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The mechanism of relaxation of the electric polarization in thin films of rare-earth-doped bismuth iron gar-
net on glass and gallium gadolinium garnet substrates is determined in magnetic fields of 0 and 12 kOe in the
temperature range of 80—380 K. The change in the sign of the residual electric polarization after switching off
the electric field and the magnetic-field-induced shift of the hysteresis loop in the applied magnetic field are
found. Linear and quadratic magnetoelectric effects with the tensor components depending on the substrate
type are observed. The linear magnetoelectric effect is related to the spin—orbit coupling of electrons at the
film—substrate interface, whereas the quadratic one is determined by the exchange—striction mechanism.
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1. INTRODUCTION

Bismuth iron garnets exhibit colossal Faraday rota-
tion in the visible spectral range and are used in mag-
neto-optical devices for the spatial modulation of light
and in optical sensors [1—3]. Yttrium iron garnet is
characterized by cubic symmetry with an inversion
center. At low temperatures (below 130 K), it exhibits
the structural transition accompanied by the triclinic
lattice distortion and the linear magnetoelectric (ME)
effect [4]. Bulk rare earth iron garnets exhibit the qua-
dratic ME effect [5].

For spintronic devices, it is important to control
magnetic characteristics by the applied electric field. In
the garnet-ferrite films, the possibility of local nucle-
ation of bubble domains by applying an electrically
charged probe to a single-domain state was demon-
strated in experiment [6]. In multiferroics, the electric
field can induce topologically protected magnetic
defects such as skyrmions. This occurs since magnetic
domain walls effectively acquire a negative surface
energy [7]. In 10-um-thick (BiLu);(FeGa);O,, films
grown by liquid-phase epitaxy at the Gd;Ga;O, sub-
strate oriented in the (210) direction, the electric-
field-induced motion of domain walls was observed
[8] and change in their electric polarization was
detected [9]. Such change is not observed in the films
deposited on the (111) oriented substrate. These
effects are interpreted in terms of the inhomogeneous
magnetoelectric coupling and the electric-field-
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induced change in magnetic anisotropy [10—12]. The
latter factor can be excluded for the measurements
performed in the applied magnetic field exceeding by
an order of magnitude its saturation value. An anoma-
lously large linear ME effect is observed in epitaxial
iron garnet films in the magnetic field up to 5 kOe [13].
This effect is usually related to the nonuniform sub-
strate-induced deformations of the film. In 90-nm-
thick Bi;Fe;O,, (BIG) films, the ferromagnetic reso-
nance technique with the electric field modulation
reveals the linear ME effect with the peak at 450 K.
Such effect is due to the strong spin—orbit coupling
and to the formation of local magnetic inhomogene-
ities and is directly related to bismuth ions [14]. The
linear ME effect is detected in the films through elec-
tric-field-induced change in the magnetization. The
electric polarization of the films in the applied mag-
netic field has not yet been studied. The contribution

to the ME effect from EH and EH? is still not clear.

The electric polarization can be due to the struc-
tural distortion breaking the inversion center symme-
try. This distortion is caused by stresses generated by
the epitaxial film growth at the substrate or by the cat-
ion substitution at dodecahedral sites. The polariza-
tion can also result from the surface electron states,
magnetic domain structure induced by stray fields,
and spin—orbit coupling.

The electron density functional calculation of the
electronic structure of BIG taking into account rela-
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tivistic corrections demonstrates the enhancement of
spin—orbit coupling owing to the hybridization of 6p
orbitals of bismuth with the electronic states of oxygen
and iron [15]. Experimentally determined spin—orbit

splittings of 7, states of iron ions are equal to 39.4 meV

[16]. The nuclear magnetic resonance study demon-
strated that bismuth ions in Bi;Fe;O,, have a magnetic

moment of 0.1 L /atom caused by the hyperfine inter-
action and the s—p hybridization of Bi—O orbitals [17].
At nonzero applied magnetic field, the change in the

