ISSN 2079-1704. Ximisi, ¢bisuka ma mexHosoeis noeepxHi. 2021. T. 12. Ne 2. C. 144-148

PACS 73.20.-r doi: 10.15407/hftp12.02.144

A.M. Kasumov, A.I. Dmitriev, Yu.M. Bataiev, M.M. Bataiev, V.M. Karavaeva,
K.A. Korotkov, A.l. Ievtushenko

EPR STUDY OF INTERLAYER INTERACTION
IN Gd:03/Fe NANOSTRUCTURE

Frantsevich Institute for Problems of Materials Science of National Academy of Sciences of Ukraine
3 Akademika Krzhizhanovsky Str., Kyiv, 03142, Ukraine, E-mail: kasumov@ipms.kiev.ua

In this work, a nanoscale structure consisting of contacting layers of a metal of the iron subgroup and a rare earth
metal oxide (REM) is considered. Such nanostructures have an interesting feature, which is that as a result of the contact
of these layers, an increase in the galvanomagnetic, magneto-optical and kinetic properties of ferromagnetic metals are
observed. Presumably, the enhancement is due to an increase in the magnetization of these metals, caused by the exchange
f - d interaction between the unfilled f- and d-electron shells of the atoms that make up the contacting layers. The aim of
this work is to find the possibility of such f - d exchange interaction by the EPR method.

To compose the studied nanostructure, Fe used as it has the strongest magnetic properties in its subgroup. Gd>;O3
was used as an REM oxide as one of the few oxides giving a significant signal in the EPR region. The Gd;Os/Fe
nanostructure created by sequential electron-beam deposition of Gd>O; and Fe layers on a sitall substrate. The
thickness of the oxide and metal layers was 68 and 112 nm, respectively. EPR spectra were recorded at room
temperature on a computerized spectrometer Radiopan 2547 SE / X at the frequency of 9.3 GHz. The set of the obtained
spectra was processed using the OriginPro and MatLab programs, which confirmed their compliance with the Lorentz
model.

From the experimentally obtained EPR linewidth, the parameter of the exchange f - d interaction is determined
under the condition of a number of assumptions. The value of the g-factor is also found. Comparison of the EPR
parameters of the spectra of individual layers of Gd>Oz and Fe with the spectra of the Gd,O3/Fe nanostructure
composed of them, including the value of the g factor and the exchange interaction parameter, suggests that the
presence of an iron layer affects the EPR spectrum of the REM oxide layer Gd>O3. The exchange interaction parameter
increases from 985 to 4685 (rel. units), the g-factor decreases from 3.5 to 2.4. The most probable reason for the change
in the spectrum is the exchange f - d interaction between atoms with unfilled f- and d-electron shells that are parts of the
contacting layers.
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INTRODUCTION metals of the iron subgroup was undertaken in
[4-6]. Here, even the use of highly sensitive
SQUID sensors and Mdssbauer spectroscopy did
not allow obtaining an unambiguous answer
about the possibility of such an influence.
Apparently, the reason for this was the too small
thickness of the studied layers (2-3 nm). In
works [1-3], a significant role of the layer
thickness was also noted. The effects of
enhancement of  magnetization  became
noticeable when their thickness exceeded 30 nm.

The aim of this work is to study the
magnetic interaction of layers in the film
structure of Gd,O3 /Fe by EPR, as well as to find
the possibility of exchange f-d interaction
between atoms with unfilled /~ and d-electron
shells that are part of the contacting layers of
Gd,03 and Fe. Of the three metals Fe, Co, Ni,
iron was chosen as having the strongest magnetic
properties. And Gd,O; is one of the few rare-

Nanosized film structures consisting of
contacting layers of oxides of rare-earth metals
(REM) and metals of the Fe, Co, Ni subgroup of
iron have an interesting feature. As a result of
such contacts in film structures, there is an
increase in the galvanomagnetic [1], magneto-
optical [2], and kinetic [3] properties of the
layers of the above metals. The authors of these
reports attributed this enhancement to an
increase in the magnetization of ferromagnetic
films of Fe, Co, Ni, caused by the exchange f-d
interaction between the unfilled /- and d- shells
of atoms that make up the contacting layers.
However, practical verification of the magnitude
of magnetization in nanoscale films encounters
significant difficulties.

For the first time, an attempt to measure the
effect of REM oxides on the magnetization of
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earth oxides that give a significant signal for
EPR.

EXPERIMENTAL CONDITIONS

The film structure of Gd,Os/Fe was formed
by successive electron-beam deposition of layers
on a sitall substrate under the following
conditions: Gd,O3; — the partial pressure of
oxygen in the working chamber is po, = 5-107 Pa,
the substrate temperature is Tsp =230 °C, the
layer growth rate is v=45nm/min, Fe — the
pressure in the working chamber is p = 5-10~ Pa,
the substrate temperature is Ty, =25 °C, the
layer growth rate is v=22nm/min. The
thickness of the Gd,Os layer is 68 nm, and the
thickness of Fe is 112 nm, that of Gd,Os/Fe is
180 nm.

