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Separation of two factors influencing the Faraday effect in the thin film
structure Tbh,0;/Fe, namely, interference and f—d interaction of the Tb,0O,
and Fe layers, is performed. As shown, the interaction of the layers en-
hances the Faraday effect with a maximum at a Th,0; layer thickness of
40 nm. The highest enhancement is by two times, and the largest specific
Faraday angle is 1.8:10° deg/cm. The enhancement increases with thicken-
ing of Fe film from 40 nm to 120 nm and disappears at a thickness of 30
nm and below. It is provided with the action of both single spontaneous
and combined spontaneous and induced magnetizations of Fe film.

YV rourkomiaiBkoBiii crpykTypi Tb,O;/Fe Oyso mpoBemeHo BifOKpeMJIEHHS
BILTUBY iHTepdepeHtii i f—d-B3aemonii mapis Ha Papaneis ederr. Ilokaza-
HO, 110 f—d-B3aemopia mapiB Th,0; i Fe npuBoauts 10 mocunenua Papane-
fioBoro e(eKTy, 10 cArae cBoro Makcumymy npu ToBinuui mapy Th,O5 v 40
M. HailibGinbie mocuieHHsi, ofgepskaHe mias cTpykTypu Tb,0;/Fe, mocsirae
3HaUeHHA BABiui, a HaWOidbmInii nutToMuil Papageip KyT IpU IBOMY CTaHO-
BUTE ¢p=1,8-10° rpax/cm. ITocunenHs 3pocTae 3i 36iJBIIEHHAM TOBIUHIL
miaiBku Fe B mismasoni Big 40 mo 120 M i 3HmMKae mpu ToBiuHI v 30 HM i
mente. Ilocunenna PapaneiioBoro edeKTy 3abes3mnedyeTbca AK BILJINBOM
JIUIIIEe CIIOHTAHHOI, TaK i CHiJIbHMM BIJMBOM CIOHTAHHOI Ta HaBeAeHOI Ha-
MarHeToBaHocTell miiBku Fe.

B rtoukomménounoit crpykrype Th,0,/Fe mpoBeseHo pasaenenue BIUSAHUS
uHTepdepenninu u f—d-B3auMoaeiicTBus cI0€B Ha spdektT Papanmes. Iloka-
3aHo0, uTo [—d-B3aumogeiicrBue cyioéB Tb,0; m Fe mpmBoAuMT K yCUIEHUIO
apderra Papages, JOCTUTAIOIETO0 MAaKCUMyMa mpu ToJIuie cjaos Thy,O5 40
um. Haubosbiliee ycuiaenue, moaydenHoe s ctpyKTypsl Tb,0;/Fe, cocras-
aseT 2 pasa, a HaubOJBLIIUI yaeabHBIH yroa ®apagesa ¢r=1,8-10° rpag/cm.
Ycunenme BospacraerT ¢ yBeamueHmeM ToJMuHBLI IIEHKH Fe or 40 mo 120
HM U ucuesaer mpu toiinuHe 30 uM m MeHee. ¥YcuieHue spdexra Papanes
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obecrieunBaeTcad KaK [geMCTBMEM TOJIBKO CIIOHTAHHOI, TaK M COBMECTHBLIM
BJIUSHUEM CIIOHTAHHOI M HaBeJEeHHOII HaMarHWUYeHHOcTell miaeéHku Fe.
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1. INTRODUCTION

Thin film structures composed of contacting layers of f (rare earth)
and d (Fe group) transition metals have been attracting much atten-
tion of researchers over 40 years thanks to the opportunity to use
them in spintronics, magnetooptics, and magnetic record of infor-
mation [1]. Both the layers themselves and their f—d interaction de-
termine magnetic properties of such structures. Upon replacing one
of the layers, for instance, f-metal with its oxide, a new film for-
mation takes place with a complex magnetic structure (ferromagnet-
ic/paramagnetic) and a possibility of the f—d interaction at the lay-
er boundary through intermediate oxygen ions, similar to that in
rare earth orthoferrites RFeO; and ferrites-garnets R;Fe 0., (R is
rare earth metal) [2]. The electric structure of such formations cor-
responds to the metal/dielectric transition. Taking into account the
sensibility of these film structures to electric and magnetic fields as
well as high transparency of R-oxides and their chemical stability
capable to protect thin d-metal films against oxidation, it is reason-
able to hope for their successful application in galvanomagnetism,
magnetooptics, and spintronics. However, despite the attractive
promise, investigation of film structures R-oxide/d-metal is still at
the starting stage.

