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solved spin-orbit splitting of 0.35 eV.
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FIG. 4. The Ca 3p spectrum in Ca metal and in CaO.
The spectra have been aligned.

(ii) As a consequence of the unusually high
coupling strength of the core holes to the excita-
tion spectrum of these metals we would expect
very high ex' a-atomi c relaxation energies. The
extra-atomic relaxation energies of Ca, Sr, and
Ba are indeed only surpassed by those of Li ac-
cording to a recent study by Johansson and Mar-
tensson ' if one disregards the transition metals.

(iii) A reduction in the coupling strength should
result in a reduction of the apparent spin-orbit
splitting. This is indeed observed if we compare
the Sp spectrum of Ca with that of Cao in Fig. 4.
The single line in CaO is expected for an unre-
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This Letter reports the first ultrahigh-vacuum study of surface-enhanced Raman scat-
tering from pyridine adsorbed on a clean single-crystal silver surface containing a
smooth modulation (1 pm periodicity) to allow optical coupling to surface plasmon polar-
itons. A large mode-selective enhancement (-10 ) of the Raman signal from the first
monolayer is observed at surface-plasmon-polariton resonance. Coverages greater than
one monolayer show a smaller enhancement (-102).

PACS numbers: 78.30.Jw

Surface-enhanced Baman scattering has been
observed in electrochemical cell systems, ' tun-
nel- junction structures, "discontinuous films, '

small particles in solution, ' and recently for sur-
faces prepared in ultrahigh vacuum (UHV). ' '
Recent UHV experiments have used the photoreac-
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tion of iodine on Ag to form silver balls, ' films
evaporated at low temperatures, ' or sputter-dam-
aged polycrystalline samples. ' However, all ex-
periments reported including those performed in
UHV have required deliberate roughening of the
surface in order to obtain a measurable signal
from a monolayer of an adsorbate, thereby com-
plicating the interpretation of these results.

Here we present surface Raman scattering re-
sults using a clean, essentially (111)-oriented Ag
surface with a controlled surface modulation
(wavelength =10000 A). This surface contains a
small-amplitude, approximately sinusoidal modu-
lation (height -1000 A), which provides a well-
defined surface periodicity to allow optical coup-
ling to surface plasmon polaritons, while main-
taining minimal deviation from a flat Ag(111) sur-
face. Our experiments are thereby intended to
ellucidate the role of surface plasmon polaritons
in surface-enhanced Raman scattering. We f ind
a large enhancement (-10') for the first adsorbed
layer, and a comparatively small enhancement
(-10') for further condensed layers. These re-
sults demonstrate that such surf ace-plasmon-po-
lariton-induced Raman scattering is strongly lo-
calized to the first molecular layer.

The experiments were performed in an ion-
and Ti-sublimator-pumped vacuum system (typi-
cal base pressure of 2x10 "Torr) having facili-
ties for low-energy electron diffraction (LEED),
Auger-electron spectroscopy (AES), and Ar' sput-
tering. Reagent-grade pyridine was used. The
Raman spectra shown here were measured at 80
K with the 5145-A line from an Ar' laser, al-
though measurements were also made with the
4880-A Ar line and the 530'-A line from a Kr'
laser. Standard backscattering geometry was
used, with light collected over a solid angle of
45 . The scattered light was analyzed by a con-
ventional double- grating monochromator operat-
ing at 6 cm ' resolution. Given our operating
conditions, the threshold enhancement for detect-
ing a monolayer was - 5&&10'.

