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Magneto-optical-Kerr-effect study of spin-polarized quantum-well states in a Au overlayer
on a Co(QQQ1) ultrathin film

R. Megy, A. Bounouh, Y. Suzuki, P. Beauvillain, P. Bruno, C. Chappert, B. Lecuyer, and P. Veillet
Institut d'Electronique Fondamentale, Universite Paris Sud, 91405 Orsay Cedex, France

(Received 26 September 1994)

We have precisely measured in ultrahigh vacuum the polar magneto-optical Kerr rotation Oz of a perpen-
dicularly magnetized Co(0001) ultrathin film on An(111), versus the thickness t~„ofa Au overlayer. Com-

parative measurements have been made at ) =632.8 and 543.5 nm. At both photon wavelengths, above four
atomic layers (AL's) of Au coverage we observe clear oscillations of 8&, superimposed to the usual slow

decrease with r~„.While the period (around 7.7 AL's) does not change appreciably, the phase of the oscilla-
tions depends drastically on X. Moreover, we could not detect any dependence of the oscillation parameters
with the Co thickness in the range 3—6 AL s. This behavior can be interpreted as arising from strongly conAned

spin-polarized quantum-well states in the Au overlayer.

In ultrathin films, due to the electronic potential disconti-
nuities experienced by electron states at interfaces, the per-
pendicular wave vector can be quantized, giving rise to reso-
nances in the density of electronic states usually called
quantum-well states (QWS's). Those QWS's are, for in-
stance, at the origin of the oscillating coupling observed be-
tween ferromagnetic layers through a nonmagnetic metallic
spacer layer. ' Direct- and inverse-photoemission experi-
ments allow one to directly probe QWS's in many systems
such as uncovered noble-metal (100) or (111)films on ferro-
magnetic metals Fe or Co, ' or in a bcc Fe(100) layer
on Au(100). Spectroscopic magneto-optical Kerr effect
(MOKE) studies of Fe(100) on Au(100) (Refs. 7 and 8) have
also been used to evidence QWS's and their dispersion in the
Fe layers. More recently, it was clearly shown by photoemis-
sion experiments ' that the QWS's in a Cu(100) overlayer
on Co(100) are spin polarized, as expected from theoretical
predictions. As emphasized by Shoenes, ' one fundamental
characteristic of MOKE is that the relevant magnetization is
not the total net magnetization of the layer, but the spin po-
larizations of the initial and final electronic states of the op-
tical transitions involved. Moreover, MOKE is sensitive to
the density of those states through the transition probability.
Thus, in principle, MOKE can detect spin-polarized QWS's
in a nonmagnetic layer. Oscillations of the Kerr rotation with
the nonmagnetic spacer-layer thickness have indeed been ob-
served in fcc(100)Fe/Cu/Fe (Ref. 12) or Fe(100)/(Au or
Ag)/Fe (Ref. 13) trilayers, besides the coupling oscillations
present in these structures. However, these two works remain
incomplete, with, for instance, no study of the dependence
on the ferromagnetic layer thickness, which prevents an un-

ambiguous interpretation. Last year, we reported the exist-
ence of clear coupling oscillations in Co/Au(111)/Co trilayer
structures. We report here the unambiguous observation by
MOKE of QWS's in a Au(111) overlayer on Co(0001).

All experiments have been performed in an ultrahigh-
vacuum unit with base pressure around 10 mbar (below
5 X 10 mbar in the sample chamber during evaporation).
The unit is equipped for in situ reflection high-energy
electron-diffraction (RHEED) and polar MOKE (PMOKE)
measurements (in a field up to 3 kOe), and a precision mov-

ing shutter allows the realization of stepped wedges.
Thicknesses are measured with a quartz monitor, calibrated
against grazing x-ray measurements on thick films. We use
either red (X =632.8 nm) or green ()~. =543.5 nm) HeNe la-
sers, focused to a beam diameter of about 0.4 mm (we keep
all terraces about 2 mm wide in the wedges). By moving the

sample with fixed laser beam we can scan the PMOKE prop-
erties of the whole sample. Note that all results discussed
below have been measured on samples with a perpendicular
easy magnetization axis and square PMOKE loops, allow-

ing precise determination of the saturation Kerr rotation
I9z. The precision and reproducibility on the Kerr rotation
have been estimated to be better than +.0.5 mdeg.

