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The paper deals with the influence of d-f exchange interactions occurring in the contact zone of layers
in Fe/REM oxide nanostructures on the features of their infrared absorption spectra. The time-distances,
energies and force constants of vibrations of Gd-O and Yb-O atomic bonds in Fe/Gd203 and Fe/Ybz03
nanostructures with significant and small values of the effective magnetic moment of REM, respectively,
have been compared. It is shown that the difference between the absorption spectra of these
nanostructures and the properties calculated from them indicates the presence of the influence of the d-f
exchange interaction on the vibrations of the Gd-O bond and its absence for Yb-O. For the Gd-O bond, the
increase in vibrational energy due to the d-f exchange interaction is 0.02-0.11 %. It is shown how the
influence of the exchange interaction can be taken into account in the well-known quantum mechanical
description of the anharmonicity of the oscillator vibrations by introducing an additional term in the
expression for its potential energy. This approach makes it possible to show that the d-f exchange

interaction also affects the value of the distance between the nuclei of Gd-O atoms.
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1. INTRODUCTION

In bulk samples of matter, the d-f exchange
interaction between atoms with unfilled d- and f-
electron shells has long attracted the attention of
researchers [1-4] because of its potential for practical
applications in various devices for displaying and
processing optical information.

In thin film objects, the occurrence of d-f exchange
interaction at the interface of contacting layers was
first demonstrated by the contact of metals with
unfilled d- and f-electron shells. The development of
this field has led to a number of studies, the number of
which is currently increasing.

Further studies have shown the possibility of
realizing the exchange d-f interaction at the interface
between layers of d-metals (Fe, Co, Ni) and their oxides
(FesO4) with oxides of f-elements (rare earth metals —
REM) [5], which are already semiconductors and
dielectrics. Expanding the range of electrical properties
of such multilayer structures increases the prospects
for their practical application. At the same time, the
possibility of enhancing many properties of the above
materials by d-f exchange interactions proved to be
particularly valuable. It has been shown that exchange
interactions organize the magnetic structure of
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ferromagnetic layers (Fe, Co, Ni, Fes0q) [6, 7], thereby
increasing their magnetization and, accordingly,
enhancing many properties of the layers that depend
on this property, such as galvanomagnetic, magneto-
optical [8], electronic paramagnetic resonance [9],
anomalous Hall [10, 11], and conductivity of MDM
structures [12]. Such amplification does not require
energy consumption or the use of amplifying devices
and can be achieved at the nanoscale, which 1is
important for nanotechnology.

The aim of this work is to study the influence of the
d-f exchange interaction on the optical properties of
d-metal/REM oxide nanostructures in the infrared (IR)
region of the spectrum. To achieve this goal, we
determined the dependence of the shift of the
absorption bands of the REM oxides in their
transmission spectrum 7(1) on the intensity of the d-f
exchange interaction, which was controlled by selecting
the value of the effective magnetic moment of the REM.

2. EXPERIMENTAL CONDITIONS

For experiments in the infrared region of the
spectrum, Fe d-metal was used as the metal with the
highest effective moment in the iron group (1)re =7.13 usz,
ie. it allows achieving a high value of the d-f exchange
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energy of interaction with the REM oxide.

Gd203 and Yb2Os were used as the SEM oxides.
These materials were selected because they have
different properties that affect the frequency v of the
absorption bands: Gd has a high value of effective
magnetic moment (¢)ca = 7.95 up, i.e. it can provide a
large energy of exchange d-f interaction with Fe, and
Yb has a very low value of (¢)yb = 0.41 up and causes a
weak d-f interaction. Therefore, the comparison of the
transmission spectra 7(1) of Fe/Gd20s3 and Fe/Yb20s3
nanostructures will allow us to study the process of the
influence of the exchange d-f interaction on the
vibrations of the Gd-O and Yb-O atomic bonds.

