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Measuring the speed of a surface plasmon

M. Bai, C. Guerrero, S. Ioanid, E. Paz, M. Sanz, and N. Garcı´a
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Serrano 144 Madrid 28006, Spain
~Received 25 March 2003; revised manuscript received 17 December 2003; published 19 March 2004!

This paper presents experiments using an 800-nm pulsed laser and a streak camera with 2-ps resolution,
which is implemented with a two-fiber differential measurements permitting a 0.2-ps resolution. With this
technique, we measure the speed of the propagation of the surface plasmons. This velocity was found to be
approximately (0.5760.19)c, about 61% the value expected from simple theory~i.e., about 0.94c). The
former result may clarify what is going on at the metal vacuum interface excitations, and has been measured
by a direct method without the need for any theory.
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Surface plasmons~SP’s! are longitudinal collective elec
tron oscillations at the interface between a metallic an
dielectric material.1 A high sensitivity to the interface struc
ture and composition, and also the significant enhancem
of the local electromagnetic field, make SP spectroscop
prospective interface and surface analysis tool.2,3 Also,
second-harmonic generation has been observed.4 The SP
technique has been combined with time-resolved la
spectroscopy5,6 in order to study the surface dynamics a
associated ultrafast process on the surface region. S
time-resolved investigations have been carried out to g
better understanding about SP dynamics at the surface of
metal films,7 and of metal nanostructures.8,9 On the other
hand, ps time-resolved measurements of interferences w
few photons is possible by using a femtosecond pulsed l
combined with a streak camera with ps resolution.10 SP’s
have been also observed using charged particles.11 The alter-
ation on the propagation mode of the electromagnetic fi
from the field inside a metal thin film and above the interfa
as a SP, spark our interest in the special optical propertie
the metal surface, as well as the way it affects the propa
tion of the SP. This problem is also important to understa
the group velocity and propagation in dispersive media
metals.12 In order to clarify these points, it will be of value t
know the speed of propagation of surface plasmons.

This paper presents experiments using a pulsed laser
a streak camera to measure the speed of propagation o
surface plasmons excited on the attenuated total reflec
~ATR! configuration. The speed was found to be appro
mately 0.57c ~c being the speed of light in vacuum! for an
800-nm wavelength, i.e., about 61% of 0.94c, expected from
the existing theory, or 62% of 0.92c, obtained from a crude
estimation in SP resonance experiments. This result is im
tant because it may clarify what is going on at the me
vacuum interface excitations, and has been measured b
ing a direct method.

There is a strong field enhancement near the metal sur
at the surface plasmon resonance,2,3 which implies a highly
localized state at the surface, suggesting that the SP
propagation velocity can be different from that of light in th
vacuum, even if most of the SP field propagation occ
there. Specifically, most of the plasmon energy lies in
vacuum above the metal surface within a few hundred
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nometers. The phase and group propagation velocities—vp
andvg , respectively—are classically defined by

vp5
v

k
, vg5

dv

dk
, ~1!

where k and v are the wave vector and the radiation fr
quency, respectively. In particular, for the case of an Ag t
film, where the imaginary part«2 of the dielectric function is
much less than the real part«1 , and therefore may be ne
glected, the dispersion relation for a SP at the metal-vacu
interface is@Eq. ~2.4! in Ref. 1#

kx5
v

c
A «1

«111
. ~2!

We notice that the phase velocityvp5c3A(11«1)/«1 is
slightly less than the speed of light in vacuumc, since«1 is
negative andu«1u@1. Utilizing «15«1(v) data for Ag by
Johnson and Christy,13 the group velocityvg is determined to
be also slightly smaller thanc. In our experimental setup
using 800-nm wavelength~1.55-eV photon energy!, we get
from experiments13 «1 , vp50.98c, andvg50.94c.

This theory for surface plasmons and its dispersion re
tion is based on the discontinuity of the dielectric constan
the metal-vacuum interface, and predicts the positions of
surface resonances in the reflectivity by fitting the dielec
constant of the metal. This does not, however, imply tha
will describe the dynamic aspects such as the speed of p
mon propagation because this excitation has a tail at
metal portion of the interface and another at the vacuu
Inside the Ag thin film, the field propagation is very comp
cated because of the negative dielectric constant. Using
~1!, we calculate that the phase and group velocity in
metal thin film are much smaller than the speed of light
air, being approximately 0.18c and 0.09c, respectively.
There is, therefore, considerably different field propagat
around the interface due to the difference in propagation
the metal and in vacuum. In other words, it suggests that
group velocity of a SP in the surface regime can be differ
from in the metal as well as in the vacuum. It would b
interesting to have a direct method of measuring the spee
a surface plasmon, independent of theory, since it will p
©2004 The American Physical Society16-1
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vide information about the dielectric function in the tran
tion region between bulk and vacuum.