splitting of p, (o = x, y, z) orbitals leads to the shift of
the electron density at the Bi—O bond and to the local
electric polarization. At the film—substrate interface,
the formation of topological states described by the
Rashba model [18] is possible. The splitting of spin-up
and spin-down subbands in the magnetic field also
leads to the change in the electron density of states at
the level of the chemical potential and gives rise to the
electric polarization. In this case, the tensor describ-
ing the ME coupling depends on the phase of the elec-
tron wavefunction, which can be controlled by the
applied magnetic field [19, 20]. An indirect confirmation
of a nonzero orbital angular momentum is the anisotropy
of saturation magnetization in Nd,Bi,Fe,Ga, O, films at
room temperature [21].

The quadratic ME effect in the magnetic field
results from the exchange—striction mechanism. The
bismuth-substituted neodymium—iron garnet films
exhibit the peak and the sign change in the tempera-
ture dependence of magnetostriction [22].

The work is aimed at finding the electric polariza-
tion and determining the mechanism of ME coupling
in neodymium—bismuth iron garnet films deposited
on garnet and glass substrates in a high magnetic field.

2. RELAXATION OF THE ELECTRIC
POLARIZATION AND THE ELECTRIC FIELD
DEPENDENCE OF THE POLARIZATION

We studied epitaxial Nd,Bi,Fes;O,,(450 nm)/
Nd,Bi, Fe,Ga;0,,(90 nm) films on the glass substrate
and Nd, sBi, sFes0,,(450 nm) films on the monocrys-
talline gadolinium gallium garnet (GGG) substrate
grown along the (111) direction. The films were pre-
pared by the decomposition of metalorganic com-
pounds extracted from the solution [23]. The previous
X-ray structural analysis did not reveal the peaks cor-
responding to the polycrystalline material [21]. Mag-
netic hysteresis loops were measured at magnetic
fields up to 2 kOe applied perpendicular to the film
surface. The magnetization saturation field is 0.5 kOe,
whereas the saturation magnetization in the film plane
is 15% higher than that normal to the film [21].

The electric polarization in the film plane is deter-
mined by measuring the electric charge using a
Keithley 6517B electrometer by switching on and off
the dc electric field applied along the film (Fig. 1a).
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Fig. 1. (Color online) Schematic of the measurement of
the electric polarization (a) parallel and (b) perpendicular
to the film at different strengths and directions of the

applied magnetic field.

The formation of disclinations, elastic stresses, and
band bending is possible near the film—substrate
interface, which can lead to the migration-induced
electric polarization. Another possible mechanism of
the enhancement of the electric polarization is related
to the electron density redistribution for the hybrid-
ized s—p orbitals of bismuth ions. The relaxation time
corresponding to the migration-induced polarization
is 0.1—10% s and it is observed in a dc electric field or at
rather low frequencies of the driving electromagnetic
field.

The relaxation time is found using the time depen-
dence of the electric polarization at switching on and
off the applied electric field with a strength of
600 V/cm and different orientations at a frequency of
0.01 Hz. In Fig. 2a, we show the relative change in the
electric polarization of the film deposited on the gar-
net substrate after switching on the dc electric field.
Below 280 K, the electric polarization increases in the
applied electric field according to the exponential law
AP/P = exp(#/1), and it is described by the Debye
model. The relaxation time of the electric polarization
decreases on heating from Tt =170 s at 7 =80 K to
1=140sat 7 =200 K. At T = 280 K, the relaxation
time of the electric polarization changes its behavior

from an exponential to a power law AP/P = (t/7)%,
where o0 = 1.25 and the relaxation time itself decreases
fromt=30stot=>5sat7 =360 K. The relaxation
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Fig. 2. (Color online) (a) Time dependence of the relative
change in the electric polarization along the film deposited
on the garnet substrate after switching on the dc electric
field £= 600 V/cm at temperatures 7= (1) 80, (2) 120, (3)
160, and (4) 200 K. The inset illustrates the behavior of

