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We report abnormally large positive and negative lateral optical beam shifts at a metal-air interface
when the surface plasmon resonance of the metal is excited. The optimal thickness for minimal
resonant reflection is identified as the critical thickness above which a negative beam displacement
is observed. Experimental results show good agreement with theoretical predictions and the large
observed bidirectional beam displacements also indicate the existence of forward and backward
surface propagating waves at the surface plasmon resonance of the me&@Q4©American
Institute of Physics[DOI: 10.1063/1.1775294

As described by Newtohwhen a finite size light beam pected by carefully designing metallic surface plasmon reso-
is total internally reflected by a dielectric interface, the elec-nant(SPR structures.
tromagnetic field partially penetrates into the rear medium  In this letter, we present the theoretical and experimental
and builds up an evanescent wave field whose amplitudéxamination of the beam displacement at visible wavelengths
decreases exponentially with the distance from the surfac®n a metal-air interface. As the SPR resonance is excited, we
The static Poynting vector of the evanescent wave is directe@bdserve a lateral spatial displacement of greater than 50
along the interface with a complex wave vector. Hence, aftefvavelengths for the reflected beam due to the propagating

re-emerging into the former medium, the actual reflected ensurface wave. We also show that the greatly enhanced nega-
tive beam shift is observable when the film is thicker than a

ergy flux is laterally displaced with respect to the geometri-""* , . . ) .
cal optics beam. This effect, now known as the GOOS_crltlcal thickness, as determined by the dielectric properties

Hanchen(GH) effect, was experimentally demonstrated byOf the noE!ekmetaI. To excite theh_SI;R., ;netal f”ff@ with
Goos and Hanchen in 194Most investigations have exam- Vﬁl’IOUS .t Icknesses hc_orr]\tqct ka 'gh 1n ehx me I(%?} as
ined this phenomenon by using a beam that is reflected fro own in Fig. 1, which is known as the Kretschmann—

. . 15
the interface of two dielectric media with the incidence anglearieg:sr Ztrtriﬂri\?ittiegs tgﬁlhéeéliffgtr'gﬁ-{?n)eggvgfet'he"'erzgrf]i the
sufficiently close to the total internal reflectighlR) angle. P P :

Normally, the lateral displacement is proportional to the pen-metal layer and aitz,). At resonance, the incident electro-

. . ) ) . magnetic field decreases exponentially in the film and excites
etration depth which can be predicted by geometric oi)ﬁcs . ;
or analyzed by plane wave expansion mod@lgut the _the surface plasmon wave propagating along the metal—air

. L : . interface. The exponential dependence of the evanescent
maximum longitudinal beam displacement is usually ex-

i | I b th tration depth is of th electric field is schematically shown in the inset of Fig. 1.
remely smafl, because the penetration depth 1S ot the San@enerally, for transverse magne(itM) polarized incident

scale as the wavelength. However, large longitudinal beanjgnt the resonant electromagnetic field reaches its maxi-
shifts could be achieved by utilizing mateft&lor structural mum at the interface and the typical enhancement factor is

resonances? For example, two types of resonantgmultilayer ~10? compared to the incident amplitude. On the contrary,
structures were recently proposed by Schreieal,” which

potentially could provide millimeter scale lateral shifts at
optical wavelengths. Meanwhile, a negative lateral beam
shift in reflection was discovered in the systems with absorp-
tive materials’’ negative refractive index medta,and/or
resonant artificial structuréé® As described by Tamiet
al.® such a negative displacement is due to the backwarc

E~exp(-|k:|z)
leaky wave with an opposite sign for the propagating and |E|
attenuation constant. Indeed, such a backward propagatin >

surface wave can be easily excited on a metallic plasma slal
with a negative permittivity under certain conditiotisEur-
thermore, the surface plasmon field amplifies the amplitude

of this leaky wave through a resonance. Consequently,

greatly enhanced negative beam displacements can be &XG. 1. Kretschmann—Reather ATR configuration, with the metal thin film
(eq) coating. The solid reflective beam shows a positive optical beam shift