We first examine the SP excitation condition and the fi
propagation in the well-known ATR configuration. Furthe
more, we take measurements in the time domain for the
propagation in the near-field region with a picosecond tim
resolved method, and then detect the propagation speed
SP. In our experiments, SP’s are excited in a prism coupl
known as the ATR arrangement.14 Wave-vector matching to
the mode at the silver-air interface in a prism-silver-air s
tem is achieved when ap-polarized laser radiation is inciden
on the silver film at a certain angle just above the prism
critical angle; i.e., the incident wave in the metal slab is
attenuated wave. The sample is prepared by depositing
nm of silver on the hypotenuse face of a right angle B
glass prism (n51.515 at 633 nm,n51.511 at 800 nm!,
mounted on a rotation platform, thus allowing a fine-tuni
of the angle of incidence.

The nature of the SP is a nonradiative electromagn
~EM! mode, which is highly localized at the metal/air inte
face, typically within hundreds of nanometers above the s
face. Near-field microscopy has, therefore, proved to b
good technique for SP measurement.15,16 In our experiment,
we performed a one-dimensional constant height scan, ut
ing a cut multimode fiber as a probe into the SP field, loca
just at the surface of the metal. The fiber was on a triax
fiber positioner, which controlled the location of the spot
the sample. Through the well-known photon tunneling effe
the SP field was coupled into the optical fiber probe and t
delivered and collected into the detector as the signal, p
portional to the near-field intensity. The core diameter, ho
ever, of the fiber probe used was 51mm, i.e., enough to
check the SP intensity distribution through the whole be
region on the surface. The excitation source was a
sapphire laser 800 nm in wavelength. The light signal w
then sent to the photomultiplier tube~PMT! detector, so that
we could record the intensity at each point in the scann
path, as shown in Fig. 1~a!. In this way, we could obtain the
intensity distribution profile of the evanescent field on t
metal surface.

By examining the SP excitation with different lasers~1.55
and 1.96 eV!, we recorded the reflected intensity around t
SP resonance angle, as shown in Fig. 1~b!. It has been veri-
fied that the SP resonance is very sensitive to the angl
incidence of the beam, and that the resonance angle cha
according to the different incident photon energy. This i
plies that the plasmons are not degenerated~except in the
asymptotic valuekx tending to infinity!, but depend critically
on the wave vectorkx parallel to the interface@Eq. ~2!#. This
is consistent with results from previous work on SP.1

Moreover, we examined the field distribution profile
the SP’s with a one-dimensional scan, controlling the fi
probe position just on the metal-air surface. From Figs. 2~a!
and 2~b!, we notice that the profile width of the SP is larg
than the width of the profile for the incident beam, both f
the case of an unfocused beam and for a focused be
Along the propagation, there always exists a tail out of
excitation region by the incident beam, which is a clear
dication of the SP’s propagating on the surface.16 Also, in the
11541
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SP resonance condition, the intensity of the near field is
times larger than out of the resonance. The minor fluctua
of the SP curve is due to small-scale topographic inhomo
neities in the metal film. A similar image of surface-plasm
propagation is also obtained with a continuum He-Ne las

In order to trace the propagation of the SP in the tim
domain, we set our streak camera in the operate mode
time-resolved measurements with two optical fibers~of the
same length! for signal input~see Ref. 10 for more detaile
explanations of the technique!. The time-resolved experi
ment scheme is shown in Fig. 3. A beam splitter is placed
the incident beam path, one of the two split beams is coup
into the fixed fiber, and the other beam is sent to the pr
for SP excitation. The fixed fiber serves as a reference,
the other is used to scan the Ag surface along the directio
the SP propagation. The latter scanning was performed
time measurements and the time differences between
fiber measurements gave us the resolution for the meas
ments. As we demonstrated in Fig. 6, for a given const
pulse shape, we can measure a shift in the pulse position
is much less than its width. This differential measurem
permits a 0.2-ps resolution even if the streak camera has
resolution. Notice that this is a good enough resolution c

FIG. 1. ~a! Schematic drawing of setup for the SP’s intens
distribution measurement.~b! Reflected intensity vs angle of inci
dence for different wavelength lasers: 1.96 eV~633 nm! and 1.55
eV ~800 nm!.
6-2
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sidering a 6-ps range of the measurement.
Figure 6 describes how the timing experiments are d

and how the time values are extracted from the streak c
era. For that, two synchronized signals are sent to the c
era; one goes directly to the beam splitter and has a 1
width, while the other is the signal registered from a point
the SP. The first measurement is for the point marked ‘‘0’’
Fig. 5~a!. This difference in time is plotted in Fig. 6, ‘‘0’
~upper panel!. The next measurement is, for example, f
point ‘‘1’’ in Fig. 5 ~a! and is plotted in Fig. 6, ‘‘1’’~medium
panel! and so on for point ‘‘2’’ and all the other points. From
the difference in the time between the maximum of the ti
curves provided by the streak camera, we obtain the pro
gation times for the SP plotted in Fig. 5. There is very lit
indetermination~less than 0.2 ps! in these measurement
because the maxims are determined by the values at w
the derivatives of the curves in Fig. 6 are zero.

