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Measuring the speed of a surface plasmon
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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 (0.5Z0.19)c, about 61% the value expected from simple the6rg., about 0.9d). 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 plasmon&SP’y are longitudinal collective elec- nometers. The phase and group propagation velocitigs—
tron oscillations at the interface between a metallic and @ndv, respectively—are classically defined by
dielectric materiat. A high sensitivity to the interface struc-
ture and composition, and also the significant enhancement _w _dw
of the local electromagnetic field, make SP spectroscopy a UpT Yot gk’ @

prospective interface and surface analysis fdolAlso, .
second-harmonic generation has been obséhde SP wherek and o are the wave vector and the radiation fre-

technique has been combined with time-resolved lasefiu€ncy; respectively. In particular, for the case of an Ag thin
spectroscopy® in order to study the surface dynamics andfilm, where the imaginary pa#; of the dielectric function is
associated ultrafast process on the surface region. Sonflduch less than the real past, and therefore may be ne-
time-resolved investigations have been carried out to get §/ected, the dispersion relation for a SP at the metal-vacuum
better understanding about SP dynamics at the surface of thifterface is[Eq. (2.4) in Ref. 1]

metal films! and of metal nanostructur&S.0n the other

hand, ps time-resolved measurements of interferences with a K _e €1 )
few photons is possible by using a femtosecond pulsed laser ¢ Ve +1

combined with a streak camera with ps resolutidrsP’s

have been also observed using charged partitieke alter- We notice that the phase velocity=cX \(1+e4)/e; is

ation on the propagation mode of the electromagnetic fieldslightly less than the speed of light in vacuwmsincee is
from the field inside a metal thin film and above the interfacenegative andeq|>1. Utilizing ;=¢,(w) data for Ag by
as a SP, spark our interest in the special optical properties dbhnson and Christy,the group velocity 4 is determined to
the metal surface, as well as the way it affects the propagde also slightly smaller than. In our experimental setup,
tion of the SP. This problem is also important to understandising 800-nm wavelengtfiL.55-eV photon energywe get
the group velocity and propagation in dispersive media androm experimentS &, vp=0.9&, andv4=0.94c.
metals? In order to clarify these points, it will be of valueto  This theory for surface plasmons and its dispersion rela-
know the speed of propagation of surface plasmons. tion is based on the discontinuity of the dielectric constant at
This paper presents experiments using a pulsed laser arnlde metal-vacuum interface, and predicts the positions of the
a streak camera to measure the speed of propagation of tserface resonances in the reflectivity by fitting the dielectric
surface plasmons excited on the attenuated total reflectiooonstant of the metal. This does not, however, imply that it
(ATR) configuration. The speed was found to be approxi-will describe the dynamic aspects such as the speed of plas-
mately 0.5¢ (c being the speed of light in vacuyrfor an ~ mon propagation because this excitation has a tail at the
800-nm wavelength, i.e., about 61% of 0c94xpected from metal portion of the interface and another at the vacuum.
the existing theory, or 62% of 0.82 obtained from a crude Inside the Ag thin film, the field propagation is very compli-
estimation in SP resonance experiments. This result is impocated because of the negative dielectric constant. Using Eq.
tant because it may clarify what is going on at the metal(1), we calculate that the phase and group velocity in the
vacuum interface excitations, and has been measured by usetal thin film are much smaller than the speed of light in
ing a direct method. air, being approximately 0.t8 and 0.0@, respectively.
There is a strong field enhancement near the metal surfacéhere is, therefore, considerably different field propagation
at the surface plasmon resonafcayhich implies a highly — around the interface due to the difference in propagation in
localized state at the surface, suggesting that the SP fielthe metal and in vacuum. In other words, it suggests that the
propagation velocity can be different from that of light in the group velocity of a SP in the surface regime can be different
vacuum, even if most of the SP field propagation occurdrom in the metal as well as in the vacuum. It would be
there. Specifically, most of the plasmon energy lies in thenteresting to have a direct method of measuring the speed of
vacuum above the metal surface within a few hundred naa surface plasmon, independent of theory, since it will pro-
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vide information about the dielectric function in the transi-
tion region between bulk and vacuum.

