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Electro- and magnetostriction mechanisms and temperature behavior of the length of bismuth-substituted
neodymium iron garnet films on glass and gallium gadolinium garnet have been investigated. Electric- and
magnetic-field and temperature dependences of the electro- and magnetostriction constants have been de-
termined. It has been established that the magnetostriction constant changes its sign upon temperature variation.

The experimental data are explained using a model of dipole glass with the magnetoelectric and magnetoelastic

interaction.

1. Introduction

Bi-substituted rare-earth iron garnets have been used as optical
isolators and other magnetooptical (MO) devices since they exhibit a
large MO effect in the visible light region. Bi-substituted garnets are
expected to be used as spatial light modulators, waveguide-type iso-
lators, and MO indicators [1-3]. The MO effects are enhanced with
increasing Bi substitution due to the change in the spin-orbit interaction
contributed to by the 6p orbital of Bi [4-6] for example, Faraday ro-
tation reaches 25°/pum around 530 nm in a fully Bi-substituted rare-
earth iron garnet, BisFesO1, (BIG). Therefore, garnets substituted with
a large amount of Bi have been attracting attention as materials for MO
applications [7-10].

The magnetic and structural characteristics of thin films depend on
a substrate used. In particular, the lattice constant of the
Nd,Bi, _Fes_,Ga,0, film in the (111) direction is smaller than that in
the (100) direction by 0.2% [11]. In bulk neodymium-substituted yt-
trium iron garnet samples, the first (K1) and second (K2) anisotropy
constants are comparable; below 80 K, the constant K2 is larger than the
constant K1 [12]. The magnetostriction constants are negative and their
absolute value in Yt; sNdg sFesOq» slightly grows with a decrease in
temperature down to 77 K [13]. The magnetostriction of these com-
pounds is determined by the single-ion character of a rare-earth ele-
ment caused by the paraprocess.

The bismuth ferrite films exhibit the magnetoelectric properties
[14], which originate from the electric polarization [15,16] and mag-
netic order [17,18]. The authors of [16] observed the magnetic-field-

driven electric polarization of domain walls in the 10-um-thick (Bi-
Lu);(FeGa)sO15 films grown by liquid-phase epitaxy on the (210)
Gd3GasO;, substrate. In the films grown on the (111) substrates, the
electric polarization is not observed. These effects are related to the
nonuniformity of the magnetoelectric interaction and electric-field-
driven magnetic anisotropy variation [19]. The linear magnetoelectric
effect was found in the 90-nm-thick bismuth ferrite films on (001)
Y3Als0,, garnet (YAG) by a resonant technique with the electric field
modulation [20]. The giant linear magnetoelectric effect in garnet
ferrite films is revealed by the polarimetric method in magnetic fields
up to 10 kOe [21]. The linear magnetoelectric interaction was attrib-
uted to the strong spin-orbit coupling and occurrence of a local mag-
netic inhomogeneity.

Multiferroic materials are characterized by the strong interrelation
of the magnetic and electric subsystems, which is implemented in
single-phase ferromagnetic materials by means of the spin-lattice and
electron-lattice interactions. Study of single-phase materials with the
high magnetostriction and large piezoelectric modulus in multiferroics
is important for deeper understanding of electromagnetic phenomena
in solids and creation of the new generation of solid-state electronic
devices.

Yttrium iron garnet has a cubic symmetry with the inversion center
[22] and undergoes a structural transition with the triclinic lattice
distortion below 130K [23]. The electric polarization can originate
from the structural strain, which breaks the inversion center by means
of epitaxial stresses of the film on a substrate or cation substitution over
dodecahedral sites, as well as from the surface electronic states or
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magnetic domain structure induced by demagnetizing fields. The latter
can be excluded when the measurements are performed in the external
magnetic field stronger than the saturation field by an order of mag-
nitude. The effect of epitaxial stresses can be elucidated by using two
types of substrates and different substitutes (neodymium and gallium).
The role of elastic stresses can be established from the magneto- and
electrostriction data.