We have studied Au/Co/Au(111) sandwich structures,
grown on Goat-glass platelets whose backs had been care-
fully sanded to avoid any interference effects. Details on
the structure of our samples have been already published. ' '

First a 30-nm-thick Au buffer layer is grown, then annealed
to get a polycrystalline, (111)textured film, with mean lateral
size of the crystallites around 200 nm. The surface is atomi-
cally liat, made of (111) terraces about 20 nm wide, sepa-
rated by monoatornic steps. Co and Au layers are then grown
at room temperature, using low evaporation rates (=0.002
nm/s). Flat, abrupt interfaces are a prerequisite for the exist-
ence of QWS's. This is indeed true for the Au spacer layer in

Co/Au/Co/Au(111) structures. ' In the Au/Co/Au(111) sand-
wich structure, our RHEED measurements evidence a very
high quality of the Au/Co interface, smoothed by deposition
of about one atomic layer (AL) of Au coverage, and a very
slow increase of the roughness of the Au overlayer surface
with further Au deposition.

Several samples have been studied, with different growth
sequences and thickness ranges. We shall report here results
taken on two samples, that summarize best the general be-
havior. For sample A we have first grown a Co stepped
wedge comprised of ten terraces of thicknesses tc,=2, 3,
3.5, 4, 4.5, 5, 6, 7, 8, and 9 AL's. Uniform Au overlayers
were then successively deposited, first by 0.5-AL steps up to
a total thickness t&„=4AL's, then by larger steps up to
tz„=15 AL's. A complete PMOKE scan was performed after
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FIG. 1. Polar Kerr rotation at li. =632.8 nm of Au/Co/Au(111)
sandwiches, vs the thickness tA„ofthe Au overlayer and for differ-
ent Co thicknesses tc, . squares, sample A; triangles, first series
measured on sample B (2—11 AL's); diamond, second series mea-
sured on sample B (8—17 AL's). The continuous line represents the
adjustment to theoretical model [Eq. (4), see text] for both series of
sample B.

each deposition. Sample B was made as a double crossed
stepped wedge. First a Co stepped wedge was grown, with
five terraces of tc,=3, 3.5, 4, 5, and 6 AL's. Then a Au
stepped wedge was grown perpendicularly to the first one,
comprised of ten terraces of tA„=2, 3, 4, 5, 6, 7, 8, 9, 10, and
11AL's. Complete PMOKE scans were then performed with
both red and green lasers, followed by deposition of a uni-
form 6-AL-thick Au overlayer, and final PMOKE scans. The
tA„range extends thus by 1 AL steps from 2 to 17 AL's, with
four intermediate thicknesses (8—11 AL's) doubled to check
for experimental precision.

The experimental variation of Oz versus tA„ is given in
Fig. 1 for tc,'= 3, 4, 5, and 6 AL's of both samples. Note first
that the agreement between both series measured on sample
B is excellent, well within our estimated precision. Indeed,
no detectable evolution occurs between the two steps of the
overlayer deposition. Moreover, this confirms the good con-
trol of the thickness and uniformity of the layers. Weak (be-
low 2 mdeg) but significant differences appear between re-
sults for samples A and B at tA„above 3 AL's. They can be
tentatively attributed to small structural differences induced
by the very different growth sequences. In any case, both
samples display exactly the same overall behavior, with an
initial fast increase of Hz up to a peak at tA„=2.5 AL's,
followed by a slower decrease. Most interestingly, to this
decrease are superimposed clear oscillations of Oz- with

tAU.

