magnetic fields as the temperature is
increased, because thermal fluctuations prevent alignment of
the magnetic moments along the applied magnetic field. In
addition, thermal fluctuations explain a decrease in the
MEg-effect amplitude with increasing temperature.
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FIG. 4. Magnetoelectric susceptibility for transverse Sy.(Hy, T) (a) and lon-
gitudinal (b) B,y (H,, T) effect.

Figure 5 presents temperature and field dependences of
magnetoelectric  polarization APy, of the MEy-effect.
Magnetic field H was applied along the y axis; polarization
was measured also along this axis.

The temperature dependencies show the growth of the
effect with decreasing temperature. The field dependencies
measured at different temperatures are qualitatively consist-
ent with the analogous curves in study by Begunov er al.** It
is important that the absolute value of the effect in our sam-
ples is smaller than that in the crystals investigated previ-
ously by a factor of 4. We attribute this difference to
possible structural inversion twinning in our samples. It is
well-known that in the crystal structure of trigonal rare-earth
oxiborates with the huntite structure, the oxygen octahedra,
in which Fe>" (AI’", Ga>", or S¢**) ions are located, form a
spiral chain along the three-fold axis. Depending on the crys-
tal, the spiral can be both right- and left-hand twisted or
mixed (twinning or chirality). The presence of twinning
apparently leads to the situation when isomers with the right-
and left-hand spirals make contributions of the opposite
signs to the magnetoelectric polarization. When the magnetic
field is applied, the charge is partially compensated, which

J. Appl. Phys. 115, 174103 (2014)
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FIG. 5. Field (a) and temperature (b) dependences of the MEyy_effect AP,,.

should eventually lead to a decrease in the absolute value of
the effect.

In addition, we found that the shape of the dependence
Byy(H) is similar to the shape of the MEy-effect susceptibil-
ity function oy, (H) = d(AP(H))/dH. The dependences oy, (H)
and f,,(H) are shown in Fig. 6 by the dotted and solid lines,
respectively. It can be seen that the curves are the most
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FIG. 6. Field dependences of magnetoelectric susceptibilities o, (H) (dotted
line) and f,,(H) (solid line) at different temperatures.
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similar in the low-temperature region, while, as the tempera-
ture increases, the maximum of a(H) shifts toward stronger
magnetic fields more than the maximum of f(H).

PERMITTIVITY

Figure 7 shows the experimental temperature and mag-
netic field dependences of permittivity. The magnetic field
was applied in the y direction of the crystal. Capacitance was
measured along the x and y axes (Figs. 7(a) and 7(b), respec-
tively). One can clearly see the anisotropy of the dielectric
properties of the crystal. The permittivity measured in the x
direction of the crystal, i.e., perpendicular to the magnetic
field (Fig. 7(a)), decreases with increasing temperature and
grows with increasing Hy, while the permittivity measured in
the y direction of the crystal, i.e., parallel to the applied mag-
netic field (Fig. 7(b)), decreases with increasing temperature
and magnetic field H,.

It can be seen that at a temperature of 4.2 K, the value of
& grows by 7% and the value of ¢, decreases by 5.5% as
magnetic field H, increases to 60 kOe. The dependence &,(T)
in strong fields H, has the maximum at 20.5K in a field of
50kOe, which shifts toward higher temperatures as the field
is increased.

m
I VRNV WV WV VNV VNV WO W

/YA A A A A A |

40

(b) F{V(koe) %060

FIG. 7. Dependences & (Hy, T) (a) and &,(Hy, T) (b) at f =2kHz.
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THE THERMODYNAMIC POTENTIAL

For description of the magnetoelectric effect in
HoAl3(BOs), crystal at weak magnetic fields we can use the
equation for the function of free enthalpy'®