The aim of this study was to clarify a mechanism of magneto- and
electrostriction and thermal expansion of the bismuth-neodymium iron
garnet films deposited onto glass and garnet substrates.

2. Results and discussion
2.1. Thermal expansion of the films

We investigated the films of two types: Nd;BiyFes015(450 nm)/
Nd,Bi;Fe4Ga;0:2(90nm) films deposited onto glass and
Ndy sBis sFes012(450 nm) films on a (111) single-crystal Gd;GasO;o
garnet (GGG) substrate. The films were grown epitaxially. Using the
bilayer film enable to switch the direction of the magnetic moment and
modulate the value of the Faraday angle of rotation in a magnetic field.

The relative change in the length of films was determined with
ZFLA-3-11 strain gauges with a resistance of 140 Q. One strain gauge
was located on the film, the other on the substrate. The difference be-
tween resistances of two gauges (on the film (R¢) and on the substrate
(Rs)) 8L = (R¢ — Ry)/R, = (L¢ — Lg)/Ls was measured. The magnetos-
triction constant was determined from the variation in the strain gauge
resistance A = (R(H) — R(0))/R(0) = (L(H) — L(0))/L(0) in a magnetic
field. Fig. 1a shows the relative change in the length of a film deposited
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Fig. 1. Relative change in the length of Nd;Bi,FesO;> (450nm) /
Nd,Bi;FesGa; 01, (90 nm) films on a glass substrate (a) and Nd sBis sFesO012

(450 nm) on a Gd3Gas0; single crystal substrate (GGG) as a function of tem-
perature.
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onto glass upon temperature variation. The thermal expansion coeffi-
cient d(8L)/dT of the film has several anomalies; in particular, the re-
lative change in the film length sharply drops at T = 194, 294, and
445K and the film is strongly expanded at T = 358 and 416 K. Above
room temperature, the film is expanded upon heating and attains its
maximum length at the Curie temperature. The change in the d(8L)/dT
sign around room temperature is related to the dipole glass formation.
The maximum expansion of the film in the vicinity of the transition
temperature can be caused by the iron ion spin fluctuations, which lead
to the expansion of the film due to the magnetoelastic interaction.

The temperature dependence of the thermal expansion of the
Ndg sBis sFes0;, film on the iron garnet substrate is qualitatively dif-
ferent (Fig. 1b). Above 160 K, the thermal expansion of the film sharply
increases and exhibits a small maximum at 298 K. The interaction be-
tween the film and GGG substrate is stronger than in the case of
amorphous glass. Epitaxial strain, followed by fast lattice relaxation and
relaxed for thicknesses above a few tens of nanometers [1]. On the
interface the deformation exists within the 20-30 lattice constants. Part
of the volume of the film changes with a temperature similar to the
substrate, and the expansion of the rest of the film is due to various
types of interactions in the film. Thus, the substrate is responsible for
the thermal expansion of the film.

2.2. Magneto- and electrostriction of the films

Fig. 2 presents the magnetostriction constant of the film deposited
onto glass as a function of the magnetic field applied perpendicular to
the film. Around room temperature, one can observe the nonlinear A(H)
dependence. In a magnetic field of H = 12 kQOe, the magnetostriction

