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Vicinal interface sensitive magneto-optical Kerr effect: Application to CoÕAu„322…
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Vicinal interface sensitive magneto-optical Kerr effect~VISMOKE! is predicted for ferromagnetic films
deposited on stepped~e.g., vicinal! substrates. VISMOKE originates from the interference between optostruc-
tural and magneto-optical perturbations at stepped interface. The contribution of VISMOKE to total Kerr effect
is calculated for any magnetization orientation and arbitrary incidence angle of light. Predictions on the
variation of VISMOKE with sample rotation around its normal axis is probed by an ultrathin Co film deposited
on a high quality Au~322! vicinal surface. The calculated optostructural interface perturbation is consistent with
its experimental value.
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I. INTRODUCTION

During last decade many effort has been made to re
the magnetism to the structure in ultrathin ferromagne
~FM! films.1,2 However, the knowledge of the magnetism
buried interfaces is still a challenge. Only few techniqu
such as the magneto-optical second harmonic generatio3 or
x-ray magnetic circular dichroism,4 can give such informa-
tions in some cases. Up to now, only a few experiments h
been carried out on films deposited on vicinal interfaces
spite of the well-known structure of the involved interfa
that may be considered as a test bed for basic studies
particular, the step-induced magnetic anisotropy of FM fil
may be well controlled.5 Stepped substrates can be also u
to drive anisotropic magnetic domain-wall propagation6 that
could be of interest for applications.

The magnetic properties of ultrathin films are common
probed by magneto-optics. In this paper, we show tha
nontrivial different magneto-optical Kerr effect~MOKE! is
expected as the consequence of the low symmetry of
vicinal interface. This vicinal interface sensitive MOKE~VI-
SMOKE! is shown to be related to the in-plane compon
of the magnetization and can be detected even at no
light incidence (w50). No MOKE signal, proportional to
the magnetization, is usually expected in this MO configu
tion for flat surfaces.7 In the ultrathin film approximation8 a
convenient approach is introduced here to calculate MO
including VISMOKE contribution for arbitrary light inci-
dence and magnetization orientation. We show that
SMOKE originates from the interference between optostr
tural and first-order magneto-optical perturbations at
interface. Such an effect was recently predicted by Pethu
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et al.9 for low symmetry surfaces and qualitatively discuss
for vicinal interfaces.

Here, VISMOKE is evidenced experimentally for an u
trathin FM Co film, deposited on a Au vicinal surface. Fu
thermore, from either MOKE or reflectivity measuremen
we deduce independently the value of the step induced
tostructural perturbation. Finally, this optostructural pert
bation at vicinal surface is estimated from a simple analy
electromagnetic model. The agreement with the experime
values is good and, for weak vicinality, VISMOKE is pre
dicted to vary linearly with the step density.

II. ANALYTICAL EXPRESSION
OF MOKE AND VISMOKE

Let us note (x̂,ŷ,n̂) and (X̂,Ŷ,n̂), the Cartesian referen
tials for the light and the sample, respectively@Fig. 1~a!#.
The plane of incidence of the light isŷn̂. The only symmetry
element of the vicinal interface is aX̂n̂-mirror plane, theX̂
axis being perpendicular to the step edges andn̂ normal to
the film. When rotating the sample aroundn̂, the orientation
of vicinal steps with respect to the light referential is det
mined by the anglea5( x̂,X̂). The orientation of sample
magnetization is given by anglesb andg in the light refer-
ential @Fig. 1~b!#.

The optical properties of the FM layer are described
the complex permittivity tensor«% , so thatD5«0«%E, where
«0 is the vacuum permittivity. In general, the element« i j
( i , j 5x,y,z) of the permittivity tensor«% can be decompose
into structural~i.e., nonmagnetic! «str,i j and magnetic«mag,i j
contributions,
©2003 The American Physical Society11-1
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«%5«% str1«% mag. ~1!