‘ . 1 1
F(E,H) = F() — P;\E, — M?H, — ESOSUEiEj - E‘uo,u,-jH,-Hj

—oEiH; — %ﬂngiHij - %ViijfEiEk"' (D
In (1) the component as P{E; can be accepted only in pyro-
electric, the contribution of spontaneous magnetization M;H;
can be accepted only in crystals with magnetic ordering; in
our case of paramagnetic state of HoAl;(BOs),, these com-
ponents vanish. The components §&oe;E;E; and § pou;HiH;
can be accepted for all symmetry groups. The contribution of
the linear magnetoelectric effect o;;E;H; is allowed only in
some of the crystals with magnetic ordering, consequently in
our case this component also vanishes,’>*' as does the com-
ponent of bilinear magnetoelectric effect %yiij,-EjEk, which
is allowed only in groups with piezomagnetic effect. The
component % ﬂ,-jkE,-Hij can be accepted in HoAl3;(BOs3),
crystal, because the crystal group R32 allows piezoelectric-
ity.*® Consequently, the thermodynamic potential for the
HoAl3(BOs3), crystal will become

1 1 1
F(E,H) = FO — ES()S,]‘E,‘EJ' — E,uo,uUH,HJ — EﬁijkEiHij“'
2

After differentiating of Eq. (2) on H;, we will find the
expression for magnetization

M(EH) = oy + ByEily... 3)

In Eq. (3), the first component is equal to the usual
magnetization of the crystal in applied magnetic field.
During the measurement of the MEg-effect we are fixing
only variable subcomponent of magnetization, which oscil-
lates with the frequency of applied electric field (~1kHz).
Applied magnetic field H; is permanent, so this component
is not contributed in the results obtained. The component
BixEiH; vanishes when E; =0 or H; = 0; this fact is in good
agreement with experiment (Fig. 3). Moreover, the func-
tion AM(H) in magnetic fields up to 5kOe is linear
(Figs. 3(a) and 3(b)). But in increasing magnetic fields,
the function AM(H) becomes nonlinear. This fact points
out on the necessity of considering components of the
higher order for the full description of the AM(H,E)
dependence.

After differentiating Eq. (2) on E;, we will find the for-
mula for the polarization

Pk(E,H) :Sob‘ijEj-FﬂUkHij... (4)

During the measurements of the MEy-effect the E; =0,
so the first component does not contribute to the results of
the experiment. In the work by Liang er al.,*> at low mag-
netic fields (lower than 10kOe), the AP(H) dependence has
the square-law shape, which is in good agreement with
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formula (4), but for a fuller description of AP(H) depend-
ence it is necessary to consider of the components of higher
order.

MICROSCOPIC MODEL

As is well-known, the orbital momentum of 4f transition
elements is not frozen by the crystal field in contrast to that
of 3d elements, as the ligand field is screened with the outer
5s and 5p orbitals. In former elements, the energy of the
spin-orbit interaction is higher than the energy of the interac-
tion between the crystal field and the orbit; as a result, both
the spin and orbital magnetic moments participate in the for-
mation of the magnetic properties. During magnetization of
the crystal, the total magnetic moment J of an ion rotates,
and the orientation of the entire 4f subshell changes.

When the orbital momentum is nonzero, the electron
density distribution in the 4f subshell is non-spherical and,
for a Ho*" ion, the electron density can be presented as an
ellipsoid of revolution flattened along the quantization
axis.>** This determines the uniaxial anisotropy of the mag-
netic properties of the HoAl3(BO;5), crystal. According to
the magnetic measurement data (Fig. 2), the three-fold axis
C; is the easy magnetization axis, i.e., the magnetic moments
of Ho>" ions are mainly parallel to the C5 axis.

All the holmium ions in the crystal hold equivalent posi-
tions and are surrounded by a slightly twisted oxygen prism
with a triangular base. Figure 8(a) shows the schematic of the
electron density of the 4f subshell of a Ho*" ion in the form
of a flattened ellipsoid of revolution with its nearest oxygen
surrounding. Without an external magnetic field, the 4f sub-
shell of a holmium ion takes the position corresponding to the
minimum overlap with oxygen ion shells (Fig. 8(a)). It can be
seen that in this case the magnetic moment is directed along
the z axis. It should be noted that in the demagnetized state,
the magnetic moments of Ho’" ions are distributed over the
+z and —z directions; Figs. 8(a)-8(f) show only a half of ions
with the magnetic moments codirectional with —z.