AP/P at T=360 K for (1) H=0and (2) H*= 12 kOe. (b)
Temperature dependence of the residual polarization at =
200 s in magnetic fields (/) H =0, (2) H® =12 kOe, and
(3) H* =12 kOe.

time of the electric polarization increases in the
applied magnetic field. After switching off the electric
field, the sign of the residual electric polarization does
not change. In Fig. 2b, we illustrate the behavior of the
residual electric polarization at 50 s after switching off
the electric field in the absence and presence of the
magnetic field with different orientations with respect
to the film. The anisotropy of the residual electric
polarization in the applied magnetic field is observed
at the rotation of the polarization by m/2. Another
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possible mechanism of the increase in the electric
polarization is due to the electron density redistribu-
tion in the hybridized s—p orbitals of bismuth ions. In
the case of migration-induced polarization, the relax-
ation time is 0.1—103 s. It is observed in the applied dc
electric field or at quite low frequencies of the driving
electromagnetic field.

The relaxation time of the electric polarization can
be found from its time dependence at switching on and
off the electric field normal to the film with a strength
of 600 V/cm. The residual electric polarization
decreases by several times on heating up to room tem-
perature (Fig. 2b).

For the film deposited on the glass substrate, the
electric polarization changes its sign after switching off
the electric field (Fig. 3a). After switching on the elec-
tric field, the electric polarization obeys the power law

AP/P = A(t)* with the exponent o, = 0.6 in the tem-
perature range of 80—280 K. The electric polarizations
in the magnetic fields perpendicular and parallel to the
film are different. In Fig. 3b, we show the residual
electric polarization at f = 200 s. Below 200 K, the
residual electric polarization decreases in the mag-
netic field, whereas above 200 K, the components of
the ME tensor have different signs.

The electric polarization P(E, H) as a function of
the electric and magnetic fields is determined along
the normal to the film (Fig. 1b) using the relation

P=

the quasiperiodic electric field with the frequency
v = 0.01 Hz at different orientations of the magnetic
field. Hysteresis is observed at high electric fields
(Fig. 4) and is related to the formation of quasidegen-
erate states in potential wells at the substrate—film
interface. On heating, the width of the P(E) hysteresis
loops in the magnetic field achieves its maximum at
T =240 K.

The electric field dependence of the electric polar-
ization for the film deposited on the glass substrate
exhibits a hysteresis (Fig. 5), which becomes shifted
under effect of the applied magnetic field along the
polarization axis. The width of the P(E) hysteresis
loop depends on the magnetic field direction with
respect to the film and does not exceed 0.15 uC/cm?.
The electric polarization for the films deposited on the
glass substrate is 30—60% larger than that for the films
on the garnet substrate.

J- Jjdt, where the electric current is measured in

3. MAGNETOELECTRIC EFFECT

In the magnetic field dependence of the electric
polarization, we retain only the terms up to the second
order: P, = g;e0E; + o;H; + v, H;H, + B, E;H,. In
Fig. 6, we plot P(H) for the film deposited on the gar-
net substrate in the temperature range of 80—360 K. At
all temperatures, we observe a monotonic magnetic
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Fig. 3. (Color online) (a) Electric polarization along the
film deposited on the glass substrate after switching on and
off electric field £= 600 V/cm with a frequency of 0.01 Hz
at T = (/-3) 320 and (4—6) 80 K in magnetic fields

H=0(14),H*=12k0e(2,6),and H* =12 kOe (3, 5).
(b) Temperature dependence of the residual polarization

at #=200 s in magnetic fields (/) # =0, (2) H* =12 kOe,
and (3) H™ =12 kOe.

field dependence of the electric polarization. The
magnetoelectric coupling is due to the spin—orbit
interaction with the linear field dependence and to the
magnetoelectric interaction with the quadratic field
=o;H; + y,-ij.

