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Magnetic field modulation of intense surface
plasmon polaritons

C. Clavero* ', K. Yang', J. R. Skuza?, and R. A. Lukaszew *

! Department of Applied Science, College of William & Mary, Williamsburg, Virginia 23187, USA.
? Department of Physics, College of William & Mary, Williamsburg, Virginia 23187, USA.
*cclavero@wm.edu

Abstract: We present correlated experimental and theoretical studies on the
magnetic field modulation of Surface Plasmon Polaritons (SPPs) in
Au/Co/Au trilayers. The trilayers were grown by sputter deposition on glass
slides with the Co films placed at different distances from the surface and
with different thickness. We show that it is possible to tailor Au/Co/Au
trilayers with the critical thickness needed for optimum excitation of SPPs
leading to large localized electromagnetic fields. The modification of the
SPP wave vector by externally applied magnetic fields was investigated by
measuring the magneto-optical activity in transverse configuration. In
addition, using magneto-optics as a tool we determined the spatial
distribution of the SPP generated electromagnetic fields within Au/Co/Au
samples by analyzing the field-dependent optical response, demonstrating
that it is possible to excite SPPs that exhibit large electromagnetic fields
that are also magneto-optically active and therefore can be modulated by
externally applied magnetic fields.

©2010 Optical Society of America

OCIS codes: (240.6680) Surface plasmons; (250.5403) Plasmonics; (160.3820) Magneto-
optical materials; (230.3810) Magneto-optic systems; (280.4788) Optical sensing and sensors;
(310.4165) Multilayer design.
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1. Introduction

Surface plasmon polaritons (SPPs) are transverse magnetic (TM) surface waves propagating
along the interface between two materials with dielectric constants of opposite sign, generally
a metal and a dielectric [1]. They result from the interactions between an illuminating wave
and the free electrons of the conductor, generating highly confined electromagnetic (EM)
fields at the interface. SPPs have been extensively studied and used in a number of
applications, including biosensors [2], optical modulators and switches [3], and new
generation plasmonic devices [4]. SPP technology is an attractive platform for the
development of nanoscale optical integrated circuits with passive and active devices,
achieving and controlling light propagation in sub-wavelength geometries [4]. Thus, the
control of SPPs by external magnetic fields has led to striking results, such as the
manipulation of optical transmission through magneto-plasmonic crystals with external
magnetic fields [5,6] or the control of terahertz SPPs on semiconductor surfaces by applying
an external static magnetic field [7]. As a consequence, a number of technological
applications have appeared in the last few years, including magneto-plasmonic optical
modulators [8], optical isolators [9] and magneto-plasmonic sensors [10]. Nevertheless, for
many applications it is important to achieve high intensity SPPs that also exhibit strong
dependence on externally applied magnetic fields.