When external magnetic field H, is applied, the mag-
netic moments of one half of the ions rotate by 180°. During
the rotation of the magnetic moments, the striction caused by
the 4f subshell orientation variation arises in the crystal. It
can be seen in the figure that the electron shells of holmium
and oxygen ions overlap stronger in rotation phase b than in
phase a. Thus, additional electrostatic forces appear that
cause the strain of the crystal lattice, reaching their maxi-
mum in phase ¢ when the magnetic moment of a holmium
ion lies in the xy plane. Figure 8(d) shows the projection of

tos

(b) E (c) E

(@)
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this phase onto the xy plane. It can be seen that the electro-
static forces acting on a holmium ion forming the side of ox-
ygen ions numbered 12, 22, 13, and 23 differ from the forces
acting from the side of ions 11 and 21, which leads to the
shift of a Ho>" ion in the x direction. Such a position of the
4f subshell can lead to a decrease in the twist angle of the ox-
ygen prism, since oxygen ions 12 and 23 undergo a stronger
effect of a holmium ion than ions 22 and 13. Thus, the occur-
rence of the electric dipole moment in this compound in an
applied magnetic field, i.e., the MEy-effect, can be caused
by the shift of a holmium ion relative to the prism and the
change in its twist angle.

As was shown by Liang er al.,”> at the liquid helium
temperature in a magnetic field applied along the z axis, the
crystal undergoes positive magnetostriction 4,, which
reaches its maximum in a field of about 30kOe. With a fur-
ther increase in the field, A, drops to zero at about 55kOe
and then becomes negative and does not saturate at 70 kOe.

Such a complex behavior of magnetostriction, with a
maximum present, can be explained within the qualitative
model described above. With the magnetization up to phase
¢, the crystal expands due to the shift of oxygen ions; how-
ever, at the further rotation of the 4f subshell, crystal strain 4,
decreases, since in the terms of the electrostatic interaction,
phases b and e are identical. This process occurs up to phase
e, but, as was shown by Liang ef al.,* after passing through
zero, A(H) becomes negative and continues to decrease as
the field is increased. This can be explained by assuming that
the magnetic moments in the demagnetized state are not
aligned strictly in the z direction as in Fig. 8(a), but are statis-
tically distributed along this direction with some deviations
that become smaller with increasing field. Consequently, the
overlap of the electron shells also decreases, and as a result,
the crystal compresses along the z axis.

The MEg-effect can also be explained within the pro-
posed model. An AC electric field applied to the crystal leads
to the oscillating strains due to the inverse piezoelectric
effect; i.e., the alternating strain of the crystal lattice occurs.
As a consequence, the overlap of the electron shells of hol-
mium and oxygen ions changes and a holmium ion, depend-
ing on the sign of the oxygen prism strain (extension or
compression), appears either in a freer or a more constrained
state. If this crystal is in external magnetic field H, then the
4f subshell of a Ho*" ion will rotate under the action of the
field and, due to the alternating strain of the oxygen sur-
rounding, the angle between the direction of field H and the
magnetic moment of an ion will oscillate relative to a con-
stant value. In other words, in external electric field E, the

1 21

ux
13 22
(e) ()

(d)

FIG. 8. Phases of rotation of Ho" ion at crystal magnetization (H||z).
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magnetic susceptibility of the crystal changes due to the
ligand field variation. Thus, in external magnetic field H, the
angle between the direction of H and the magnetic moment
of an ion oscillates. Now, it is clear that in the field H=0
there should be no MEg-effect, since the magnetic moments
of holmium ions are statistically distributed over the +z and
—z directions. Therefore, the crystal lattice strain can lead to
the change in the orientation of the electron shells, but with
the resulting magnetic moment remaining invariable. In
strong magnetic fields Hy, the orientation of the 4f subshell
corresponds to Figs. 8(c) and 8(d), where one can see that in
this state the MEg-effect should also be absent, since the ox-
ygen prism strain can only shift a holmium ion in the direc-
tion of the field, but not rotate the magnetic moment. Thus,
in the intermediate state (Fig. 8(b)), the magnetic susceptibil-
ity of the crystal appears the most sensitive to an AC electric
field.