At T = 80 K, the induced electric polarization is an

dependence; thus, we have P.(H)

even function of the magnetic field normal, P(H%),
and parallel, P(H"), to the film. On heating up to
T =120 K, the polarization P(H®) changes its sign,

whereas P(H") remains positive at the reversal of the
magnetic field (Fig. 6a). At 7 =160 K, the sign of

P(H?) changes at the reversal of the magnetic field

APLESNIN et al.

direction, H — —H , and the polarization at the mag-
netic field along the film achieves the maximum value.

The polarizations P(H") and P(—H™) are positive and

differ by two orders of magnitude from P(-H®) at
T =200 K. At T =240 K, the diagonal components
of the linear and quadratic ME tensors are compara-

ble, whereas P(—H®) is an order of magnitude larger

than P(H®) (Fig. 6b). Near room temperature, the
linear ME effect is dominant for the longitudinal com-

ponent of the tensor o; and quadratic one prevails in

the off-diagonal y; components (Fig. 6¢).AtT = 360K,

the signs of the polarization depend on the magnetic
field direction (Fig. 6d).

For the film deposited on the glass substrate, the
linear contribution to the ME coupling prevails
(Fig. 7) and achieves the maximum value at 7 =
200 K. The sign of the polarization does not change at
the reversal of the magnetic field normal to the film,
and the quadratic contribution to the ME coupling is
dominant above 280 K (Fig. 7d).

4. MODEL

At the interface between the magnetic medium and
insulator, the space inversion and time reversal sym-
metries are broken: the symmetry center is absent in
the near-interface layers, whereas the magnetic order-
ing in one of the adjacent materials breaks the time
reversal symmetry. Thus, the interface favors the con-
ditions for the ME effect [24]. It is possible to distin-
guish three main mechanisms of the magnetically
induced electric polarization in multiferroics:
(a) polar ionic displacements changing the bond
angles between magnetic ions and ligands and affect-
ing the exchange field and relative orientations of
magnetic moments [25], (b) the interplay between the
spatial spin modulation and the electric polarization
due to the relativistic mechanism [26], and (c) the
electron density redistribution caused by the spin—
orbit coupling [27, 28].

Bismuth ions with the hybridization of s and p
states and impurity Fe*" ions having a nonzero orbital
magnetic moment make a linear contribution in mag-
netic field to the ME effect. The polarizability of cat-
ions o, ~ (M — 1/3J(J + 1)) depends on the projec-
tion of the total magnetic moment on the specified
axis. The magnetic field lifts degeneracy with respect
to the magnetic moment and leads to an increase in
the polarizability and to the electric polarization.
Another issue is related to the band orbital angular
momentum of an electron in the magnetic field,
described by the Hamiltonian [20]

H =Y En + Y 1,6°C'C;, (1)

ij

JETP LETTERS  Vol. 110 No. 3 2019
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Fig. 4. (Color online) Electric polarization normal to the film deposited on the GGG substrate versus the applied electric field

(1) at zero magnetic field H = 0, (2) at the magnetic field #° = 12 kOe normal to the film, and (3) at the magnetic field #* = 12 kOe
along the film at temperatures 7= (a) 80, (b) 160, (c) 240, and (d) 320 K.

where E; is the electron energy in the band with the

occupation number #;, t is the hopping integral, and ¢
is the phase of the electron wavefunction, which
depends on the magnetic field and on the number of
bands [20]. The components of the linear ME effect,
whose signs and magnitudes depend on the phase of
the electron wavefunction varying in the range of 0—
2w, are calculated numerically. The sign of the tensor
components at the fixed phase depends on the number
of electron bands and changes from negative to posi-
tive [20]. The magnetic-field-induced narrowing of
the impurity subband for the film deposited on the
garnet substrate leads to an increase in the effective
mass of charge carriers, to a decrease in their mobility,
and to an increase in the phase. This increases the
magnitude of the ME tensor.
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The simultaneous action of the spin—orbit cou-
pling, odd part of the crystal field potential, and
applied electric field changes the magnetic anisotropy
field and leads to the EH? ME effect with respect to
the electric field. The quadratic ME effect related to
the anisotropic Dzyaloshinskii—Moriya exchange
(D[S, X S,]) and to the indirect exchange interaction J
S,S, resulting from the displacements of ligand ions
can be described by the expression [29]