H, kOe

Fig. 2. The magnetostriction constant A = (L(H) — L(0))/L(0) of the film
Nd;Bi,Fes0,,(450 nm)/Nd,Bi;Fe4Ga; 012(90 nm) on glass substrates at a fixed
temperature as a function of the magnetic field. Theoretical values of A, cal-
culated from the expression (9) (solid lines).
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Fig. 3. The magnetostriction constant of the film Nd;BiyFes0;5(450 nm)/
Nd,Bi;Fe4Ga;012(90nm) on a glass substrate from the angle between the
normal of the film and the magnetic field H = 12 kOe at T = 320K (a), 200K
(b), 160K (c).
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Fig. 4. The temperature dependence of magnetostriction constant of the film
Nd;Bi,Fes0,,(450 nm)/Nd,Bi;Fe4Ga;01,(90 nm) on a glass substrate (1), fer-
rite garnet Y, sNdo sFesOq» (2) [13]. and theory (9) (solid line).
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Fig. 5. Magnetostriction constants of film Ndo sBis sFesO;, on garnet at fixed
temperatures as a function of magnetic field (a) and temperature: 1- experi-
ment, 2-theory (9) in a magnetic field of H = 12kOe (b).
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constant changes its sign below 310 K. The maximum film compression
was observed at a temperature of 200 K. At low temperatures, the
magnetostriction constant decreases by an order of magnitude. There is
the slight magnetostriction anisotropy (Fig. 3). Upon rotation of the
film relative to the magnetic field, the film elongation is maximum at an
angle of 24°. Below 280K, the minimum and maximum of magnetos-
triction is attained at 30° and in the direction perpendicular to the film.
The temperature dependence of the magnetostriction constant in a
magnetic field of 12 kOe is shown in Fig. 4.

The film on the GGG substrate is linearly expanded in a magnetic
field at T > 300K and compressed below room temperature. The field
dependence of magnetostriction is presented in Fig. 5a. As the tem-
perature decreases, the magnetostriction changes its sign, passes
through the minimum at T = 160K, and, as in the film on glass, re-
mains almost temperature-independent upon further cooling (Fig. 5b).
The magnetostriction constant almost does not change with the mag-
netic field orientation (the magnetostriction is bulk).

The relative change in the lengths of the Nd;Bi>Fes0;,(450 nm)/
Nd,Bi;Fe,Ga;015(90 nm) film on the glass substrate was measured in
electric fields of up to 400 V/cm (Fig. 6). The film is slightly expanded
in the external electric field at T = 80 K. Above T = 120K, the film is
linearly compressed; the maximum compression is attained in fields of
300-400V/cm at T > 200K. This dependence is similar to the de-
pendence of a superparamagnetics in a magnetic field. Above room
temperature, there are two competing mechanisms, one of which is
related to the film compression and the other, to the film expansion. In
this temperature range, the magnetostriction changes its sign. The film
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Fig. 6. Relative change in the Ilength of Nd;BiyFes0;5(450nm)/

Nd,Bi;Fe4Ga;0,5(90 nm) film on glass at fixed temperatures as a function of
electric field at T = 200 K (1), 240 K (2) (a): T = 80K (1), 120 K (2), 280 K(3),
320K (5), 360 K (6) (6). The solid line represents a fitting function dL/L = A,
AP/AE — A, E".

strain is independent of the electric field sign. The electrostriction in-
creases in its absolute value with increasing temperature, passes
through its maximum at 200 K, and decreases with a further increase in
temperature to 360 K.

3. Model

The concentration dependence of magnetostriction of the neody-
mium-substituted yttrium iron garnets is linear and explained in the
framework of a single-ion model [13]. The temperature dependence of
magnetostriction of bismuth iron garnet cannot be described by a
single-ion model and requires the polar character of the covalent bond
to be taken into account. In bismuth iron garnet, the magnetic moment
decreases by 0.6 pp per BisFesO,,> formula unit relative to a Fe®" ion
magnetic moment of 5pp [10]. According to the nuclear magnetic re-
sonance (NMR) data, the internal field on the Bi®™ core is 60 kOe [24];
its origin remains unclear. The films with a thickness of 100-300 nm
exhibit the easy-plane magnetic anisotropy Ha/He ~ 10~ 2 and their
magnetization is temperature-independent up to 120K [22]. The
magnetic moment direction in the BizFesO;, film depends on a sub-
strate used and amounts to 34° on the Sms[(ScGa)sO], substrate [10].
The substrate induces the anisotropy by means of elastic stresses at the
interface.

