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Magneto-optical Effects Enhanced by Surface Plasmons in Metallic Multilayer Films
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Magneto-optical properties of noble-metal—ferromagnetic-metal multilayer thin films have been
investigated in the total reflection condition. The experimental and theoretical study of a Au/Co/Au
model structure demonstrates that the resonant coupling of the p component of the light electric field
with the gold surface plasmons results in an enhancement of the magneto-optical response of the system,
both in the reflected light and in the evanescent mode.

PACS numbers: 78.20.Ls, 71.45.Gm

Very thin ferromagnetic layers embedded in metallic
matrices have received a lot of attention in the past few
years because of their specific physical properties, such as
perpendicular magnetization, giant magnetoresistive, and
magneto-optical (MO) effects [1], which are very attrac-
tive both for fundamental physics studies and technologi-
cal applications.

In the variety of systems which are now available, the
quality of the interfaces and of the crystalline structure
as well as their magnetic properties may be controlled,
in particular by properly choosing the matrix materials.
Noble metals are generally suitable for these applications.
In another respect, noble metals have specific electronic
and optical properties which may be used to improve
MO responses. Thus, in ferromagnetic-metal /noble-metal
multilayer structures, enhancement of polar Kerr rotations
have been observed at the bulk plasmon edge of the
noble-metal dielectric function e(w) [2]. The detailed
interpretation of the effect of bulk plasmons on MO
properties, which was also reported for ferromagnetic
crystals [3], still remains controversial [4]. Electronic
resonances of another type, which are very strong in
noble metals, are the surface plasmon modes [5]. These
coherent charge oscillations propagating along a metal
surface can be excited, in a wide spectral range, by the
p component of the evanescent light electric field when
the sample is illuminated in total reflection condition. Up
to now, the data reported in the literature on the influence
of surface plasmons on Kerr effect concern ferromagnetic
metals [6], where surface plasmon resonances are not well
defined due to overdamping (|[Re(e)/Im(e)| < 1).

In the present Letter, we report a precise analysis of
the MO properties, in total reflection geometry, of a
model Au/Co/Au multilayer structure where the well-
defined noble-metal surface plasmon resonance, of high
quality factor (|[Re(e)/Im(g)| > 1), can be excited. Our
experimental and theoretical results show that, in this
case, a resonancelike characteristic feature is observed in
the MO response both in the reflected beam and in the
evanescent mode close to the film surface. This feature
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actually corresponds to a strong enhancement of the MO
figure of merit of the whole system.

We have designed a magneto-optics experiment oper-
ating in total reflection geometry, with polarization sensi-
tive detection of the evanescent mode and of the reflected
light (Fig. 1). The d = 30 nm thick Au/Co/Au film is
grown on a glass plate under UHV conditions [7]. The
thickness of the substrate and cap gold layers are, respec-
tively, d’ = 25 nm and d” = 4 nm. The € = | nm thick
cobalt layer has its easy-magnetization axis perpendicular
to the film plane and exhibits a square hysteresis loop. The
glass plate is optically coupled to a half-cylindrical glass
prism with adapting refractive index liquid. Linearly po-
larized light of wavelength 647 nm (the red line of a Kr*
laser) illuminates the sample through the prism at a vari-
able incident angle 6. The intensity and polarization of
the reflected beam are analyzed. For the 6 values beyond
the total reflection limit, the evanescent mode close to the
sample surface is collected by a tip-ending monomode op-
tical fiber which guides the light to a photomultiplier tube
equipped with a polarization analyzer. The tip is mounted
on a scanning tunneling optical microscope [8] head.
The characteristics and performances of this polarization-
sensitive microscope are described in detail elsewhere [9].
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FIG. 1. Schematics of the magneto-optics experiment setup.
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The MO effects in the reflected beam and in the evanes-
cent mode are measured by means of specific modula-
tion techniques. In pulsed-current operation, a small coil
surrounding the tip delivers alternating (at 20 Hz) 10 us
long pulses of magnetic field perpendicular to the film
plane and larger than the Co-layer coercive field (=1 kOe)
without perturbing near-field measurements. This way,
the saturated magnetization of the Co layer is periodically
flipped at 20 Hz. The modulation of the light polarization
induced by the MO effect, at this frequency, is detected as
an intensity modulation through a linear analyzer oriented
at 45° to the incident polarization axis. The ac component
of the detector output signal at the modulation frequency,
measured through a lock-in amplifier, is the MO signal
S.mo (i.€., the amplitude of the MO hysteresis loop at zero
external magnetic field). In near-field measurements, the
dc component of the detector output signal is used in the
feedback loop of the tip-to-sample distance to maintain a
constant average detected intensity.

