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The tunnelling magnetoresistance (TMR) effect in Fe/Gd,0; nanostructure
consisting of Fe island film deposited on Gd,O, layer is investigated. In
Fe, Co, Ni/rare earth metals (REM) oxide nanostructures, an exchange f—
d interaction occurs in the region of their interface due to wave-
functions’ hybridization of f- and d-electrons with unfilled shells. This
leads to an additional magnetization M, , and effective magnetic field H,,
corresponding to it. The practical value of this enhancement of magnetic
properties is that it is achieved in a nanoscale volume without the use of
energy or amplification devices. For nanotechnology applications, this fact
is important. A method is proposed to determine H,, and M, , based on
the study of TM R(H) dependence, information about which is lacking. The
hybridization propagation region in the Fe/Gd,0; structure is shown to
extend at least 70 nm deep in the REM oxide layer.

Hocaimxeno edekT TyHeapHOTo wMarHetoomopy (TMR) B HaHOCTPYKTYpi
Fe/Gd,05, mo ckiazaeTbca 3 ocTpiBieBoi miuiBku Fe, HaHeceHoi Ha Iap
Gd,0;. B maHocTpyKTypax okcuzniB Fe, Co, Ni/pigkicHozeMeabHUX MeTasiB
(P3M) B obusiacTi ixuHBOi Mexxi momisy BuHuUKae oOminHA f-d-B3aemonis, 3y-
MOBJIeHA Tri0puams3aIiicro XBUJILOBUX (PYHKINiH f- i d-eJeKTpoHIB 3 He3amos-
HeHMMU obonoHKamu. Ile IpUBOAUTE M0 NOAATKOBOI HaMarHeToBaHOCTHA M, ,
i Bigmosimmoro iif edeKTHUBHOro MarsHerHoro moiasa H,, IlpakTnyna miH-
HiCTh TAKOTO IOCUJIEHHSA MarHeTHUX BJIACTUBOCTEI IIOJISATa€ B TOMY, IIIO BO-
HO [OCATAEThCS B HAHOPO3MipHOMY 06’eMi 6e3 BUKOPHCTAHHS eHeprii abo
OigCUIIOBAJbHUX MPUCTPOIB. [ HaAHOTEXHOJOTIYHMX B3acCTOCYyBaHb Iei
(axT € BaKIMBUM. 3aIIPOIIOHOBAHO MeToJ BusHadUeHHA H, , i M, , Ha ocHo-
Bi mocaimskenHsa sanesxuoctu TMR(H), indopmarnisa npo arky Bigcyrasa. Ilo-
KasaHo, 1[0 00J1acTh moImpeHHs ribpuausanii B crpykrypi Fe/Gd,0; mpo-
cTaraeTbeA moHatiMenmre Ha 70 HM yraub oxcuguoro mapy P3M.
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1. INTRODUCTION

In nanostructures consisting of films of the iron group metals Fe,
Co, Ni and rare earth metal (REM) oxides, f—d-exchange interaction
occurs between atoms with unfilled f- and d-electron shells con-
tained in the film in the region of their interface [1].

It has been shown by the anomalous Hall effect method [2] that
such exchange f—d interaction leads to an increase of their magneti-
zation by the value of M, ,. In this case, many properties of the
nanostructure related to magnetization are enhanced: magnetore-
sistance [3], Faraday effect [4], electron paramagnetic resonance
[6], conductivity of MDM structures [6], and tunnelling magnetore-
sistance. The practical value of this property enhancement is that it
is achieved at the nanoscale without energy consumption and with-
out the use of amplifying devices. This fact is important for the ap-
plication of nanotechnology.

The aim of the present work is the estimation of the magnitude
of the effective magnetic field H,, and the magnetization M, , in
Fe, Co, Ni/REM oxide nanostructures, for which no information is
available.

In order to achieve this goal, a Fe/Gd,0; nanostructure consisting
of a Fe island film deposited on a Gd,O; layer has been selected as
the object of study. These materials were chosen because both Fe in
the series of the iron group and Gd in the series of the lanthanides
possess one of the largest effective magnetic moments pp=7.13p;
and pga= 7.95u; [7]. There is a high energy of exchange f—d interac-
tion arising between islands of Fe film and the layer of Gd,O,;, on
which they are located, according to the theory [8].