Although AES was used to monitor and charac-
terize surface cleanliness, uv photoemission
spectroscopy (UPS) was utilized to calibrate rela-
tive adsorbate coverages and to allow a clear de-
lineation between chemisorbed and physisorbed
pyridine. These measurements were performed
in a separate vacuum system, on the same Ag
crystal, with use of a differentially pumped He-
resonance lamp (hv =21.2 eV) and a double-pass
cylindrical-mirror analyzer. '

The Ag crystal was spark cut, mechanically

polished, chemically polished [chromic acid and
HCl (Ref .10)], then several UHV sputtering/an-
nealing cycles were used to remove C and S im-
purities from the bulk and to segregate disloca-
tion defects to the surface. A final chemical
polish left the crystal with a mirrorlike finish,
free of etch pits. The 10000-A periodic surface
modulation was then fabricated into a 4&4 mm
area of the 8x6 mm' face of the crystal, with the
modulation wave vector K, oriented along the (110)
direction. This structure was fabricated by first
creating a photoresist pattern on the sample with
use of x-ray lithography techniques followed by
chemical polishing to remove about 3000 A of ma-
terial in the unmasked regions (50%%uo). The photo-
resist was then dissolved and the sample was re-
peatedly argon sputter etched and annealed in
UHV (T- 500 K). This preparation also served to
reduce the higher-order Fourier components" of
the profile, resulting in a sinusoidallike surface
(valleys slightly wider than the peaks) with a
10 000 A wavelength and - 1000 A height as esti-
mated by the LEED beam profiles. The modulat-
ed region of the sample showed a mell-defined,
low-background LEED pattern, comparable to
the control region of the sample. Satellite lobes
were observed in the beam profiles, which indi-
cated a distribution of steps and terraces parallel
to K, . The peak in this distribution corresponded
to a terrace width to step height ratio of about 10
to 1. The intensity of the main peak relative to
the side lobes indicated that roughly 90%%uo of the
surface is of (111)orientation. Although such
LEED features serve as a guide to the general na-
ture and condition of the surface, they do not pro-
vide specific information concerning all types of
defects that may exist on an atomic scale.

UPS difference curves, LiV(E), in Fig. 1 show
the adsorbate-induced changes in emission for
consecutive pyridine exposures. The ionization
features in Fig. 1 demonstrate a pronounced ener-
gy shift starting at coverages above -1.2 L. This
increase in binding energy for physisorbed pyri-
dine compared to chemisorbed pyridine is expect-
ed. It is attributed to a reduction of the relaxa-
tion effects due to molecular polarization, charge
transfer, and final-state image-charge screening
for the physisorbed layer. " This shift can be
most reliably seen (light vertical lines) in the
lower-lying levels (binding energy -11.5 and 13
eV) which should be least affected by initial-state
chemical-bonding effects. The absolute coverage
calibration was obtained by taking the total ad-
sorbate-induced intensity of the large peak at

1520



VOLUME 445, NUMBER 18 PHYSr GAL REVIEW LETTERS $ NOVEMBER 1980

ld

a

14 l2 IO

B INDING ENERGY
8
Y (BV)

2.2L, l.7L

1.7L, I.4L

I.4I, I.OL

I.OL, .69L

.69L, .52 I

.52L, .54L

.34L, .I 7 L

.17L, OL

50-
Z

40-03

50- ~(

UJ

z 2OI-

10- i

K

hV= 6cm'

!
~4O @so
FREQUENCY S

2 IO

SHIFT (cm ')

4 6 8 IO

ec( OVERAGE IN MONO

IO I2 I4 16 4I8 20 22 24
OLAYER EQUIVAL

0
0

ENTS)

FIG. 2.F . . aman inten '

d 0
or

r equivalent occurs
nset:

g py posures:

