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Magneto-optical Kerr effect in a paramagnetic overlayer on a ferromagnetic substrate:
A spin-polarized quantum size effect
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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 of0djF¢he
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 size effects due to electron confinement in an overlayer. The
mechanism of the Kerr effect in a paramagnetic overlayer on
Quantum size effects manifest themselves in solids having ferromagnetic substrate is presented in Sec. IV. Finally,
one(at least dimension comparable with the electron wave-Sec. V is devoted to the discussion of a realistic system,
length. They are mostly investigated in thin films, wherenamely, Au/F€001).
electrons are confined along the normal direction only. In
metallic films, the characteristic length is the Fermi wave- Il. KERR EFFECT AND OPTICAL CONDUCTIVITY
length, of the order of the interatomic distance, so that quan- TENSOR
tum size effects show up only for extremely thin films. It is well known that the magneto-optical Kerr effect is
The investigation of quantum size effects in magnetic Ulyg|5teq to off-diagonal components of the optical conductiv-
trathin films ang multilayers is currently attracting consider-jty, tensor. In this paper, we will restrict ourselves to the case
able attentiort=> The spectacular phenomenon of oscillatory of the polar Kerr effect, with the magnetization and light
interlayer exchange couplirfgin_particular, may be inter- incidence direction perpendicular to the film plane. Further-
preted as a quantum size efféct. more, we shall consider only systems which have at least
Recently, it was shown that quantum size effects manifesthreefold rotational in-plane symmetry. The conductivity ten-
also themselves in the magneto-optical properties of ferrosor then is of the form
magnetic ultrathin film&:?° This gives rise to oscillations of

the polar Kerr rotation and ellipticity versus Fe thickness in O @) Oyy(w) 0
an Fe ultrathin film on A(001).®° Furthermore, multiperi- o(w)=| —oyxl(w) oxnw) 0 , )
odic oscillations have been found in the latter systém. 0 0 o)

z

guantitative theory of this effect in terms of quantum con-
finement of electrons in the Fe layer has been proposed ravhere thez axis is taken along the normal direction. The
cently; the theoretical oscillation periods are in good agreeKerr rotation angledx and the Kerr ellipticityex may be

ment with the experimental onés. combined to form the complex Kerr angfe
In this paper, we present a theoretical investigation of the Ot 5
Kerr effect in aparamagneticoverlayer on a ferromagnetic b=k Tiek. @

substrate. This is motivated by the recent discovery of oscilFor a film of thicknesD on a substrate, the Kerr rotation

lations of the Kerr rotation versus Au overlayer thickness inangle i§

the system A(11)/Co(0001)/Au(111).*? As suggested in

Ref. 12, we shall show that this behavior may be attributed to oy, 4mD

the Kerr effect in thgparamagneticAu overlayer. However, KT s ~x ©)

in contrast to the case of a ferromagnet, where the Kerr effect >

is due to simultaneous occurrence of exchange splitting andhere o3, is the optical conductivity of the substrate and

spin-orbit coupling, the Kerr effect in the paramagnetic over-\ =2mc/w the wavelength of the light in vacuum; this ex-

layer (which has zero exchange splitting due to a rather pression is valid wheD <\.

different mechanism: It is actually a quantum size effect due The real parto’'(w) and imaginary parir”(w) of the

to spin-dependent electron reflectivity at the paramagneteonductivity tensor are, respectively, even and odd with re-

ferromagnet interface. spect tow and are linked by the well-known Kramers-
In Sec. II, general considerations on magneto-optical efKronig relations:* The expression of the conductivity tensor

fects are given. Then, in Sec. lll, we discuss the quantunin terms of the microscopic electronic structure may be
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obtained from the Fermi golden rdfe'® or by using the

absorption
Kubo formalism!’ The dissipative part of the off-diagonal PL___ —p T specteulm X+
component of the conductivity tens@for «>0) is then At ]
found to bé® 8F ————p o mmm—m = -—-
we? N
n - . _ U +
T = Zhromzay f(e[1=f(en] Loy
oz da dy Aso |
X[Kilp-IH) 2= [ilp+F)[*18(wi—w), (4) Serinz=—, ‘i Aex
bt b
where p.=p,*ipy, f(e) is the Fermi-Dirac function{} dxz ‘ﬂf{:’—‘ df(xw)z T< Aso
the total volume, and wi=¢c;—¢; . so. dleivz b !
The above expression is interpreted straightforwardly in A

terms of the absorption of a photon by an electron transiting

between an occupied initial staie and an unoccupied final

state|f); the factqr o wi— w) EXpresses th? condition of ing the electric dipolar optical transitions for left and right circular

energy conservation. The matrix elemer(i$p_[f) and jignt The corresponding absorption spectra versus photon energy

