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The magneto-optical properties of a paramagnetic overlayer on a ferromagnetic substrate are discussed. The
spin-dependent electron confinement in the overlayer due to the ferromagnetic substrate gives rise to spin-
polarized quantum size effects in the paramagnetic overlayer. It is shown that the latter induce a nonvanishing
Kerr effect in the overlayer, which oscillates with overlayer thickness. The mechanism of Kerr effect in this
case is rather different from the one of Kerr effect in a bulk ferromagnet. The periods of oscillations are related
to the bulk band structure of the overlayer material. The theory is applied to the case of Au/Fe~001!; the
calculated period of Kerr effect oscillations versus Au thickness is found to vary in a dramatic manner with
photon energy in the visible-UV range.

I. INTRODUCTION

Quantum size effects manifest themselves in solids having
one~at least! dimension comparable with the electron wave-
length. They are mostly investigated in thin films, where
electrons are confined along the normal direction only. In
metallic films, the characteristic length is the Fermi wave-
length, of the order of the interatomic distance, so that quan-
tum size effects show up only for extremely thin films.

The investigation of quantum size effects in magnetic ul-
trathin films and multilayers is currently attracting consider-
able attention.1–3 The spectacular phenomenon of oscillatory
interlayer exchange coupling,4 in particular, may be inter-
preted as a quantum size effect.5–7

Recently, it was shown that quantum size effects manifest
also themselves in the magneto-optical properties of ferro-
magnetic ultrathin films.8,9 This gives rise to oscillations of
the polar Kerr rotation and ellipticity versus Fe thickness in
an Fe ultrathin film on Au~001!.10 Furthermore, multiperi-
odic oscillations have been found in the latter system.11 A
quantitative theory of this effect in terms of quantum con-
finement of electrons in the Fe layer has been proposed re-
cently; the theoretical oscillation periods are in good agree-
ment with the experimental ones.11

In this paper, we present a theoretical investigation of the
Kerr effect in aparamagneticoverlayer on a ferromagnetic
substrate. This is motivated by the recent discovery of oscil-
lations of the Kerr rotation versus Au overlayer thickness in
the system Au~111!/Co~0001!/Au~111!.12 As suggested in
Ref. 12, we shall show that this behavior may be attributed to
the Kerr effect in theparamagneticAu overlayer. However,
in contrast to the case of a ferromagnet, where the Kerr effect
is due to simultaneous occurrence of exchange splitting and
spin-orbit coupling, the Kerr effect in the paramagnetic over-
layer ~which has zero exchange splitting! is due to a rather
different mechanism: It is actually a quantum size effect due
to spin-dependent electron reflectivity at the paramagnet-
ferromagnet interface.

In Sec. II, general considerations on magneto-optical ef-
fects are given. Then, in Sec. III, we discuss the quantum

size effects due to electron confinement in an overlayer. The
mechanism of the Kerr effect in a paramagnetic overlayer on
a ferromagnetic substrate is presented in Sec. IV. Finally,
Sec. V is devoted to the discussion of a realistic system,
namely, Au/Fe~001!.

II. KERR EFFECT AND OPTICAL CONDUCTIVITY
TENSOR

It is well known that the magneto-optical Kerr effect is
related to off-diagonal components of the optical conductiv-
ity tensor. In this paper, we will restrict ourselves to the case
of the polar Kerr effect, with the magnetization and light
incidence direction perpendicular to the film plane. Further-
more, we shall consider only systems which have at least
threefold rotational in-plane symmetry. The conductivity ten-
sor then is of the form

s~v!5S sxx~v! sxy~v! 0

2sxy~v! sxx~v! 0

0 0 szz~v!
D , ~1!

where thez axis is taken along the normal direction. The
Kerr rotation angleuK and the Kerr ellipticity«K may be
combined to form the complex Kerr angle13

fK[uK1 i«K . ~2!

For a film of thicknessD on a substrate, the Kerr rotation
angle is8

fK5
isxy

sxx
s

4pD

l
, ~3!

wheresxx
s is the optical conductivity of the substrate and

l52pc/v the wavelength of the light in vacuum; this ex-
pression is valid whenD!l.