We first examine the SP excitation condition and the field Fiber Probe
propagation in the well-known ATR configuration. Further-
more, we take measurements in the time domain for the SF XY
propagation in the near-field region with a picosecond time-
resolved method, and then detect the propagation speed of A fﬂm
SP. In our experiments, SP’s are excited in a prism coupling,
known as the ATR arrangemelftWave-vector matching to
the mode at the silver-air interface in a prism-silver-air sys-
tem is achieved whengpolarized laser radiation is incident Incident
on the silver film at a certain angle just above the prism's®
critical angle; i.e., the incident wave in the metal slab is an
attenuated wave. The sample is prepared by depositing 5
nm of silver on the hypotenuse face of a right angle BK7
glass prism (=1.515 at 633 nmn=1.511 at 800 nry :':1.559v(800nm)

. X ! . 1.0 4 = — 1.96ev (633nm)
mounted on a rotation platform, thus allowing a fine-tuning
of the angle of incidence. 091 =V gAY

The nature of the SP is a nonradiative electromagnetic o \ / o B
(EM) mode, which is highly localized at the metal/air inter- ] ¢ /
face, typically within hundreds of nanometers above the sur- |
face. Near-field microscopy has, therefore, proved to be &z %]
good technique for SP measurem?sz‘sm]t6 In our experiment, 05
we performed a one-dimensional constant height scan, utilizs ,, ]
ing a cut multimode fiber as a probe into the SP field, located®
just at the surface of the metal. The fiber was on a triaxial !
fiber positioner, which controlled the location of the spot on 0.2 .
the sample. Through the well-known photon tunneling effect, ]
the SP field was coupled into the optical fiber probe and ther 1
delivered and collected into the detector as the signal, pro- *°™ - P P a5 146 s
portional to the near-field intensity. The core diameter, how- () Incident Beam Angle
ever, of the fiber probe used was %in, i.e., enough to
check the SP intensity distribution through the whole beam FIG. 1. (a) Schematic drawing of setup for the SP’s intensity
region on the surface. The excitation source was a Tidistribution measurementb) Reflected intensity vs angle of inci-
sapphire laser 800 nm in wavelength. The light signal waslence for different wavelength lasers: 1.96 @33 nm and 1.55
then sent to the photomultiplier tukBMT) detector, so that eV (800 nm).
we could record the intensity at each point in the scannin
path, as shown in Fig.(&). In this way, we could obtain the

PMT

//////////

Detector for
reflection

e ctivny

0.3

%p resonance condition, the intensity of the near field is 150
intensity distributi file of th t field h times larger than out of the resonance. The minor fluctuation
intensity distribution profiie ot the evanescent Tield on €y the Sp curve is due to small-scale topographic inhomoge-

metal surface. o neities in the metal film. A similar image of surface-plasmon
By examining the SP excitation with different 1asets55  ,ronagation is also obtained with a continuum He-Ne laser.

and 1.96 eV, we recorded the reflected intensity around the' | order to trace the propagation of the SP in the time
SP resonance angle, as shown in Fig) It has been veri-  gomain, we set our streak camera in the operate mode for
fied that the SP resonance is very sensitive to the angle @fme-resolved measurements with two optical fibe®the
incidence of the beam, and that the resonance angle chang&sme lengthfor signal input(see Ref. 10 for more detailed
according to the different incident photon energy. This im-explanations of the techniqueThe time-resolved experi-
plies that the plasmons are not degenerdtdept in the ment scheme is shown in Fig. 3. A beam splitter is placed in
asymptotic valué, tending to infinity, but depend critically  the incident beam path, one of the two split beams is coupled
on the wave vectok, parallel to the interfacgEq. (2)]. This  into the fixed fiber, and the other beam is sent to the prism
is consistent with results from previous work onSP. for SP excitation. The fixed fiber serves as a reference, and
Moreover, we examined the field distribution profile of the other is used to scan the Ag surface along the direction of
the SP’s with a one-dimensional scan, controlling the fibethe SP propagation. The latter scanning was performed for
probe position just on the metal-air surface. From Figa) 2 time measurements and the time differences between two
and 2b), we notice that the profile width of the SP is larger fiber measurements gave us the resolution for the measure-
than the width of the profile for the incident beam, both forments. As we demonstrated in Fig. 6, for a given constant
the case of an unfocused beam and for a focused bearpulse shape, we can measure a shift in the pulse position that
Along the propagation, there always exists a tail out of theis much less than its width. This differential measurement
excitation region by the incident beam, which is a clear in-permits a 0.2-ps resolution even if the streak camera has 2-ps
dication of the SP’s propagating on the surfé?;elso inthe  resolution. Notice that this is a good enough resolution con-

