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Coupling between surface plasmon modes on metal films
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3Research Center Rossendorf, Institute of Ion Beam Physics and Materials Research, D-01314 Dresden, Germany
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Using scanning near-field optical microscopy for probing surface plasmon fields, we show that energy can be
transferred from the plasmon propagating on one interface to the mode bound to the other interface of a thin
metal film. This coupling is mediated by a narrow groove interrupting the silver film. Excitation of the second
plasmon mode is detected by mapping the spatial intensity modulation induced by the interfering fields of the
two plasmons. A quantitative analysis provides detailed knowledge about the degree of coupling. Our inter-
pretation of the experimental results is confirmed by a numerical simulation of the field distribution.

DOI: 10.1103/PhysRevB.69.121405

Surface plasmons (SP’s) are surface-bound electromag-
netic waves supported by metals due to the free-electron gas
leading to a negative dielectric constant.! Recent years have
seen a strong revival of the interest in such excitations, mo-
tivated by the possibility they offer for realizing a strong
spatial confinement of electromagnetic fields.>™ It is now
widely expected that SP’s will play an important role in fu-
ture integrated nano-optical devices.

The most elementary SP is a SP propagating along the flat
interface between a metallic and a dielectric half space. The
plasmon field decays exponentially as an evanescent wave in
the direction normal to the interface both into the metal and
into the dielectric (with different decay lengths) and, hence,
does not couple to any freely propagating electromagnetic
mode (this means that it cannot be excited by light impinging
on the interface). In the case of a metal film bounded by two
dielectrics, there are two plasmon modes. As long as the film
is not too thin, each mode can be assigned to one of the
interfaces, where its field is concentrated. The situation re-
mains similar to the former case, each mode being character-
ized by evanescent waves on both sides of the respective
interface. The field of the plasmon localized at one interface
decays across the metal film and a small residual field ex-
tends across the other interface into the second dielectric.
However, provided that this is the dielectric with the higher
index of refraction, the field may now become propagating
rather than remaining evanescent. This is the effect used in
the Kretschmann-Raether configuration for exciting SP’s by
light:" A metal film is bounded by air on one side and by a
glass substrate on the other side. The SP at the metal-air
interface couples weakly to a freely propagating mode in the
glass. Hence, the SP can now be excited by light incident
from the glass side at a specific angle (always lying in the
range of total internal reflection). At the same time, the SP
now suffers from radiative loss and is therefore more
strongly damped. The SP at the metal-glass interface, how-
ever, remains decoupled from any freely propagating light
wave.

Recently, Sonnichsen ef al.'’ and Thio e al.'' showed
that the energy of SP’s excited on one side of a metal film,
either by the tip of a scanning near-field optical microscope
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(SNOM) or via a surface grating, can be transferred to the
other side and radiated there via subwavelength holes in the
film. In the present Rapid Communication, we show that a
single groove in a silver film can couple energy from the
upper SP mode to the nonradiative lower one. The excitation
of the lower mode is directly detected with a SNOM as an
intensity modulation due to spatial beating between SP
modes. For a quantitative analysis we use the formulas de-
scribing SP’s on the surface of a metal halfspace. They pro-
vide a good approximation also for films in the thickness
range used in our experiment. However, the radiative damp-
ing of the upper mode has to be taken into account addition-
ally, as well as the modification of the field of the lower
mode close to the film surface where the field is probed. The
image contrast can be understood quantitatively and we de-
termine the mode coupling efficiency. We also show in a
numerical simulation how the groove gives rise to such a
coupling.

Our experiment uses the Kretschmann-Raether configura-
tion for exciting the upper SP on a silver film on glass (BK7)
by a focused (spot size 10X 15 um?) p-polarized He-Ne la-
ser beam (A=632.8 nm). The excited SP propagates along
the metal surface, which at a distance of 35-50 um from the
focus is intersected by a 490 nm wide groove at right angle
to the direction of SP propagation. A dielectric fiber tip serv-
ing as a near-field probe is approached to the silver surface,
the distance being controlled by shear-force detection.'> The
tip acts as a local scattering center, thereby converting
the plasmon field to a propagating electromagnetic wave
traveling down the optical fiber to a photodiode. Only bare
dielectric fiber tips without any metal coating were used
in order to prevent strong field distortions by the tip. Silver
films of 60 nm thickness were prepared by thermal evap-
oration in vacuum (p<10~° mbar) at high evaporation rates
(~10 nm/s). Straight grooves in the silver film were pro-
duced by focused-ion-beam structuring using the improved
IMSA system'® equipped with the high-resolution ion-optical
column CANION 31Mplus (Orsay Physics). Within the
grooves the silver was removed completely down to the bare
glass substrate.
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FIG. 1. Near-field images of the plasmon intensity before (a)
and after (b) the groove. The incident plasmon propagates from left
to right. The groove is situated outside the displayed areas close to
the right, respectively, left border. The two images were taken in
different runs at different locations along the groove. (¢) and (d):
Fourier transforms of (a) and (b). Vertical lines indicate the calcu-
lated beating modes. Note the logarithmic ordinate in (c).

