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ABSTRACT The optical and magneto-optical second harmonic
reflectivity response of Au/Co/Au/Cu multilayers grown on
vicinal Si(111) substrates has been studied. These azimuthal
optical non-linear experiments check the uniaxial character of
the crystallinity of the Au buffer layer and the magnetic behav-
ior of the ultrathin Co films in the metallic multilayer. They
clearly show the strong dependence of the growth parameters
and the misorientation of the vicinal surface on the SHG reflec-
tivity signals. This uniaxial behavior is also correlated to linear
MOKE experiments on the magnetic anisotropy with an easy
magnetization axis parallel to the step edges.

PACS 01.30.Cc; 42.65.Ky; 68.37.Ef; 75.70.Cn

1 Introduction

Interface-induced magnetic properties are an im-
portant characteristic of ultrathin magnetic films. The mag-
netic moments at the surface can be enhanced in comparison
with the bulk values, due to the change in the electronic struc-
ture associated with the reduced symmetry and the modified
interatomic interactions. In addition, the presence of strain or
roughness at interfaces can affect the magnetic anisotropy via
magnetoelastic interactions [1]. Furthermore, the magnetic
properties of ferromagnetic thin films grown on surfaces with
reduced symmetry are of great technological importance and
of fundamental scientific interest.

Several research groups have shown that the specific sym-
metry of a ferromagnetic film epitaxially grown on a vici-
nal substrate surface, i.e. a quasiperiodic sequence of atomic
steps, will usually induce a uniaxial magnetic anisotropy.
This has been found, for example, in Fe/W (001) [2,3],
Co/Cu(110) [4] and Fe/Ag(001) [5]. In these studies, sin-
gle crystals miscut at a small angle against a low index sur-
face were used as substrates. Since second harmonic gen-
eration (SHG) is sensitive to the symmetry of the surface
and buried interfaces [6], it is a powerful technique to study
the influence of growth parameters on the interface mag-
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netic anisotropy and to illustrate the lowering of the symme-
try induced by the step rearrangement of a vicinal substrate
surface.

2 Experimental techniques

The substrates used in this study are Si(111)
wafers, nominal, cut 2° and 6° off the [111] axis toward
the high symmetry [112] direction. This direction of misori-
entation allows a step mixture formation of one and three
atomic heights [7, 8]; whereas the opposite direction, i.e.
[112] creates a substantial density of steps, which tend to
form bunches, thus giving a rougher surface [9]. The sub-
strates were chemically treated in order to obtain an ideally
hydrogen-terminated Si(111)-(1x 1) non-reconstructed sur-
face, known to be highly stable, unreconstructed, very flat and
nearly defect-free [10]. These characteristics make this sys-
tem especially suitable for molecular beam epitaxy (MBE)
and have favored its use as a substrate with adsorbates of
very different nature. Substrate thermal heating and film
growth were carried out in an MBE chamber with a base
pressure below 2 x 107! mbar. Upon annealing in the UHV
chamber up to 600 °C, the periodicity of the H—Si surface
changes to form a stable 7 x 7 reconstruction checked by re-
flective high-energy electron diffraction (RHEED). The Cu
ultrathin buffer layer was deposited under two different con-
ditions: 2 monolayers (ML) at 100 °C and 4 ML at 200 °C.
In order to check the dependence of the magnetic proper-
ties of Au/Co/Au on the Au buffer and Co thicknesses,
we have grown different thicknesses of an Au buffer (3, 5,
10, 15 and 20ML) and a Co film (2.5 to 15ML) on the
same substrate using a manual shutter. Finally, a 15 ML Au
coverage was deposited to protect the Co layer. At the dif-
ferent stages of growth, a topographic study of the samples
was performed using an in situ scanning tunneling micro-
scope (STM). In order to correlate the surface morphology
with the magnetic properties of the ultrathin multilayers,
we have carried out polar and longitudinal magneto-optical
Kerr effect (MOKE) measurements as well as second har-
monic generation (SHG) experiments, checking the depen-
dence of the results on the substrate misorientation angle, Cu
growth condition and Au and Co layer thicknesses. The use
of MOKE to study magnetization reversal processes has sev-
eral advantages over conventional magnetometry since the
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magnetization is only monitored in the region illuminated by
the focused laser spot. The magnetic properties can be inves-
tigated as a function of layer thickness in one single sample,
the results thus being free of the problems associated with
growth parameter variations in samples grown at different
times.