The initial increase of Oz is probably related to the
completion of the Au/Co interface and thus may result from
many different origins. For instance, it has been shown that
during the initial stages (1—3 AL's) of the growth of Au(111)
on Co, transitory electronic features appear in the photo-
emission spectra. There is also some similarity between this
behavior and the cusp in interface magnetic anisotropy ob-
served on Co/noble-metal systems. ' A more detailed study
is clearly necessary. In this paper we would rather concen-

Au thickness (AL)

FIG. 2. Oscillatory part 8„,of the variation of the polar Kerr
rotation of Au/Co/Au(111) sandwiches, vs the Au overlayer thick-
ness tA„: triangles, first series measured on sample B, and dia-
monds, second series measured on sample B, both series for all Co
thicknesses of sample B. 0„,was obtained by subtracting, from the
experimental value Oz, a nonoscillating contribution 8,&, estimated
from Eq. (1) with parameters a, b, c, and d taken from the linear
fits of Fig. 3. The continuous line has been calculated from Eq. (3),
using average values of the parameters n, 8; A, and q in Table I.

trate on the discussion of the asymptotic behavior, i.e., the
oscillating decrease at tA„above 3 AL's.

The following simple considerations help to get a deeper
understanding of the effect. As reported before, ' ' ' classi-
cal multiple-refIection calculations are able to predict the
general experimental variations of Oz in our structures. For
the very low thicknesses considered here (t/)i. (&1), all cal-
culated variations can be fitted closely to combinations of
linear functions in tc, and tA„. ' ' We have actually used
the following expression to represent the nonoscillating ex-
perimental asymptotic behavior of Fig. 1:

8,~,
= (ate, + b) tA„+ctc,+ d.

Note here that the necessity to introduce the constant term
d in the development (1) (Refs. 16 and 20) is the signature of
an interface contribution to Oz, ' and the initial increase
with tA„discussed above can be seen as the building of this
contribution during the growth of the interface.

The difference between experimental Oz and O,~„calcu-
lated for a good set of parameters a, b, c, and d, is dis-
played versus tA„ in Figs. 2(a) and 2(b), respectively, for
experiments with red and green lasers. Clear oscillations
come out at both wavelengths. But the most striking result is
the excellent scaling of all curves for different Co thick-
nesses: in the thickness range of the present work, no depen
dence on tc, of the oscillation parameters is detectable
within our experimental accuracy. Moreover, the phase of the
oscillations depends strongly on the photon energy: this con-
firms that we are not observing only an effect of fluctuations
in tA„around the estimated values.

Indeed, the observed behavior can best be explained in
terms of QWS's in the Au overlayer. QW resonances are
expected to modify the optical-conductivity tensor a.;; of the
Au overlayer. A change in the diagonal component cr, i.e.,
in the nonmagnetic complex optical index n, could in prin-
ciple give oscillations, through a modulated enhancement of
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Hz in a multiple-refiection scheme. Moreover, the QW reso-
nance states can be spin polarized due to the interface with
Co. ' As stressed in the beginning of the paper, they will in
that case give a nondiagonal contribution o. z, and thus a
direct magneto-optical contribution to Oz.

A detailed theoretical treatment of the effect is beyond the
scope of this paper, and will be published elsewhere. We
shall only report here the main steps, and discuss the predic-
tions in relation with our experimental results. The initial
frame of the calculation is suggested by the validity of the
linear approximation of Eq. (1). For a general stacking of X
ultrathin layers of conductivity tensor o.~ and thickness t,.
(with j= 1 for the topmost layer) on top of an infinitely thick
nonmagnetic substrate (o.('&, t,), a virtual index calculation
developed at order 2 in (t, /li) gives the following expression
for the complex Kerr rotation:

(nm)
tco

(AL) (mdeg/AL) (AL) (AL) (rad)

632.8

543.5

0.37
1.09
1.73
4.68
1.45
1.49
1.70
1.47

6.2
3.4
3.2
2.2
4.3
4.7
4.5
4.9

7.4
8.0
7.5
7.8
7.7
7.9
7.7
7.4

—2.2
—1.9
—2.4
—2.4

0.0
0.3
0.1

—0.2

TABLE I. Parameters of the oscillatory part of the polar Kerr
rotation [Eq. (3)]: k, light wavelength; tc„Cothickness; n, am-

plitude; 8', attenuation length; A, period; y, phase. The values have
been obtained by independently fitting to Eq. (4) every variation
with overlayer thickness tA„,measured on sample 8 for different
Co thicknesses.