The most striking features in the near-field images, ob-
tained by scanning the tip across the surface close to the
groove, are a short-wavelength standing-wave pattern in the
upstream area [Fig. 1(a)] and a similar pattern with a much
larger period in the region beyond the groove [Fig. 1(b)]. The
pattern in Fig. 1(a) is readily explained by reflection of the
incident wave (k vector k;=k) at the groove leading to a
counter-propagating wave (k,= —k). The superposition of
the two waves results in a stationary spatial intensity modu-
lation with period A,=2/|k;—k,|=m/k. The theoretical
value of k follows from the dispersion relation of the SP:'

k= (1)

w €nr€d
¢ Ve, te;

where w/(2) denotes the frequency, €,,, is the real part of
the dielectric constant of the metal, and €, is the dielectric
constant of the adjacent dielectric medium. With ¢,,=
—17.9 (Ref. 14), €;,=1, and w/c=2m/(632.8 nm) we ob-
tain k=2m/(614.8 nm). Hence, we expect a period of the
standing-wave pattern of A;=307.4 nm. For determining an
accurate experimental value, each line of the SNOM image
was Fourier transformed and the average amplitude spectrum
was calculated as shown in Fig. 1(c). The spectrum is domi-
nated by a narrow peak corresponding to a wavelength of
310 nm, which is very close to the theoretical expectation.

The occurrence of a standing wave after the groove [Fig.
1(b)] might be surprising at first sight, as only a transmitted
wave should exist on that side with no back propagation.
However, the groove breaks the translational invariance
along the direction of plasmon propagation and therefore the
k vector is no longer a preserved quantity. Hence, in the
process of transmission and reflection, also the SP at the
metal-glass interface may be excited. The wave number of
this SP mode is k' =27/(390 nm) as obtained from Eq. (1)
with €)= n?, n=1.515 being the refractive index of the glass
substrate.
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Consequently, two SP’s, one at each interface, propagate
away from the groove. The evanescent electromagnetic field
of the SP at the lower interface extends across the metal film
and leaks into the air space above the film, where it is super-
imposed on the field of the SP at the top interface. The in-
terference of these two transmitted fields, oscillating at the
same frequency but propagating with different k vectors k,
=k and k; =k’, leads to the formation of the standing inten-
sity pattern recorded by the SNOM. The modulation period
is given by A,=2/|k,—k;|=1.06 wm, again in agreement
with the experimental value of 1.09 um deduced from the
Fourier spectrum [Fig. 1(d)].

At the groove, the lower SP mode should be excited not
only in the forward direction, but such a wave should also
emanate backwards into the upstream region. Thus, in the
area imaged in Fig. 1(a), three waves are expected to inter-
fere with each other: the incident (k;=k) and reflected (k,
=—k) SP’s at the surface and a reflected SP (k,=—k") at
the inner interface. The existence of the third wave gives rise
to two additional fringe periods besides A;: A,=2/|k,
—k/|=1.06 wm (identical with the period after the groove)
and A;=2m/|k;—k.|=239 nm. However, only one of these
two spatial frequencies appears as a clear narrow line in the
experimental Fourier spectrum [Fig. 1(c)]. This line, repre-
senting a period of 242 nm close to the predicted value of
A3, is two orders of magnitude smaller in amplitude than the
peak at 1/A . The missing third peak arises from beating
between the two reflected SP’s (i.e., the two weakest of the
three fields) and may therefore easily be lost in the noise (see
below).