For linearly polarized incident light, the MO effect
can be considered as the appearance of a component
perpendicular to the incident polarization direction. When
the light is initially s ( p) polarized, the detected electric
field has then two perpendicular components, E* (E?)
related to the incident light electric field and E? (E°)
magneto-optically induced. Therefore, for both excitation
polarizations, the expression for 2o is

Zmo = |EP(O)|E*(0)| cos[A(6) + ¢], ey

where E° and E? are the amplitudes of E* and (E?), A¢
is their phase difference, and ¢ is a possible additional
phase shift introduced by the detection setup. The true MO
response of the system is the figure of merit Smo, i.e., the
value of X0 for a unit excitation intensity. This quantity
can be expressed as a function of the complex reflection
and transmission coefficients of the whole structure, which
we write in the general form p = re’® and 7 = te’?. For
instance, denoting by E** and EP” the amplitudes of the s
and p components of the reflected light electric field for
an s excitation of amplitude Ej, the complex reflection
coefficients p** and p?° for these two components are
defined by E** = pS*Ey and EP* = pP*Ej. In this case,
Smo is given by

Smo = 2r*(0)r”*(8) cos[Ap7*(8) + ¢], @

where A¢p?* = ¢*° — ¢P°. Similar expressions hold for
p excitation with permutation of the superscripts s and p.
For transmission measurements, the reflection coefficients
must be simply changed into the transmission coefficients.

According to Eq. (2) (and equivalent expressions), for
each incident polarization, Smo depends on three physical
quantities. Three measurements are then necessary to ana-
lyze the MO signal. We have performed such a precise
analysis of the reflected beam in a wide range of inci-
dence angles, for both incident polarizations (Fig. 2). We
first measured the reflectivity [i.e., the dc detector out-
put signal normalized over the incident intensity, curves
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FIG. 2. Variation with the incidence angle 6 of the reflectivity
(a) and (b) and the MO figure of merit Syo (c)—(f) of the
Au/Co/Au sample. The left column (a), (c), and (e) correspond
to s excitation and the right column (b), (d), and (f) to p
excitation. The MO signal is measured in the reflected beam
with a linear-light analyzer (c) and (d) and with a circular-light
analyzer (e) and (f). The symbols represent the experimental
points and the full lines are the theoretical fits.

in Figs. 2(a) and 2(b)], the square root of which directly
gives r** and rPP. For p excitation [Fig. 2(b)], the pro-
nounced minimum characteristic of the excitation of the
gold surface plasmon [5] is observed at the resonance
angle Og =~ 44.5°. We then performed two sets of mea-
surements of the MO signal. One is obtained with only
the linear-polarization analyzer [curves in Figs. 2(c) and
2(d)], which corresponds to ¢ = 0; the other is obtained
by adding a quarter-wave plate oriented at 45° to the
linear-polarization analyzer [curves in Figs. 2(e) and 2(f)],
which corresponds to v = 7 /2. The variations with 6 of
the relevant MO quantities A 7%, A¢*P, rP*, and r°? [10],
straightforwardly deduced from these measurements, are
plotted in Fig. 3.

In the total reflection range (¢ > 41.5°), for both s and
p excitations, the MO effect exhibits, in the vicinity of
Or, a remarkable feature typical of resonance behavior:
A¢P* and A¢*P vary by almost 7, while r?* and r*?
are strongly enhanced. For s excitation, this structure
corresponds to a MO figure of merit about 3 times larger
than the one obtained in the standard reflection geometry
(i.e., in nontotal reflection condition).

We have developed a theory for magneto-optics of a
few monolayers thick magnetic medium (Co) embedded
in a nonmagnetic metallic matrix (Au), which accounts
for the nonlocality of the Co dielectric tensor together
with the Au surface plasmon and uses the Green func-
tions method [11]. We obtained this way all the theo-
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retical curves plotted in Figs. 2 and 3 (full lines), which
fit to the experimental data for the following values of
the dielectric constants: in gold &, = —11 + 2i, in cobalt
g, = —11.5 + 18.3i (the diagonal elements of the dielec-
tric matrix), and ¢, = 0.65/ (the off-diagonal elements of
the dielectric matrix). These values are close to those
generally quoted in the literature [12]. The predictions
of the model can also be obtained from straightforward
but tedious matrix calculations, which account for both
the Fresnel electrodynamical boundary conditions and the
tensor character of the dielectric constant in the magnetic

|
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medium [13]. In order to get a physical insight into the
problem, we discuss here the analytical expressions for
the MO coefficients of the whole system, obtained from
this calculation, to first order in €. In these expressions
we use the complex “reflection coefficients” p and “trans-
mission coefficients” 7 of the two light electric field com-
ponents, as indicated by the superscripts s or p, at the
different interfaces between two adjacent media desig-
nated by double-number subscripts where | refers to glass,
2 to gold, and 3 to air. As an example p” is given, in
this framework, by

P P ik~ "
(1 + ppyerted’)

Ps —
P 2e, cos 0

S S 2iks
1 + piypre?ikd

, 3)

PP
I + prapperhd

where k, is the complex z component of the light wave |
vector in medium 2 (gold).