, 19.3 L; cur
L; curve c 6

0 mW.
e incident laseraser power is

FIG. 1. UPS d'ff pectra ddterence s
e pyrid|. ne exp indicated to the

c), where the ion-
e right

b d ided b 5
a e —h have been divided

uge
to cornomplete anneal' erved an additioing, we obs

bound to step sites.
sociate with pyridine

Representative surfur ace Bam
ri ine exposures a

or in-

set in Fig. 2. C
ures are shown in the

e liquid-phase

are of about equal inte
cm ~) rin-

selec
in ensity, these

br
tive enhancem ten of the s

spectra show

eathing mode f
ymmetric ring-

not until thick
or chemisorb.........l

ed pyridine. It

) a the asymmetri
ing mode starts to b

e ric ring-breath-

g ow with increasin
o e observed and continues to

e coverage-dependent Ram
of the 990-cm '

aman intensit I(e)
- m Fig. 2) peak s

cr ase for th f 'e irst monola
a ic

/0' 1on - ' e againsto in't bt' d

0pen points corres on
ine experimeentally, while the

low. T
respond to theory as

he enhancem t fen or the fir
discussed be-

o d'to sa dif s e liquid-phase

ff it idl goi yinthere '

al o ayer

theoretical model be y Kirtlehe e y, Jha, and Tsaang
i u ing to the sur-

1521

about 11.5 eV 'c ' ' o ae combination of a

In orde
one monolayer at 1.2 e.

er to obtain surface-
.2 L exposure.

l as necessary to
ering

l
he incident radiation with

id t di tio d p

ciden
ne of incidence. T

the d'd' t fl t db
0 e minimum i

ace-plasmon- ol
earn, which correspo don sto

po
a ered signal for

s

a er r pyridine adsorb d

erved as the incid
or ion of th e sample was ob-

incident angle was
of this cond tl ion As e

s brought to w th-i

ere signal observe
XP

The features f sound to be obs
man spectrum f

servable in th R

( )

i
g rface occurred betwe

—600- d

e probably mask d b
e . Such features

1m because of trac
e by the broaoad peaks at 1350

es m
to

We found these
amorphous car-

carbon 1evels undetect bl
ese peaks to er '

r- va
Ap rsist even at

so, prior pr



VOL.UMZ 45, NUMSZR 18 PHYSICAL RKVIK%" LETTERS 3 NovEMsER 1/80

M

z 20—

990 cm {

T= 80K

10—'D

I I I I I I

0 2 4 6 S 10 12 14 16 24 26
8 (COVERAGE IN MONOLAYER EQOIVALENTS}

FIG. 3. Incremental enhancement factor dl/d&, as a
function of coverage as determined from Fig. 2 (solid
circles) and predicted by theory (open circles, Ref. 17).
For modeling the theoretical distance dependence we

0
used a pyridine interlayer spacing of 5 A (Ref. 19) and
a Ag-pyridine barrier height of 0.25 V (Ref. 17).

face-enhanced Baman-scattering process for a
molecule adsorbed on a sinusoidal grating:
(1) There is a long-range contribution, extending
several thousand angstroms away from the sur-
face, which is due to enhancement of the direct
scattering intensity by the large electric field at
surface-plasmon-polariton resonance. " This
classical field enhancement is predicted by the
theory to provide an enhancement of the Baman
signal by a factor of 10' to 10'. (2) The second
term is associated with a short-range mechanism,
which is very localized to the surface region.
This effect arises from the large oscillating
charge density in the molecular layer at surface-
plasmon-polariton resonance, which is modulat-
ed by the molecular vibrations to produce a modu-
lated surface dipole moment. This term repre-
sents a Baman-scattering process with a surface-
plasmon-polar iton intermediate state. At atomic
distances, the theory predicts the total combined
Raman enhancement factor to be between 10' and
10'.

We have compared our results to the distance-
dependent theory, assuming the uniform bulk
packing density for pyridine. In Fig. 3 we have
scaled the short-range and long-range parts of
the theoretical contribution (open circles) to the
experimental values (closed circles) at 8 =1 and
0 = 20, respectively. Our coverage-dependent re-
sults qualitatively agree with this theory. How-
ever, because of our limits of sensitivity, we
cannot exclude additional short-range enhance-
ments (( 10') associated with mechanisms not in-
volving surface plasmons. One proposed origin

for the short-range enhancement is associated
with bonding to isolated Ag atoms. ' We do not ex-
pect an appreciable density of such adatom sites
after annealing our surface. Our results also dif-
fer from the weak distance dependence observed
by Home et al.' This difference may arise from
the possibility that the electric field at their 1000-
A balls is stronger than the field at our weakly
modulated surface, which would suggest a larger
classical field enhancement for their system.