Earlier, the authors have studied the thin film Dy,05;/Ni struc-
ture [3] and established that deposition of Dy,0; layer onto Ni film
results in changing magnetic resistance Ap/p, and thus magnetiza-
tion I of nickel according to the relation Ap/p,= al® [4]. As magnet-
ization could only change due to the magnetic interaction of layers,
then the change in it indicated the presence of f—d interaction be-
tween Dy,0; and Ni. There was observed both an increase and a de-
crease in magnetic resistance and magnetization depending on the
directions of current passing through the Ni film and external
magnetic field with respect to the sample surface.



ENHANCEMENT OF THE FARADAY EFFECT IN THIN FILM STRUCTURE Tb,0,/Fe 183

The growth of d-metal magnetization due to the contact with R-
oxide gave hope for the achievement of enhancement of not only
galvanic but also magnetooptical effects dependent on magnetiza-
tion. Therefore, the aim of the present work was to study the pecu-
liarities of the Faraday effect related to the f—d layer interaction in
the thin film structure R-oxide (Tb,0;)/d-metal (Fe). The metals Tb
and Fe were chosen, as they possess the highest magnetic moments
in their groups, which provide, according to [2], intense interaction
between f and d electron shells.

2. EXPERIMENTAL SECTION

The thin film Tb,0;/Fe structure was formed through successive
deposition of metal and R-oxide layers on a glass substrate using an
electron beam evaporation of chemically pure Fe and Tb, the latter
during the input of oxygen inside the working chamber. The deposi-
tion conditions were as follows: pressure 5-10° Pa, deposition rate
8-24 nm/min, and temperature 25°C for Fe and partial oxygen
pressure 2:1072 Pa, deposition rate 30—60 nm/min, and temperature
25°C for Th. Under them, the structure of Fe layers was polycrys-
talline and that of Tb,0O; was amorphous. It was examined using
electron diffraction. The thickness of layers was determined with an
interference microscope and varied within 30-120 nm for Fe and
within 0—-140 nm for Tb. It was controlled during deposition using
a spectrophotometer combined with the working chamber.

The thin film Tb,0;/Fe structure deposited on a glass substrate,
together with the surrounding medium, can be described as a com-
plex optical system air/Tb,0;/Fe/glass/air, in which magnetooptical
effects are sure to be markedly affected by light interference due to
multiple reflections from the interlayer boundaries.

In order to reveal the peculiarities of the Faraday effect related
to the f—d layer interaction under the above conditions, first of all,
it is necessary to separate them from those involved by interfer-
ence. A detailed analysis of the Faraday and Kerr effects in multi-
layer structures with arbitrary magnetization has been performed in
[6]. There was considered passing of light through the optical sys-
tem air/transparent film/magnetic film /substrate/air, which is
analogous to the Tb,0;/Fe structure on glass (Fig. 1).

For a normal incidence of light onto the surface of sample, the
Faraday angle, ¢, is described by the following expression [5]:

[4n7"71n3d3(1 + %2%21@45) — i(l — F32 )(’521 + 75y )]Q (1)
4(1 - Féz’éz1r345) ’

bp = Re(

where ry, is the reflectivity at the boundary of j, k, | media;
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Fig. 1. Scheme of the Tb,0,;/Fe film structure for the Faraday effect ob-
servation: (I) and (5) air, (2) transparent film (Tb,0;), (3) magnetic film
(Fe), and (4) glass substrate.
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F; = exp(-2ni)'n;d;) is the phase factor related to the wave attenua-
tion in the magnetic film; nj is the complex index of refraction; ds
is the thickness of magnetic film; A is the light wavelength, and @
is a magnetooptical parameter proportional to the film magnetiza-
tion.

Expression (1) makes it possible to draw an important conclusion.
For an intensely absorbing magnetic film with a high complex index
of refraction (Fe film is the case) and large d;, the phase factor
F;— 0, and expression (1) becomes markedly simpler. Herein, the
Faraday angle becomes independent of reflectivity, indexes of re-
fraction and the thicknesses of the transparent film, n,, d,, and the
substrate n,, d,. That is, the influence of interference diminishes.
Thus, the Faraday angle only depends on the parameters n;, d;, @,
and A. It follows that, in order to weaken the influence of interfer-
ence on the Faraday effect, it is necessary to increase d; significant-
ly at fixed nj;, @, and A.