The visibility of the beating patterns allows us to estimate
quantitatively the reflection coefficient and the efficiency of
the coupling between the two plasmon modes. It appears
reasonable to assume that the radiation of energy from the tip
into the optical fiber is mainly due to the electric-field com-
ponent along the sample surface, i.e., in the direction of plas-
mon propagation (x axis). This assumption is supported by
theory,'® but is still subject to some debate.'® Therefore, let
E., E,,, and E;, be the respective field amplitudes of the
incident, reflected upper, and reflected lower SP’s close to
the metal surface at the groove edge, situated at x=0. Then,
in the upstream region (x<<0) the x component of the total
field can be written as

Ex(x,t) = (Exie_Kxeikx+Exrere_i(kx+ )
+E’ eK’xe*i(k'er(ﬁ’))e*iwt (2)
Xr N

where k and ' denote the damping constants of the two
plasmon modes, and ¢ and ¢’ account for possible phase
shifts upon reflection. The damping is due to internal damp-
ing in the metal (described by the imaginary part €,,; of its
dielectric constant, €,,;=0.7 for silver at A =632.8 nm)'*
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which yields k=(85 um) ' and k' =(22 uwm)'. The up-
per SP is additionally subject to radiative loss to the glass
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substrate, which gives a corrected value of x=(59 wm)~!
for a 60 nm thick silver film." This value is in good agree-
ment with the intensity decay length of somewhat less than
30 pm observed in our SNOM images. From Eq. (3) the
time-averaged intensity associated with E, follows as

|EX|2:E)2cie_2KX+E)25reZKX+E),cr262KIx+ 2ExiEerOS(2kx
+ ) +2E E e T %os[ (k' —k)x+ ¢’ — ]
+2Ex,~E)’(,e(",_")"cos[(k’+k)x+ ¢']. 4)

The average intensities are given by the first three terms,
followed by the three beating signals with wave numbers 2k,
k' —k, and k' +k corresponding to the periods A, A,, and
A5 defined earlier. The amplitude of the dominating modu-
lation at 2k is independent of x (as indeed confirmed by the
experiment), whereas the other two modulations decay away
from the groove with different decay constants «'+ k
=(16 um) ' and k' —k=(35 um) .

The visibility v =2E E,,/(E2,+ EZ,+ E.?) of the domi-
nant interference pattern close to the groove (x=0) can be
determined directly from single line scans taken from the
SNOM image and is found to be roughly v=0.8. With
E!><E? it follows that E,,=0.5E,;, which means that
25% of the intensity is reflected in the upper mode in the
present case.

From the Fourier spectrum in Fig. 1(c) we deduce that the
intensity pattern at k' +k (A3) is weaker by a factor of
~100, hence E;,=0.01E,, according to Eq. (4). The field of
the lower mode at the inner interface is connected with the
field at the surface mainly by an exponential factor deter-
mined by the decay constant @/ =[k'*— €, (w/c)*]"* of
the evanescent field in the metal. For a film thickness d
=60 nm we obtain a factor exp(—«,,d)=1/15. However, the
field is modified by the presence of the metal-air interface,
and this causes a deviation by a factor B'=2¢,, . a,/(€,, )
+€4a,,), where a/ is the transverse decay constant of the
lower mode in the upper dielectric, which is obtained from
the same formula as «,, with €, replaced by €,=1. Here

B'=2.5, so that the field at the inner interface is E,
=6E,,=0.03E,;. By integration of the Poynting vector of a
weakly damped SP with field amplitude E,, bound to the
interface between two media with dielectric constants €, and
€,,,, one can easily show that the total-energy flux along the
direction of propagation is proportional to Ef(ed—k €nr) (€,
—€,,)/(—€,,€,)>? With this, the factor of 0.03 in the field
transforms to 2.4X 10~ # in the energy flux, which means that
only a very small fraction of the power is transferred to the
lower reflected mode.

Due to E,.=0.5E,;, the contribution at k" —k should be
weaker than the pattern at k’ +k by a factor of two. Further-
more, the stronger damping of this signal leads to a broad-
ening of the spectral line at the expense of a reduced peak
height. This and the fact that the noise level is relatively high
in the interesting wave-number region (probably due to dif-
fuse scattering of the incident wave at irregularities of the
groove edge) explains why we did not succeed to resolve this
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line. However, this beating mode, produced by upper and
lower SP’s propagating in the same direction, can be studied
in detail after the groove, where it is clearly resolved [Fig.
1(b)]. A calculation for this region in the same spirit as above
yields

|Ex|2:E)2“672Kx+E}:l2672k’x+ZEXIE)ICte*(K'+K)x

Xcos[ (k' —k)x+ 6], (5)