Previous reports have indicated that the SPP dispersion relation can be affected by
applying magnetic fields perpendicular to the propagation vector of the SPP and along the
surface, i.e. in the so called transverse configuration [11], in single layered magnetic materials
[12,13], giving rise to field-dependent variations of the SPP wave vector kg, This effect has
been observed for bounded SPP modes in which the electromagnetic field generated by the
SPPs in the metallic film decays exponentially in the surrounding dielectric films [14] and for
symmetric leaky SPP modes in which the electromagnetic field decays in the dielectric with
lower refractive index and radiates towards the dielectric of higher refractive index [12,13]
[Fig. 1(a)]. The leaky modes are of special interest, since they generate very intense localized
EM fields, and thus they are very sensitive to the interface conditions, giving rise to
applications as sensors and for signal transmission in integrated circuits. These modes can be
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excited in the Kretschmann configuration [15,16], where the metallic films are optically
coupled to a prism and far-field light is angled through the prism such that the in-plane wave
vector k;=KonyrismSind matches the associated SPP propagation constant kspl[Fig. 1(a)], where
ko=w/c is the wave number in vacuum, @ is the incidence angle and nyism is the refractive
index of the prism. Unlike the bounded modes, these modes lose energy not only due to the
inherent absorption inside the metal, but also due to leakage radiation emitted into the prism.
Thus, in the Kretschmann configuration a minimum in the reflected intensity is obtained at a
critical incidence angle 6, due to destructive interference between the leakage radiation
emitted by the excited SPPs and the incoming light at the boundary with the prism [1]. This
minimum actually vanishes for a critical metal thickness d., associated with optimum SPP
excitation and thus leading to maximum EM fields. Such critical thickness depends strongly
on the absorption losses of the metal. Thus, in this configuration and for magnetic metals, the
variation of the SPP wave vector ks, when an external magnetic field is applied [Fig. 1(b)]
gives rise to a change of the SPP excitation condition and thus to a shift of the critical
incidence angle .. As a consequence, a strong field-dependent variation of the reflectivity is
observed giving rise to a strong enhancement of the transverse magneto-optical Kerr effect
(TMOKE) [12,13], [17,18]. Nevertheless, ferromagnetic metals such as Fe and Co have very
high absorption losses compared to noble metals, i.e. Au and Ag, giving rise to overdamped
SPP modes associated with low EM fields. Figure 1(b) shows the dispersion relation for the
symmetric leaky SPP modes in Au and Co illuminated in the Kretschmann configuration
using a quartz prism. Due to the high absorption of Co, the SPP dispersion relation is similar
to that of light propagating through air. Combined noble-ferromagnetic systems have been
proposed as Au/Co/Au trilayers [17-19], giving rise to a system with lower absorption losses
and thus higher EM fields but still with sensitivity to external magnetic fields. In their studies,
special attention was devoted to the large enhancement of the magneto-optical (MO) activity
associated with the SPP excitation [17-20].

In the present studies, rather than optimizing the MO response, our attention was devoted
to optimum excitation of SPPs, leading to maximization of the generated EM fields at the
surface without compromising dependence with externally applied magnetic fields. To this
end, Au/Co/Au trilayers were grown by sputter deposition on glass slides with the Co layers
placed at different distances from the surface and with different thickness. We have been able
to probe the SPP generated EM fields, and to demonstrate that it is experimentally possible to
achieve optimal SPP excitation with strong dependence on external magnetic fields.

(@) (b)

05 10 15

Fig. 1. (a) Schematic view of momentum matching in the Kretschmann configuration, where
far-field radiation couples symmetric leaky SPP modes at the air-metal interface by means of a
glass prism. Hy represents the only magnetic component in the TM mode. (b) Dispersion
relation for such modes in Co and Au films considering their absorption losses. The dashed
line shows the dispersion relation for Au considering no absorption losses. The dispersion
relation of Co splits into two branches when external magnetic fields are applied along the y
direction.

#121593 - $15.00 USD  Received 18 Dec 2009; revised 28 Feb 2010; accepted 6 Mar 2010; published 30 Mar 2010
(C) 2010 OSA 12 April 2010/ Voal. 18, No. 8/ OPTICS EXPRESS 7745



2. Experimental

Au/Co/Au trilayers were grown on soda-lime glass substrates via magnetron sputtering
deposition in an ultra high vacuum (UHV) system under a base pressure in the low 10~° Torr
range. Slow deposition rates of 0.066 A/s and 0.319 A/s for Co and Au respectively allowed
accurate thickness control. Soda-lime glass substrates, previously cleaned ultrasonically in
successive baths of acetone and methanol, were UHV annealed at 600 °C for 30 minutes in
order to planarize the surface [21]. Subsequently, a Au buffer layer was grown at RT and then
annealed for 10 minutes at 350 °C in order to further planarize the Au surface before Co
growth. Co films with thickness ranging from 2.5 to 10 nm were grown at 150 °C to favor
surface diffusion of the incoming adatoms and thus give rise to a bi-dimensional growth mode
with low interfacial roughness. Finally, a 3 nm thick Au capping layer was grown to prevent
Co oxidation and to improve the generation and propagation of the SPPs on the upper metal-
air interface. The thickness of the different layers was monitored using ex-situ x-ray
reflectivity (XRR) carried out using a standard four-circle diffractometer with Cu K, radiation
(A=1.5418 A) in the Bragg-Brentano configuration and with 1/32° slits. Variable angle
spectroscopic ellipsometry provided the actual optical constants for the Au and Co layers in
the spectral range of 1.5to 3 eV.