The real parts 8(v) and imaginary parts 9(v) of the
conductivity tensor are, respectively, even and odd with re-
spect tov and are linked by the well-known Kramers-
Krönig relations.14 The expression of the conductivity tensor
in terms of the microscopic electronic structure may be
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obtained from the Fermi golden rule15,16 or by using the
Kubo formalism.17 The dissipative part of the off-diagonal
component of the conductivity tensor~for v.0) is then
found to be15

sxy9 ~v!5
pe2

4\vm2V(
i , f

f ~« i !@12 f ~« f !#

3@ u^ i up2u f &u22u^ i up1u f &u2#d~vfi2v!, ~4!

where p6[px6 ipy , f («) is the Fermi-Dirac function,V
the total volume, and\vfi[« f2« i .

The above expression is interpreted straightforwardly in
terms of the absorption of a photon by an electron transiting
between an occupied initial stateu i & and an unoccupied final
state u f &; the factord(vfi2v) expresses the condition of
energy conservation. The matrix elements^ i up2u f & and
^ i up1u f & correspond to dipolar electric transitions, for right
and left circularly polarized light, respectively. Clearly,
sxy9 (v) is proportional to the difference of absorption prob-
ability for right and left circularly polarized light. Similarly,
sxx8 (v) is proportional to the average absorption. The corre-
sponding dispersive components,sxx9 (v) andsxy8 (v) are ob-
tained by using the Kramers-Kro¨nig relations.14

Before considering the case of overlayers, it is instructive
to discuss the mechanism of the Kerr effect in bulk materials.
In a three-dimensional system, the matrix elements vanish
unless the initial stateu i & and final stateu f & of the optical
transition have the same wave vectork ~as done usually, we
neglect the much smaller wave vectorK of the photon!; i.e.,
only vertical optical transitions are allowed. This is ex-
pressed by

u^k,i up6uk8, f &u25
8p3

V0
d~3!~k2k8!u^k,i up6uk, f &u2, ~5!

whereV0 is the atomic volume.
In addition, the selection rules for electric dipolar transi-

tions must be satisfied, i.e.,

D l561, ~6a!

Dml561. ~6b!

The first selection rule implies that only transitions between
s and p levels or betweenp and d levels ~for transition
metals! are allowed. For the second selection rule, the tran-
sitions withDml511 andDml521 correspond to left and
right circularly polarized light, respectively.

As an example, let us consider a transition between a
doubly degeneratedxz,yz level (l52,ml561) and apz level
( l51, ml50). The majority and minority spind levels, in
the ferromagnet, are separated by the exchange spitting
Dex. Due to spin-orbit coupling, the orbital degeneracy of
the dxz,yz levels is lifted, and the latter are split into
d(x1 iy)z ~having ml511) and d(x2 iy)z ~having ml521)
levels. For spin up~i.e., majority spin!, the level with
ml511 has a higher energy, whereas for spin down~i.e.,
minority spin!, the converse holds. This is sketched in Fig. 1.
From this picture, it appears clearly that, in a bulk ferromag-
net, the Kerr effect arises from the simultaneous occurrence
of exchange splitting and spin-orbit coupling.

By comparison, the case of a bulk paramagnet is sketched
in Fig. 2, showing that the cancellation of majority and mi-
nority spin contributions leads to a vanishing Kerr effect.
More generally, in a bulk paramagnet, the absence of the
Kerr effect is due to the fact that

u^ i↑up1u f↑&u5u^ i↓up2u f↓&u, ~7a!

u^ i↑up2u f↑&u5u^ i↓up1u f↓&u. ~7b!