115416-2



MEASURING THE SPEED OF A SURFACE PLASMON PHYSICAL REVIEW 89, 115416 (2004

7 - —m=— Surface Plasmons
—4a—Incident Beam Profile

Streak camera

The referenc

=2}
1

The fiber probe

5]
1

The Ag film
V4 E

Polarizatio

ES
1

w
1

Intensity (arb. units)

< ¢ —c Ti Sa-Laser

A)

BeamSplitter

<
|

The prism

0 T T T T T T T T T T r T s Detector for|
0 500 1000 1500 2000 2500 3000 3500 Ereﬂectlon |

(a) Distance (um)

FIG. 3. Schematic representation of the time-resolved measure-

ment experiments on the propagation of the SP’s.
—m— Surface Plasmon

—a— Incident Beam Profile
single fiber involved in the experiments, which is the reason
for the setup of Fig. 3. It was, furthermore, necessary that the
SP have propagation lengtkis) of the order of 20Qum or
larger. The latter value is given by=3Im(k,). Figure 4
shows the plot values df versus wavelength for the dielec-
tric constant values obtained by Johnson and Chistgk-
0] ing into account the relative data error range. As is well
1 ! known, these values df are very dependent on the wave-
0.4 length of the radiation. These also varied according to
\ whether the SP propagates in a large surface area or in a
1 . /_\_\./ N striped regiort” At 2_300 nm, there is an _in_determinatior_1 _be_z-
0o _/ . e-s-uy . cause of the experimental errors in defining the permittivity,
0 5 100 150 200 250 but it is clear that the values &fare much greater than those
(b) Distance (um) at wavelengths smaller than 633 nm, where other experi-
ments have been perform&dWe also notice that a SP
FIG. 2. |nten5|ty prOfIleS of the SP field in the direction of |ength Of 150Mm on S||ver f||m has been Obta|ned Wlth a
propagation, compared with the intensity profile of the incident la-785-nm laser excitatiol. In our time-resolved measure-

ser beam profile(a) From a nonfocused bearth) From a focused ments, out of the total measured range, apparent SP propa-
beam. The inset image 1 is the scattered SP distribution as observ%

1.2 4
1.0

0.8

Intensity (arb. units)

0.2

\ . X tion occurs along about 6Qan length(Fig. 5. However,
by far-field microscopy. The elongated shape is due to the plasmo, king into account the intensity decay, when it reaches 1/
propagation. It is similar to the inset image 2, which is measured by '

the near-field metho¢Ref. 16. .
900 4

sidering a 6-ps range of the measurement. E 00 ey
Figure 6 describes how the timing experiments are doneg ., ] —=—n+
H e 700 * Measurement
and how the time values are extracted from the streak camg ]
era. For that, two synchronized signals are sent to the camg % ] ¥

era; one goes directly to the beam splitter and has a 10- p:n 500 -
width, while the other is the signal registered from a point at & — .
the SP. The first measurement is for the point marked “0” in ] /
Fig. 5@). This difference in time is plotted in Fig. 6, “0” 300 + .%
(upper panel The next measurement is, for example, for & ,q /

point “1”in Fig. 5(a) and is plotted in Fig. 6, “1"(medium 1 /- /
pane) and so on for point “2” and all the other points. From 190 /‘A;::é-/
the difference in the time between the maximum of the time 0 At —————
curves provided by the streak camera, we obtain the propa 30 400 450 500 S0 600 050 700 750 600 850 900 950
gation times for the SP plotted in Fig. 5. There is very little Excltation wavelength (nm)

indetermination(less than 0.2 psin these measurements,  F|G. 4. SP propagation length vs excitation wavelength. Lines
because the maxims are determined by the values at whicte calculated applying Johnson and Christy’s Ag constant, taking
the derivatives of the curves in Fig. 6 are zero. into account the error of the real parbf the metal constants. The