As follows from Onsager relations of reciprocity, in the a
sence of magnetic field, the permittivity tensor is symme
cal, i.e.,«str,i j 5«str,j i .10

FIG. 1. ~a! Light ( x̂,ŷ,n̂) and sample (X̂,Ŷ,n̂) Cartesian refer-
entials. a is the angle of rotation of the sample aroundn̂. ~b!
Sample magnetizationM orientation with respect to thelight refer-
ential.
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Because«% is a second-rank polar tensor and the vicin
interface has point symmetry groupm ~one mirror axis sym-
metry!, the general form of the structural permittivity tens
for step edges in the plane of incidence (a50) is11

«% str5S «11 0 «s

0 «22 0

«s 0 «33

D , ~2!

where a new off-diagonal optostructural element«s appears.
As will be shown later, the presence of«s induces VI-
SMOKE. From symmetry arguments,11 «s is more generally
nonzero for interfaces with the following point symmet
groups: 1, 1̄, 2, m, 2/m, i.e., when only inversion andone
mirror plane symmetry operations are allowed. The coe
cient «s is assumed to be small as compared to the diago
elements values, which are assumed to be nearly equal«11
.«22.«33.«d). For an efficient symmetry breaking in th
vicinity of the vicinal interface at depthn, «s can be nonzero
over few atomic distances from the interface. Thus, for s
plicity, we introduce a vicinal memory depthts , so that
«sts5*«s(n)dn. When the sample is rotated by an anglea
around then̂ axis @Fig. 1~a!#, «% str(a) takes the form
«% str~a!5S «11cos2 a1«22sin2 a 1
2 ~«112«22!sin 2a «s cosa

1
2 ~«112«22!sin 2a «22cos2 a1«11sin2 a «s sina

«s cosa «s sina «33

D . ~3!
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Since the magnetic perturbations in«% mag are weak, one may
consider that«% mag remains isotropic at first order,7

«% mag5S 0 «mmz 2«mmy

2«mmz 0 «mmx

«mmy 2«mmx 0
D , ~4!

with M /Ms5@mx ,my ,mz#5@cosg cosb,cosg sinb,sing#,
Ms being the saturated magnetization. The complex refl
tion coefficientsr ps ,r sp ,r ss,r pp of the ultrathin FM layer,
sandwiched between infinite non-FM substrate and overla
are then deduced. The first~second! subscripts stand for the
direction of the incident~outgoing! light polarization, paral-
lel ~p! or perpendicular~s! to the plane of incidence, respe
tively. The optical and magneto-optical properties of the F
layer of thicknesst fm are described by the general permitti
ity tensor«% @Eq. ~1!#. Assuming valid the ultrathin FM laye
approximation, i.e., 4p Re(Nfm)t fm!l0 , where Nfm is the
complex refractive index of the FM layer andl0 is the wave-
length in vacuum,8 we found the generalized comple
MOKE amplitudes, defined as ratios between reflection
efficients~see the Appendix and Table I!,

Fs52r ps /r ss5%st fm~A«yx1B«zx /«d!2%stsA«yz«zx /«d ,
c-

er

-

Fp5r sp /r pp5%pt fm~2A«xy1B«xz /«d!1%ptsA«xz«zy /«d ,
~5!

where%s,p describe the optical contributions of the substra
and overlayer for an incidence anglew.

For an infinitely thick substrate and an overlayer of thic
ness tover, composed of the same material, thenA
5 iNz /Nnf , B5 i (NnfN0 /«d)sinw and

%s,p5
~4p/l0!N0Nnf exp@4p iNztover/l0#cosw

~Nnf
2 2N0

2!~Nz cosw6N0 sin2 w!
, ~6!

where1, 2 in the denominator correspond to%s , %p , re-
spectively.Nnf andN0 are the complex optical indices of th
non-FM sandwiching material and air, respectively, andNz

5(Nnf
2 2N0

2 sin2 w)1/2. The parameters%s,p , A, Nz are even
functions of the incidence anglew and are quasiconstant fo
wP^230°;30°& region, althoughB is an odd function ofw
varying quasilinearly withw.

Substituting the permittivity tensor elements« i j from Eqs.
~1!, ~3!, and~4! into Eq. ~5!, the successive terms in Eq.~5!
are interpreted as polar~PMOKE!, longitudinal ~LMOKE!
and new VISMOKE contributions to total Kerr effect. VI
SMOKE is proportional to«s over a vicinal memory depth
ts , although PMOKE and LMOKE are proportional tot fm .
1-2
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Hence VISMOKE is an effect linear with magnetization a
only sensitive to the vicinalinterface. Considering, for ex-
ample, as-MOKE effect Fs ,

• PMOKE is equal to%st fmA«m sing, whereg is the disori-
entation ofM with respect to the film plane~Fig. 1b!.