(ilp|f) correspond to dipolar electric transitions, for right 1, are shown on the right; the solid and dashed lines correspond to

and left circularly polarized light, respectively. Clearly, spin up and spin down transitions, respectively.

a;’y(w) is proportional to the difference of absorption prob-

ability for right and left circularly polarized light. Similarly, By comparison, the case of a bulk paramagnet is sketched

ay(w) is proportional to the average absorption. The correin Fig. 2, showing that the cancellation of majority and mi-

sponding dispersive componenis, (w) anday,(w) are ob-  nority spin contributions leads to a vanishing Kerr effect.

tained by using the Kramers-Kmig relationst* More generally, in a bulk paramagnet, the absence of the
Before considering the case of overlayers, it is instructiveKerr effect is due to the fact that

to discuss the mechanism of the Kerr effect in bulk materials.

FIG. 1. Sketch of the energy levels in a bulk ferromagnet, show-

In a three-dimensional system, the matrix elements vanish [KiT[p [FT =i LIp-[f1)], (79)
unless the initial statéi) and final statdf) of the optical . .

transition have the same wave veckofas done usually, we [T TP f 1) =CiLIp+]fL)]. (7b)
neglect the much smaller wave vectorof the photow; i.e.,

only vertical optical transitions are allowed. This is ex- ll. QUANTUM SIZE EFFECT IN AN OVERLAYER
pressed by

83 Let us now consider the effect of electron confinement in
|<k,i|p+|k’,f>|2=l5<3>(k—k’)|(k,i|p+|k,f>|2, (5) a paramagnetic overlaye_r ona ferrc_Jmagne_tic _substrate. The
- Qg - discussion follows that given in earlier publicatidhs.

The system under consideration consists of a paramag-
netic layer of thicknes® 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,

where ) is the atomic volume.
In addition, the selection rules for electric dipolar transi-
tions must be satisfied, i.e.,

Al=+1 (6a) |k; ki ,n,o), wherek is the in-plane wave vectok the
' perpendicular wave vectan, the band index, and the spin
Am==+1. (6b) index (the spin quantization axis is chosen parallel to the

magnetization of the ferromagnetic substrate, i.e., along the
The first selection rule implies that only transitions betweere axis). These states have an eneegyk k), independent
s and p levels or betweerp and d levels (for transition  of the spin. The upper indices and— correspond to states
metalg are allowed. For the second selection rule, the tran-
sitions withAm;=+1 andAm,;=—1 correspond to left and

right circularly polarized light, respectively. P P A as%sgfr’ﬂ%n X+
As an example, let us consider a transition between a b4 M

doubly degeneratd,, ,, level (=2, m;==1) and ap, level BF - -——-

(I=1, m=0). The majority and minority spid levels, in Ny

the ferromagnet, are separated by the exchange spitting -Us W+

A.,. Due to spin-orbit coupling, the orbital degeneracy of L+

the d,,,, levels is lifted, and the latter are split into

dixtiy)z (having m =+ 1) and_ d(_x,iy)z _(having m=— l_) \ \

levels. For spin up(i.e., majority spin, the level with d'(x+iy)z L. at de oL dxeiy)z f<:¢

m;=+1 has a higher energy, whereas for spin dajve., dheiype —L" T T L dxaiyyz l==1

minority spin, the converse holds. This is sketched in Fig. 1.

From this picture, it appears clearly that, in a bulk ferromag- hv

net, the Kerr effect arises from the simultaneous occurrence
of exchange splitting and spin-orbit coupling. FIG. 2. Same as Fig. 1, for a bulk paramagnet.
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having a positive and negative velocity along thez axis,

; 50
respectively.
The effect of confinement can be described in terms of the .
electron states of the bulk paramagnet and of the reflection 40

coefficientsr! andr! at the paramagnet-ferromagnet inter-

face, respectively for majority and minority spin, an@® at i

the paramagnet-vacuum interface. The reflection coefficients,

of course, depend on the energy and in-plane wave vector. 30 | | | |
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: Construdfile 20

structive interferences lead to an incredsedecreaseof the

density of states. As was shown in Ref. 18, the change

AN, (&,k)) of the integrated density of states for a state of 1.0 - @

energye, in-plane wave vectok |, and spino, due to con-

finement, is given by

1

g(e&)