The Gd20s, Yb20Os, and Fe films were successively
deposited by electron beam evaporation of targets of
similar composition on KBr substrates transparent in
the studied spectral region. Deposition conditions: Fe-
vacuum 3-10-3 Pa, film growth rate v = (5-10) nm/min,
substrate temperature was t=(30-40)°C; Gd20s,
Yb203-oxygen partial pressure poz=2-10-2Pa, film
growth rate v=(3-10) nm/min, substrate temperature
t = (30-50) °C. The thickness of the Fe layers was 120
nm, the thickness of the films was 80 nm.

During the deposition of the Fe film, a small
amount of oxygen is incorporated into its composition.
Calculation shows that at a given vacuum level, ten Fe
atoms can account for less than one atom of
simultaneously deposited oxygen. This means that in
most of the contact area between Fe layers and REM
oxides (Gd203 or Yb20s3), there is a close contact
between d-atoms of Fe and f-atoms of REM (Gd or Yb),
which is accompanied by the occurrence of d-f exchange
interaction.

The surface of Fe films deposited on a layer of REM
oxide is also partially oxidized during exposure to air.
This is evidenced by a slow increase in the resistivity of
the films, which stops after about three days. Fe films,
even with a thickness of 120 nm, which is less than
that used in the experiment, are oxidized by air oxygen
only from the surface. This was demonstrated by their
electronic phase analysis.

Figure 1 shows an electron micrograph of a 30 nm
thick Fe film on a layer of RZM oxide, Gd203 (50 nm).

Fig. 1 — An electron diffraction pattern of a 30 nm thick Fe
film on a layer of RZM oxide, Gd203 (50 nm). 1 — Fe304 line
(d1 = 0.2967 nm), 2 — Fe304 line (d2 = 0.2532 nm), 3 — Fe line
(d1 = 0.20268 nm), 4 — common line for Fe (d2 = 0.14332 nm)
and Fe304 (ds = 0.1485 nm), 5 — Fe line (ds = 0.11702 nm)

From Fig. 1 it can be seen that the electron pattern
contains three strong lines corresponding to the
interplanar distances for Fe: di=0.20268 nm,
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d2 =0.14332 nm, d3=0.11702 nm [13] and for FesOa:
d1=0.2967 nm, dz=0.2532 nm, d3=0.1485 nm [14].
This means that the Fe and Fe3O4 phases are present
separately in the film. Therefore, it can be assumed
that the configuration of the thicker (120 nm) film
deposited on the RZM oxide is a layer of Fe with a
protective layer of FesOs on top. The electron
micrograph also shows that such a Fe film is
polycrystalline and the REM oxide layer is amorphous.

The following equipment was used for the
experiments. The film nanostructures were obtained on
an electron beam sputtering apparatus VU-1A. The
thickness of the films was measured with an MII-4
interference microscope.

3. RESULTS AND DISCUSSION

It is known [15] that in the infrared transmission
spectrum of REM oxides there are bands associated
with valence vibrations of bonds between the f-metal
and oxygen atoms. For the RSM oxides Gd20s and
Yb20s selected in our work, the absorption maxima of
the Gd-O and Yb-O bond vibrations appearing at wave
numbers v of 47594 cm~! and 418.14 cm~-! and
477.39 cm—! and 419.15 cm — 1, respectively, were used
as such bands. The change in v of these maxima can
be used as an indicator of the influence of the d-f
exchange interaction on the REM oxides in contact
with the d-metal Fe layer. At the same time, the
valence vibrations of Fe-O have absorption bands at
580 cm~—1! [16], which are far enough away from the
above-mentioned bands of the REM oxides and do not
interfere with the analysis of their v changes.

For simplicity, if we consider the bond between
Gd-O and Yb-O atoms as a bond in a two-atom
molecule, then we can apply the known concepts
corresponding to a harmonic oscillator [17]. The
oscillation frequency of the oscillator is equal to

1 |K
v=—o |— (1)
27\ 1
where K is the force constant of oscillation,
my - my . .
=1 "2 s the reduced mass of the oscillator m
m; +m,

and m, are the masses of the atoms of the two-nuclear
molecule, and the frequency is related to the wave
number v by the ratio v=c-v where c is the speed of
light.