• LMOKE is equal to%st fmB(«m /«d)cosg sinb. It is maxi-
mum whenM i ŷ, i.e., whenM lies at the intersection o
the sample plane and of the incidence plane of the li
(g50, b590°).

• VISMOKE is 2%stsA(«s«m /«d)cosg cos(a2b) and has a
more complex behavior due to interference between st
tural «s and magnetic«m perturbations. For a fixed orien
tation of M in the light referential (b,g5const), the peri-
odicity of VISMOKE with sample rotationa is 2p. This
means that a sample rotation ofp reverses the sign o
VISMOKE.

When M is perpendicular to step edges (M iX̂), VI-
SMOKE is maximum since (a2b)50 or 180°. As can be
seen from comparison of the first and the third term of E
~5! the dependences of VISMOKE or PMOKE on the inc
dence anglew are identical.

VISMOKE arises from the cross terms«yz«zx or «xz«zy .
In general, the off-diagonal structural elements of the perm
tivity tensor can be induced by sample rotation if the diag
nal elements«11, «22, «33 are slightly different. But, as can

FIG. 2. ~a! STM image of the Au~322! vicinal surface. The

arrow indicates the@21̄1̄# descending step direction. The slig
azimuthal disorientation induces a secondary steps network~differ-
ent gray levels!. A monoatomic kink is underlined by a black circl
on the zoomed image.~b! STM image of 4 AL of Co grown on the
Au~322! surface. The image size and orientation are similar to~a!.
15541
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be seen from Eq.~3!, the structural part of the elements«yz ,
«zx , «xz , «zy cannot be induced by sample rotation.

III. SAMPLE PROPERTIES

Magnetic anisotropy favors an out-of-plane orientation
M in flat Au/Co(tCo)/Au(111) films until a sudden in-plane
spin reorientation for a Co thicknesstCo510 atomic layers
~AL !.12 The situation is different for films deposited on
Au~322! vicinal surface. In this case,M reorients slowly
from the out-of-plane to in-plane direction when increasi
tCo. Thus to study VISMOKE, atCo55 AL was selected in
order to get a large enough in-plane magnetic componen

The Au~322! single-crystal substrate is a disk of 4 m
diameter and 2 mm thickness, mechanically polished t
mirrorlike surface. Then the surface is preparedin situ in an
ultrahigh-vacuum~UHV! chamber with a base pressure
3310211 mbar by repeated cycles of Ar1 sputtering at 900
eV and annealing at 800 K. The Au~322! surface is disori-
ented by a miscut anglec511.4° @Fig. 1~a!# and is ideally
made of 1.17-nm terrace width. All steps are monoatom
0.235 nm high@Fig. 2~a!#. The purity of the initial Au surface
is checked using Auger electron spectroscopy. Cobal
evaporated at a low pressure smaller than 2310210 mbar.
Figure 2~b! shows the surface topography after the depo
tion of a Co layer. Although it is still possible to distinguis
locally the vicinal staircase, the Co surface is rough a
much more isotropic than the initial Au~322! surface. This is
due to the fact that Co does not grow layer by layer sinc
has a larger surface energy than Au. For this reason,
consider only the Au~322!/Co interface as a symmetry brea
ing source for the VISMOKE calculations. The 5-AL C
layer is capped with a 7-AL Au overlayer forex situ
magneto-optic measurements.

IV. MOKE AND VISMOKE EXPERIMENTAL RESULTS

MOKE ellipticity of the Au~7 AL!/Co~5 AL! film struc-
ture deposited on a Au~322! vicinal surface is measured a
1.95-eV photon energy for both polar (Hi n̂) and transverse
(Hi x̂) geometries of the external magnetic fieldH. Figure 3
shows the usual PMOKE ellipticity hysteresis loop at norm
incidence (w50) for a fieldH applied perpendicular (Hi n̂)