(@
1 0-0 |—||||||[||I]||||||||II||
v (l(_,+-kl')D/21T

The corresponding density of states may be written as FIG. 3. Variation of the relative change of spectral weight,

g(e), due to confinement, as a function of the layer thickrngss
n,(e,K))=no(e,k)gs(&.K)), 9 The curves labeledd), (b), and(c) correspond, respectively, to the
cases of weak confinement (,od 1(})|=0.1), intermediate confine-

whereng(e,k|) is the density of states of the bulk material {nem (Fuad 1()] =0.6), and total confinementriad ;)| = 1).

and g,(e,k|) expresses the relative change of spectra
weight due to confinement. If we neglect the energy depen-
dence of the produat¥®¥? as compared to the one of the

exponential factofthis is valid wherD is large enough we IV. MECHANISM OF THE KERR EFFECT

obtain The change of spectral weight due to confinement induces
L a change in the matrix elements pf . Clearly, this change
1+rvagogitk, —k )D must be of the form
9s(e.k))= Re 1— rvagogi(k/ —k )D

orvag ogi(k/ —k )D [(ilp=IF)>=[(ilp=If)ol?g(i)a(f), (12

= Re|l1l+

. (10

T

1—rvaqogl(k ~k, )b where|(i|p.|f)o|? is the matrix element for the bulk mate-

rial and whereg(i) and g(f) are the relative changes of
The effect of confinement is to modulate periodically thespectral weight due to confinement for the initial and final

spectral weight of a given state. As the reflection coefficienktates, respectively.

at the paramagnet-ferromagnet interface depends on the spin Furthermore, because we are considering a slab of finite

of the incident electron, the modulation of the spectralthicknessD, the strict conservation d, for an optical tran-

weight is spin dependent. The confinement strength is measition is relaxed, and nonvertical transitions with a change

sured by|r Y27 1()]. The variation of the weighting factor Ak, of k, of the order of#/D are allowed® Thus, in Eq.

g versus layer thickness is shown in Fig. 3, for various val-(5), we have to perform the substitution

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 O(Kiy — ki) —F(kiL—Ks), (13

(Irvag1)|=1), one has quantization of the allowed states,

and the weighting factog is zero, except for quantized \here F(k,, —k,) is signicantly different from zero only

states, where it behaves likesafunction. . for |ki, —k; |<m/D. A reasonable choice is a Lorentzian,
Obviously, one hagr'29=1, so that we can write ie.

pvac— gi pvac

, (11) b

772+(ku_ku)2D2'

F(ki, =k )= (14

where ¢'?¢ 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 Thus, the matrix element gf.. between an initial state
on the existence or nonexistence of a local gap in the ferroIkH ki, ,nj,o) and a final state|kH Ki ,ng,o),  with
magnet band structure. ki, =k, +Ak, /2 andk;, =k, —Ak, /2, becomes
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|<k|| |L1n|10'|p |kH ka!nf!0’>|2~|<kH ki!nlio-lp |k|| kivnf10->0|2_F(Ak )g(r(k” il ) (r(kHikainf)
(15

Since the reflection coefficents for majority and minority spins at the paramagnet-ferromagnet interfacey |, are
different, the change of spectral weight in the paramagnet due to confinement is spin dependent. Thus,(Felatind§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. Il, 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
guantum size effect in the paramagnetic overlayer.

The expression oJrQy(w) becomes

wld
= g o i [ a7 akfteor1= e RS- L% IR k)

7T

) ) 1 1/
><[QT(l)QT(f)—gl(l)gl(f)];m, (16)
where we have used the shorthand notation
|p! f|2_|p+|f|2=_[|<kll Ky i TIp=lky ke e, Tyl 2= 1<Kk ko ni, T Ik Ko ng, 1ol ?] (17)
|
and 9:()g;(f)—g,()g,()~4 Rer{*Ar;e'P
91y =9y (K ki m), (183 Fr{*ArEeInt), (21
where
91D =g (k) Kep ,Ng), (18b) (Tl _
o Ar= =|Ar|e' (22
and where we have performed the substitution 2
is the spin asymmetry of reflection coefficient at the
1/r paramagnet-ferromagnet interface and where
A e P L Ve (19 .
fi g, =k -k . (23
to take into account the finite lifetime of the excitation. The indicesi andf indicate that the quantity under consid-

Let us now discuss the variation ofj(w) versus the eration is calculated for the initial and final states of the

overlayer thicknes®. For simplicity, we shall consider the optical transmor),, respectively. ) ) )
case of weak confinement, i.dx Y35 1()|<1, and large We see thatr,,(w) presents an oscillatory behavior with

overlayer thicknes®. For weak confinement, one has respect tD. Clearly, we can identify oscillatory terms due
' to confinement of the initial and final states, respectively,

which can be treated separately.

