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Oscillatory Magneto-Optical Effect in a Au (001) Film Deposited on Fe:
Experimental Confirmation of a Spin-Polarized Quantum Size Effect
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Magneto-optical response of the wedge-shaped Au ultrathin film grown on an Fe layer w
investigated precisely. The magnetic circular dichroism in the reflection configuration oscillates wi
respect to the Au layer thickness showing superposition of several oscillations with different period
The energy dependence of the oscillation periods is clearly explained by a concept of the spin-polari
quantum size effect in the Au layer by employing fully relativistic band calculation and electron-electro
correlation. [S0031-9007(98)06304-2]
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Quantum size effects due to electron confinement
metallic layered systems give rise to striking new beha
iors of various physical properties of these materials [1
Quantum size effects are most directly evidenced by ph
toemission experiments [2]. At the interface between
paramagnetic metal and a ferromagnetic metal, the ele
trons experience a spin-dependent potential step, wh
leads to a spin-dependent reflection coefficient; this in tu
leads to a spin-dependent spectral densityin the para-
magnet, as evidenced by spin-polarized photoemissio
[3]. The spectacular oscillatory behavior of the interlaye
exchange coupling in magnetic multilayers [4] can be in
terpreted as due to such a spin-dependent quantum s
effect [5].

It has been shown, both experimentally [6] and theore
cally [7], that quantum size effects manifest themselves
the magneto-optical properties of ferromagnetic ultrath
films. In particular, this gives rise to oscillations of the
polar Kerr rotation and ellipticity versus Fe thickness i
an Fe ultrathin film on Au (001) [8]; further investigations
revealed the existence of multiperiodic oscillations for th
system [9].

It has also been shown that the Kerr rotation of th
magnetic multilayer system exhibits some oscillatory be
havior as a function of the thickness of theparamagnetic
layer [10–14]. This is at first sight a more surprising ef
fect, because paramagnetic layers are usually believed
be inactive with respect to magneto-optical effects (e
cept for attenuation or optical interference effects, whic
cannot account for the observed behavior). The observ
oscillation periods, however, were for some cases [10,1
the same as that of the interlayer magnetic coupling, b
for the other cases [11,13,14] different from that. Th
apparent spread in the experimental results may be d
partly to extrinsic features such as interface roughnes
defects, etc. Systematic experimental results allowing
quantitative interpretation are still lacking.

A theoretical explanation of the oscillations of Kerr
effect versus paramagnetic overlayer thickness was p
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posed by Bruno, Suzuki, and Chappert (hereafter refer
to as BSC) [15]. The mechanism proposed by BSC m
be summarized as follows. In a paramagnetic film d
posited on a ferromagnetic substrate the electronic sta
exhibit some quantum size effects because of the co
finement due to reflections on the vacuum and ferr
magnet boundaries. On the vacuum side, there is to
(spin-independent) reflection of the electrons, for all o
cupied and empty states of interest in an optics expe
ment. On the ferromagnet boundary, electron reflecti
can be total or partial (it depends upon the energy a
in-plane wave vector); the reflection coefficient is spin d
pendent because the ferromagnet acts as a spin-depen
potential step. As a result of the spin-polarized qua
tum size effects, the spectral density in the paramagne
film presents some nonzero spin polarization; the lat
exhibits an oscillatory behavior as a function of the thick
ness of the paramagnetic layer. The periods of oscil
tions are related to the corresponding wave vectors
the bulk paramagnet; they usually depend quite strong
on the energy and in-plane wave vector so that the n
magnetization (resulting from an integration over all en
ergies up to the Fermi level and over all in-plane wav
vectors) is usually extremely small because of strong ca
cellation of the various contributions. However, if ther
are wave vectors which span an isoenergy surface tak
its stationary value with respect to the in-plane wave ve
tor, the spin polarization of the spectral density may ha
non-negligible value and oscillates by a period of2pyq
(q: stationary spanningk-vector). By this mechanism,
the oscillatory behavior of the magnetic interlayer cou
pling was dominated by several stationary wave vecto
which span the Fermi surface [5]. In an optics expe
ment, one probes the joint spectral density of occupi
and empty states separated by an energy interval eq
to the photon energy,hn. If the spectral density of
the initial and/or final states is spin-polarized, spin-orb
coupling leads to different absorption rates and refle
tion coefficientsR1 and R2 for left and right circular
© 1998 The American Physical Society
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polarization of the light, i.e., to a nonvanishing magnet
optical effect in the paramagnet, which oscillates wi
the thickness of the paramagnetic layer. This oscillati
period is determined by stationary spanning vectors
the isoenergy-difference surface which is determined
Fermi’s golden rule for the photoexcitation process, i.e
hn ­ ´fskd 2 ´iskd [15,16]. Here,́ fskd and ´iskd are
the energies of the final and initial states of photoexcit
tion, respectively.