FIG. 3. PMOKE hysteresis loop measured at normal incide
in a field parallel ton̂. A small remanent magnetization is me
sured. The perpendicular anisotropy field is only 3.5 kOe for t
5-AL-thick Co layer deposited on Au~322!.
1-3
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FIG. 4. Variation of thes-MOKE ellipticity
loops measured at normal incidence angle in
transverse magnetic fieldHi x̂, with sample rota-

tion a5(H,X̂) aroundn̂.
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to the film. A small remanent signal is then measured a
consequence of the weakly tilted spin configuration with
spect to the film plane by an angleg0 . From the ratio be-
tween the remanent~1.1 mdeg! to saturated~46 mdeg!
PMOKE amplitudes, one deducesg051.4°. Figure 4 shows
MOKE ellipticity hysteresis loops always at normal inc
dencew50, but in a transverse magnetic field (Hi x̂), for
several values of sample orientationa. Pure square loops
were obtained forH applied alongŶ (a5690°). They are
only due to PMOKE, since both LMOKE, measured forw
50 and VISMOKE @b50 at saturation and hence cosa
2b)50] are vanishing in this configuration. The PMOK
effect arises from the slight out-of-plane tilt of the easy a
by an angleg0 which may be estimated again tog051.4°
from the ratio between this PMOKE remanent~1.1 mdeg!
signal and its value~46 mdeg! at saturation~for Hi n̂). Note
the relative independence of the MOKE signal withH for
a5690° in the 0.1,H,0.35 kOe interval. Nevertheless
we checked that the signal tends to vanish at higher field~2.3
kOe!. So, as expected,g is decreasing fromg0 towards zero
for large in-plane field. Note that PMOKE should cancel
the presence of two equivalent anisotropy axes tilted byg0
561.4°, a situation expected in the case of a pure mir
symmetry. In our case, another small structural perturba
clearly lifts this degeneracy and, experimentally, only o
easy axis survives. The scanning tunnel microscope~STM!
image of the Au~322! vicinal surface@Fig. 2~a!# shows that
the sample is slightly disoriented in azimuth with respect
the @21̄1̄# direction, and therefore displays atomic kinks@see
zoom in Fig. 2~a!# always oriented in the same directio
This effect explains such an additional symmetry breaki
The absence of a second easy axis is confirmed by the s
larity of the hysteresis loops exhibited for a slight out-o

FIG. 5. Dependence of the (w50) s-MOKE ellipticity for the
S-shape and square loop contributions as a function of the sa
rotationa. The S-shape contribution is fitted by a cosine functio
15541
a
-

s

r
n

e

o

.
i-

plane tilt of the external transverse magnetic field. The h
teresis loops, measured in transverse geometry (Hi x̂), and
for several sample orientation anglesa ~Fig. 4!, can be de-
composed into square and S-shape contributions. Recall
w50 measured square hysteresis loops come only f
PMOKE because of the residual out-of-plane componen
M . The variation of PMOKE witha is depicted on Fig. 5.
The absolute value of the MOKE amplitude remains nea
constant under rotation of the sample aroundn̂, which means
that g'g0 whatever the spin reorientation is in the plane.
residual field-dependent effect can be due to the distribu
of step orientations or misalignment of the applied fie
~,2°!. In agreement with an uniaxial anisotropy model,13 the
coercive field varies as 1/sina and diverges ata50° or
180°, i.e., whenH becomes perpendicular to the step edg
~Fig. 6!.

The second contribution to MOKE ellipticity is th
S-shape field-induced VISMOKE signal. The dependence
its amplitude witha is presented in Fig. 5. It reaches a max
mum, far greater than the square loop magnitude, when
magnetization is saturated perpendicularly to the step ed
i.e., for (a2b)50 or 180°~see Fig. 4: loops correspondin
to 0° or 180°! and vanishes for fieldH applied along the step
edges@(a2b)590°# ~see Fig. 4: loops corresponding t
690°!. As predicted theoretically forb50, its amplitude
varies with sample rotation as cosa. The low mirror symme-
try of the staircase fixes a 2p periodicity for VISMOKE, i.e.,
it reverses sign when rotating the sample by 180° arounn̂
~Figs. 4 and 5!.

The small dependence ofg with the applied field can be
also checked from thea50 VISMOKE S-shape signa
which exhibits a maximum atHi x̂51.1 kOe and saturates t
a slightly lower value in higher field. The signal has alrea
shown its full decrease, with a value of about 1.3 mdeg

ple
.