The first factor of Eq. (3) is the s — p conversion fac-
tor in the Co layer. It is proportional to &, i.e., to the
magnetization. The second factor is the expression for
the total s-excitation amplitude in the Co layer. The third
factor describes the propagation and interface transmis-
sion, between the Co layer and the observation in glass, of
the p-wave magneto-optically generated in the Co layer.
Both the second and third factors account for multiple re-
flections at the Au/air and Au/glass interfaces. The plas-
mon resonance arises here through pJ;, in the numerator
of the third factor (the denominator term involving prs is
attenuated), which shows a strong amplitude enhancement
and phase variation around 6.
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FIG. 3. Variation with the incidence angle 6 of the MO
reflection coefficient for s and p excitations: the amplitude
(rps and ry,) and the phase difference (A, and A¢,,). The
symbols represent the experimental determinations and the full
lines are the theoretical fits (which are identical for r,, and
rsp). The vertical dotted line indicates the resonance incidence
angle 6g. The singularities of both A¢ and r, at 6§ = 41.5°,
correspond to the total reflection limit.
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For p excitation, the p — s conversion factor is
ey €k cos 8/2k,, and p*P is obtained by exchanging the
superscripts s and p in the second and third factor of
Eq. (3). One can verify that p*” = p”* and consequently
that r*# = r?*, which is experimentally observed (Fig. 3)
[14]. It is now the second factor, describing the total
p-excitation amplitude in the Co layer, which contains
the resonant quantity p5; in exactly the same form as p”*.

Thus, for any incident light polarization, the p compo-
nent of the electric field, either magneto-optically induced
or from the excitation, couples with the gold surface plas-
mon at the Au/air interface, giving rise to a resonant
feature in both p*? and p”*.

Another way to describe the resonant coupling of the
gold surface plasmons with the p component of the light
electric field is to regard it as an accumulation, at the
sample surface, of the corresponding light energy. This
should result in an amplified p component of the evanes-
cent electric field [5]. We demonstrated this effect by
measuring, versus 6, the evanescent mode intensities /7
and /° collected in near-field, with the tip at the same dis-
tance from the sample surface, respectively, for p- and s-
polarized incident light of the same intensity. In Fig. 4(a)
we present, as a function of €, the experimental values
(symbols) of the ratio /7 /I° normalized to 17 /I* measured
on the bare prism [9]. This plot shows the resonant behav-
ior of 7”7 which is almost 100 times larger than 7* at 6.

Correspondingly, the MO signal in the evanescent
mode also features this p-wave amplification. Indeed,
to first order in €, the transmission coefficient 77* (p
observation in air, under s excitation), for instance,
contains the first two factors of Eq. (3), the third factor
being replaced by

JEzcos  eikd tli(1 + pjehd) @)

g3 — e1sin26 (1 + phpretihd)
which evidences the resonance due to the transmission
coefficient 753 of the p wave at the gold/air interface.
In Fig. 4(b), we present three sets of near-field mea-
surements, for s excitation [15], of the variation with 6
of S Mo normalized over the total collected intensity /°
[Smo/I* = (tP5/t5) cos(Ap?* + )]. They are obtained
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FIG. 4. Variation with the incidence angle 6 of (a) the ra-
tio 17 /I° of the evanescent mode intensities measured for p
and s excitations (b) 2Zyo/I° the MO signal measured in the
evanescent mode for s excitation, normalized to the total col-
lected intensity. The symbols represent the measurements and
the full lines are the theoretical fits. The experimental values of
3mo are obtained for three different fiber configurations. The
theoretical variations match the three sets of measurements ac-
counting for the three indicated values of the additional phase
shift ¢ induced by the fiber. The vertical dashed line indicates
the resonance incidence angle 6g.

with three different fiber configurations which introduce
three different values of the additional retardation . The
theoretical curves (full lines), obtained using the complete
model, match the three experimental data sets (symbols)
when we use the above set of optical constants and suit-
able values of ¢ accounting for the different fiber configu-
rations. On each of the three curves, the amplification of
the near-field MO response is observed at resonance.

The experimental and theoretical results presented here
demonstrate that in total reflection geometry, the in-
tense and sharp surface plasmon resonances of noble
metals can strongly increase the MO figure of merit in
noble-metal /ferromagnetic-metal multilayer systems, al-
ready known to exhibit large MO response. Moreover,
in the Au/Co/Au thin film that we have studied, the
MO signal in the evanescent field reaches, at resonance,
nearly 1% of the total collected intensity, for a single
1 nm thick ferromagnetic layer. This could provide a
significant advantage to high-resolution near-field optical
imaging of submicronic magnetic domains [9,16], in par-
ticular for technological applications such as high-density
data storage.
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