Hme = ZZBISizukS; + BZSixukSJJ'}a (2)
ki

where B, = dJ/du and B, = dD/du are the strain-
induced changes in the bilinear and antisymmetric
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Fig. 5. (Color online) Electric polarization normal to the film deposited on the glass substrate versus the applied electric field (/)

at zero magnetic field H = 0, (2) at the magnetic field #° =12 kOe normal to the film, and (3) at the magnetic field H* =
12 kOe along the film at temperatures 7= (a) 80, (b) 160, (c) 240, and (d) 320 K.
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at temperatures 7' = (a) 80, (b) 160, (c) 280, and (d) 330 K. The magnetic field is (/) perpendicular and (2) parallel to the film.

The solid line corresponds to the calculations by Eq. (5).

exchanges, respectively. In the molecular field approx-
imation, the ME tensor has the form [29]

Ao (&H +12JB, {1 + [gi;JzD

Olpye = ; (3)
31+ 2B,w))”)
where (i) is the average film strain in the magnetic
field. The electric polarization induced by the lattice
strain in the magnetic field is fitted by the function

_ i

1+dH>

where y and d are the fitting parameters. The mag-
netic-field-induced electric polarization of the film is

described by the sum of the linear and quadratic ME
couplings in the magnetic field:

C))

2

P o=oyH, + L (5)

1+dH;
Function (5) provides a quite satisfactory descrip-
tion of experimental data for P(H). For the off-diago-

nal component of the ME tensor for the film deposited
on the glass substrate, the linear contribution is domi-

nantand o, > 0 upto 120 Kand o, < 0 above 120 K.
Up to 280 K, the diagonal component of the ME ten-
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sor is mainly determined by the linear contribution,
whereas above 300 K, the quadratic ME effect with
Yy < 0 is dominant. The change in the main contribu-
tion to the ME coupling and the sign reversal for the
magnetostriction constant occur at the same tempera-
ture. The microscopic mechanism of the coupling
between the magnetization and electric polarization
involves the lattice and is related to the magnetoelastic
interaction. Thin Bi;Fes;O,, films deposited on the
GGG substrate exhibit the sign reversal for the mag-
neto-optical absorption at 7= 300 K. In the film on
the GGG substrate, the main contribution to the ME
coupling for the off-diagonal tensor component
comes from the quadratic ME effect, whereas the lin-
ear contribution prevails for the diagonal component.

5. CONCLUSIONS

Near the film—substrate interface, the electric
polarization is induced by the bound charge in the gar-
net substrate. The relaxation of this polarization is
described by an exponential time dependence. For the
film deposited on the glass substrate, the time depen-
dence of the relaxation of the electric polarization is
described by a power law. The sign reversal for the
residual polarization in the film on the glass substrate
occurs after switching off the electric field. An
increase in the relaxation time and a shift of the hys-
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teresis loop in the applied magnetic field have been
revealed. The magnetoelectric coupling depends on
the characteristics of the interface, and the ME cou-
pling for the garnet substrate is stronger than that for
the glass substrate. The electric polarization of the bis-
muth iron garnet films is due to the bilinear FH and

quadratic FH ? effects. This is confirmed by the linear
electric field ME effect. The linear response of the ME
susceptibility is well interpreted within the model
involving the spin—orbit coupling, whereas the qua-
dratic ME effect results from the exchange—striction
mechanism.
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