The optical and MO response of the multilayers under SPP excitation were investigated in
the Kretschmann configuration using p-polarized He-Ne laser radiation (1=632.8 nm). In this
configuration [Fig. 1(a)], the glass substrate is coupled to a semicylindrical glass prism by a
matching refractive index liquid. In our experimental setup the prism was mounted on an
automated goniometer allowing illumination in total internal reflection with variable
incidence angle @ and angular resolution of 10™* degrees. A Si amplified photodetector
preceded by a p-oriented polarizer was used to detect intensity variations in the reflected
radiation. The TMOKE was also investigated by applying a 30 mT alternating magnetic field
(60 Hz) in the plane of the sample and perpendicular to the incidence plane, intense enough to
saturate the Co layers with in-plane magnetization. The TMOKE signal, i.e. the intensity
variation of the p-polarized reflected light when applying magnetic fields in opposite
directions 4Rp,=R(+H)-R(-H), was detected and analyzed using lock-in techniques.

3. Results and discussion

Maximum SPP-generated EM fields are obtained when illuminating under the critical
incidence angle 6. and for a critical thickness d. that depends strongly on the dielectric
constants of the metal. Fig. 2 (a) shows reflectivity curves for Co and Au films for which the
absorption losses are considerably different and thus their critical thicknesses d. are 9.7 and
48.2 nm respectively. A much broader reflectivity curve is obtained for Co due to its higher
absorption. For these particular thicknesses, maximum EM fields appear at the metal—air
interface as shown in Fig. 2(b). Nevertheless, high absorption losses in Co drastically reduce
the SPP-generated EM fields in this metal. On the other hand, Co films alone exhibit
maximum TMOKE response 4R, as shown in Fig. 2(c). Thus, Au-Co multilayered systems
are better suited to achieve SPPs with larger localized electromagnetic fields that can also be
modulated by externally applied magnetic fields. Several factors have to be taken into account
to accomplish this scenario, namely accurate control of the total thickness of the full trilayer,
the thickness of the Co layer and its position within the film, as well as the discrepancy
between the optical constants in very thin layers with respect to bulk values. In these studies
the top Au layer thickness was minimized to 3 nm to allow the Co film to be as close as
possible to the excited SPP thus making the trilayer system more sensitive to external
magnetic fields. Fig. 2(d), (e) and (f) show the minimum value of the reflectivity Ry, the
maximum value of the electromagnetic field |H,lm and the maximum value of the MO
activity ARya for Au/Co/Au trilayers with each combination of Co and Au thicknesses
calculated using transfer matrix formalism [22,23] and bulk optical constants [24] at 1.96 eV.
The maximum intensity of the SPP generated H, is obtained for single Au films and decays
abruptly when Co is inserted in the structure as shown in Fig. 2(e). On the other hand, the
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maximum TMOKE response 4R is obtained for pure Co films, decreasing progressively when
Au is inserted in the structure. Thus, in order to achieve large EM fields in the upper Au-air
interface while keeping sensitivity to external magnetic fields it is necessary to minimize the
Co layer thickness. Nevertheless, to maintain the integrity of the trilayer structure, the Co film
needs to be thick enough to guarantee its continuity as a full layer. We have estimated that 3
nm is the minimum Co thickness that can yield a continuous Co layer when deposited on the
Au buffer [21]. For such Co thickness, and considering a 3 nm thick Au capping layer
mentioned previously, the maximum SPP generated EM field is obtained when the buffer
layer is 20 nm thick so that the critical thickness is achieved, as shown in Fig. 2(e) .