The energy corresponding to the oscillation
frequency v must satisfy the Bohr condition.

E=hv, (2

where h is the Planck constant.

When a layer of d-metal Fe is in contact with a
layer of REM oxide, the d-f exchange interaction can be
realized with the participation of intermediate oxygen
atoms. Then it should affect the bonding of the f-atom
with oxygen. Fig. 2 shows fragments of transmission
spectra of Gd203 (a) and Yb203 (b) oxides in the region
(400-1000) cm —1, taken without and in contact with the
Fe layer.
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In the presence of a Fe layer in contact with REM
oxides, an increase in the v bands of the valence
vibrations of the Gd-O bond is observed in the
absorption spectrum of the Gd20s3 layer, while a
decrease is observed for Yb20s. That is, according to
formulas (1) and (2), in the presence of contact with the
Fe layer, the force constant K and the energy E of the
valence vibrations of the Gd-O bond increase, while the
Yb-O bond decreases.
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Fig. 2 — Transmission spectra of Gd:0s (a) and Yb20s (b)
oxides in the absence of Fe (0 nm) and in contact with a layer
of Fe (120 nm)

Table 1-Values of the force constant K and vibrational
energy E of the molecular groups Gd-O (a) and Yb-O (b)
corresponding to two absorption bands in the films of REM
oxides without and with contact to the Fe layer

a)
Structure Gd203 Fe/Gd20s3
v (em~Y) 475.94 418,14 476.05 418.6
K (N/m) 1.93-105 | 1.49 105 | 1.93 105 | 1.49105
E (eV) 59.010-3|51.8:10-3|59.0-10-3|51.9-10-3
b)
Structure Yb20s3 Fe / Yb2Os
v (cm-Y) 477.39 419.15 475.51 418.95
K (N/m) 1.96:105 | 1.51-10% | 1.94-105 | 1.51-10%
E (eV) 59.1-10-3|51.9-10-3|58.9-10-3|51.9-10-3

The increase in the values of K and E for Gdz20s
oxide and their decrease for Yb2Os may be due to the
influence of the exchange d-f interaction. The large
value of the Gd magnetic moment, 7.95 up, also
determines the significant energy of its exchange d-f
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interaction, which significantly affects the frequency of
oscillations of the Gd-O bond, as well as the values of K
and E characterizing these oscillations.

At the same time, the small value of the magnetic
moment of 0.41 u in Yb causes a low energy of the
d-f interaction, which makes its effect on the change of

v , K, and E imperceptible. On the contrary, a decrease

in v , K and E is observed after the deposition of a Fe
layer on Yb203. This decrease may be due to the
weakening of the Yb-O bond under the influence of a
neighboring Fe atom on an oxygen atom. In the Gd203
layer, which has a strong d-f exchange interaction, this
influence of the Fe atom is insignificant.

The effect of the exchange d-f interaction on the
force parameter of the oscillations K of a harmonic
oscillator, the Gd-O atomic bond, shows that it causes
a perturbation v, E. The latter leads to the
appearance of anharmonicity in the transmission
spectra (Fig. 1). The influence of external forces acting
on the oscillator can be taken into account by
introducing an additional cubic term in the expression
for the potential energy V [17].

V= %qu -Gg® , K » ey{\?x(ﬁ+ﬁ)} 3)

where ¢ is the amplitude of the harmonic oscillations
K> G, o is the magnetic constant, and {H + I\Tfj are

vectors taking into account the influence of the
exchange d-f interaction Ha.r and Ma.f, respectively [18].

In the case of Gd-O atom bonding, the external
forces can be both the influence of the d-f exchange
interaction between Gd and Fe atoms and the influence
of the chemical bond between Fe and O atoms. As
shown in Table 1, the influence of these factors
increases the value of E by (0.1-0.22) %.