Ul(, l
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To get the most objective test of our hypothesis, we per-
formed, on every Hz(tA„) variation measured on sample 8
for different Co thicknesses, independent least-squares fits to
the expression

~K (ml+ bo )rA ™2 (4)

)(, )

(s)
XX

(2)

We have applied this expression to the following model
stacking: Au(rA„)/Co(tc, )/interface/Au(111), where the in-
terface layer (replacing actually the two interfaces) is here to
reproduce the experimental constant term d in Eq. (1),
and the Au(111) substrate is supposed to be infinitely thick.
Although much simpler than our real samples, this model
contains all relevant parameters needed to discuss our re-
sults. The linear development of Eq. (1) is then easily
derived. In the final expression, the diagonal conductivity
o. " of the Au overlayer appears only in second-order terms
in r/). , moreover with a dominant contribution in the

(rA„tc,/li ) term, and thus cannot be at the origin of the
observed oscillations. On the contrary, the leading contribu-
tion of o. is in the coefficient b of the term linear in tA„,in
agreement with the scaling behavior of Fig. 2.

A model calculation of a. "has been made along the tech-
niques developed for 3d transition metals ferromagnetic ul-
trathin films. Optical transitions are assumed to occur be-
tween occupied bulk-type d states and unoccupied p states.
In Au the final states are supposed to be spin polarized
QWS's because of the boundary conditions with the ferro-
magnetic underlayer. The most general configuration gives
the following expression for the oscillating contribution to
parameter b of Eq. (1):

re
b», =oe ' cos 2m +cp l,)' (3)

where 8 is an attenuation length related to the lifetime of
excited states.
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FIG. 3. Dependence vs Co thickness of the parameters m& and

m2 of Eq. (4), characterizing the nonoscillatory part of the polar
Kerr rotation Hx of Au/Co/Au(111) sandwiches (full symbols,
k =632.8 nm; open symbols, k =543.5 nm). mi and mz have been
determined by independently fitting to Eq. (4) every 8». variation
with Au overlayer thickness, measured on sample B for different Co
thicknesses. The straight lines correspond to least-squares fits.

The quality of the fits is very good for all points with
tA„~4AL's, as can be seen in Fig. 1. Resulting values of
u, 6, A, and y are given in Table I, and variations of m& and
rn2 are plotted in Fig. 3. Note first that, as expected from Eq.
(1), mi and mz vary linearly with tc, (mi=atc, +b and
m2= etc, +d). Moreover, within our experimental precision,
no significant dependence versus tc, is observed for all pa-
rameters in b„„allthe more for k=543.5 nm, for which
higher values of Hx. result in a better precision. This confirms
our t'nterpretation in terms of spin polarized QW-Ss, with
complete confinement in the Au overlayer As discussed . be-
fore, the average values of y are very different for both
wavelengths (respectively, cp= —2.2 and + 0.2 rad for
)~. = 632.8 and 543.5 nm). On the contrary, A keeps about the
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same value, around 7.7 AL's. According to Ref. 23, the os-
cillation period is given by the inverse of wave vectors cal-
lipering (in the sense of Ref. 3) an isoenergy-difference (be-
tween initial and final states) surface. A similar period could
thus come from similar surfaces, given the small photon-
energy difference considered here (respectively, 1.96 and
2.28 eV). The phase depends on more subtle parameters (re-
flection coefficients of electronic states ).

As a conclusion, we have observed oscillations of the
Kerr rotation of Au/Co/Au(111) sandwiches versus the Au
overlayer thickness. Detailed analysis of our data provides
strong evidence in favor of a magneto-optical contribution,
induced by the existence of strongly confined spin-polarized

QWS's in the Au overlayer. Extended band calculations are
in progress to identify the initial and final states.
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