The EPR spectra of the Gd,O3 and Fe layers,
as well as the Gd,Os/Fe structure composed of
them, were recorded at room temperature on a
computerized Radiopan 2547 SE/X spectrometer
equipped with an RCX660A resonator, an
ER 2505 electromagnet, and an MS212 high-
frequency irradiation of v=9.3 GHz.

RESULTS AND DISCUSSION

The EPR spectrum is a graph of the
dependence of the derivative of the signal
intensity J on the magnetic field H - dJ/dH (H).
Fig. 1 shows an example of recording EPR
spectra as a function of the power of the high-
frequency signal I for the Gd»Os/Fe structure.

The set of high-resolution spectra obtained
was processed using the OriginPro and MatLab
software package, integrated and approximated
by the Lorentz model in Fig. 2.
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Fig. 1. EPR spectra for the Gd,Os/Fe structure

dependent on the power I of the high-
frequency signal
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Fig.2. An example of integration — J and
approximation — 2 of the EPR spectra of the
Gd,Os/Fe structure presented in Fig. 1 for
I=4.0 rel. units

The quality of measurements, processing
procedures and approximation by the theoretical
model are confirmed by the wvalues of the
corrected R-Square (R?) or the coefficient of
determination [7]. This indicator is used to
explain the degree of influence of input variables
on changes in output variables (predicted
variables). It ranges from 0 to 1. If the R?*is 0.9,
this means that 90 % of the variation in the
output variables is due to the input variables. A
higher R-Square value indicates a better fit to the
model. The value of the R? for all samples on
average was 0.98 (see Fig. 3 a and Table), which
indicates good agreement between the theoretical
Lorentz model and experiment. The parameters
were processed for each spectrum of the studied
samples. The deviations of the line width ¥ at
half-height did not exceed 4 % (Fig.3 b). The
change in the magnetic field of the resonance Hg
(D) for all samples did not exceed 4 %.

From the EPR spectra of the films (Fig. 4),
the parameter of the exchange f - d interaction P
(1) [8] can be estimated and the g-factor (2) can
be calculated.

P~ uWH, (1)

hv=guHt, 2)
where p is Bohr's magneton, Hr is the resonance
magnetic field, W is the width of the EPR
spectrum, v is the frequency of irradiation, 4 is
Planck’s constant.

Estimation of P does not take into account
the distance between the interacting magnetic
moments, as well as other mechanisms of spin-
spin interaction and spin-lattice relaxation. A



A.M. Kasumov, A.l. Dmitriev, Yu.M. Bataiev et al.

more rigorous analysis should also take into
account the specific distribution of spins over the
lattice sites. However, formulas (1) and (2) make
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it possible to compare, in order of magnitude, the
parameters of the exchange interaction and the
g-factor (Table).
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Fig. 3. Dependence of the EPR line parameters on the power of the high-frequency signal I for the Gd,Os/Fe
structure. a —R? or coefficient of determination; b — W — line width at half height

Table. Parameters of the investigated objects determined from the EPR spectra
Parameter Gd203 Fe structure Gd:0s/Fe
Resonance magnetic field Hg, T 10+ 1604 1986 2862
EPR line width W, T 10* 296 496 1637
R? or coefficient of determination 0.97 0.98 0.98
Parameter of exchange interaction P, 474 985 4685
rel. units
g-factor 4.4 3.5 2.4
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Fig. 4. EPR spectra of Fe, Gd,03 and Gd,Os/Fe films

The Lande factor or g-factor determines the
relative magnitude of the magnetomechanical
ratio, as well as the scale of the splitting of
energy levels in a magnetic field. In many-
electron atoms, the interaction of spin and
mechanical moments becomes important, which
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is considered as a perturbation. The Lande factor
reflects the totality of many properties of the
material under study. Thus, in Pbi..Sn,Te solid
solutions, a change in the composition x leads to
variations in the band gap, effective mass of
current carriers, the exchange interaction
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integral, etc. [9,10]. However, the most CONCLUSIONS
impressive are the changes in the value of the
g-factor, which reaches values of the order of 40
in the region of the composition close to the
inversion of the zones. Significant changes in the
g-factor and the exchange interaction
parameter P for the Gd,Os/Fe structure (see
Table 1) indicate the probability of a strong
exchange f'- d interaction.