The period(s) of the oscillatory magneto-optical effe
for a given photon energy depend only on the bulk ba
structure of the paramagnet [15]. The amplitude of th
oscillatory magneto-optical effect, on the other hand,
determined by the (spin-dependent) electron reflecti
coefficients, and thus depends on both the paramagnet
the ferromagnet. It was suggested by BSC that the b
system for a quantitative test of the theory proposed in [1
would be AuyFe (001), because of (i) an almost perfe
lattice matching, and (ii) the strong spin-orbit coupling o
Au. Quantitative predictions of the periods of oscillator
magneto-optical effect for the AuyFe (001) system have
been given, on the basis of a scalar-relativistic calculati
of the band structure of Au, within the local densit
approximation (LDA). The predicted oscillation period
exhibit a striking, unmistakable, dependence upon phot
energy in the energy range experimentally accessib
which is a further advantage for a quantitative test of th
theory. The purpose of the present Letter is to prese
an experimental test of the theory proposed by BSC. T
magneto-optical effect of a Au wedge on Fe (001) has be
measured precisely. A multiperiodic oscillatory variatio
with Au thickness has been observed. The oscillati
periods, for photon energies ranging between 1.5 and 5
are found in excellent quantitative agreement with th
predictions of [15], provided that (i) one considers th
fully relativistic band structure of Au, and (ii) one correct
for correlation effects on thed bands of Au that are
not correctly described within the LDA, thus providing
clear experimental confirmation of the theory proposed
BSC [15].

The sample preparation and structural characterizat
has been presented in detail elsewhere [6]; thus, it will
only briefly described here. The sample has been ma
by ultra-high-vacuum (UHV) deposition. First, a 100 nm
thick Ag (001) buffer layer, a 100 nm thick Au (001) see
layer, and a bcc-Fe (001) ultrathin film of 6 monatomi
layers (ML), were successively deposited at room tempe
ture onto a MgO (001) surface previously cleaved in a
After completion of the Ag and Au deposition, the samp
was annealed at 450 and 350±C, respectively, for several
minutes. Finally, the Fe film was covered by a wedg
shaped Au (001) film. The thickness of the Au wedge (
length 20 mm) runs continuously from 6 to 37 ML. The
smallest thickness (6 ML) is sufficient to prevent oxidatio
of the Fe film after removing the sample from the UHV
chamber.
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The magnetic circular dichroism (MCD) of the samp
has been measured in air at room temperature in reflec
in the polar configuration under a perpendicular appli
magnetic field of 18.8 kOe (sufficient to saturate th
sample), using a Jasco J-600 Kerr spectrometer, as sh
schematically in Fig. 1. By scanning the light spot alon
the wedge, the variation of the MCD versus Au overlay
thickness can be studied in a very precise manner. T
noise level of MCD signal was1025 at hn ­ 3.6 eV.
This corresponds to about 0.3 mdeg noise level for t
Kerr ellipticity measurement.

The raw MCD curves versus Au overlayer thickness (s
Fig. 2) compose a contribution due to the MCD of the F
film; this contribution decreases monotonously with A
overlayer thickness, due to absorption of light by the A
This background is subtracted, as described in Ref. [1
in order to extract the contribution due to the quantu
size effects. The MCD versus Au overlayer thicknessD
(after subtraction of the monotonous background due
Fe), for a photon energy of 3.6 eV, is shown in Fig.
These experimental data, i.e., oscillatory part of the MC
data, which should be proportional to the oscillatory pa
of the off-diagonal element of the conductivity tensor o
Au cover layer,sosc

xy , have been fitted by a sum of severa
oscillatory components as predicted by BSC [15],"

R1 2 R2

R1 1 R2

#
osc

­ Im

"
8pD

l

sosc
xy

sxx

#

­
X

i

Aie
2Dydi sin

√
2pD

Li
1 fi

!
. (1)

In Eq. (1), sxx is the diagonal part of the conductivity
tensor of the Au buffer layer.Ai is the amplitude of theith
component,Li is the corresponding period,fi is the phase,
anddi is an attenuation length. The number of oscillato
components is not givena priori, but is determined by
the fit; it depends on the photon energy. For the ca
of a photon energy of 3.6 eV, as shown in Fig. 3, th
best fit is obtained by considering three distinct oscillato
components.