In addition, elastic stresses can be induced in a film by the electric
field. The maximum film compression in magnetic and electric fields is
observed at the same temperature. This is indicative of the interrelation
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of magnetic and dielectric properties. The magnetoelectric coupling
causes the magnetic-field dependence of polarization. There are several
probable polarization mechanisms, specifically, a slight deviation from
the central symmetry caused by the epitaxial straining or cation sub-
stitution in dodecahedral lattice sites, the presence of long pairs of
bismuth ions and strong spin-orbit coupling, and domain structure of
the sample. The latter can be excluded when the measurements are
performed in the magnetic fields corresponding to the saturation
magnetization. The magnetoelectric effect can be explained, in parti-
cular, by a slight lattice strain caused by the epitaxial growth of a film
on the substrate mismatched with the lattice. The garnet cubic sym-
metry lowering can give rise to the magnetoelectric effect. The change
in the distance between magnetically active ions affects the degree of
overlap of the wave functions of magnetic ions and oxygen anions. The
bismuth ion has an unshared electron pair 6s2, which is involved in
hybridization of the wave functions with oxygen, changes the indirect
exchange coupling between iron ion spins, and leads to the lattice
straining. There are broken oxygen bonds on the film surface and anion
defects near it. This can also lead to the local electric polarization, since
the dipole moments are randomly distributed over the lattice and form
dipole glass. An anion vacancy is compensated by an electron from the
iron ion sublattice. The valence exchange between di- and trivalent iron
ions affects the magnetostriction value.

The magnetoelectric interaction can be caused by the spin-orbit
coupling. The calculation of the BizFesO; 5 electronic structure using the
electron density functional theory with take into account of relativistic
corrections showed the enhancement of the spin-orbit coupling due to
the Bi 6p hybridization with oxygen and iron ions. Splitting of the
oxygen 2p valence band, iron 3d valence band, and conduction band is
larger than in YsFesO1, by 7, 4, and 13 meV, respectively [25]. The
experimental splitting of the t, states caused by the spin-orbit coupling
is 39.4mV [26]. The calculated and measured gaps in the electron
excitation spectrum differ by a factor of 3. Therefore, we may assume
the valence-band splitting caused by the spin-orbit coupling to be
20 mV and the conduction-band splitting to be 40 mV. The electronic
structure rearrangement will lead to the change in the g factor.

Generally, the bulk magnetostriction depends on the change in the
exchange coupling parameters with the distance (dHex/d¢), the change
in the anisotropy constant with the strain (dD/d¢), and the change in
the g-factor parameter (dg/de). In rare-earth iron garnets, the single-ion
mechanism prevails, which is related to the paraprocess resulting from
the weak interaction between the rare-earth-element sublattice and iron
ions. The strain is determined as ¢ = BM Hc¢/A, where B is the modulus
of elasticity, A is the energy between the ground and excited states
(A = 2000 cm ™! for Nd*3), M is the magnetization of a neodymium ion
(M = gJ (J + Dpug B,(x), B;(x) is the Brillouin function), and H, is the
effective exchange field induced by iron ion spins [27]. For the para-
process, we have ¢ = B (g up)* J (J + 1) Hyr %/(3Ak T) and the mag-
netostriction constant is

Aq = de/dH = B(g up)®] (J + 1)2H, (dH,¢/dH)/(3Aks T) )

This dependence qualitatively describes the experimental data ob-
tained for Ndg sYts sFesO15 [13] with the parameters B = 100 cm”},
H, = 2mV, and dH,;/dH = 0.01 and does not describe the temperature
dependence of magnetostriction of the bismuth iron garnet films.