Being limited by the 2-ps resolution of the streak camerastar with the error bar marks the measured SP propagation length in
we could not distinguish the time of the propagation from aour time-resolved experiment.

Surface Plasmon Propa
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7 5 tance data, recorded from the streak camera with the fiber

1 . registering intensity from different points in the surfasee
€ \.1 et 1. Fig. 6 for more explanationWith reference to the guidance

\ 'Yy line, we estimated that the velocity of the SP is about €.57
5 . . .. . . .
] \ g This is less than the estimated group velocity=0.94c in
4 v 4 K the metal-air interface but larger than that in the metgl,
2 | A S | =0.0%. It is noteworthy that the dispersion relation ER)

g 3 /_/ y ; 1, we used to estimate the group velocity is derived for the
= i smooth surface of a semi-infinite metal with dielectric con-
2 o1 /\/\ T stante,, adjacent to a mediumef=1 as ail. The disper-

. s/ . 41 sion relation may not be precisely correct for metal films
- = e \.%\ | with finite thickness, especially when that thickness is very
1 I i \— . small (;d<1). In that case, the interaction of the EM field

o 500 400 &0y #os %005 4s60  -44dh on both surfaces will change the SP frequetiRgf. 1, p. 25.

() Distance (um) We draw our attention to two facts, however. First is the fact
that we are dealing with a metal film with a thickness of 50
nm, and the SP’s penetration depth into the silver23 nm

5 for an 800-nm laser wavelengthd=2). The second fact
1 is that we have an asymmetric ATR setup, so the SP is ex-
59 cited only on the surface adjacent to the air, and the coupling
1 between the two surfaces, if there exists any, is very weak.
47 Taking into account all of the above, we would say in this
= case that Eq(2) is a very good approximation. Nevertheless,
% 3 we can make a direct estimation of the group velogity
£ utilizing the experimental data in Fig(d), from which we

2 get resonance conditidap; andkgp, with correspondingo 4

- . and w,. Roughly the group velocity is thus estimated as
14 > > > B o a
1 . >.-::‘. .."-..°.".>: _

1 T L vg~<%z)=o.9zt,

0 200 400 600 800 1000 1200 1400 SP1 RSP

(b) Distance (um)