In addition, it follows from [3] that, with growing thickness of a
magnetic layer, the f—d interaction between the layers in the R-
oxide/d-metal structure increases, which results in changing in the
metal magnetization. Comparison of this result with the above made
conclusion from expression (1) makes it possible to develop a meth-
od for separation of the influences of interference and f—d layer in-
teraction on the Faraday effect. The method consists in determining
the peculiarities in the dependences of the Faraday angle on differ-
ent parameters, for instance, on oxide layer thickness d, and mag-
netic field strength H, arising in the Tb,0;/Fe structure with thick-
ening of magnetic film, when the influence of interference dimin-
ishes whereas the f—d layer interaction, on the contrary, grows.

In the course of implementation of this method, a grating mono-
chromator was used as a light source. The Faraday angle was de-
termined using a polariscope with an accuracy of 0.1 deg. Trans-
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mission spectra were recorded in the visible region of light with the
aid of a spectrophotometer.

3. RESULTS AND DISCUSSION

The conclusion made on the basis of expression (1) about diminish-
ing influence of interference in the case of thick Fe film was con-
firmed in the spectrum of optical transmission, which is usually
used for observation of the Faraday effect. Figure 2 represents the
dependence of the optical transmission of the Tb,0; /Fe structure
on the thickness of Th,0; layer at various Fe film thicknesses. The
light wavelength was 620 nm.

As seen, with the growing Tb,0; layer thickness, the transmission
of structure passes through a number of extremes related to inter-
ference of light in the structure layers. With growing Fe film
thickness, intensity of the extremes decreases down to their disap-
pearance at a Fe film thickness of 120 nm, which evidences to de-
crease in the influence of interference on the light transmission
through the structure, that is, on the Faraday effect observed un-
der transmitted light as well.

Using this opportunity to avoid the influence of interference, one
can determine the peculiarities related to the influence of f—d inter-
action between the Tb,0; and Fe layers on the dependence of the
Faraday angle on the parameters d,, d;, and H.

Figure 3 demonstrates the dependence of the Faraday angle on
the Tb,0; layer thickness both in the absence of magnetic field and
under its action (600 Oe) for different Fe film thicknesses. The vec-
tor of the external magnetic field and the direction of light beam
were perpendicular to the structure surface. The wavelength was
620 nm.

As shown in Figure 3, the Faraday effect occurs even without
magnetic field (curves 1—4) that indicates the presence in the Fe
film of significant spontaneous magnetization leading to rotation of
the polarization plane at H =0 Oe.

With thickening of the Fe film from 30 to 120 nm, curves 1—4
change. In the beginning (curve 1), the Faraday angle gradually de-
creases, but at d, =40 nm and maximum begins to form and then
markedly increases (2—4). The origin of the maximum cannot be re-
lated to interference, whose influence diminishes with growing film
thickness. It is more probable that the appearance and growth of
the maximum are caused by the f—d interaction between Fe and
Th,0; accompanied by increase in metal magnetization. In such a
case, the physical role of the film thickness 40 nm for the Tb,0,
layer can be considered as a maximal depth of penetration of the f—
d interaction into Tb,0;.
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Fig. 2. Dependence of the Tb,05;/Fe structure optical transmission T on the
Tb,0; layer thickness d, at different thicknesses d; of Fe film: (1) 30 nm,
(2) 40 nm, (3) 50 nm, (4) 65 nm, and (5) 120 nm. The light wavelength is
620 nm.
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Fig. 3. Dependence of the Faraday angle ¢, on the Th,0; layer thickness d,
in the Tb,0,/Fe structure in the absence (I—4) and under the action (1'-4")
of external magnetic field 600 Oe for different thicknesses of Fe film: (I,
1') 30 nm, (2, 2') 40 nm, (3, 3') 65 nm, and (4, 4') 120 nm.

Application of external magnetic field of 600 Oe leads to rise of
curves 2—4 to 2'—4' with preservation of maxima, which implies
that, in this case, the influences of induced and spontaneous mag-
netization of Fe film are summarized.

The maximum at the oxide layer thickness 40 nm permits the
achievement of higher Faraday angles than those without it. Thus,
at H =600 Oe, with thickening of Tb,0; layer from 0 to 40 nm the
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Faraday angle increases on curve 3' by 2 times, and on curve 4’ by
1.2 times. Therefore, near the maximum, which is related to the f—
d interaction between the Tb,0; and Fe layers and accompanied with
increase in the Fe film magnetization, enhancement of the Faraday
effect occurs. At the expense of the enhancement, a large value of
the specific Faraday angle is achieved. For instance, near maximum
on curve 4, it equals 1.5-10° deg/cm, which is close to the known
value 2-10° deg/cm for EusS.