where E; and E, are the respective field amplitudes of the
two waves and 6 is their mutual phase shift. A closer analysis
of the image displayed in Fig. 1(b) clearly shows that the
fringe pattern decays faster than the average intensity, in
good quantitative agreement with the predicted decay lengths
of 16 um and 30 um, respectively. The visibility of the in-
terference pattern close to the groove is v =0.3, which yields
E!,=0.15E,,. Thus, the field at the inner interface E.,
=6E,,=0.9E,, is almost as strong as the field at the surface.
In terms of energy flux the ratio is 0.21. From a comparison
of the intensities before and after the groove at the given
location, we estimate that 55% of the incident power was
transmitted across the groove to the upper mode. Hence,
0.21X55% =12% were coupled to the lower mode, indicat-
ing a rather efficient excitation. However, the efficiency
seems to depend in a sensitive way on the detailed structure
of the groove edges. When the plasmon excitation is moved
to a different place along the groove, the visibility of the
various interference patterns exhibits clear variations. Note
that for display in Fig. 1 we chose images taken at different
locations, showing the clearest patterns.

To gain more insight into the mode coupling introduced
by the groove we performed model calculations using the
finite-difference time-domain (FDTD) method, which allows
both temporal and permanent responses to be studied.!”. This
method, which is rigorous, is more adapted for the study of a
deep groove than the Rayleigh perturbative one used in Ref.
18. In order to account for the generation and propagation of
the SP, we need to consider a large spatial domain of com-
putation. The stability criteria stipulate that the spatial step
width should be less than A™=X/20. However, in the
present case, a finer mesh is needed to describe the metal
layer and the groove correctly. In order to achieve a good
representation of geometrical details while at the same time
keeping the number of nodes within a reasonable limit we
developed a FDTD code allowing a nonuniform discretiza-
tion of the structure.!” The spatial meshing step is set to 5 nm
for fine geometrical features and to 30 nm in other areas. To
avoid large local errors (virtual reflections) due to an abrupt
change of the step width between two domains, they must be
separated by an intermediate domain where the spatial step
varies slowly between the fine and the coarse mesh. Thus,
our domain is meshed with only 4.2X 10° nodes instead of
4x10® nodes, which would be necessary for a regular dis-
cretization. In addition, perfectly-matched-layer (PML) ab-
sorbing conditions (adapted to the nonuniform mesh) were
used in order to cancel parasitic reflections at the boundaries
of the FDTD window of computation.®
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FIG. 2. (a) FDTD-calculated intensity distribution in the plane
of incidence of the exciting laser beam in logarithmic gray scale;
(b) and (c) cross sections in the region of a 490 nm wide groove, 5
nm above (air) and below (glass) the metal, respectively.

In the calculation, the thickness and optical constants of
the silver film, the parameters of the exciting laser beam, and
the groove width were set to the values specified above. The
angle of incidence (42.81°) was chosen to give the most
efficient SP excitation. Figure 2(a) shows the time-averaged
intensity distribution of the electromagnetic field for the
whole FDTD lattice. In Fig. 2(b) a cross section taken 5 nm
above the metal film across the slit is displayed, which is
expected to reflect rather closely the experimentally mea-
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sured quantity. The characteristic features observed experi-
mentally are well reproduced: The reflection of the SP at the
slit induces a fringe pattern with a period of 304 nm. In the
downstream region a long-period standing-wave pattern is
clearly visible with a period of 1.08 um. The role of the
lower SP mode becomes evident upon inspection of the in-
tensity close to the lower interface [Fig. 2(c)], which is not
accessible experimentally. Here, in the downstream region
the long-period pattern exhibits an increased visibility, while
in the upstream region the pattern is now dominated by a
modulation period of 240 nm, produced by the interference
of the lower reflected mode with the incident upper one. A
quantitative comparison with the experiment with respect to
the coupling efficiency is not meaningful at present, as the
experiment clearly indicates a strong dependence on geo-
metrical details. This will be a subject of future investiga-
tions.

In conclusion, we have shown that a straight groove in a
metal film causes the two plasmon modes at the two film
boundaries to exchange energy and that this coupling can be
rather pronounced. SNOM provides a unique tool for study-
ing this phenomenon by analyzing the standing-wave pat-
terns created by the interfering plasmon modes, which al-
lowed us to deduce the coupling efficiency. The detailed
theoretical modeling based on the FDTD method offers the
prospect of gaining an improved understanding of the cou-
pling process and its dependence on various parameters.
Plasmon mode coupling may become an important building
block in plasmon-based nano-optical signal processing.
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