III. QUANTUM SIZE EFFECT IN AN OVERLAYER

Let us now consider the effect of electron confinement in
a paramagnetic overlayer on a ferromagnetic substrate. The
discussion follows that given in earlier publications.6,18

The system under consideration consists of a paramag-
netic layer of thicknessD bounded on one side by a ferro-
magnetic material and by vacuum on the other side. The
electron states of the bulk paramagnet are noted,
uki ,k'

6 ,n,s&, wherek i is the in-plane wave vector,k'
6 the

perpendicular wave vector,n the band index, ands the spin
index ~the spin quantization axis is chosen parallel to the
magnetization of the ferromagnetic substrate, i.e., along the
z axis!. These states have an energy«n(ki ,k'

6), independent
of the spin. The upper indices1 and2 correspond to states

FIG. 1. Sketch of the energy levels in a bulk ferromagnet, show-
ing the electric dipolar optical transitions for left and right circular
light. The corresponding absorption spectra versus photon energy
hn are shown on the right; the solid and dashed lines correspond to
spin up and spin down transitions, respectively.

FIG. 2. Same as Fig. 1, for a bulk paramagnet.
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having a positive and negative velocityv' along thez axis,
respectively.

The effect of confinement can be described in terms of the
electron states of the bulk paramagnet and of the reflection
coefficientsr ↑ and r ↓ at the paramagnet-ferromagnet inter-
face, respectively for majority and minority spin, andr vac at
the paramagnet-vacuum interface. The reflection coefficients,
of course, depend on the energy and in-plane wave vector.

Let us consider an electron traveling in the overlayer. Due
to reflections on the boundaries, interferences take place and
lead to changes in the density of states: Constructive~de-
structive! interferences lead to an increase~a decrease! of the
density of states. As was shown in Ref. 18, the change
DNs(«,ki) of the integrated density of states for a state of
energy«, in-plane wave vectork i , and spins, due to con-
finement, is given by

DNs~«,ki!52
1

p
Im ln@12r vacr sei ~k'

1
2k'

2
!D#. ~8!

The corresponding density of states may be written as

ns~«,ki!5n0~«,ki!gs~«,ki!, ~9!

wheren0(«,ki) is the density of states of the bulk material
and gs(«,ki) expresses the relative change of spectral
weight due to confinement. If we neglect the energy depen-
dence of the productr vacr s as compared to the one of the
exponential factor~this is valid whenD is large enough!, we
obtain

gs~«,ki!5 ReF11r vacr sei ~k'
1

2k'
2

!D

12r vacr sei ~k'
1

2k'
2

!DG
5 ReF11

2r vacr sei ~k'
1

2k'
2

!D

12r vacr sei ~k'
1

2k'
2

!DG . ~10!

The effect of confinement is to modulate periodically the
spectral weight of a given state. As the reflection coefficient
at the paramagnet-ferromagnet interface depends on the spin
of the incident electron, the modulation of the spectral
weight is spin dependent. The confinement strength is mea-
sured byur vacr ↑(↓)u. The variation of the weighting factor
g versus layer thickness is shown in Fig. 3, for various val-
ues of the confinement strength. In the case of a weak con-
finement, one obtains a sinelike modulation of the spectral
weight. In the opposit limit of complete confinement
(ur vacr ↑(↓)u51), one has quantization of the allowed states,
and the weighting factorg is zero, except for quantized
states, where it behaves like ad function.

Obviously, one hasur vacu51, so that we can write

r vac5eif
vac
, ~11!

where fvac is the phase shift for reflection on the
paramagnet-vacuum interface. On the other hand, the reflec-
tion coefficient at the paramagnet-ferromagnet interface,
r ↑(↓), has a modulus equal to 1 or smaller than 1, depending
on the existence or nonexistence of a local gap in the ferro-
magnet band structure.

IV. MECHANISM OF THE KERR EFFECT

The change of spectral weight due to confinement induces
a change in the matrix elements ofp6 . Clearly, this change
must be of the form

u^ i up6u f &u2'u^ i up6u f &0u2g~ i !g~ f !, ~12!

whereu^ i up6u f &0u2 is the matrix element for the bulk mate-
rial and whereg( i ) and g( f ) are the relative changes of
spectral weight due to confinement for the initial and final
states, respectively.

