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Additivity of the magneto-optic Kerr signal in ultrathin Fe(110)/Ag(111) superlattices
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Fe(110)/Ag(111) superlattices were fabricated by molecular-beam epitaxy and investigated by means

of the surface magneto-optic Kerr effect (SMOKE). Reflection high- and low-energy electron diffraction

and Auger spectroscopy were used to determine that both Fe(110) on Ag(111) and Ag(111) on Fe(110)
grow epitaxially. In situ SMOKE measurements were made as a function of the number of bilayers for

0

four superlattice samples with bilayer thicknesses ranging from 19 to 25 A. We find that the Kerr signal

initially depends only on the total thickness of Fe and is independent of the intervening Ag layers. This
result confirms that anticipated from a general macroscopic formalism evaluated in the thin-film limit.

I. INTRODUCTION

Artificially layered magnetic superlattices have attract-
ed great interest in recent years. ' A primary motivation
is that the superlattice structure provides the possibility
of combining desirable magnetic, structural, and optical
properties to explore basic and applied issues. The
timeliness of the efforts is due to the recent development
of advanced growth and characterization techniques
applicable to thin films, as well as magnetic probes, such
as Mossbauer spectroscopy and the surface rnagneto-
optic Kerr effect (SMOKE). SMOKE, in particular, has
the advantage of ease of operation and the potential for
developing new magneto-optic storage materials.

The basic principal of SMOKE is that the magnetiza-
tion in magnetic material gives rise to nonzero off-
diagonal elements in the dielectric tensor and rotates the
plane of polarization of incident light upon reflection
from the surface of the material. Thus, by detecting the

component perpendicular to the incident polarization
plane, the magnetization can be detected with sensitivity
in the rnonolayer-thickness range. In the present work,
we will apply the SMOKE technique to study Fe/Ag
multilayers, which serve as a prototype for metallic
magnetic-nonmagnetic superlattices.

The SMOKE signal from a superlattice depends on
factors other than magnetic properties, such as the re-
fractive indices and thicknesses of the individual com-
ponent layers, the multilayer stacking sequence, etc. '

Great effort has been taken to calculate the SMOKE sig-
nal in multilayer systems. " In metallic films, because
of the absorption of light in metals, the incident light can
only penetrate a finite depth into the film. For example,
the penetration depth of He-Ne laser light in most metals
is —100—200 A, which is much less than the wavelength
of the incident light (A, =6328 A). In such a situation, the
phase difference of the incident light while traveling in
the film is so small that the interference effect between in-
dividual layers can be ignored. As a result, one often can
apply the thin-film approximation to simplify the calcula-
tion. ' In the present work we present experimental re-
sults for the Fe/Ag-multilayer system and compared the
results with that calculated from the magneto-optic for-

malism of Zak et al." to test the expectation of an addi-
tivity law in the thin-film approximation. ' The law
states that the Kerr signal of the superlattice consists of a
sum over the magnetic layers of the individual Kerr sig-
nals, without regard to the intervening nonmagnetic lay-
ers.

II. EXPERIMENT

A. Growth and characterization of the Fc(110)/Ag(111)
superlattices

The Fe(110)/Ag(111) superlattices were fabricated by
molecular-beam epitaxy (MBE) in an ultrahigh vacuum
(UHV) system of base pressure 1 X 10 ' Torr. The sys-
tem is equipped with reflection high-energy electron
diffraction (RHEED), low-energy electron diffraction
(LEED), Auger electron spectroscopy based on a hemi-
spherical analyzer with a 140-mm mean radius, Ar-ion
sputtering, and a split-coil UHV-compatible supercon-
ducting magnet.