FIG. 1. Schematic view of the sample structure and config
ration of the MCD measurement.
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FIG. 2. MCD raw data versus Au overlayer thickness, for se
eral photon energies. The MCD signal comprise a contributi
of the Fe underlayer, absorption effect of Au coverlayer, and
additional magneto-optical activity inside Au overlayer.

The periods of oscillations of MCD for photon energie
determined experimentally from the previously describe
procedure for photon energies ranging between 1.6 a
5 eV are shown in Fig. 4, together with the values pr

FIG. 3. MCD versus Au overlayer thickness, for a photo
energy of 3.6 eV. The open points are the experimental da
after subtraction of a smooth background curve due to t
MCD of the underlying Fe film. The solid line is a fit (see
text for details) comprising three oscillatory components show
separately below.
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dicted by BSC from the scalar relativistic band structu
of Au calculated within the LDA (solid lines); the theoreti
cal branch at low photon energies is due to optical tran
tions at theG point in 2D Brillouin zone, whereas the high
photon energy branches correspond to transitions at theM
point (see Ref. [15] for details) [17]. Although some sim
larity between experimental and theoretical results is a
parent in Fig. 4, there is some strong discrepancy so t
the comparison cannot be claimed to be really satisfacto

In fact, the approximations made by BSC for the sa
of simplicity when calculating explicitly the oscillation
periods for AuyFe (001) [15] must be released if one
wants to obtain quantitative results to be compared w
experiments. These approximations are (i) the LDA, a
(ii) the scalar relativistic approximation (i.e., the negle
of the spin-orbit coupling in the band structure calcula
tions). We have released the latter approximation by p
forming fully relativistic band structure calculations; this
leads to spin-orbit splittings in the band structure (whic
for Au are quite large and cannot be neglected). As a
sult, all the branches shown by solid lines in Fig. 4 a
split into three different branches, with a maximum spli
ting of the order of 1 eV.

The errors due to the LDA, on the other hand, a
a much more serious problem, and, in fact, cannot
corrected rigorously. Thus, one has to rely on mo
qualitative arguments. For noble metals, it is well know
that the LDA gives very good results for the emptysp
band, but rather poor ones for the closed-shelld bands

FIG. 4. Periods of MCD oscillations versus photon energ
Open circles: Experimental results. Solid lines: Theoretica
predicted periods, as obtained from the scalar relativistic ba
structure of Au calculated within the LDA [15]. Broken and
dotted lines: Theoretically predicted periods, as obtained fro
the fully relativistic LDA band structure of Au with correction
for correlation effects on the binding energies ofd bands (see
text for details).
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[18]; in particular, the LDA underestimates the bindin
energy of the valenced bands of noble metals by abou
1 eV, as compared with photoemission results [19]. Th
is due to correlation effects in the closedd shell, which
the LDA fails to describe correctly. In our case, wher
we are interested in optical transitions in Au betwee
occupied d states and emptyp states, this leads to
underestimating optical transition energies by about 1 e
Thus, we argue that (at least in a first approximation) w
can correct for these correlation effects by a rigid upwa
shift of 1 eV of the transition energies obtained from th
LDA calculations.

The theoretical predictions obtained by the previous
described procedure (i.e., fully relativistic band structu
calculations, plus rigid shift ofd ! p optical transition
energies) are compared to the experimental results
Fig. 4 also (broken and dotted lines). The agreeme
appears excellent: Except for a few points at low photo
energies, all the experimental points are found to lie on t
predicted theoretical curves. The fact that the measur
periods follow the dispersion calculated from the ban
structure of the Au clearly excludes the possibility o
explaining the observed oscillations of magneto-optic
effects by optical transitions taking place in the Fe itse
Thus, these results provide an unambiguous experimen
proof of the validity of the mechanism proposed by BS
[15], which attributes the oscillations of magneto-optica
properties versus paramagnetic overlayer thickness to
spin-polarized quantum size effectin the paramagnetic
overlayer.

In order to deepen further our understanding o
magneto-optical effects in ultrathin layered systems,
would be desirable to compute directly the magnet
optical properties of the model system AuyFe (001)
from first principles, and to investigate their oscillator
behavior. Performing such calculations is a rather b
challenge, but in view of the remarkable progress ma
in this field recently [20], this seems feasible.
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