Furthermore, because we are considering a slab of finite
thicknessD, the strict conservation ofk' for an optical tran-
sition is relaxed, and nonvertical transitions with a change
Dk' of k' of the order ofp/D are allowed.19 Thus, in Eq.
~5!, we have to perform the substitution

d~ki'2kf'!→F~ki'2kf'!, ~13!

whereF(ki'2kf') is signicantly different from zero only
for uki'2kf'u,p/D. A reasonable choice is a Lorentzian,
i.e.,

F~ki'2kf'!5
D

p21~ki'2kf'!2D2 . ~14!

Thus, the matrix element ofp6 between an initial state
uki ,ki' ,ni ,s& and a final state uki ,kf' ,nf ,s&, with
ki'5k'1Dk'/2 andkf'5k'2Dk'/2, becomes

FIG. 3. Variation of the relative change of spectral weight,
g(«), due to confinement, as a function of the layer thicknessD.
The curves labeled~a!, ~b!, and~c! correspond, respectively, to the
cases of weak confinement (ur vacr ↑(↓)u50.1), intermediate confine-
ment (ur vacr ↑(↓)u50.6), and total confinement (ur vacr ↑(↓)u51).

9216 53P. BRUNO, Y. SUZUKI, AND C. CHAPPERT



u^ki ,ki' ,ni ,sup6uki ,kf' ,nf ,s&u2'u^ki ,k' ,ni ,sup6uki ,k' ,nf ,s&0u2
2p

d
F~Dk'!gs~ki ,ki' ,ni !gs~ki ,kf' ,nf !.

~15!
Since the reflection coefficents for majority and minority spins at the paramagnet-ferromagnet interface,r ↑ and r ↓ , are

different, the change of spectral weight in the paramagnet due to confinement is spin dependent. Thus, relations~7a! and~7b!
no longer hold, so that the absorption spectra for left and right circularly polarized light are no longer the same: i.e., one has
a nonvanishing Kerr effect in the paramagnetic overlayer.

Let us emphasize that the mechanism by which the Kerr effect takes place in a paramagnetic overlayer on a ferromagnetic
substrate is rather different from the one at work in a bulk ferromagnet: As noted in Sec. II, the Kerr effect takes place in a bulk
ferromagnet because the absorption lines for left and right circularly polarized light occur at different photon energies, due to
the exchange splitting. In contrast to this, in a paramagnetic overlayer on a ferromagnetic substrate, the absorption lines for left
and right circularly polarized light occur for the same photon energy, but have different intensities, due to the spin-dependent
quantum size effect in the paramagnetic overlayer.

The expression ofsxy9 (v) becomes

sxy9 ~v!5
pe2

4\vm2 (
ni ,nf

1

8p3E d2ki E
2p/d

p/d

dki'E
2p/d

p/d

dkf' f ~« i !@12 f ~« f !#@ up2 i f
↑0 u22up1 i f

↑0 u2#F~kf'2ki'!

3@g↑~ i !g↑~ f !2g↓~ i !g↓~ f !#
1

p

1/t

~vfi2v!211/t2
, ~16!

where we have used the shorthand notation

up2 i f
↑0 u22up1 i f

↑0 u2[
V

V0
@ u^ki ,k' ,ni ,↑up2uki ,k' ,nf ,↑&0u22u^ki ,k' ,ni ,↑up1uki ,k' ,nf ,↑&0u2# ~17!

and

g↑~↓ !~ i ![g↑~↓ !~ki ,ki' ,ni !, ~18a!

g↑~↓ !~ f ![g↑~↓ !~ki ,kf' ,nf !, ~18b!

and where we have performed the substitution

d~vfi2v!→
1

p

1/t

~vfi2v!211/t2
, ~19!

to take into account the finite lifetimet of the excitation.
Let us now discuss the variation ofsxy9 (v) versus the

overlayer thicknessD. For simplicity, we shall consider the
case of weak confinement, i.e.,ur vacr ↑(↓)u!1, and large
overlayer thicknessD. For weak confinement, one has

gs~«,ki!' Re@112r vacr ↑~↓ !ei ~k'
1

2k'
2

!D#, ~20!

so that

g↑~ i !g↑~ f !2g↓~ i !g↓~ f !'4 Re~r i
vacDr ie

iqi'D

1r f
vacDr fe

iq f'D!, ~21!

where

Dr[
r ↑2r ↓

2
[uDr ueic ~22!

is the spin asymmetry of reflection coefficient at the
paramagnet-ferromagnet interface and where

q'[k'
12k'

2 . ~23!