In conclusion, by studying pyridine adsorption
on an essentially (111)-oriented Ag surface with
a well-defined surface topography, we have ob-
tained experimental results showing that surface-
plasmon-polariton excitations can contribute to a
large surface- enhanced Baman- scattering signal
for certain adsorbate modes. The enhancement
which we observe is strongly distance dependent,
being 10' for the chemisorbed pyridine and a fac-
tor of -100 weaker for subsequent pyridine layers.
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Phase-Slip Shot Noise at the Two-Dimensional Superconductins Transition:
Evidence for Vortices' ?
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This Letter reports the results of a systematic study of the current-induced noise at the
superconducting transition in thin, high-resistivity films of aluminum and tin. Analysis
of the noise suggests that the onset of resistance is due to discrete phase slips of mag-
nitude less than 2'. The results are discussed in terms of the vortex unbinding models
of the superconducting transition in two dimensions.

PACS numbers: 74.40.+ k, 72.70.+m, 73.60.Ka

In this Letter we describe the results of a sys-
tematic study of the voltage noise in dirty super-
conducting films in the region of the resistive
transition. ' The traditional approach' has been to
examine the effect of superconducting fluctuations
on the normal-state resistance. However, when
the fluctuations become sufficiently large, it is
more fruitful to examine the mechanism for the
onset of resistance from the superconducting
state. As we will demonstrate, noise measure-
ments provide a direct measure of the temporal
character of the sample resistance and hence rep-
resent a unique probe of this mechanism.

The aluminum and tin films used in this study
were flash evaporated onto glass substrates in an
oxygen atmosphere with use of procedures de-
scribed by Abeles, Cohen, and Cullen. ' This
technique produces films with small grains (50
A), high sheet resistances A~ =50-5000 0/, and
thicknesses less than 100 A. Typically, a 1000-
0/ Al film would have a zero-temperature Lon-
don penetration depth =12 000 A and a coherence
length $(0) =120 A. Thus, in the vicinity of the
resistive transition, a vortex core [area = $'(T)]
contains many grains and much of the granular
disorder is washed out. The transition tempera-
ture, however, is a strong function of film thick-
ness, grain size, and spacing. Systematic vari-
ations across the sample can lead to unusually
broad resistive transitions and a resistivity that

depends on sample size. We shall discuss only
samples that showed no evidence of such macro-
scopic disorder.

The samples were immersed in liquid helium
inside a double Mumetal-shiel. ded Dewar with an
ambient magnetic field less than 1.7& 10 ' Oe.
Individually shielded twisted pair leads coupled
the sample to a special low-noise field-effect-
transistor preamplifier and to external current
and voltage connections. The preamplifier output
was coupled to a bandpass filter and an ac volt-
meter to allow estimation of the voltage-noise
spectral density in the frequency range 10-100
kHz. A small dc current I, (0.5-40 pA) was ap-
plied to the sample and the dc voltage pd, and
rms noise voltage were digitally recorded and
averaged as the temperature was slowly varied.

Representative results for a 380-0/ Al sam-
ple are presented in Fig. 1. The spectral density
of the noise at 100 kHz, S„(100kHz), and the re-
sistance A are shown versus temperature T for
various I~. The preamplifier background of 1.6
x 10 "V'/Hz has been subtracted from S„. With

I, = 0, the increase of S~ with T is given by the
usual Johnson- (thermal-) noise result S~=4k~
x TB(T). With I, )0, a peak appears in S„in the
vicinity of the resistive transition. The width of
both the peak in S„and the resistive transition
are strong functions of A~ with broad peaks and
transitions occurring at large values of A&. As
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