compared to the geometrical reflection réte dashed line The insets

dauthor to whom correspondence should be addressed; electronic maishow the exponential dependence of the electrical field along the metal—air
xbyin@stanford.edu interface.
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achieved by impinging a HeNe laser be&32.8 nm, with
FIG. 2. (Color onling (a) Experimental measurement of the GH stiift a waist of ab,OUt ZOQLm, onto a thin S"V‘?r f”m, WhICh IS
Attenuator; BS: Polarized beam splitter; SF: Spatial filter; P: Polarizer;cOated on a right angle BK7 prism. The silver film is coated
EOM: Electro-optical modulator; PR: Prism with metal coating; and PSD: by electron-beam deposition with various thicknesses and the
Position sensitive dev_i()e(b) Schema_tic view of a PsSb device proqgcing incident angle is controlled between 40° to 45° by a motor-
two photocurrent_s which are proportional to the |_nC|dent beam postivn. e stage, which covers both the TIR an#é¢.39 and SPR
External modulation voltagganel 3, and differential voltage signals from - .
the PSD device indicating the positiypanel 3, and negativgpanel 3 a_mgle(about 42.8j for the above ATR device. The polariza-
lateral beam displacement. The positiver1.7 um) and negative tion states of the incident beam are controlled by an EOM
(-5.2 um) displacements are measured at the incident angles of 42.98° andPKC21, Inrad Ing, which is driven by a square wave pro-
42.80° on a 82.0 nm silver film. vided by a high-voltage amplifigiTrek610, Trek, Ing. The
half-wave voltage is~4.2 kV and the typical modulation
there is no enhanced plasmon field with transverse electrittequency is 200 Hz. The modulation deg#éxtinction ratig
(TE) excitation. is larger than 100:1 in the experiment. The reflected beam
Next, we consider a finite size optical beam impingingfrom the prism passes through a polarized analyzer and is
upon the above described ATR device. Due to the enhancegbllected by a PSD detect¢87879, Hamamatsu, Inand a
electromagnetic field at the metal-air interface, intuitivelylock-in amplifier measures the spatial displacement. By pe-
and substantiated by measurement and calculation, mugiodically modulating the incident polarization, the differ-
more energy penetrates into the rear medium as compared émce of the lateral displacement between TE and TM light is
the normal TIR case without the metal layer. Therefore, theneasured. However, since the TE polarized incidence cannot
enhanced surface wave effectively enlarges the lateral beagxcite any surface plasmon polariton, there is no enhanced
displacement in the SPR case. Furthermore, if a backwarkhteral displacement. Therefore, it serves as a perfect refer-
propagating surface wave exists, the lateral displacemerm@nce beam and the measured relative beam shift between TM
should be negative with respect to the geometrical opticeind TE excitation indeed indicates an absolute beam dis-
beam, where the time-averaged Poynting vector is directeglacement for a TM wave at the SPR region. One set of
along the interface and pointed in the opposite direction ofletected positive and negative beam shift signals is plotted in
the incident wave vector. Fig. 2(c) for comparison. Both the positivg@anel 3 and the
However, direct experimental measurement of such aegative(panel 3 displacement signals are compared to the
beam shift from a single reflection has always been difficultexternal voltag€panel 3 applied onto the EOM, which con-
in the past due to the small value of the displacement and thiols the incident polarization states. Unlike the positive shift
diffractive property of the laser beath.In this letter, a signal, the negative displacement signal is out of phase with
highly sensitive modulation detection scheme was appliedhe driving voltage. In this case, although the measured nega-
following the original experiment of Gillest al!” by com-  tive shift is the relative displacement between the TM and
bining an electro-optical polarization modulai@OM) and TE wave, the TM polarized reflective beam undergoes an
a one-dimensional position-sensitive detect®&SD. As  absolute negative shift due to the absence of a surface plas-
schematically shown in Fig.(8), a PSD device provides two mon resonance for the TE polarized illumination.
signals that are proportional to the barycentric position of the ~ With the above convention, the measured relative beam
incident beam. The lateral displacement of the impingingshifts (Ary—A+1g) for various thicknesses of silver films are
beam is hence proportional to the normalized differentialplotted in Fig. 3 respective to the incident angles. The bare
output of the detector. BK7 glass prism without a silver coating is also measured
The schematic diagram of the experimental setup isind plotted as a black curve for comparison, which is fitted
shown in Fig. 2a). The surface plasmon excitation is by the Artmann equatiot(shown as black soiid curve in Fig.
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1.0 the observed data points for both positive and negative lat-
eral beam shifts are plotted as separate points. As shown in
0.84 the figure, the thickness for a reflection minimum indicates
the critical condition at which the negative beam displace-
ment appears. This thickness is also well known as the opti-
£ 061 X mal thickness for excitation of the surface plasmdmhere
.E e % the resonance absorption is just balanced by radiation damp-
2 o4l ing and internal damping. By assuming;|>e], eo, 5,
% which is normally true for the above described ATR system
&~ o at visible wavelengths, the minimum of the reflectivity de-
0.2 termines the critical thickness,
N 2k
Y N o =7 — I,
0 30 60 90 120 150 180
Thickness (nm) which predicts that the critical thickness in this experiment

should be 59 nm as indicated in Fig. 4. Hemend « are the

FIG. 4. Thickness dependence of the reflectivity for TM polarized excitationfefractive index of the metaln+jx= \“"81)- Furthermore, by
is shown by the solid curve. The experimental results are plotted as separagpmparing Figs. 3 and 4, the much larger longitudinal dis-
points_(O‘: Positive sh‘if_ts only;x: Negative shifts observe@nd the mini- placement can be expected as the thickness approaches the
mum indicates the critical thickness. critical thickness.

In conclusion, a large positive and negative lateral beam
3) and describes the GH shift at the critical angle of thedisplacement is observed on the silver—air interface when the
dielectric interface. The enhancement of the lateral displacesurface plasmon resonance is properly excited. The condition
ments is observed at the SPR angle on all the silver coatefdr a negative beam shift is predicted theoretically and con-
prisms. For thinner silver films less than about 60 nm, as théirmed experimentally. Such positive and negative spatial
thickness increases, the maximum relative displacement irdisplacements indicate the existence of forward and back-
creases significantly. A shift of as high as 50 wavelengths isvard surface propagating energy flows along the metal-air
observed on a 45 nm silver film. Additionally, the relative interface at resonance. Furthermore, the measurement of
lateral beam displacement at the resonant angle becomesam shifts provides an alternative SPR sensing scheme,
negative for films thicker than about 60 nm, as shown inwhich potentially improves the sensitivity of SPR sensors
Fig. 3. significantly.
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