The indicesi and f indicate that the quantity under consid-
eration is calculated for the initial and final states of the
optical transition, respectively.

We see thatsxy9 (v) presents an oscillatory behavior with
respect toD. Clearly, we can identify oscillatory terms due
to confinement of the initial and final states, respectively,
which can be treated separately.

In the limit of large thicknessD, the integrals overki'
and kf' are easily performed by complex-plane integration
methods, and one obtains

sxy9 5
pe2

4\vm2 (
ni ,nf

1

8p3E d2ki f ~« i !@12 f ~« f !#@ up2 i f
↑0 u22up1 i f

↑0 u2#
1

uv i'2v f'u

3~24! Re@r i
vacDr ie

iqi'Db i f e
2D/Di f1r f

vacDr fe
iq f'Dbfie

2D/Dfi#, ~24!
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where

b i f[expS 2pua iv f'u
uv i'2v f'u D ~25!

and

Di f[
uv i'2v f'ut

ua i u
, ~26!

with the dimensionless quantitya i defined by20

a i[
dqi'
dki'

. ~27!

The definitions ofbfi , Dfi , anda f are obtained from those
of b i f , Di f , anda i , respectively, by interchanging the indi-
cesi and f . In Eq. ~24!, the indicesi and f refer to the states
ukik'ni& and ukik'nf& satisfyingvfi5v; if such a pair a
states does not exist for a given value ofk i , the integrand
vanishes.

The interpretation of Eq.~24! is rather simple. The first
and second terms correspond, respectively, to confinement in
the initial statei and in the final statef . Since both terms are
similar, we shall focus on the former and explain the physical
meaning of the various factors. The factoruv i'2v f'u21 is
essentially the joint density of states, giving the weight of the
transition i→ f in the absorption spectrum. The factor
r i
vacDr ie

iqi'D expresses the spin asymmetry of the confine-
ment in the initial statei . The possibility of having nonver-

tical transitions with a changeDk' of the order ofp/D leads
to a blurring of the oscillations, which is responsible for the
reduction factorb i f . Finally, the factore2D/Di f results from
the blurring due to the finite lifetimet.

Then we have to integrate overk i . Since the contribu-
tions of the variousk i oscillate with different periods, they
cancel each other except near vectorski

m whereqi' is sta-
tionary with respect tok i . This is completely analogous to
the problem of oscillatory interlayer exchange coupling.18,21

In the limit of large overlayer thickness, the integration over
k i is easlily performed by using the stationary phase ap-
proximation. Let us label with an indexm the vectorsk i
corresponding to stationaryqi' and with an indexn those
corresponding to stationaryqf' . Nearki

m , qi' may be ex-
panded as

qi''qi'
m 2

~kix2kix
m !2

k ix
m 2

~kiy2kiy
m !2

k iy
m , ~28!

where the crossed terms have been eliminated by a suitable
choice of the axesx andy. One also introduces

k i
m[uk ix

m k iy
m u1/2 ~29!

andd i
m , respectively, equal to 0,p/2, or p, whenqi' is a

maximum, a saddle point, or a minimum, atki
m
. The devel-

opment ofqf' nearki
n is analogous.

The final result is

sxy9 ~v!5
2e2

8p\vm2D(
m

f ~« i
m!@12 f ~« f

m!#@ up2 i f
↑0 u22up1 i f

↑0 u2#m

uDr i
muk i

mb i f
me2D/Di f

m

uv i'
m 2v f'

m u
sin~qi'

m D1f i
n1c i

m1d i
m!

1
2e2

8p\vm2D(
n

f ~« i
n!@12 f ~« f

n!#@ up2 i f
↑0 u22up1 i f

↑0 u2#n

uDr f
nuk f

nbfi
ne2D/Dfi

n

uv i'
n 2v f'

n u
sin~qf'

n D1f f
n1c f

n1d f
n!. ~30!