FIG. 6. Variation of the in-plane coercive field with the samp
rotation anglea measured from the step orientation atHi x̂. The full
line shows fit with the functionHc5Hc0 /usinau, Hc0555 Oe.
1-4
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2.3 kOe~our maximum field!. Thusg can be considered a
field independent during the in-plane reorientation at l
field in spite of the rather large miscut anglec511.4°.

As shown above, the field-induced MOKE (Hi ŷ) hyster-
esis curves can be decomposed into S-shape and square
contributions. The dependence of the S-shape magni
with the incidence anglew, for sample orientationsa5
690°, is presented in Fig. 7. Despite previous discuss
here Hi ŷ and thus the maximum of the S-shape signa
obtained fora5690°. Associated variations of the squa
loop magnitude obtained fora50, 180° are also shown. A
expected from Eq.~5!, PMOKE and VISMOKE are quasi
constant while LMOKE varies quasilinearly withw in the
^230°, 30°& interval. Since LMOKE is zero at normal inci
dence, we can extract the PMOKE and VISMOKE effe
from the square loop and S-shape contributions atw50, re-
spectively. As expected, the variation Im@d(MOKE)/dw#5
20.078 mdeg/° is identical in all cases~Fig. 7!.

The VISMOKE maximum amplitude at a50,
%stsA«s«m /«d , is found to be equal to (029i ) mdeg at
saturation, although the saturated PMOKE amplitude
Hi n̂ (g590°), %stCoA«m , is (223148i ) mdeg. From the
VISMOKE/PMOKE ratio, we deduce«sts /«dtCo5(20.15
10.07i )60.02 mdeg. Assumingts52 AL and using the di-
agonal Co permittivity«d5212.6118.5i , we deduce a
rather large value«s51.4229.38i for the optostructural co-
efficient.

V. OPTICAL DETERMINATION OF «s

The value of «sts /«dtCo has been confirmed indepen
dently from differential reflectivity measurements. Sin
«xz5«s cosa and«yz5«s sina and as follows from Eqs.~3!
and ~5!, one finds a vicinal Kerrp-structural contribution
Fp

(struc),

Fp
~struc!5 1

2 rptsA«s
2/«d sin 2a1rptsB«s /«d cosa, ~7!

and analogously for the Kerrs-effect. The first term in Eq.
~7! is ‘‘structural VISMOKE,’’ the second one ‘‘structura
LMOKE.’’ There is no ‘‘structural PMOKE,’’ as«xy , «yx
does not depend on«s @see Eq.~3!#. Thus, in principle, it is
possible to determine«s by varyinga, i.e., rotating the film
around its normal axis. However, in order to get a be

FIG. 7. Variation of the MOKE ellipticity amplitude of the
square loop (a50° and 180°! and S-shape (a5690°) contribu-
tions with the incidence anglew at Hi ŷ.
15541
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accuracy on«s , we preferred to keep the sample fixed a
rotate all optical elements by an anglem. By this way, the
reflected light beam is surely fixed in position through
optical elements. For structural determination of«s we used
an optical setup with the following arrangement: lase
polarizer–photoelastic modulator–sample–detector, in
spirit of linear birefringence setup.14 The measured signa
found at frequency 2v ~v being the modulator frequency! for
m50 is

S5I 2v /I 05~ ur ssu22ur ppu2!/~ ur ssu21ur ppu2!.

When the optical elements are rotated by anglem, the
reflection coefficients are replaced byr ss8 5r sscos2 m
2rppsin2 m and r pp8 5r pp cos2 m2rsssin2 m. The large contri-
butions to reflectivity signalS(m), which are not linked to
«s , cancel out by subtracting two successive measurem
performed fora50 anda590°, leading to

DS~m!5Sa590°2Sa50

'2
2 Re$«s

2@rss
~2!~r ss

~0!!†1rpp
~2!~r pp

~0!!†#%

ur ss
~0!u21ur pp

~0!u2
ts cos 2m,

~8!