The substrate used was cleaved mica that was first ul-
trasonically cleaned in methanol before introduction into
UHV. The mica was annealed in UHV at 700 K for 12 h,
and then a Ag(111) base layer was deposited onto the
mica at a rate of -0.5 A/min from a Ag foil in an alumi-
na crucible while the mica was held at 450 K. After
—1500 A of Ag was deposited, the surface was sputtered
by 5-keV Ar+ ions for a few minutes and annealed at 900
K for half an hour; then the film was cooled back down
to 450 K and another 100—200 A of Ag was homoepitax-
ially grown onto the Ag. After this process, the RHEED
and LEED patterns indicated that a flat Ag(111) surface
was achieved. ' From the high-quality RHEED pattern
(with the beams in a semicircle and clear Kikuchi lines in
the background) and sharp LEED beams, we estimate
that the roughness of the Ag(111) surface is on an atomic
scale. The Fe(110) films was deposited onto the Ag(111)
surface from an Fe foil in an alumina crucible; the deposi-
tion rate was 0.1 A/min and the substrate temperature
was again 450 K. The pressure during the growth pro-
cess remained below 3X10 ' Torr. The lattice misfit
between the [110]axis of Fe and the [110]axis of Ag is
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—1%, and the misfit between the [110] axis of Fe and
the [112] axis of Ag is —18%. Thus, the [001] axis of
Fe(110) will coincide with the [110],or [011],or [101]
axes of Ag to result in three growth directions of Fe(110)
on Ag(111). This has been confirmed recently by an STM
study on a similar system: Fe(110) on Au(111).' The
RHEED and LEED patterns identified the resultant
structure as single-crystalline Fe(110), as we recently re-
ported in Ref. 13. Four superlattice systems were
prepared and denoted as [Fe(10.5 A)/Ag(14 A)]„,
[Fe(11.3 A)/Ag(10 A)]„, [Fe(12 A)/Ag(7 A)]„, and
[Fe(15 A)/Ag(10 A)]„, where the number of bilayers n

in the stack typically increased from n = 1 to 10.
In addition to the RHEED and LEED characteriza-

tion, the growth of Fe(110) on Ag(ill) and A.g(111) on
Fe(110) also was monitored in situ by measurements of
the 350-eV Ag Auger signal. In general, the Auger signal
intensity should depend exponentially on the thickness of
the deposited material. If the growth mode is layer by
layer, however, the Auger signals should depend linearly
on thickness within each monolayer grown and the linear
segments for each species should join together to form an
exponential envelope. The segmented shape and kinks at
the completion of each monolayer in the Auger data in
Fig. 1 suggest that the initial growth mode is layer by lay-
er for both Fe(110) on Ag(111) and Ag(111) on Fe(110).
The Fe and Ag film thicknesses shown in Fig. 1 were
determined independently from a quartz-crystal thickness
monitor. The thickness monitor was calibrated both by
profilometry using a 2000 A Ag film, and by SQUID
magnetometry using a 100 A Fe film and assuming that
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FIG. 2. A schematic of the SMOKE experiment.

the magnetic moment has the bulk value. From Fig. 1 we
see that the thickness determined from the quartz-crystal
monitor is consistent with the location of the Auger kinks
at integral layer thicknesses.

B. SMOKE measurements
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FIG. 1. The change of the Ag 350-eV Auger signal intensity
during the growth of Fe(110) on Ag(111) and Ag(111) on
Fe (110).

The magnetic properties of the Fe(110)/Ag(111) super-
lattices were measured in situ by means of the SMOKE
technique. A schematic of the experimental arrangement
is shown in Fig. 2. An intensity-stabilized, He-Ne laser
was used as the light source. A linear polarizer polarized
the incident light in the plane of incidence (p polariza-
tion). The angle of incidence of the light is -20' from
the surface normal. Upon reflection from the sample sur-
face the light passes through an analyzing polarizer set at
5=2' from extinction, and a quarter-wave plate used to
remove the birefringence of the UHV window. The light
intensity, referred to as the Kerr intensity, is then detect-
ed by a photodiode and recorded as a function of the ap-
plied magnetic field H to generate the hysteresis loop. H
was applied in the film plane and in the plane of the in-
cident light (longitudinal Kerr effect) along the Ag [112]
direction. Due to the Kerr effect, the reflected beam (r)
will have a nonzero s component of the electrical field

E,'"', but for which ~E,'"'~ && ~E'"'~. We define

E,'"'/E'"':—P'+i/", where |t' and P" are the Kerr rota-
tion and ellipticity, respectively. In our experimental ar-
rangement the quarter-wave plate not only eliminates the
window birefringence, but also produces a 90' phase shift
which interconverts rotation and ellipticity. The benefit
of the signal conversion will become apparent later.
Thus, the measured quantity, to first order in P' and P",
1S
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I=)iE sin5+E, cos5) =(E ) )5 iP—'+P") =(E~) (5 +25/")=Io(1+2/" /5),

where I is the measured Kerr intensity and Io = ~E ~
5 isP

the Kerr intensity at zero net magnetization. Thus, the
peak-to-peak intensity AI, which is the difference be-
tween the Kerr intensity at positive and negative satura-
tion field, yields the Kerr ellipticity as follows:

5 EI
4 Io

III. RESULTS AND DISCUSSION

Figure 3 shows a typical set of SMOKE signals mea-
sured at the growth temperature of 450 K for different
thicknesses of Fe(110) on Ag(111). The hysteresis loops,
as shown in Fig. 3, have remanence and a low coercivity,
indicative of easy axes of magnetization in the film plane,
consistent with previous Mossbauer and SMOKE' ob-
servations for the Fe(110)/Ag(111) system. The Kerr el-

lipticity obtained from the peak-to-peak intensity is
shown in Fig. 4. The Kerr signal in Fig. 4 vanishes for
Fe films thinner than 1.6 monolayer (ML), and increases
linearly for Fe films thicker than 4 ML. This indicates
that the Curie temperature Tc is below 450 K for films
thinner than 1.6 ML and is well above 450 K for films
thicker than 4 ML. Detailed studies of the thickness
dependence of Tc and of the critical behavior near Tc for
the Fe(110)-on-Ag(111) system were reported elsewhere. '

In the present work, we want to concentrate primarily on
the Kerr effect in Fe(110)/Ag(111) superlattices as op-
posed to surface phenomena, so the Fe-layer thickness
are kept &4 ML.

The Kerr signal was measured after the growth of each
Fe/Ag bilayer. The ellipticity obtained from AI is plot-

1.3ML

Z=eo lg3

ig2

ig3 ig2—

ig,
1

where eo is dielectric constant and Q=(g&, gz, Q3) is the
magneto-optic coupling or Voigt' vector that describes
the Kerr effect. Suppose that the electrical fields of the
incident and reflected beams are E"E" and E,'"'E'"'
respectively. Then the goal becomes to find the relation
between (E,'"',E'"') and (E,",E"). The boundary condi-
tions require that (a) in the final layer of substrate,

Hy are continuous at each interface of the superlattice,
where the E„,E„and H„,H are the x and y components
of the electrical and magnetic fields, respectively. Zak
et al."have treated this problem in a general form using
two types of 4X4 matrices, A and D, referred to as the
medium boundary and medium propagation matrices.
These matrices relate (E,",E",E,",E'"') with

(E„,E~,H„,H~) within each layer of the superlattice, and
(E,",Ez', E,'"',E'"') at Ith interface with (E,",E"E'"',E'"')

ted in Fig. 5 as a function of the bilayer thickness. For
comparison, the ellipticity measured for Fe films of
different thickness on Ag is also plotted in Fig. 5. We no-
tice that the ellipticity for each film initially increases
linearly as the film thickness increases, and starts to ap-
proach saturation by —100 A thickness. The saturation
effect is primarily due to the absorption of light in metals;
the Kerr signal from layers well below the penetration
depth are not detected.

To better understand the observed linearity of the
magneto-optic signal, we follow the description of Zak
et al." and consider a superlattice with the film parallel
to the xy plane. In a magnetic material the dielectric ten-
sor Z has the form
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FIG. 3. SMOKE signals at 450 K for different thicknesses of
Fe(110) on Ag(111).

FIG. 4. Measured Kerr ellipticity at 450 K for different
thicknesses of Fe(110) on Ag(111).
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at the (1+1)th interface, as follows:

E (i)
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The boundary condition of continuity at each interface
then is given by

Here the subscripts of i and f stand for the initial and
final materials, which are vacuum and Ag for the present
case. After evaluating the A and D matrices one can cal-
culate the Kerr rotation and ellipticity.