The periods of oscillations are determined by the vectors
qi'

m andqf'
n satisfying the stationarity criterium given above.

The phase shiftsf i
m andf f

n are due to the reflection on the
vacuum, whilec i

m and c f
n arise from the reflection on the

ferromagnet.
The strength of the oscillatory components of the Kerr

effect in the paramagnetic overlayer depends on several fac-
tors. The left-right asymmetry factor

@ up2 i f
↑0 u22up1 i f

↑0 u2# ~31!

is proportional to the spin-orbit coupling, so that large effects
are expected for paramagnetic materials such as gold, having
a high atomic number and, hence, a large spin-orbit coupling.
Next, in order to obtain a strong quantum size effect, a large
spin asymmetryDr of the reflection coefficient at the
paramagnet-ferromagnet interface is required, for the initial
and/or final state; this is achieved, for example, for states of
the paramagnet corresponding to a local gap for one of the
exchange-split bands of same symmetry in the ferromagnet.

Next, for the case of confinement in the initial~respectively,
final! state, in order to maximize the factorsb i f

m and

e2D/Di f
m

~or bfi
n ande2D/Dfi

n
for the case of confinement in the

final state!, the confined state must be one of large velocity
v' , whereas the other must have a small velocity.

V. DISCUSSION OF A REALISTIC CASE: Au/Fe „001…

As discussed above, gold with its large spin-orbit cou-
pling is a good candidate for observing magneto-optical ef-
fects in overlayers. The case of a Au~111! overlayer on
Co~0001! has been investigated experimentally, and oscilla-
tions of the Kerr effect versus Au overlayer thickness have
been observed.12 However, this system is difficult to treat
theoretically; this is due in particular to the large lattice mis-
match between Au and Co, which causes many dislocations
being present at the interface. Furthermore, the fcc lattice is
not symmetric with respect to~111! planes, which makes the
theoretical analysis, and hence the comparison with experi-
mental data, more problematic.
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Below, we shall apply the above theory to the case of a
Au~001! overlayer on a Fe~001! substrate. There is an almost
perfect lattice matching between Au~001! and bcc Fe~001!;
furthermore, Fe whiskers can be used as Fe~001! substrates
of unrivalled crystalline quality. These features allowed one
to observe the multiperiodic oscillatory interlayer exchange
coupling in Fe/Au/Fe up to Au spacer thicknesses as large as
60 atomic layers~AL !,22 with periods in perfect agreement
with the theoretical predictions.21 Moreover, inverse photo-
emission investigations have given direct evidence of quan-
tum size effects in Au~001! overlayers on Fe~001!.23 All
these considerations make the Au/Fe~001! system one of
choice for a quantitative experimental test of the present
theory.

As was discussed in Ref. 18 for the analogous problem of
oscillatory interlayer exchange coupling, the stationary vec-
torsqi'

m or qf'
n are found primarily at high-symmetry points

of the two-dimensional Brillouin zone because of symmetry

requirements; stationary vectors may also be found on high-
symmetry lines or, accidentally, at points of the two-
dimensional Brillouin zone having no particular symmetry.
In the present paper, for simplicity, we shall restrict our dis-
cussion to the high-symmetry points of the two-dimensional
Brillouin zone; although contributions arising from other re-
gions of the two-dimensional Brillouin zone cannot be ex-
cludeda priori, the analogy with the problem of oscillatory
interlayer exchange coupling suggests that they are much
less likely.

Indeed, a careful inspection shows that the only signifi-
cant contributions for the Au/Fe~001! case originate from the
Ḡ andM̄ high symmetry points.