.(e .k~ Re[1+2rvaq 1(Dgi (k] ~k)D], (20) In the limit of large thicknes®, the integrals ovek;,
andk;, are easily performed by complex-plane integration
so that methods, and one obtains
oty E 2k (e[ L~ £ ) 1P 42 [P 1% Pl ——
Txy 4ﬁwm2 | ! " o — vy |

X ( _4) Rq:r;laCArielqiiDﬁife_D/Dif + r‘f’aCArfe'qfiD,Bﬁe_ D/Dﬁ], (24)
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where tical transitions with a changk, of the order ofw/D leads
to a blurring of the oscillations, which is responsible for the
ey — | aivu|) 25 reduction factors;; . Finally, the factore™P'Pit results from
Bi=e [vi,—v ] the blurring due to the finite lifetime.

Then we have to integrate ovér. Since the contribu-

and tions of the variousk | oscillate with different periods, they
lvi, —vs, |7 cancel each other except near vectkfswhereq;, is sta-
Dir= T al (26)  tionary with respect t& . This is completely analogous to
' the problem of oscillatory interlayer exchange coupffig
with the dimensionless quantity; defined by° In the limit of large overlayer thickness, the integration over
q k| is easlily performed by using the stationary phase ap-
a= qii_ (27) proximation. Let us label with an index the vectorsk
dki. corresponding to stationany;, and with an indexv those

The definitions of8;, Dy, anda; are obtained from those Ccorresponding to stationary;, . Nearkf’, gi, may be ex-
of Bi, Dis, anda;, respectively, by interchanging the indi- Panded as
cesi andf. In Eq.(24), the indices andf refer to the states 2 )
[kjk, ni) and |kjk, ny) satisfying ws=w; if such a pair a L~ — (kix— ki) _ (kiy —kiy)
states does not exist for a given valuekgf, the integrand o Kly Kly
vanishes.

The interpretation of Eq(24) is rather simple. The first Where the crossed terms have been eliminated by a suitable
and second terms correspond, respectively, to confinement fthoice of the axex andy. One also introduces
the initial state and in the final staté. Since both terms are
similar, we shall focus on the former and explain the physical kl=| K{;K{;P’Z (29
meaning of the various factors. The factor, —v¢, |7t is
essentially the joint density of states, giving the weight of theand &}, respectively, equal to 0g/2, or m, wheng;, is a
transition i —f in the absorption spectrum. The factor maximum, a saddle point, or a minimum,kgt. The devel-
rY®Ar;e'%i.P expresses the spin asymmetry of the confine-opment ofq;, neark|’ is analogous.

, (28)

ment in the initial staté. The possibility of having nonver- The final result is
2 &) 1 pi a—DIDK
—e |ArF| «lBle if
" = B 1—f(gh 10 12_ 1110 12 L Sin(g” D+ 7+ g+ &%
ny(w) m% flef)[1 f(sf)][|p—|f| |p+|f ]M |Ufj_—v’ﬁ| in(q, D+ &+ i )
e |Ar{l i Bie "

+ —wwszEV f(e)[1—1(eNIP %1% 1P %1%, sin(ay, D+ ¢y +yi+57). (30

|UiVL_U;/L|

The periods of oscillations are determined by the vectordNext, for the case of confinement in the initiaéspectively,
g/, andqy, satisfying the stationarity criterium given above. final) state, in order to maximize the facto8/; and
The phase shiftgp? and ¢{ are due to the reflection on the ¢~D/Dfi (or Bi andeP/Psi for the case of confinement in the
vacuum, whiley!* and ¢; arise from the reflection on the final statg, the confined state must be one of large velocity
ferromagnet. v, , whereas the other must have a small velocity.
The strength of the oscillatory components of the Kerr
effect in the paramagnetic overlayer depends on several fac- V. DISCUSSION OF A REALISTIC CASE: Au/Fe (001)
tors. The left-right asymmetry factor
As discussed above, gold with its large spin-orbit cou-
[1p%12—p!%I?] (31) pling is a good candidate for observing magneto-optical ef-
fects in overlayers. The case of a @Adl) overlayer on
is proportional to the spin-orbit coupling, so that large effectsCo(0001) has been investigated experimentally, and oscilla-
are expected for paramagnetic materials such as gold, havingns of the Kerr effect versus Au overlayer thickness have
a high atomic number and, hence, a large spin-orbit couplingseen observetf However, this system is difficult to treat
Next, in order to obtain a strong quantum size effect, a largeheoretically; this is due in particular to the large lattice mis-
spin asymmetryAr of the reflection coefficient at the match between Au and Co, which causes many dislocations
paramagnet-ferromagnet interface is required, for the initiabeing present at the interface. Furthermore, the fcc lattice is
and/or final state; this is achieved, for example, for states ofiot symmetric with respect td11) planes, which makes the
the paramagnet corresponding to a local gap for one of théheoretical analysis, and hence the comparison with experi-
exchange-split bands of same symmetry in the ferromagnefnental data, more problematic.
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((X)l) k//=r 20.0
i 1 Au/Fe(oor)
i 150 _ _
et — | F M
00 v 4 \ /
£ - g V) i A (AL) 100 —
1 ]
50 —‘\ _
i 5.0 —
_ (a) Au (b) Fe (c) Fe :
majority spin minority spin
-100 : : ; 7
0 n/d 0 n/d 0 n/d W77 7 1 7 71 T 1
k, 0.0 1.0 20 30 40 50 6.0
hy (V)
FIG. 4. Band dispersion vk, of Au (a) and majority(b) and
minority (c) spin Fe, for the centeF of the (001) two-dimensional FIG. 6. Period of Kerr effect oscillations for A@01) overlayers
Brillouin zone. Explanations are given in the text. on Fe(001) versus photon energy.