4. CONCLUSIONS

The d-f exchange interaction in the Fe/Gd203
nanostructure increases the K-force parameter of the

vibrations, which changes the wavenumber v and the
energy E of the Gd-O atomic bond in the Gd203
nanostructure. A similar effect is not observed in
Fe/Yb203 nanostructures. This is due to the significant
energy of the d-f interaction in Gdz03 and the low
energy in Yb2Os.

In the quantum mechanical consideration of the
vibrational spectra of REM oxides, the influence of the
d-f exchange interaction can be taken into account by
introducing an additional term into the expression for
the potential energy of the f-atom-oxygen bond, which
takes into account the anharmonicity of the vibrational
process [17].

The work was carried out at the expense of the
budgetary topic of the National Academy of Sciences of
Ukraine "Optical, magnetic and thermoelectric
properties of the newest nanocomposites based on oxide
materials" (code II1-6-22).
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Brius d-f oominuOI B3aemonii Ha onTuuHi Biaactusocti Hanoctpykrypu Fe/Gd203
y indpauepBoHOMYy Oiama3oHi cexkTpa

A.M. Kacymog!, B.O. Oxumuyr?, K.A. Koporros?, O.A. ®enopenro3, O.1. JImurpies!, B.M. Kapasaeral,
10.0. Ixypmona* A.I. €Brymrenro!

1 Inemumym npobnem mamepianosnascmea HAHY im. L M. @parnuesuua, Kuis-142, Vipaina
2 Tnemumym ¢izuku nanisnposionurkie HAHY im. B.O. Jlawkapvosa, Kuis-28, Yrpaina
3 Inemumym 6ioopeaniuroi ximii ma nagpmoximii HAHY im. B.M. Kyxapsa, Kuie-94, Yrkpaina
4 Cymcoruil deporcasnuti ynigepcumem 116, Xapriscvra 6ya., Cymu-40007, Vrpaina

¥V poGoti poarsissHyTo BIMB d-f 00OMIHHOI B3aeMoii, 110 Bif0yBaeThCs B MPUKOHTAKTHIN 30HI IIapiB B
okcumHUX HaHoCcTpyKTypax Fe/REM, Ha ocobimusocti ixuix [Y-crmexrpis mormmuanHa. [IpoBegeHo mopiBHAH-
HS YaCTOT, €Heprii 1 CHJIOBHX KOHCTAHT KOJUBaHL aToMHHX 3B'a3kiB Gd-O 1 Yb-O B mHaHOCTpyKTypax
Fe/Gd20s 1 Fe/Yb20s 31 sHaunrMu 1 MasuMu 3HaYeHHSAME epeKTHBHOrO MaruitHoro momenry P3M Binmo-
Biguo. [lokazano, 10 PI3HUIA MK CIIEKTPAMUY MOTJIMHAHHS IIUX HAHOCTPYKTYP 1 PO3PAXOBAHUMU 38 HUMU
BJIACTUBOCTSIMH CBIIUNTH IIPO HASBHICTD BILIUBY d-f 0OMIHHOI B3aemomil Ha xosmBaHHA 3B's13Ky Gd-O i #oro
BimeyTHicTs A1 Yb-O. s ss'saxky Gd-O 36isblneHHsa eHeprii KOJIMBAHb 32 PAXYHOK d-f 0OMIHHOI B3aeMoIii
craroButh 0,02-0,11 %. ITokasano, Sk BILIUB OOMIHHOI B3aeMOIIl MOKHA BpAXyBaTH y BIIOMOMY KBAHTOBO-
MeXaHIYHOMY OIHCI aHTAPMOHIYHOCTI KOJIMBAHB OCITAJIATOPA, BBIBIIH JOJATKOBUM YJI€H y BUPA3 JJIS MO0
noTeHIianbHOI eHeprii. Takwmit miaxig mae 3aMory mokasaTw, 10 OOMIHHA B3aeMojisa d-f TAKOK BILIMBAE HA

BeJIMYMHY Bifcrani Misk sapamu aromiB Gd-O.

Kmiouori cnosa: Fe, PBM-okcun, [Y-ciexkTpockorris, d-f ooMiHHA B3aeMOTis.
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