Figure 4 displays the band structure of Au and Fe the
normal direction for the centerḠ of the ~001! two-
dimensional Brillouin zone. The vertical arrow indicates the
optical transition giving rise to an oscillatory Kerr effect in
the Au overlayer. The initial state~dashed line! is a degener-
ate 5dyz,zx band. The final state~heavy solid line! has pre-
dominant 6pz character. Thus, the optical transition has a
strong matrix element. The Fe states of symmetry correspon-
ing to the final state of the optical transition are indicated by
the heavy solid line. For majority spin electrons, the final
state is only weakly confined in the Au layer because a state
of appropriate symmetry is available in the Fe substrate; in
contrast to this, for minority spin electrons, no states are
available in the Fe so that one has complete confinement of
the final state of the optical transition. In addition to this, the
initial band is rather flat, whereas the final band is steep.
Thus, according to the above theory and discussion, the tran-
sition shown in Fig. 4 should give rise to a strong oscillatory
Kerr effect in the Au overlayer, with a period given by the
reciprocal length of the horizontal arrow.

The band structure of Au and Fe for theM̄ point of the
~001! two-dimensional Brillouin zone is shown in Fig. 5.
Here, the optical transitions occurs between a very perfectly
flat 5dxy band and steep bands of 6px or 6py character.
Again, this is a transition of strong matrix elements. The final
state is very weakly confined for majority spin electrons,

FIG. 4. Band dispersion vsk' of Au ~a! and majority~b! and
minority ~c! spin Fe, for the centerḠ of the ~001! two-dimensional
Brillouin zone. Explanations are given in the text.

FIG. 5. Same as Fig. 4, for the pointM̄ of the ~001! two-
dimensional Brillouin zone.

FIG. 6. Period of Kerr effect oscillations for Au~001! overlayers
on Fe~001! versus photon energy.
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whereas complete confinement is obtained for minority spin
electrons, up to about 3.3 eV above the Fermi level. This
transition is also expected to give rise to a strong oscillatory
Kerr effect in the Au overlayer on Fe~001!, with a period
given by the horizontal arrow.

The variation of the oscillation periodL versus photon
energyhn is presented in Fig. 6. The solid point indicates the
onset of the transition, where the final state reaches the Fermi
level. The period exhibits a pronounced variation with pho-
ton energy, and in particular, diverges forhn52.63 eV,

where the final state reaches the band edge. Such a charac-
teristic behavior should allow a very clear experimental test
of the theory given in the present paper.
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The Institut d’Électronique Fondamentale is Unite´ de Re-
cherche Associe´e No. 22 du Centre National de la Recherche
Scientifique.

*Electronic address: bruno@ief-paris-sud.fr
†Present address: Joint Research Center for Atom Technology-
National Institute for Advanced Interdisciplinary Research,
1-1-4 Higashi, Tsukuba, Ibaraki 305, Japan. Electronic address:
suzukiy@jrcat.or.jp

‡Electronic address: chappert@ief-paris-sud.fr
1J.E. Ortega and F.J. Himpsel, Phys. Rev. Lett.69, 844 ~1992!.
2K. Garrison, Y. Chang, and P.D. Johnson, Phys. Rev. Lett.71,
2801 ~1993!.

3C. Carbone, E. Vescovo, O. Rader, W. Gudat, and W. Eberhardt,
Phys. Rev. Lett.71, 2805~1993!.

4S.S.P. Parkin, N. More, and K.P. Roche, Phys. Rev. Lett.64, 2304
~1990!.

5D.M. Edwards, J. Mathon, R.B. Muniz, and M.S. Phan, Phys.
Rev. Lett.67, 493 ~1991!.

6P. Bruno, J. Magn. Magn. Mater.121, 248 ~1993!.
7M.D. Stiles, Phys. Rev. B48, 7238~1993!.
8Y. Suzuki, T. Katayama, K. Tanaka, and K. Sato, Phys. Rev. Lett.
68, 3355~1992!.

9Y. Suzuki, T. Katayama, A. Thiaville, K. Sato, M. Taninaka, and
S. Yoshida, J. Magn. Magn. Mater.121, 539 ~1993!.

10W. Geerts, Y. Suzuki, T. Katayama, K. Tanaka, K. Ando, and S.
Yoshida, Phys. Rev. B50, 12 581~1994!.

11Y. Suzuki, P. Bruno, W. Geerts, and T. Katayama~unpublished!.
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