which is not much different from the estimation based on Eg.
FIG. 5. (a) Time-resolved measurements of the time position(z)-
changes along the direction of the SP’s propagation. Dots represent However, this result is consistent with the assumption that
time positions along the propagation. The speed of light in vacuunior a SP, the group velocitywhich represents the energy
(thinner straight ling and the velocity of the SRthicker straight  flow) near the surface should be a tradeoff between the decay
line) on the surface are indicated. The corresponding intensity prolength in the metal and the air. For comparison, we also
file is also superimposed in the imagb) The time-resolved mea- performed the same measurements for a transmitted total re-
surement for the out-of-SP condition, with the straight line indicat-flection field out of the SP resonance conditidtig. 5(b)].
ing the speed of light in vacuum. In this case, no propagation isNithin the 2-ps limits of our camera resolution, the time
observed. position does not show any obvious increase in the direction
of propagation. This means that at all points of the surface,
the propagation length is roughly estimated as-300 um  the radiation occurs at the same time. Therefore, there is no
(indicated by the star in Fig.)4Nevertheless, this is within time delay between different points at the surface. However,
the range of the calculated values. We also performed experihe SP is a highly localized EM mode, and the field propa-
ments for 400 nm at the double frequency of the IR laser, bugates at and above the metal surface. This result is consistent
the values ofL were much smaller and no measurementswith the length of decay of the electromagnetic field associ-
could be performed with precision. From the above it is evi-ated with the SP from the interface into each of the bounding
dent that our time resolution measurementd aire within ~ media. On the metal side, theelfield decay length is typi-
the range predicted by theory. cally ~20 nm but it increases to hundreds of nanometers in
In the experiment, the fiber probe scans on the surfacthe air.
along the direction of propagation of the SP. In order to The result obtained for the group velocity is new. The SP
obtain the corresponding timing value, the time differencewave function has part of its weight in the metal where the
between the coupled SP signal from the scanning fiber andstimated group velocity is 0.69 and part in the air where
the reference one was recorded in the same snapshot of thiee value isc. The obtained experimental value is, therefore,
streak camera. Along the path of propagation, the correnot unreasonable. Furthermore, even if the static properties
sponding time increases, indicating the propagation of the SBf SP are more or less described by the model used above,
in the time domain. that does not mean that the same thing would happen for the
In Fig. 5(@), we plotted the obtained time versus the dis-dynamic properties, such as the speed of SP propagation.
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FIG. 6. Demonstration for SP propagation timing measurement. The laser pulse through the refererfleftfiaed the coupled SP
signal through the scanning fib@ight) are recorded by streak cameté. is the measured time difference between them. We oliainy
taking the values at which the derivatives of the curimedicated by lines with squargare zero, as shown in the middle panel for point “1.”
The numerical errors irAt are about 0.2 ps. The shifts dft values between points represent the SP propagation in time. The temporal
profiles of “0,” “1,” and “2,” correspond to the data points marked in Fig(&.
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This, in fact, is what our experiment reveals. In addition, it is Ky1= Ve 1]k (4)
clear that a model which considers a discontinuity of the

dielectric constant at the metal surfaces cannot be right no Applying our experimental conditions to E(B), i.e., &g
matter what. We know that this value has to evolve smoothly=1 ande;=e,q, We obtaine = —3.79 from Eqgs(1) and
from inside the metal to the air. It should be a function of the(2). This effective optical constant around the transition re-
distance to the surface. Nevertheless, this could be a result 8fon of a metal surface, which is supposed to be much dif-
thin-film aging, surface roughness, or multiscattering effectsf€reént from that corresponding to the air and the metal, gives
It should be said, however, that the result reported is well'S & New way to describe the properties of the interface. This

described on average by several samples that have been m odel tries to take into account a smooth variation of the
sured ielectric constant in a crude way. But there are other effects

To get some understanding of the new physics provide hat should be considered, such as nonlocality. In addition to

. . 8 his, surface aging, oxidatiof@ven if the Ag is capped with
by the experiment, and to interpret the group velocity behav—1 nm of Au) gndga roughcfzss of approgximateFI)S 5 nm in
ior around the interface, we introduce an effective dieIectri(:|,|eigr1t as méasured by scanning tunneling microscopy should
constant e around the interface, defined by the contributionpave some influence on the SP velocity.

from SP field flow above the interface and the field flow |4 conclusion. we have examined the SP excitation con-

under the interface, as described in the following: dition and have imaged the field propagation in an ATR sche-
matic for an Ag metal thin film. We took measurements in

o o the time domain for the SP propagation in the near-field re-
SOJ e *o?dz+ slf e *a?dz gion with a 0.2 resolution using a two-fiber differential mea-
£ o= 0 0 _ 3) sgreme_nt with a time-resolved stre_zgk camera. An eff_ective
fme’kzozd - fwe’ kazgy dielectric constant around the transition-metal surface is pro-
o o posed to interpret the measured field group velocity of the

surface plasmon. The measured SP’s speed is (0.57
+0.19). i.e., 61% of the value of 0.@4predicted by the

Hereey ande4 are the dielectric constants in air and in the — ~ "
existing theory.

metal, andk,, and k,; are the wave vector in air and in
metal, respectively, with regard to the wave-vector relation, This work has been supported by the Spanish DGICyT.
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