Being limited by the 2-ps resolution of the streak came
we could not distinguish the time of the propagation from

FIG. 2. Intensity profiles of the SP field in the direction
propagation, compared with the intensity profile of the incident
ser beam profile.~a! From a nonfocused beam.~b! From a focused
beam. The inset image 1 is the scattered SP distribution as obse
by far-field microscopy. The elongated shape is due to the plas
propagation. It is similar to the inset image 2, which is measured
the near-field method~Ref. 16!.
11541
e
-
-

ps
t

r

e
a-

ch

,

single fiber involved in the experiments, which is the reas
for the setup of Fig. 3. It was, furthermore, necessary that
SP have propagation lengths~L! of the order of 200mm or
larger. The latter value is given byL5 1

2 lm(kx). Figure 4
shows the plot values ofL versus wavelength for the dielec
tric constant values obtained by Johnson and Christy,13 tak-
ing into account the relative data error range. As is w
known, these values ofL are very dependent on the wav
length of the radiation. These also varied according
whether the SP propagates in a large surface area or
striped region.17 At 800 nm, there is an indetermination be
cause of the experimental errors in defining the permittiv
but it is clear that the values ofL are much greater than thos
at wavelengths smaller than 633 nm, where other exp
ments have been performed.17 We also notice that a SP
length of 150mm on silver film has been obtained with
785-nm laser excitation.17 In our time-resolved measure
ments, out of the total measured range, apparent SP pr
gation occurs along about 600-mm length~Fig. 5!. However,
taking into account the intensity decay, when it reaches 1e,

FIG. 3. Schematic representation of the time-resolved meas
ment experiments on the propagation of the SP’s.

FIG. 4. SP propagation length vs excitation wavelength. Lin
are calculated applying Johnson and Christy’s Ag constant, tak
into account the error of the real partn of the metal constants. The
star with the error bar marks the measured SP propagation leng
our time-resolved experiment.
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the propagation lengthL is roughly estimated as;300 mm
~indicated by the star in Fig. 4!. Nevertheless, this is within
the range of the calculated values. We also performed exp
ments for 400 nm at the double frequency of the IR laser,
the values ofL were much smaller and no measureme
could be performed with precision. From the above it is e
dent that our time resolution measurements ofL are within
the range predicted by theory.

In the experiment, the fiber probe scans on the surf
along the direction of propagation of the SP. In order
obtain the corresponding timing value, the time differen
between the coupled SP signal from the scanning fiber
the reference one was recorded in the same snapshot o
streak camera. Along the path of propagation, the co
sponding time increases, indicating the propagation of the
in the time domain.

In Fig. 5~a!, we plotted the obtained time versus the d

FIG. 5. ~a! Time-resolved measurements of the time posit
changes along the direction of the SP’s propagation. Dots repre
time positions along the propagation. The speed of light in vacu
~thinner straight line! and the velocity of the SP~thicker straight
line! on the surface are indicated. The corresponding intensity
file is also superimposed in the image.~b! The time-resolved mea
surement for the out-of-SP condition, with the straight line indic
ing the speed of light in vacuum. In this case, no propagation
observed.
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tance data, recorded from the streak camera with the fi
registering intensity from different points in the surface~see
Fig. 6 for more explanation!. With reference to the guidanc
line, we estimated that the velocity of the SP is about 0.5c.
This is less than the estimated group velocityvg50.94c in
the metal-air interface but larger than that in the metal,vg
50.09c. It is noteworthy that the dispersion relation Eq.~2!
we used to estimate the group velocity is derived for
smooth surface of a semi-infinite metal with dielectric co
stant«1 , adjacent to a medium («251 as air!. The disper-
sion relation may not be precisely correct for metal film
with finite thickness, especially when that thickness is ve
small (kz1d!1). In that case, the interaction of the EM fie
on both surfaces will change the SP frequency~Ref. 1, p. 25!.
We draw our attention to two facts, however. First is the f
that we are dealing with a metal film with a thickness of
nm, and the SP’s penetration depth into the silver is;23 nm
for an 800-nm laser wavelength (kz1d52). The second fact
is that we have an asymmetric ATR setup, so the SP is
cited only on the surface adjacent to the air, and the coup
between the two surfaces, if there exists any, is very we
Taking into account all of the above, we would say in th
case that Eq.~2! is a very good approximation. Nevertheles
we can make a direct estimation of the group velocityvg
utilizing the experimental data in Fig. 1~b!, from which we
get resonance conditionkSP1 andkSP2 with correspondingv1
and v2 . Roughly the group velocity is thus estimated as

vg'S v12v2

kSP12kSP2
D50.92c,

which is not much different from the estimation based on E
~2!.