0
y
\Q Au(3 nm)
dAu
Hext

(a) (b) (c)
100 | 0] Co
a — 5} w‘e ARmax
o5} bl X5
Co(@7nm) R o
\ min 9.7 nm Co <
ool I ~ 0 . 0
40 50 60 0 50 100 0 15 30
Incidence angle (deg) Thickness (nm) Thickness (nm)
e f
() H| (f) AR x10°
y'max max

o (
3
dCo (nm)

20 40 60, 0 o 20 40 60

dAu (nm) 0.5 dAu (nm) 4 dAu (nm) 5

-y o =0

Fig. 2. Schematic view of the SPP excitation in the Kretschmann configuration for the
Au(3nm)/Co(dCo)/Au(dAu) trilayers where external magnetic field Hey is applied along y. (a)
Reflectivity curves calculated for Co and Au films with critical thickness, (b) SPPs |H,| at the
metal-air interface for Co and Au films as a function of the thickness and (c) Transverse
magneto-optical Kerr effect AR for a single Co film and for Au(3nm)/Co(dCo)/Au(20 nm)
trilayers as a function of the Co thickness. The lower row represents calculations of (d) Rmin,
(8) [Hylmax and (f) ARma for any combination of Au and Co thickness in the
Au(3nm)/Co(dCo)/Au(dAu) trilayers.

Nevertheless, due to the dependence of the optical constants with thickness in thin layers,
the critical thickness might not be experimentally achieved for the predicted Au buffer and Co
layer thickness. For this reason, a series of Au (3 nm)/Co (dCo)/Au (20 nm)/glass trilayer
structures with different Co thickness from dc,=2.5 to 10 nm was prepared. Figure 3(a) shows
the angular dependency of the p-polarized reflectivity in the Kretschmann configuration Ry,
for the different trilayers. Evidence of SPP excitation is the characteristic minimum observed
in reflectivity around the resonance angle 6;~44.7 °. A minimum reflectivity value as low as
1x107° was obtained for dc,=2.8 nm. The inset in Figure 3(a) illustrates how critical the
optimization of the Co layer thickness is to minimize the overall reflectivity of the sample.
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Indeed, our experimental results show a good agreement with simulations using the transfer
matrix formalism as shown in Fig. 3(b).

(@) T 7 (b)
% -
10 . ©2 T # 10} o2
I »
A I e 1
ohf W 14 0 x 0
051l o 4450 4475 45.00 05 4450 4475 45.00
R ™ | Incidence angle (deg) Rpp ) Incidence angle (deg)
A I N o< —5—d=10nm ——d=10nm
7 —5—d= 6nm ——d= 6nm
d= 4 nm d= 4nm
0.0 N —7/—d= 3nm 0.0 | ——d= 3nm
40 45 50 e gfg-g nm 40 45 50 d=2.8 nm
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Au(3 nm) (C) &
S o (dnm) 3 AN

Au(20 nm)

2.0 2.5 2.0 2.5
Energy (eV) Energy (eV)

Fig. 3. (a) Experimental and (b) simulated angular dependency of the reflectivity with no
external magnetic field applied Ry, for the Au(3 nm)/Co(dco)/Au(20 nm) trilayers with dco
ranging from 2.5 to 10 nm. (c) Real (n) and imaginary (k) parts of the complex refractive index
of Co film measured with ellipsometry.

Interestingly, direct correlation of the Co optical constants with film thickness is observed
[Fig. 3(c)]. We note that in previous studies, several other properties have also been reported
to be Co-thickness dependent in Au/Co/Au trilayers, e.g. Co lattice parameter [21], magnetic
anisotropy [25] or magnetic moment [26,27] to name a few. These changes are primarily due
to the misfit between the Co and Au lattices and also due to confinement effects since the Co
thickness approaches a monolayer. In the present case, we find a progressive decrease in the
absorption coefficient k as the Co thickness increases approaching the bulk value, while n is
nearly constant for all samples but slightly higher than bulk value.