Compared with experiments using the linear Kerr effect,
SHG experiments have the advantage of being highly surface-
sensitive, capable of remote sensing and in situ measure-
ments and applicable to any interface accessible with light. It
can also be used to probe surface magnetization; in fact the
non-linear optical susceptibility tensor possesses a group of
non-vanishing elements induced by the presence of a finite
magnetization.

The SHG measurements were performed using a fem-
tosecond Ti:sapphire oscillator operating at A = 800 nm and
arepetition rate of 80 MHz. The laser beam was focused with
a spot of 30 pm in diameter on the metallic multilayer. Its
average power was about 20 mW in order to avoid damage of
the sample. Taking into account the low quantum efficiency
of the second harmonic generation in metallic interfaces, the
doubled signal was measured using a liquid-nitrogen-cooled
CCD camera after a very efficient filtering to reject the fun-
damental light. In order to achieve azimuthal measurements
of the SHG (A-SHG) reflectivity, a special sample holder
was designed to allow the azimuthal experiment to be per-
formed exactly on the same point of the sample. These A-SHG
reflectivity measurements were done systematically in the
four polarization configurations: Sin—Sout, Sin— Pout> Pin— Pouts
Py —Sout, varying the azimuthal in-plane rotation angle of the
sample from 0 to 360° by 5° steps around the surface normal
(z-axis). The x—y-coordinates define the surface plane, the y-
direction coinciding with the direction s of polarization, and
the p-polarization corresponding to the plane of incidence, the
x—z-plane.

3 Results and discussion

Copper deposition on Si(111)-(7 x 7) substrates
leads to three-dimensional growth characterized by the ap-
pearance of small islands all over the surface for the two
deposition temperatures. These islands present an anisotropic

shape with a typical 10 nm lateral dimension and are locally
arranged along the symmetry directions of the Si substrate
(along the step edges or along directions at 60°). Thus, the
duplication of the vicinal character of the Si substrate on the
Cu layer cannot be directly observed using in situ STM. The
current STM image, as shown in Fig. 1 for Au/Cu, allows to
define the shape of the islands on the surface more precisely
than the topographic one.

For Cu growth at 200 °C, the crystallinity seems to be
better and the surface flatter. As shown below, this mor-
phological difference between the two copper buffer layers
strongly affects the magnetic properties of the Au/Co/Au/Cu
multilayers deposited on vicinal Si (111) substrates.

Hysteresis loops were measured using polar and lon-
gitudinal Kerr effect experiments exploring all the growth
parameters (various misorientations of the Si substrate, Cu
deposition temperature, thicknesses of Au buffer and Co
films (4, and tc,, respectively)). The saturated polar Kerr
rotation kg measured on all the samples follows the phe-
nomenological law x = K (tco — 12,), where 12 depends on
the Au/Co interface and K is a constant which depends on Au
and Cu thicknesses [11]. Numerical simulations carried out
under the optical multilayer approximation, which involves
abrupt interfaces and makes use of optical and magneto-
optical indices of the different materials constituting the mag-
netic multilayer, give an excellent quantitative description of
the 6k dependence on the Co thickness. Experimental re-
sults obtained on different multilayers deposited on 4 ML Cu
grown at 200 °C are shown in Fig. 2, as well as magneto-
optical Kerr rotation simulations where the interface con-
tribution tgo is the only close-fitting parameter. The repro-
ducibility of the experimental results for all samples clearly
shows that substrate misorientation has no influence on the
magneto-optical polar Kerr rotation. The interface contribu-
tion 72, is found to be 0.8 ML for thick buffer Au layers
(10, 15 ML), the same as obtained on Au/Co/Au deposited
on float glass. This contribution mainly arises from the band
structure of the cobalt and gold atoms at the interface [12].
The value of tgo increases as za, decreases (1.2 ML for 75, =
5ML and 1.6 ML for t5, = 3 ML). This behavior can be
explained by interface roughness or CoSi, formation. The
magnetic perpendicular Au/Co interface anisotropy Ki; on