Our measurements of the MEg-effect correspond to the
case when an external magnetic field is applied in the y
direction (Fig. 9). In this case, in strong magnetic fields the
orientation of the 4f subshell relative to the oxygen surround-
ing differs from the case of H,, as can be seen in Figs. 8(d)
and 9(d). For H,, a holmium ion is mainly affected by oxy-
gen ions numbered as 11 and 21 in Fig. 9(d), which can lead
to the shift of a holmium ion in the —x direction and an
increase in the twist angle of the oxygen prism. The shift of
a Ho’" ion results in the appearance of electric dipole
moment d, directed opposite to the case of H,, which
explains the difference in the signs of polarization of the lon-
gitudinal and transverse MEy-effects.”

Similar to the case of Hy, the magnetic susceptibility for H,,
is most sensitive to distortions of the crystal lattice in the inter-
mediate state b (Fig. 9(b)); therefore, the maximum in the field
dependences AM(H) appears (Figs. (3a), (3b), (4a), and (4b)).

As we mentioned, the dependence AM(H) is odd for
both measurement configurations E, and E,, i.e., the phase
of the signal from coil 3 (Fig. 1) changes by 180° when the
magnetic field direction reverses. In both cases, at Hy and
H., the lattice strain leads to the change in the angle between
the magnetic moment of a Ho> " ion and the direction of field

PR

X y
(a) (b) é (c) @

X
%d
V4

11 21

23 12
(d) 13 22

FIG. 9. Phases of rotation of Ho*" ion at crystal magnetization (Hlly).
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H. As a result, the magnetization of the crystal changes by
the same law for both field directions, but the magnetization
variation due to the MEg-effect has the opposite sign
because of the different magnetic moment direction. Hence,
the voltage induced in the pick-up coil has different signs for
the same phase of an AC voltage applied to the crystal at dif-
ferent directions of an external magnetic field.

As was demonstrated above, permittivity ¢ also depends
on external magnetic field H (Figs. 7(a) and 7(b)). In the
framework of the proposed model, we can explain the differ-
ence in the behaviors of & (Hy) and &, (H,). In applied exter-
nal field Hy, the 4f subshell of a Ho>" ion rotates to the state
shown in Fig. 9(d). Applied electric field E, causes the shift
of a Ho’" ion along the y axis relative to the oxygen sur-
rounding. In strong magnetic fields, for electric field E,, the
shift of holmium ions along the y axis is prevented by oxy-
gen ions 13, 23, 12, and 22 (Fig. 9(d)), whereas in the
demagnetized state (Fig. 9(a)) the effect of the oxygen sur-
rounding on a holmium ion is much weaker, so &, decreases
with increasing field H.

It can be seen in Fig. 9(d) that the oxygen surrounding
weakly resists the shift of a Ho>* ion along the x axis, since
the 4f subshell is located in the window formed by oxygen
ions 13, 23, 12, and 22. Therefore, &, grows with field H,.

CONCLUSIONS

For the first time, the MEg-effect and permittivity of the
HoAl3(BO3), crystal were measured as functions of mag-
netic field and temperature. The MEy-effect was additionally
measured in the direction in which it was not observed
before. The thermodynamic potential was considered for
describing the magnetoelectric effect at low magnetic fields.
It was suggested the magnetostriction described by Liang
et al.* or magnetoelastic effect are responsible for the inves-
tigated phenomena. A qualitative microscopic model was
proposed to explain the experimental data, as well as the
results reported by Liang et al.>* This mode is based on the
interplay of configuration of 4f- electron subshell of the
rare-earth element and applied magnetic or electric field. It
was found the magnetoelectric effect can exist in crystals
without the magnetic order or spontaneous polarization.

Clarification of the non-monotonic character of the
dependences ¢(H) at high temperatures and &(T) in strong
magnetic fields needs further investigations and is planned
for very near future.
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