The conductivity in island films is due to tunnelling transitions
of electrons through small gaps of a few angstroms that separate
the islands from each other [9]. A tunnelling magnetoresistance
(TMR) effect realized by the simultaneous influence of the ex-
change f—d interaction between Fe and Gd,O; occurs when an exter-
nal magnetic field H is applied to the island film. The peculiarities
of the TMR(H) field dependence under these conditions allow esti-
mating H; , and M, ,, as well as their dependence on structural lay-
er thickness.
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2. EXPERIMENTAL ENVIRONMENTS

The Fe and Gd,0; films were deposited on a glass substrate by elec-
tron beam evaporation of targets with similar composition from
chemically pure reactants. The deposition conditions were: Fe—
vacuum p = 3-107% Pa, film growth rate v =(5/10) nm/min, substrate
temperature tg,, = (30/40)°C; Gd,0,—O0, partial pressure p,,=2-1072
Pa, film growth rate v=(3/10) nm/min, substrate temperature
tsw = (30/50)°C. The Fe/Gd,0; film structures were prepared by se-
quentially depositing Gd,O; and then Fe layer on the substrate. The
Fe island layer thickness was of 30 nm for all samples, while Gd,O,4
thickness varied between 45 nm and 70 nm. For comparison, a simi-
larly thick Fe film was deposited on a glass substrate without
Gd,0;. The ends of the Fe films were coated with Cu electrodes by
thermal evaporation for soldering conductors.

To stabilize the resistivity of the Fe island films, which increases
due to oxidation in air, the samples were kept in the atmosphere at
room temperature for 3 days. The Fe islands were coated with a
thin layer of oxide preventing further oxidation and resistance
change, which allowed TMR measurement. The surface oxidation of
Fe islands did not pose a threat to the achievement of the goal,
since we have previously shown in Ref. [1] that the exchange f—d
interaction occurs not only at the interface of oxides with Fe, but
also with Fe;O,. Magnetite Fe;O, is a semi-metal due to its conduc-
tivity. It does not prevent the tunnelling of electrons between is-
lands.

3. RESULTS AND DISCUSSION
3.1. Morphology of the Fe/Gd;0; Nanostructure

Figure 1 shows an electron-microscope image of the Fe film (30 nm)
on a layer of Gd,O; (45 nm). It also shows an electronogram of this
nanostructure. The image was acquired on a Tescan Mira SLMU
scanning electron microscope.

The morphology of the Fe film corresponds to that of the island
film. The islands have an asymmetric shape, apparently, due to oxi-
dation in air. The average size of the islets ranges from 20-100 nm.
The surface of the islands is inhomogeneous with cluster nanostruc-
ture.

Electronogram analysis shows that Fe film is polycrystalline, and
the Gd,0; film is amorphous. Electron phase analysis shows that 3
strong Fe lines each d, = 2.0268 A, d,=1.4221 A, d;=1.1702 A [10]
and Fe,0, d, =2.967 A, d,=2.532 A, d;=1.616 A are present in the
diagram [11]. Therefore, we can assume that the most likely model
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Fig. 1. Electron-microscopy image of a Fe film (30 nm) on a layer of Gd,O,
(45 nm) and an electronogram of this nanostructure.

for air-exposed iron islands is the core—shell configuration, where
the core is Fe and the shell is Fe;O, iron oxide. The average size of
the coherent scattering regions of the Fe film determined from the
electronogram by the Selyakov—Scherrer method is of 9.4 nm.

3.2. Estimated Value of the H;_;, and M,_,

The TMR of Fe films deposited without and with Gd,O; sublayer
was calculated using the formula [9]
R(H) — R(0)

TMR = TO), (1)

where R(0) and R(H) are resistances of the film without and under
the influence of the external magnetic field H. The vector H was
chosen perpendicular to both the Fe films surface and the vector of
the current flowing through them.

Figure 2 shows the TMR(H) dependence of 30 nm thick Fe island
films deposited on a substrate without (curve 1) and with (curve 2)
a Gd,0; sublayer.

The TMR(H) dependence for the two samples has some common
features. First, TMR is a negative value, which is due to the influ-
ence of the magnetic field on the orientation of the electron spins in
the islands: as H increases, more and more spins are oriented along
the field direction, which facilitates the tunnelling of electrons be-
tween the islands without expending energy for spin rotation. In
this case, the charge-transfer resistance decreases, and the TMR
becomes negative.