FIGURE 1 Scanning tunneling micrograph
100 x 100 nm? of Au/10 ML Cu/4 ML grown at
200 °C deposited on a Si(111) substrate 2° off
toward the [112] direction: a topographic image,
b current image
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FIGURE 2  Saturated polar Kerr rotation as a function of Co thickness for
an Au/Co/Au multilayer deposited on 4 ML Cu grown at 200 °C

the contrary was found to be strongly dependent on the
Cu deposition temperature and only slightly dependent on
Au buffer thickness: K13, =0.5J/ m? for 100°C Cu deposi-
tion temperature and K, = 0.3 J/m? for 200 °C. For higher
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Co thicknesses fc, (fco > 7ML for 2 ML Cu deposited at
100 °C and tc, > 4 ML for 4 ML Cu deposited at 200 °C),
the easy magnetization axis lies in the film plane. In this
case, a uniaxial magnetic anisotropy was observed with the
easy magnetization axis parallel to the monoatomic steps
of the vicinal surface. As expected, this uniaxial in-plane
magnetic anisotropy (Fig. 3) increases with the atomic step
density and then with the miscut angle of the vicinal sur-
face [13].

Before investigating the crystallographic and magnetic
properties of Au/Co/Au/Cu thin films using SHG measure-
ments, we first study the influence of structural imperfec-
tions at the SiO,/Si interface induced by substrate misori-
entation. Azimuthal SHG (A-SHG) analysis has been suc-
cessfully performed to reveal the symmetry characteristics
of the vicinal Si(111) surface (Fig. 4). This surface exhibits
a Cy, symmetry superimposed onto the classical threefold
symmetry due to (111) interface contribution [14]. The ba-
sic idea of the experimental data fit procedure is to con-
sider the symmetry of the surface arrangement and to split
the respective tensor into contributions representing the vari-
ous symmetry axes. The second harmonic response of a sur-
face layer can be written in the dipole approximation as
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FIGURE 3 Longitudinal MOKE measurements for Au/15 ML Co/15 ML Au/Cu/Si(111) 2°: a2 ML Cu at 100 °C with H // steps, b 2 ML Cu at 100 °C
with H perp. steps, ¢ 4 ML Cu at 200 °C with H // steps, d 4 ML Cu at 200 °C with H perp. steps
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where i, j, k denote vector components with respect to the x,
v, z coordinate system and the sum convention rule applies.
xijk reflects the surface symmetry and is the third-rank sus-
ceptibility tensor. For a vicinal (111) surface, the azimuthal
non-linear reflectivity versus the rotation angle @ is well de-
scribed using the simple phenomenological laws for each
polarization configuration [16]:

Sin—Sou : { = |A sin3® + Bsin ®|?

Pin—Sou : I =|Asin3® + Bsin ® 4 Csin 2 |?
Sin—Pout : I = |Asin3® + Bsin @ + Csin2® + D|?
Piu—Pou: I =|Asin3® + Bsin® + Csin2® + D|?

@)

The values of A, B, C and D are determined by fitting
the experimental data with the above laws using a least
square fit procedure. In these expressions, we must take
into account the multiple reflections at each interface; how-
ever, as we will see below, the A-SHG experiments re-
flect mostly the structural symmetry of the upper inter-
face.

In order to check the propagation of the vicinal charac-
ter of Si substrate through the metallic multilayer, we have
studied the evolution of the A-SH signal as a function of Au
thickness in Au/Cu/Si(111) 2° off structures for all polar-
ization configurations. A typical A-SHG measurement in the

FIGURE 4 A-SHG measurements for s-polar-
ized SH intensity for p-polarized illumination on
a Si/SiO; interface. a 2° off, b 6° off

Sin—Sout configuration is shown in Fig. 5a. A uniaxial symme-
try contribution is clearly seen in the angular dependence of
the azimuthal reflectivity signal. The phenomenological law
I =|Asin3® + Bsin ®@|? describes the SH reflectivity very
well; the values of A and B, determined by fitting the experi-
mental data with the above law, increase with Au thickness.
When 15, increases, the electromagnetic field amplitude of the
fundamental light slightly decreases on the Au/Cu and Cu/Si
interfaces, inducing a reduction of their contribution to the
total A-SHG signal. The contribution of the upper interface
air/Au thus becomes predominant and the azimuthal reflec-
tivity comes essentially from the structural symmetry of the
surface. The ratio B/ A of the uniaxial component versus the
threefold symmetry, which is a clear signature of the vicinal
character, does not depend on the Au thickness (Fig. 5b). This
behavior implies that the step structure of the Si (111) surface
is macroscopically duplicated up to a rather thick Au thick-
ness (at least o, = 20 ML).