The electrostriction of the films is mainly due to the nonsymmetric
electron density distribution on the Bi-O bond, which is enhanced by
the substitution of neodymium ions for bismuth. As a result, the local
inversion center in the dodecahedron vanishes. The displacement of
oxygen ions leads to the variation of exchange coupling of Fe*? -O-
Fe*3. The degeneracy of the t, states of Fe*? ions is eliminated by the
Bi* 2 long pair and spin-orbit coupling. This leads to the change in the g
factor of the ion and magnetic anisotropy. The electric field can be used
to switch the magnetic anisotropy axis direction and the magnetic field,
to switch the dipole moment direction via the spin-orbit coupling.
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Thus, we describe the experimental data using the dipole glass
model with the random orientation of dipole moments. This can be a
cluster glass, which is realized in a system with competing anisotropies.
In glass, there is a short-range order with a correlation length of 10 to
100 lattice constants with a random distribution of the anisotropy axes
and the direction of the dipole moments. The modulus of the thermo-
dynamic value of the dipole moment | < P> | (an analog of the
Edwards-Anderson parameter) is used as the order parameter, which
vanishes in the vicinity of room temperature. The average polarization
value is zero: P = )}, p;, p; # 0. The magnetic anisotropy is caused by
the cubic symmetry of a crystal and additional contribution of the in-
terface and surface effects. In a centrosymmetric crystal in magnetically
ordered substances with several sublattices, an invariant in the form of
a sum over various magnetic sublattices is possible:

= =1/2 ), YU PMI M
ss’ (2)

The energy dependent on the strain tensor and magnetic-field-de-

pendent parameters can be presented as:

W=- Z Byij€ioip— Z yijkpiMlg,/‘M}gz,k_ z aijMI:%,iM}gz,jEi

— Z GijgiMRjHef,j + Z kEiz/z (3)
where the first term describes the interaction between local dipole
moments on the Bi-O bond and the elastic strain field, the second term
describes the magnetoelectric interaction, the third term is related to
the exchange variation upon straining or delocalization of electrons
a=dJ; (Mg Mg.B)/de, and the fourth term is related to the interac-
tion of the neodymium ion magnetic moment with the local exchange
field of iron ion spins. In Eq. (3), Mg, B gre the magnetic moments of
iron ions, H is the effective exchange field of iron ion spins on Nd*3,
and k is the elastic constant. The magnetostriction constant is de-
termined in the form:

A = de/dH = (BodP/dH + aMAB dMED/dH)/k + B(gup)2 (J

+ 1)2H, (dH,/dH)/(3Akg T) (&)
The form of field and temperature dependences of the magnetos-
triction are caused by the polarization variation in a magnetic field at
T < T4 (T4 is the temperature of dipole glass formation) and magne-
tization in a magnetic field at T < T, = 450K.
The film strain in an electric field can be determined from the re-
lation:

8 = de/dE = (BodP/dE + aMp,;dMg,;/dE)/k) 5)

It follows from Egs. (4) and (5) that the temperature variations in
the film strain in magnetic and electric fields in the dipole glass state
will be similar. We calculate the film strain using the model of a su-
perparamagnetic upon polarization variation in a magnetic (electric)
field. In the low-temperature region, the polarization is directed along
the anisotropy field. Upon heating, the anisotropy field rapidly de-
creases with increasing temperature, in contrast to the dipole moments,
which tend to turn in the external field direction. As a result of the
competition between the interaction of polarization with the anisotropy
field and external magnetic (electric) field, the polarization grows and
then decreases with increasing temperature. This can be described
using the superparamagnetic model.

We express the energy of superparamagnetic particles as:

W = PHcos9 + PHycos (y—6) (6)

where the angle 6 specifies the electric polarization direction relative to
the magnetic field, y is the angle between the magnetic field and ani-
sotropy field, and H, is the anisotropy field. The equilibrium direction
of the polarization is determined as tg0 = Hysiny/(H + Hycosy). We will
present change of polarization in a magnetic field in the form:
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1

14 Hﬁsinzyi
(H+ HAcosy,-)2

AP = P({cosB)—(cos8)o) = | < P> I D,

1

J1+ 18%

1 1

2 2
in K 1+ g%
\/1+sm yl./[(l_T/Td),,+cosyi] J i

= BO-T/T| 2,

()

where u = H/H, .