In order to discuss the MO response of these trilayers, we recall that the shift observed in
the position of the reflectivity minimum in magnetic materials is due to modification of the
SPP wave vector by the external magnetic field. Figure 4(a) shows the angular dependency of
the MO signal 4R, for the Au(3 nm)/Co (d)/Au (20 nm)/glass trilayers with different Co
thickness from d=2.5 to 10 nm, exhibiting a resonance-like feature associated with SPP
excitation around @, for all the trilayers. In this case, a maximum value of AR,,=7x107° is
obtained for the trilayer with Co thickness d=10 nm, decreasing for lower and higher Co
thicknesses in agreement with the simulations in Fig. 2(c). The variation of the SPP wave
vector Akg,=ksp(+H)-ksp(-H) when magnetic fields are applied in opposite directions along y
was simulated using transfer matrix formalism [22,23], and imposing the boundary conditions
characteristic of symmetric leaky SPP modes, i.e. an exponential decay of the EM field in the
air-metal interface and an exponential increase at the lower Au-prism interface [15]. Figure
4(b) shows the calculated Ak, variation of the SPP k-vector for the Au(3 nm)/Co (d)/Au (20
nm)/glass trilayers with varying Co thickness from d=2.5 to 10 nm, where a maximum
variation is obtained around the radiation energy used in our experiments (1.96 eV). In
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addition, we observe that the variation of the SPP k-vector scales with the maximum value of

the magneto-optical activity 4R,

a
( ) 8 —o— 10 nm Co
- L //c —o— 6 nm Co
COPT 7 Nt
X L Wj// Q\?& 2.8 nm Co
s 0 . X —1—2.5nm Co
T N ,
-4 . :\wﬁ: DDDDDDDDDDD 7 I . ) —
40 45 50 1 2 3
Incidence angle (deg) Energy (eV)

Fig. 4. (a) Transverse magneto-optical Kerr effect 4R=R(+H)-R(-H) measured in the
Kretschmann configuration for the Au(3 nm)/Co(d)/Au (20 nm) trilayers with d ranging from
2.5 to 10 nm. (b) Field dependent variation of the SPP wave vector Aks=Ks, (+H)- ks (-H).
The dashed line represents the energy of the radiation used in the measurements E=1.96 eV.

To continue our discussion on the magneto-optical properties of the trilayers, we consider
that the transverse MOKE signal is typically expressed as the normalized variation in

reflectivity of the p-polarized light:
ARy, Ry (+H) - Ry, (-H)

R R, (0)

1)

The magnitude of this ratio might be misleading in systems illuminated in the
Kretschmann configuration since the reflectivity tends to zero in optimized samples whereas
the field dependent variation of the reflectivity does not. Nevertheless, this ratio can be used
in sensing applications as previously demonstrated [2,10], because the sensitivity is strongly
enhanced when the critical thickness is achieved. Figure 5 shows 4Ry,/R,, measured for the
Au(3 nm)/Co(d nm)/Au(20 nm) trilayers. A maximum value of AR,/ Rp,~3.2 (relative
variation of 320%) is found for the trilayer with d=2.8 nm, which is the highest value ever
reported for this system to the best of our knowledge.
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Fig. 5. Angular dependence of the relative variation in reflectivity 4Rp/ Ry for the Au(3
nm)/Co(d)/Au(20 nm) trilayers with d ranging from 2.5 to 10 nm. A maximum value of AR,/
Rpp~3.2 (relative variation of 320%) is found for the trilayer with d=2.8 nm.
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Once the critical thickness for this system was experimentally achieved, we analyzed the
distribution and intensity of the EM fields within the samples. Hermann et al. [17] showed
how the MO response of multilayers incorporating a magnetic thin layer is related to the
intensity of the EM fields at the position of the magnetic layer. They showed that in the
TMOKE geometry, the variation of the complex reflection coefficient for p-polarized light
Aryp is directly proportional to the product of the TM electric field components (Ex and E,)
[20] within the magnetic layer, which along with H, are the only EM fields present in TM
modes. In the ultrathin film limit, where the electric fields can be considered constant within
the magnetic film, the relationship is [17,28]:

Ar, = iy &yl EEz (2)
2Kt

where ko=w/c is the wave number in vacuum, x; is the z component of the incident light wave
vector at the first interface, ¢,, are the MO constants of the magnetic film, I, is the thickness
of the magnetic film and t accounts for the absorption of such film [17]. Thus, by placing a
MO active layer within the Au film and measuring the variation of the complex reflectivity it
is possible to probe the actual intensity of the SPP generated EM fields at the location of the
magnetic layer. We used this method to study the intensity and spatial distribution of the SPP
generated electromagnetic fields. For this study we prepared Au/Co/Au trilayers with critical
thickness (25.8 nm) and with a 2.8 nm thick Co layer positioned at different distances from
the upper air-Au interface as shown in Fig. 6. Reflectivity and MO measurements in different
configurations were carried out in order to extract the change in the complex reflection
coefficient 4r,, when an external magnetic field is applied as shown in Ref [17]. For this we
used p polarized light [Fig. 6(a)], light rotated 45° from the p-axis and with a polarization
analyzer oriented at 45° [Fig. 6(b)], light rotated 45° from the p-axis and with a quarter wave
plate with its fast axis along p followed by a polarization analyzer oriented at 45° [Fig. 6(c)]
and s-polarized light [Fig. 6(d)]. Thus, the left column in Fig. 6 shows the reflectivity vs.
incidence angle in the different configurations whereas the right column displays the MO
response in each case. No MO response is obtained with s polarized light. In spite of the fact
that all the samples have the same total Au and Co thickness, slight variations in the
reflectivity curves are found due to slight modification of the excitation conditions of the
SPPs by inserting a Co film in different positions.
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Fig. 6. (Color online) Variation with the incidence angle of the reflectivity (left column) and
MO response (right column) for the Au/Co/Au trilayers with Co positioned at 3 nm (up), 11.5
nm (middle) and 23 nm (down) to the upper air-Au interface using (a) p-polarized light, (b)
light rotated 45° from the s (and p) axis and a polarization analyzer oriented at 45°, (c) same as
(b) but inserting a quarter wave plate with its fast axis along p and (d) using s-polarized light.

The variation of the complex reflection coefficient 4, and thus the product of the TM
electric field components (E, and E,) as a function of the position within the Au films can be
obtained using the experimental data in Fig. 6, as described in Ref [17]. Figure 7(a), shows
the measured E, E, fields when positioning the Co film at different distances to the upper Au-
air interface, normalized to the incident radiation. The results show the expected SPPs
generated EM fields exponential decay as the distance to the upper Au-air interface increases.
The EM field at the Au-air interface can be calculated using these results and taking into
account the exponential decay of the E, E, product and the difference between the dielectric
constants of Au and Co that affect the E, component. The calculated intensity of the EM field
at the upper interface is shown with a dashed line in Fig. 7(a), exhibiting a normalized E,E,
value around 0.43 at the critical angle when SPPs are excited, compared to a much lower
value of 0.1 expected for single Co films of critical thickness. Our experimental results are in
good agreement with the EM field intensity simulations for Co layers at different positions
within the trilayers [Fig. 7(b)]. Thus, we have demonstrated experimentally that for tailored
trilayers with total critical thickness and a thin Co layer placed close to the air-metal interface,
namely Au(3 nm)/Co (2.8 nm)/Au (20 nm)/glass, very high SPP-generated EM fields are
achieved while keeping high sensitivity to externally applied magnetic fields.
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Fig. 7. (Color online) (a) Modulus of the product of the TM electric components ExEz
normalized to the incident intensity at the position in which the ferromagnetic film is placed in
each case for the Au/Co/Au trilayers with Co positioned at 3 nm (up), 11.5 nm (middle) and 23
nm (down) to the upper Au-air interface. The dashed line represents the estimated value of
ExEz at the air-metal interface. (b) E4E, is represented as a function of incidence angle and
distance to the upper Au-air interface.

Conclusions

We have demonstrated that it is experimentally possible to achieve SPP modes in tailored
Au/Co/Au trilayers that exhibit large electromagnetic fields that can also be modulated by
externally applied magnetic fields. The MO activity, associated with the modification of the
ksp, €xhibits a strong dependence with the external magnetic fields. By using magneto-optics
as a tool, we have analyzed the field-dependent optical response in tailored Au/Co/Au
trilayers and have been able to probe the SPP generated electromagnetic fields within the
structures, checking them against simulated values calculated using transfer matrix formalism.
Our studies are useful for the design of magneto-plasmonic components for varied
applications based on leaky modes in SPP excitation.
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