A similar analysis has been performed for the P, —Sou po-
larization configuration, for which the A-SHG intensity can
be described using the phenomenological law correspond-
ing to this specific configuration: / =|Asin3® + Bsin® +
Csin2®|?>. We observe an increase of the different SHG
intensity contributions (A, B, C) with Au thickness while
keeping constant the B/ A and C/ A ratios (Fig. 5c¢).

After the study of the Au/Cu buffer layer, we have carried
out azimuthal experiments on the whole magnetic multilayer
Au/Co/Au/Cu/Si(111). Figure 6a and b shows the s- and
p-polarized SH intensity for p-polarized illumination meas-
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FIGURE 5 a Dependence of the SH reflectivity on the azimuthal angle for Si,— Sy polarization. b Ratio between uniaxial and threefold symmetry compo-
nents of the azimuthal SH reflectivity versus Au buffer thickness for A-SHG measurements for Si,—Sou: polarization. ¢ Ratio between uniaxial and threefold
symmetry components of the azimuthal SH reflectivity versus Au buffer thickness for A-SHG measurements for Pj,—Soy polarization
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ured while the sample was rotated, for Au/15 ML Co/15 ML
Au/2 ML Cu (100°C)/Si(111) 2°. For the azimuthal meas-
urements, we have applied a sufficient in-plane magnetic field
(500 Oe) in transverse magneto-optical configuration, in order
to saturate the magnetization in one direction and then in the
opposite one. Using this standard technique for MO-SHG ex-
periments, one can separate the crystallographic and magnetic
contributions of the non-linear tensor elements. For the P;,—
Sout polarization configuration, the azimuthal SHG signal ex-
hibits six lobes in agreement with C3, symmetry, however
the different peaks do not present the same magnitude, which
indicates that the step structure does not preserve the (1—
10) mirror plane. This configuration shows only a crystallo-
graphic contribution, as is expected for the s-polarized SH
intensity in the transverse configuration. For the P;, — Py con-
figuration, the A-SHG signal combines both crystallographic
and magnetic contributions, but it shows only three main lobes
and not six as observed in Sy signals. This difference has
been explained by the presence of an isotropic term in the ex-
pression of the SH intensity for p-polarized out-coming light.
The A-SHG measured in these two configurations agrees with
the theoretical prediction; it also reveals the uniaxial charac-
ter of the multilayer. As expected, this uniaxial symmetry is
stronger in the multilayer deposited on Si 6° off.

In order to observe the influence of the copper deposition
conditions on the interface roughness, SHG experiments were
carried out on Au/15 ML Co/15 ML Au/Cu/Si(111) 6° for
2 ML Cu grown at 100 °C and 4 ML at 200 °C. Figure 7 clearly
shows that the uniaxial character is stronger in the multilayer
deposited on 4 ML at Cu (200 °C), as well as the in-plane mag-
netic anisotropy which favors easy magnetization along the

FIGURE 6 A-SHG measurements for s-polar-
ized SH intensity for s- (a) and p- (b) polarized
illumination on Au/15 ML Co/15 ML Au/2 ML
Cu/Si(111) 2° off

FIGURE 7 A-SHG measurements on Au/
15ML Co/15 ML Au/Cu/Si (111) 6° for: a2 ML
Cu grown at 100 °C, b 4 ML Cu grown at 200 °C

step direction. This result is in good agreement with the lon-
gitudinal MOKE experiments.

4 Conclusion

We have investigated the non-linear optical and
magneto-optical properties of Au/Co/Au/Cu multilayers de-
posited on vicinal Si(111) substrates, with changing film
thickness, growth conditions and misorientation angle of the
vicinal surface. The SHG azimuthal anisotropic reflectivity
and the magnetic properties of Au/Co/Au multilayers de-
pend strongly on both substrate misorientation and copper
growth conditions. The uniaxial SHG azimuthal anisotropy
is rather independent of the Au buffer thickness in the Au
thickness range from 3 to 20 ML. On the contrary, it strongly
depends on the Cu deposition temperature. The in-plane
magnetic anisotropy shows a clear dependence on the mis-
orientation angle of the vicinal Si(111) substrate and the
easy magnetization axis is parallel to the monoatomic steps
of the silicon substrate. This experiment clearly shows the
powerful character of SHG azimuthal experiments since in
situ STM experiments on the metallic multilayer are not
able to clearly exhibit the uniaxial character of the metallic
multilayer.
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