where † means complex conjugation. We used

r ss5r ss
~0!1rss

~2!ts«s
2 cos2 a

and

r pp5r pp
~0!1rpp

~2!ts«s
2 sin2 a,

where r ss
(0) , r pp

(0) and rpp
(2) , rss

(2) are zero and second-orde
diagonal reflection coefficients in« i j , with iÞ j , respec-
tively, presented in the Appendix. Notice thatDS does not
depend much onr sp , r ps at w530°, thus the dependence o
DS on «s is only related torss

(2) , rpp
(2) , leading toDS;«s

2.
Experimental data relative to theS(m) variations of a sample
in its remnant state atw530°, for a50° and 90°, and of
their differenceDS(m) are represented on Fig. 8. The expe
mentally deduced differential curve@Fig. 8~b!# exhibits a
C cos 2m dependence withC540 mdeg. In counterpart, sub
stituting the complex value of«s obtained from MOKE mea-

FIG. 8. ~a! Variation of the differential optical reflectivityS
5(ur ssu22ur ppu2)/(ur ssu21ur ppu2), measured fora50° ~h! anda
590° ~j! as a function of the orientation anglem of the optical
elements with respect to the sample. The calculatedS(m);cos 2m
curves are represented by lines.~b! The difference DS(m)
5Sa590°(m)2Sa50°(m) is related to«s

2. The dash-dotted line rep
resents the2cos 2m variation and stands as a guide for the eye.
1-5
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TABLE I. Reflection coefficients for a sandwiched ultrathin FM layer. For discussion of this table se
Appendix.

r ps 2ih tfm QN0 cosw

~N0 cosw1Nz!@N0Nz1~Nnf!
2 cosw# F«zx«yzNz

«d
2

«zxNy~Nnf!
2

«d
2«yxNzG

r sp 2ih tfm QN0 cosw

~N0 cosw1Nz!@N0Nz1~Nnf!
2 cosw# F2 «xz«zyNz

«d
2

«xzNy~Nnf!
2

«d
1«xyNzG

r ss
(0) N0 cosw2Nz

N0 cosw1Nz

r ss r ss
(0,h)5rss

(0,h)t fm

2ih QN0 cosw@«d2~Nnf!
2#

~N0 cosw1Nz!
2 tfm

r ss
(2)5rss

(2)t fm«xz«zx 2
2ih QN~0! cosw

«d~N
~0! cosw1Nz!

2 tfm«xz«zx

r pp
(0) ~Nnf!

2 cosw2NzN0

~Nnf!
2 cosw1NzN0

r pp r pp
(0,h)5rpp

(0,h)t fm 2
2ih QN0 cosw@2~Nnf!

4~«d2~Ny!2!1~Nz!
2~«d!2#

«d@N0Nz1~Nnf!
2 cosw#2 tfm

r pp
(1)5rpp

(1)t fm(«yz2«xy) 1
2ih Q~Nnf!

2NyNzN0 cosw

«d@N0Nz1~Nnf!
2 cosw#2 tfm~«yz2«zy!

r pp
(2)5rpp

(2)t fm«yz«zy

2ih Q~Nz!
2N0 cosw

«d@N0Nz1~Nnf!
2 cosw#2 tfm«yz«zy
s
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surements and again assumingts52 AL, we deduceC
5210 mdeg. So, sinceDS(m);«s

2, optical measurement
give approximately half the value of«s given by the
VISMOKE/PMOKE ratio. Maximum measurement and ca
bration errors could be'20%; thus this cannot explain th
discrepancy between MOKE and optical determinations
«s . This can be explained behind our simplified model
suming the step profiles of both«s ~simplified thicknessts)
and«m ~over thicknesst fm). Taking into account the profile
of «s(n) and «m(n), different measurements give differe
integral informations,15 i.e., VISMOKE is proportional to
*«s(n)«m(n)dn, PMOKE to *«m(n)dn and DS
;*«s

2(n)dn.

VI. SIMPLE PHENOMENOLOGICAL MODEL OF «s

The microscopic origin of the optostructural perturbati
«s can be associated to the difference between electr
band structures for vicinal and planar interfaces. Anot
contribution comes from the different boundary conditions
the electrical field at vicinal or planar interfaces. The sim
phenomenological model we propose assumes that the
sical boundary conditions are not fulfilled if considering t
mean optical plane of the vicinal interface, but are only va
for each step tilted from this plane by the miscut anglec @see
Fig. 1~a!#. Then, the boundary conditions between two is
tropic media~a! and (b), separated by a vicinal interfac
may be expressed by
15541
f
-

ic
r
f
e
as-

-

DD~vic!5D~b,vic!2D~a,vic!5~«d
~b!2«d

~a!!