The second feature is the appearance of a saturation region at
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Fig. 2. TMR dependence on strength H for Fe (30 nm) (curve 1) and Fe (30
nm)/Gd,0; (70 nm) (curve 2).

high field strength, which is a result of the all electron-spins’ orien-
tation in the islands along the direction of the vector H. At this
point, the TMR no longer depends on the field strength H. For the
Fe film on glass without a Gd,O; sublayer (Fig. 2, curve 1), the ap-
plication of a much higher field strength H>* =130.62 A/m than
for the Fe film on Gd,0; (Fig. 2, curve 2) Hﬁ:de 0, =108.02 A/m,
where H;* and Hgg:03 are the external magnetic-field strengths re-
quired to reach the saturation region of the TMR(H) curve for Fe
films without and with Gd,0; sublayer, respectively. The reason for
this difference cannot be due to the shielding of the strong magnetic
field by the Gd,O; layer, since it is paramagnetic with a relatively
low value of magnetic permeability. The most likely reason for the
decrease in the H value required to reach the TMR saturation state
in the Fe/Gd,0O; structure (Fig. 2, curve 2) compared to Fe without
Gd,0; (Fig. 2, curve 1) could be the influence of the exchange f-d
interaction between Fe and Gd,O;. This interaction leading to the
appearance of an additional magnetization M, , and its correspond-
ing effective field H, , should facilitate the achievement of the satu-
ration state TMR(H) in Fe films due to the joint influence of the
external field H and the effective magnetic field H,, on the
Fe/Gd;0; structure. In this case, the value of H, , is the difference
between the saturation field values obtained in Fe films without and
with the Gd,O; layer (as shown in Fig. 2), i.e.,

_ Sat Sat
Hf—d - HFe - HFe/Gd203 ’ (2)

The obtained expression (2) can be used to determine the value of
H; , based on the experimental TMR(H) dependence. In our case,
H; ,=22.6 A/m.

Figure 3 shows the results of H; , calculations for the Fe/Gd,0;
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Fig. 3. Dependence of H; , on the thickness A of Gd,O; film in Fe/Gd,0,
nanostructure.

structure as a function of Gd,O; thickness.

As can be seen (Fig. 3), as the thickness of the Gd,O; layer in-
creases from O to 70 nm, the value of H, , reaches a value of 22.6
A/m, which is 20.9% of the saturation field value of 108 A/m in
the Fe (30 nm)/Gd,0; (70 nm) structure.

The effective magnetic field H, , is related to the magnetic flux
M;_, by the equation

H, ,=yM,_,, 3)

where y is the magnetic permeability as a function of the effective
magnetic field strength. For the Fe (30 nm)/Gd,O; (70 nm) struc-
ture, M, ,=3.4-10° A/m. In estimating the value of M, ,, it was as-
sumed that the nature of the y field dependence for the Fe (30
nm)/Gd,0; (70 nm) structure is similar to the y dependence of iron-
ARMCO (technically pure iron) and insignificantly different in
magnitude.

The influence of the exchange f—d interaction extends in Gd,O,
oxide to a significant distance >70 nm from the Fe interface. Large
distances have been observed in other REM oxides too, while inves-
tigating other magnetic properties by nanostructures consisting of
films of the iron-group metals (Fe, Co, Ni) and rare earth oxides [1].

4. CONCLUSIONS

A method is proposed to determine the effective magnetic-field
strength H, , and the magnetization value M, , caused by the ex-
change f—d interaction. In Fe, Co, Ni/REM oxide nanostructures in
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their interface region, an exchange f—d interaction occurs because
of hybridization of wave functions of f- and d-electrons with un-
filled shells. This results in an additional magnetization M, , and
the corresponding effective field H;,. The method allows the de-
termination of H;, and M, , and their dependence on the experi-
mental conditions based on the TMR(H) study.

It is shown that the hybridization-propagation region in the Fe
(30 nm)/Gd,05 (70 nm) structure extends to a depth of at least 70
nm in the REM oxide layer. The maximum values of H; , and M, ,
obtained for Fe (30 nm)/Gd,0; (70 nm) nanostructure are of 22.6
A/m and 3.4-10° A/m, respectively.
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