In the mean-field approximation, the modulus of the thermo-
dynamic value of the dipole moment in the transition region is
| <P>1|=PQ0-T/T)F (8 = 0.35). The anisotropy field also exhibits
the power dependence Hy = D (1 — T/Tg™

Above room temperature (T > T,), the magnetostriction is caused
by two competing contributions: the growth of magnetoelastic energy
in a magnetic field at the transition to the magnetically ordered state
below T, = 450K due to an increase in the volume and the single-ion
mechanism related to the paraprocess of neodymium ion spins.

In the dipole glass state (T < Ty), the field dependences of mag-
netostriction of the films are determined by the polarization and mag-
netization variation in a magnetic field. Eq. (4) is reduced to the
functional dependence:

A = A AP/AH + A,A(M?)/AH + Ay/TA(M?)/AH ®)
The magnetic field suppresses temperature fluctuations of the

magnetic moment and the Curie temperature increases in a magnetic

field: T.(H) = T. + AT. The temperature behavior of magnetization is

described by the power function M = My(1-T/T¢)~.

A = A AP/AH + A [(A-T/(T, + AT)#—(1-T/T)%#][1-As/T] 9)

The experimental data for the film on garnet are satisfactorily de-
scribed by the following parameters: p = 0.14, T; = 250K, n = 2,
B=035 A;=11x10""% A,=0.01, T.=450K, AT =1K, and
Az = 0.023¢V. For the film on glass, we have T; = 280K, u = 0.34,
A;=28%10"% A;=0.022, and A;=0.025eV. In the
Nd;Bi,Fes012(450 nm)/Nd,Bi;Fe,Ga;012(90 nm) film bilayer on glass,
the piezoelectric interaction tensor and the exchange variation upon
straining are twice as much as for the film on garnet.

The change in the film length in the electric field is determined by
the rotation of dipole moments in the electric field direction AP/AE and
by the nonlinear electric-field dependence of magnetization A(M?)/AE,
which leads to the expansion of the film. The experimental electro-
striction data are described by the functional dependence § = A; AP/
AE — A, E", where exponent n decreases upon heating. The magnetos-
triction and electrostriction maxima are caused by rotation of electric
(magnetic) moments along field as a result of the magnetoelectric in-
teraction.

Above room temperature, when the state of dipole glass disappears,
the field dependences of magnetostriction and electrostriction reveal a
maximum. The positive value of the magnetostriction is due to the
magnetoelastic interaction. The magnetic field suppresses the fluctua-
tions of the magnetic moment, causes an increase in the correlation
between the iron ions. The negative magnetoresistance is caused by the
paraprocess of the magnetic moment of neodymium ions. There is also a
nonlinear magnetoelectric effect quadratic in field, which gives a ne-
gative contribution to magnetostriction and with increasing tempera-
ture this contribution decreases.
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4. Conclusions

The thermal expansion of the films is caused by two competing
mechanisms: expansion of the films at the transition to the dipole glass
state below room temperature and compression of the films caused by
elastic stresses induced by the substrate. In the film on garnet, the
elastic stress induced by the substrate prevails. The maximum film
strain in the vicinity of the Curie temperature is related to the mag-
netoelastic interaction of iron ion magnetic moments.

Below room temperature, the films are compressed in magnetic and
electric fields. We observed the magnetostriction anisotropy, change in
its direction with temperature, and magnetostriction alternation in sign
in the films on glass. The qualitative difference between the tempera-
ture behaviors of magnetostriction of yttrium neodymium and bismuth
neodymium garnets was established. The magneto- and electrostriction
maxima caused by the magnetoelectric interaction were found. These
effects result from the change of the dipole (magnetic) moment direc-
tion under the action of the anisotropy field and external magnetic
(electric) field. The alternation of magnetostriction in sign upon tem-
perature variation is associated by competition of magnetoelastic in-
teraction between iron spin and the paraprocess of neodymium ion
spins.
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