It has been found that the presence of an iron
layer in the Gd,Os/Fe film structure has a
significant effect on the EPR spectrum of the
Gd,O3 REM oxide layer. The most probable
reason for the change in the spectrum is the
exchange f - d interaction between atoms with
unfilled f - and d-shells that are parts of the
contacting layers.

Hocainxenns merogom EIIP miskinaposoi B3aemoii B HaHOCTPYKTYPi Gd203/Fe

A.M. Kacymos, O.1. Imutpies, FO.M. baraes, M.M. Baraes, B.M. KapaBaesa,
K.A. Koporkos, A.I. €EBTymenko

ITncmumym npobnem mamepianoznascmaa im I.M. @panyesuua Hayionanvhoi akademii Hayk Ykpainu
eyn. Axaoemixa Kporcusicanoscoroeo 3, Kuis, 03142, Ykpaina, kasumov@ipms.kiev.ua

YV yiti pobomi posensinymo HAHOPO3MIpHI CIMPYKMYPU, WO CKIAOAIOMbCS 3 KOHMAKMYIOUUX Wapie Memany
nioepynu 3aniza i okcudy piokicnozemenvrozo memany (P3M). Taki nanocmpykmypu maiome yikagy ocooiugicms,
AKA NOSI2AE 8 MOMY, WO 8 Pe3yIbMami KOHMAKMy OAHUX Wapis, cnocmepieacmuscsi NOCUNEHHS 2a1b8AHOMASHIMHUX,
MAZHIMOONMUYHUX [ KIHEMUYHUX 61ACMueocmell (GepomasHimuux memanie. IMosipHo, nocuneHHs 00YyMO8IeHO
NIOBUWEHHAM HAMASHIYeHOCII YUX Memainis, ujo BUKIUKAEMbC 0OMIHHOO - d 83aemodicto midc He3anosHeHumU f -
i d-enekmpoHHUMU ODONOHKAMU AMOMIB, WO 8X00AMb 00 CKIA0Yy KOoHmakmyluux wapie. Memoro yici pobomu €
scmanosnenist memooom EIIP moociueocmi maxoi f - d obminnoi 63aemo0ii.

Jna cknadannsa 0ocnioxcysanoi Hanocmpykmypu 0ye eukopucmanutl Fe, axuil mae 6 cgoiui nioepyni Haubinbu
cunvHi maznimui enacmusocmi. Ak oxcuo P3M 6ys euxopucmanuti Gd;03 sk ooun 3 Hebazamvox OKcuodis, ujo
oarome s3naunull cuenan ¢ obaacmi EIIP. Hanocmpyxmypa Gd,Os3/Fe cmeoprosanacs nociioo6HuM eiekmpoHHO-
NPOMEHe8UM OCAONCEHHAM Ha cumanogy niokiaoky wapie Gd>0;z i Fe. Toswuna wapy Gd>O3 Oopisniosanra 68 um,
Fe— 112 um, Gd,O3/Fe — 180 um.

Cnexmpu EIIP 3uimanuca npu KiMHamuil memnepamypi Ha KOMN'tomepu3osanomy cnekmpomempi Radiopan
2547 SE/X na wacmomi 9.3 I'ey. Habip ompumanux cnexmpis obpobnsecs 3a donomozow npoepam OriginPro i
MatLab, wo niomeepouno ixuto 8ionosgionicme modeui Jlopenya.

3 excnepumenmanvro ompumaroi wupunu ainii EIIP eusnayeno napamemp oominuoi [ - d 63aemo0ii 3a ymosu
A0y npunywens. 3uatidena makoc seruduna g-paxmopa. Ilopisnsnns napamempis cnexkmpie EIIP oxpemux wapig
Gd;0;3 i Fe 3 cnekmpamu ckiadenoi 3 nux Hanocmpykmypu GdOz/Fe, ¢ momy uucni eeruyunu g-gpaxmopa i
napamempa 0OMIHHOI 63aeMOOIl, 0036015€ 3pOOUMU GUCHOBOK NPO Me, WO NPUCYMHICMb Wapy 3a1i3d 3HAYHO
enausac Ha cnexkmp EIIP wapy oxcudy P3M Gd,O;s. Ilapamemp obminnoi 63aemodii 3pocmae 3 985 0o 4685 (8ion.
00.), g-ghakmop s3menuwyemocs 6i0 3.5 0o 2.4. Haubinbw iMOGIpHOIO Npudunolo 3minu cnekmpa € obminna f - d
63a€MO0isl MIJIC aAmMoOMamu 3 He3aNOSHeHUMU [- [ d-eleKmpoHHUMU O0OO0NOHKAMU, WO 6X005iMmb 00 CKIAOY
KOHMAKmMyOyux uapis.

Knrouosi crosa: nanocmpyxmypa, wap, 3anizo, okcuo eadoniniio, EIIP-cnexmpu, f - d 63aemo0isn
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