Furthermore, Figure 3 shows that there is no maximum at a Fe
film thickness of below 40 nm (I and 1'), which may be associated
with the known decrease in the atomic magnetic moment in Fe films
with their thinning [1]. This decrease, according to [2], weakens the
f—d interaction in the Tb,0;/Fe structure and thus makes the ap-
pearance of maximum impossible.

By reconstructing the dependences in Figure 3 into the depend-
ence of the Faraday angle on the Fe film thickness, one can reveal
other peculiarities of the Faraday effect in the Th,O,;/Fe structure
(Fig. 4).

It follows from Figure 4 that, in the studied Fe film thickness
range, 30—120 nm, the Faraday angle increases with thickening of
Fe film, which agrees with expression (1). The influence of interfer-
ence is revealed in the absence of direct proportionality between
these parameters.

A peculiarity of Figure 3 is the fact that none of the curves (both

¢, deg.
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Fig. 4. Dependence of the Faraday angle ¢ on the Fe film thickness d; in
the Tb,0;/Fe structure in the absence (I-3) and under the action (1'-3') of
external magnetic field 600 Oe for different thicknesses of Tb,0; layer: (I,
1') 0 nm, (2, 2') 40 nm, and (3, 3’) 80 nm.
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1-3 and 1'-3') originates from zero (as expression (1) requires).
This indicates the presence of spontaneous magnetization of the Fe
film, which causes the Faraday effect beginning from the Fe film
thickness 10—30 nm.

Figure 5 represents experimental (I—3) and averaged (1'-3') de-
pendences of the Faraday angle on the strength of external magnet-
ic field for the Tb,0;/Fe structure. The thickness of the Tbh,0; layer
was 0, 40, and 80 nm and that of the Fe film was 120 nm. As men-
tioned above, at such a Fe film thickness, the influence of interfer-
ence on the optical transmission of light through the Tb,0;/Fe
structure is minimal. The directions of magnetic field and light
beam as well as wavelength were the same as before.

As seen in Figure 5, the experimental curves (I-3) are character-
ized by some maxima, which are not related to light interference.
Their origin has not clarified yet. Despite their wave-like behav-
iour, the averaged values (1'—3') correspond to the theoretical ex-
pression (1), according to which ¢, = Q = constl = constyH , where y,
is the magnetic susceptibility. This suggests that the Faraday angle
is to be almost proportional to H, which is observed in the averaged
dependences I' and 2'. Line 3’ practically does not depend on H,
since, as shown in Figure 3, the influence of magnetic field on the
Faraday angle becomes weak for thick Tb,0; layers. This may be due
to the strong paramagnetic properties of Tb,0;.

Enhancement of the Faraday effect at a thickness of Th,0; layer
of 40 nm can also be seen in Figure 5: curves 2 and 2' are located

P, deg.

Fig. 5. Experimental (I-3) and averaged (I'-3') dependences of the Fara-
day angle ¢ on the external magnetic field strength H in the Tb,0;/Fe
structure for different thicknesses of Tb,O; layer: (I, 1') 0 nm, (2, 2') 40
nm, and (3, 3') 80 nm. The Fe film thickness is 120 nm. The light wave-
length is 620 nm.
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much higher than I and 1'. At H =700 Oe, the enhancement is by
1.5 times, and the specific Faraday angle is 1.8-:10° deg/cm.

4. CONCLUSIONS

It has been established that, in the Tb,0;/Fe structure, enhance-
ment of the Faraday effect is observed owing to the f—d layer inter-
action, which increases the magnetization of the Fe film. The larg-
est enhancement, by a factor of two, was achieved at a Th,0; layer
thickness of 40 nm; herein, the specific Faraday angle was equal to
1.8-10° deg/cm.

Enhancement of the Faraday effect increases with thickening of
Fe film in the range of 40—-120 nm. At a Fe film thickness of 30 nm
and less, no enhancement is observed. A possible reason for this is
weakening of f—d layer interaction due to decreasing atomic mag-
netic moment with thinning of Fe film.

Enhancement of the Faraday effect takes place under the action
of both single spontaneous and combined spontaneous and induced
magnetization of Fe film. In the latter case, the two actions are
summarized.
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