Below, we shall apply the above theory to the case of aequirements; stationary vectors may also be found on high-
Au(001) overlayer on a H®01) substrate. There is an almost symmetry lines or, accidentally, at points of the two-
perfect lattice matching between @01) and bcc FEO0D); dimensional Brillouin zone having no particular symmetry.
furthermore, Fe whiskers can be used af0B# substrates In the present paper, for simplicity, we shall restrict our dis-
of unrivalled crystalline quality. These features allowed onecussion to the high-symmetry points of the two-dimensional
to observe the multiperiodic oscillatory interlayer exchangeBrillouin zone; although contributions arising from other re-
coupling in Fe/Au/Fe up to Au spacer thicknesses as large agions of the two-dimensional Brillouin zone cannot be ex-
60 atomic layergAL),? with periods in perfect agreement cjudeda priori, the analogy with the problem of oscillatory
with the theoretical predictiorfs. Moreover, inverse photo- interlayer exchange coupling suggests that they are much
emission investigations have given direct evidence of quaness likely.
tum size effects in A(OD overlayers on F@01).% All Indeed, a careful inspection shows that the only signifi-

these considerations make the AU system one of cant contributions for the Au/k@01) case originate from the
choice for a quantitative experimental test of the presenf gnqm high symmetry points.

theory. _ ) Figure 4 displays the band structure of Au and Fe the
As was discussed in Ref. 18 for the analogous problem oﬁormal direction for the centel’ of the (001 two-

OSC'H?}OW |rlterlay?r ex(;:ha_nge _(I:OUDlLr_Igh the stationary VeCy;ansional Brillouin zone. The vertical arrow indicates the
torsqy, orqy, are found primarily at high-symmetry points ,yica) transition giving rise to an oscillatory Kerr effect in

of the two-dimensional Brillouin zone because of symmetryinao A, overlayer. The initial stat@lashed lingis a degener-
ate &y, ,, band. The final statéheavy solid ling has pre-

©1 k=M dominant &, 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

50

£ - g V)

(b) Fe © Fe reciprocal length of the horizontal arrow.
majority spin minority spin The band structure of Au and Fe for tiv point of the
-10.0 T T T . . . . L . .
0 a/d 0 a/d 0 x/d (001) two-dimensional Brillouin zone is shown in Fig. 5.
k. Here, the optical transitions occurs between a very perfectly

_ flat 5d,, band and steep bands op6 or 6p, character.
FIG. 5. Same as Fig. 4, for the poiM of the (001) two-  Again, this is a transition of strong matrix elements. The final
dimensional Brillouin zone. state is very weakly confined for majority spin electrons,
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whereas complete confinement is obtained for minority spirwhere the final state reaches the band edge. Such a charac-
electrons, up to about 3.3 eV above the Fermi level. Thigeristic behavior should allow a very clear experimental test
transition is also expected to give rise to a strong oscillatonf the theory given in the present paper.
Kerr effect in the Au overlayer on F&O01), with a period
given by the horizontal arrow.

The variation of the oscillation period versus photon
energyhv is presented in Fig. 6. The solid point indicates the
onset of the transition, where the final state reaches the Fermi The Institut d’ E[ectronlque Fondamentale is Unite Re-

level. The period exhibits a pronounced variation with pho-cherche Assoc&No. 22 du Centre National de la Recherche
ton energy, and in particular, diverges fow=2.63 eV, Scientifique.
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