3F Ex
~a! cos2 c1 1

2 Ez
~a! sin 2c

Ey
~a!

1
2 Ex

~a! sin 2c1Ez
~a! sin2 c

G , ~9!

where «d
(a) , «d

(b) are the diagonal permittivity tensor ele
ments of the (a), ~b! media, respectively. In order to resto
usual boundary conditions at long range we choose to
press the difference between step boundary conditions
those given by a planar interfaceDD(pln)5D(b,pln)2D(a,pln)

5(«d
(b)2«d

(a))@Ex
(a) ;Ey

(a) ;0# by a modification of the permit-
tivity tensor in the close vicinity of the vicinal interface; th
leads to nonzero off-diagonal permittivity elements. Assu
ing that the difference between planar and vicinal bound
conditions DD(vic)2DD(pln) is equally distributed between
both media~a! and (b), we obtain structural off-diagona
permittivity element in~a! material

«s
~a!5 1

4 ~«d
~b!2«d

~a!!sin 2c. ~10!

This result can be applied to both types of area of vici
interfaces, denoted on Fig. 1~a! as ~l! and ~s! and having
orientationsc and c290°, respectively. Substituting thes
angles onto Eq.~10!, we found that these contributions~per
unit area! give opposite sign for«s . Thus, suming weighted
contributions from~s! and ~l! area, we arrive at

«s
~a!5 1

4 ~«d
~b!2«d

~a!!~cos2 c2sin2 c!sin 2c. ~11!
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In the case of a small miscut anglec, the~s! area is much
smaller than the~l! area and the contribution from~s! area
can be neglected. Thus, considering only the~l! area,«s ex-
presses by Eq.~10!. In the case ofc545°, Eq.~11! leads to
«s50, as expected when new mirror plane symmetry
pears. In the case of Co deposited on Au~322!, Eq. ~11! leads
to «s520.0921.67i . From this simple model about 18% o
the experimental value can be accounted for. To get a m
quantitative agreement, refined calculations taking acco
of the influence of the modified boundary conditions and
perturbation on the electronic band structure are requi
From an experimental point of view, the spectral depende
of «s can give some insight into the processes involved at
vicinal interface.

VII. CONCLUSION

VISMOKE has been analytically predicted and evidenc
in a Co film deposited on a Au~322! vicinal surface, but it is
always expected for ferromagnetic films deposited on lo
symmetry surfaces,~i.e., surfaces providing only one mirro
plane symmetry!. Obviously, VISMOKE is never present i
a Co film grown on a high-symmetry surface, such
Au~111!. VISMOKE can provide a new way to investiga
selectively the magnetic behavior and magneto-optical sp
troscopy of interfaces. Magneto-optics on the second
monic generation of light can also be used for the same
pose, but the possible investigated spectral range is u
now too limited to compete with VISMOKE spectroscop
VISMOKE comes from the interference between the op
structural perturbation«s induced by the lowering of inter
face symmetry and the usual magneto-optical perturba
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«m . It is characterized by a 2p symmetry behavior when
rotating the film around its normal axis. A phenomenologic
origin of «s has been proposed, predicting a linear variat
of the VISMOKE with the degree of vicinality for smal
miscut angles. As experimentally demonstrated, VISMO
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APPENDIX

Reflection coefficients for an ultrathin FM layer san
wiched between an infinite substrate and an overla
of thickness tover are presented in Table I. The term
h52p/l0 is the vacuum wave vector andQ
5exp@4piNztover/l0# the influence of the overlayer. Th
other terms are defined inside the text. The total reflect
coefficients are given by a sum of partial contributions,r ss

5r ss
(0)1r ss

(0,h)1r ss
(2) and similarly for r pp ; the

superscripts~0!,~1!,~2! denote the order of perturbation of th
off-diagonal permittivity coefficients« i j , iÞ j , of the FM
layer. Table I gives all contributions to reflection coefficien
at first order of Fourier transformation byt fm , i.e., when
r i j 5a1btfm , wherei, j 5$s,p%.
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