In thin-film limit, where the total thickness of the su-
perlattice is much less than the wavelength of the in-
cident light, the calculation of the product of those ma-
trices in Eq. (1) becomes greatly simplified. " The result
for the p polarized, longitudinal case, which is our experi-
mental case, is

n; nf sin6);cos(9, cost9fP'+i/": —= d QE " A, (n;cos8, +nfcos8f )(nfcos8; n;co—s8f )
(2)

where the n; and nf are refractive indices, and 0; and 0f
are the angle of incidence in the initial medium and the
angle of refraction in the final medium, respectively. The
summation runs only over the magnetic layers and the
d and Q are the thickness and the magnitude of the Q
vector of the mth magnetic layer. From the above equa-
tion we see that within the thin-film limit the Kerr signal
(a) depends linearly on the thickness of the magnetic
component; and (b) is independent of the intervening
nonmagnetic layers. "

We have observed the linearity on thickness anticipat- 0.4 I I I
I

I I I
I

I I I I

ed from Eq. (2); it is shown in Fig. 5. To test the in-
dependence of the Kerr signal on the intervening Ag lay-
ers, we plotted the Kerr ellipticity as a function of the Fe
component thickness only (Fig. 6), instead of the total bi-
layer thickness. Indeed, all superlattice curves fall on the
same straight line as that of the pure Fe-on-Ag film. Ac-
tua11y, this result is quite easy to understand, since within
thin-film limit the interference effect between the indivi-
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FIG. 5. Measured Kerr ellipticity of the Fe/Ag superlattices
as a function of the total superlattice thickness, which is equal
to dF, +d«summed over all n bilayers, or n (dF, +d«). Note
the initial linearity in the thin-film region.
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FIG. 6. Measured Kerr ellipticity of the Fe/Ag superlattices,
as in Fig. 5, but plotted here as a function of the total Fe thick-
ness only, which is equal to ndF, . All the curves initially lie on
the same straight line indicating that the total Kerr ellipticity is

independent of the intervening Ag layers in the superlattices.
This provides experimental confirmation of the additivity law in

the thin-film limit.
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FIG. 7. Calculated Kerr ellipticity of the Fe/Ag superlattices
as a function of the total superlattice thickness.

dual layers can be ignored so that the total Kerr signal
should be just a simple summation of the Kerr signals
from each individual magnetic layer. For comparison,
we numerically evaluated the ellipticity for the superlat-
tices using the full formalism of Ref. 11, by utilizing bulk
values of the optical' and magneto-optic' constants tak-
en from the literature; the results are shown in Figs. 7
and 8. We see that the calculated results agree very well
with experiment. From the linear experimental slope in
Fig. 6, we can independently evaluate the Q value for Fe
from Eq. (2), and we find agreement within the 5%%uo level
with the real part of Q obtained from Ref. 16. The slight
enhancement of our Q value over the literature value as-
sumes that the difference between the slopes in Figs. 6
and 8 are solely attributable to Q and not to differences in
optical constants, etc. Given that such an extreme as-
sumption cannot be well defended, and that there are no
clear alternative assumptions to make, suKce it to con-
clude that the level of agreement is quite good. The cal-
culations also demonstrate the benefit of monitoring the
ellipticity as opposed to the rotation, since for the thick-
ness of interest the ellipticity is the dominant channel and
the rotation gives rise to only a weak signal. This in itself
is also a significant thin-film result, in that for bulk Fe the
magneto-optic signal resides predominantly in the rota-
tion channel and the ellipticity is relatively weak. A simi-
larly prominent ellipticity was noted for ultrathin Fe
grown epitaxially on Au(100). ' Thus, we find good
overall agreement between our observations, previous ob-

FIG. 8. Calculated Kerr ellipticity of the Fe/Ag superlattices
as a function of the Fe thickness only. That the curves initially
lie on the same straight line is a manifestation of the additivity
law in the thin-film limit.

servations, and macroscopic theory. It would be interest-
ing to extend quantitative magneto-optic studies further
toward the monolayer regime where band-structure
effects and the breakdown of dielectric-response theory
might be expected to lead to new properties.

IV. SUMMARY

Fe(110)/Ag(111) single-crystal superlattices were fabri-
cated by MBE and characterized by RHEED, LEED,
and Auger spectroscopy. Both Fe(110) on Ag(111) and
Ag(111) on Fe(110) follow a layer-by-layer growth mode.
The SMOKE technique was applied during film growth
to study magnetic and magneto-optic properties of these
superlattices as a function of thickness and of the number
of bilayers in the film. It was found that the Kerr ellipti-
city initially increases linearly as a function of the Fe film
thickness and is independent of the intervening Ag layers,
in agreement with expectations based on the magneto-
optic derivations of Zak et al."evaluated in the thin-film
limit.
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