However, this result is consistent with the assumption t
for a SP, the group velocity~which represents the energ
flow! near the surface should be a tradeoff between the de
length in the metal and the air. For comparison, we a
performed the same measurements for a transmitted tota
flection field out of the SP resonance condition@Fig. 5~b!#.
Within the 2-ps limits of our camera resolution, the tim
position does not show any obvious increase in the direc
of propagation. This means that at all points of the surfa
the radiation occurs at the same time. Therefore, there is
time delay between different points at the surface. Howe
the SP is a highly localized EM mode, and the field prop
gates at and above the metal surface. This result is consi
with the length of decay of the electromagnetic field asso
ated with the SP from the interface into each of the bound
media. On the metal side, the 1/e field decay length is typi-
cally ;20 nm but it increases to hundreds of nanometers
the air.

The result obtained for the group velocity is new. The
wave function has part of its weight in the metal where t
estimated group velocity is 0.09c, and part in the air where
the value isc. The obtained experimental value is, therefo
not unreasonable. Furthermore, even if the static prope
of SP are more or less described by the model used ab
that does not mean that the same thing would happen for
dynamic properties, such as the speed of SP propaga
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FIG. 6. Demonstration for SP propagation timing measurement. The laser pulse through the reference fiber~left! and the coupled SP
signal through the scanning fiber~right! are recorded by streak camera.Dt is the measured time difference between them. We obtainDt by
taking the values at which the derivatives of the curves~indicated by lines with squares! are zero, as shown in the middle panel for point ‘‘1
The numerical errors inDt are about 0.2 ps. The shifts ofDt values between points represent the SP propagation in time. The tem
profiles of ‘‘0,’’ ‘‘1,’’ and ‘‘2,’’ correspond to the data points marked in Fig. 5~a!.
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This, in fact, is what our experiment reveals. In addition, it
clear that a model which considers a discontinuity of
dielectric constant at the metal surfaces cannot be righ
matter what. We know that this value has to evolve smoot
from inside the metal to the air. It should be a function of t
distance to the surface. Nevertheless, this could be a resu
thin-film aging, surface roughness, or multiscattering effe
It should be said, however, that the result reported is w
described on average by several samples that have been
sured.

To get some understanding of the new physics provi
by the experiment, and to interpret the group velocity beh
ior around the interface, we introduce an effective dielec
constant«eff around the interface, defined by the contributi
from SP field flow above the interface and the field flo
under the interface, as described in the following:

«eff5

«0E
0

`

e2kz0zdz1«1E
0

`

e2kz1zdz

E
0

`

e2kz0zdz1E
0

`

e2kz1zdz

. ~3!

Here«0 and«1 are the dielectric constants in air and in t
metal, andkz0 and kz1 are the wave vector in air and i
metal, respectively, with regard to the wave-vector relatio
ce
1

ett

h-

, J

m
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kz15Au«1ukz0 . ~4!

Applying our experimental conditions to Eq.~3!, i.e., «0
51 and«15«Ag , we obtain«eff523.79 from Eqs.~1! and
~2!. This effective optical constant around the transition
gion of a metal surface, which is supposed to be much
ferent from that corresponding to the air and the metal, gi
us a new way to describe the properties of the interface. T
model tries to take into account a smooth variation of
dielectric constant in a crude way. But there are other effe
that should be considered, such as nonlocality. In addition
this, surface aging, oxidation~even if the Ag is capped with
1 nm of Au!, and a roughness of approximately 5 nm
height as measured by scanning tunneling microscopy sh
have some influence on the SP velocity.

In conclusion, we have examined the SP excitation c
dition and have imaged the field propagation in an ATR sc
matic for an Ag metal thin film. We took measurements
the time domain for the SP propagation in the near-field
gion with a 0.2 resolution using a two-fiber differential me
surement with a time-resolved streak camera. An effec
dielectric constant around the transition-metal surface is p
posed to interpret the measured field group velocity of
surface plasmon. The measured SP’s speed is (
60.19)c. i.e., 61% of the value of 0.94c predicted by the
existing theory.
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