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We present the first experimental results which verify a quadratic relationship between

the enhanced Raman scattering from Ag surfaces and roughness coupled surface-plasmon

radiation. Additionally we show that the enhanced Raman signal results from an interac-

tion with a continuum of excitations in the visible region of the spectrum and not from an

interaction with the peak surface-plasmon excitation.

INTRODUCTION

The enhancement in Raman scattering from
molecules adsorbed on specially prepared silver

(Ag) surfaces has attracted much experimental at-
tention and theoretical controversy in recent years. '

It has now been established that at least one
universal requirement for observing large enhance-
ments ( p 10') is some degree of submicroscopic
surface roughness. This observation has resulted in
several theoretical proposals which relate the
enhanced adsorbate Raman scattering (EARS) to
the roughness assisted radiative excitation of sur-
face plasmons, polaritons, collective electron reso-
nances, dipolar plasmons, etc.

On a smooth surface, the surface plasmons have
a wave vector k~ always greater than that of pho-
tons (k =co/c) and thus radiative coupling is very
weak. However, on a rough surface the ground
state of a plasmon is no longer a single harmonic
wave with wave vector k~. Through scattering off
of the periodic potential V(K) of the rough surface,
the plasmons attain components k~+ K and
shifts in resonant frequency co(k~)~co(&z + K) oc-
cur if the scattering is inelastic. Analogous to this
situation is the dramatic shift in plasmon-induced
optical resonances associated with colloidal suspen-
sions of metallic clusters. These shifted resonances
result from the boundary conditions imposed by
the shape, ambient medium, and the submicroscop-
ic dimensions of the individual clusters. A graph-
ic demonstration of this effect is the rather strong
visible absorption resonance observed in colloidal
suspensions of Ag clusters, even though the
infinite-plane surface-plasmon resonance for Ag is
in the ultraviolet. ' ' Similar behavior is observed

in Cu and Au suspensions, and this has been inter-
preted as evidence for a surface-plasmon (SP)
model of the EARS which is observed from Ag,
Cu, and Au supported molecules.

Various models account for EARS by invoking
surface-plasmon excitation and by calculating the
SP local field experienced by adsorbed molecules.
It is shown that SP excitation by incident light
waves can produce a local field much larger than
the incident light field. Thus, in a very straight-
forward manner the adsorbed molecules are found
to Raman scatter more efficiently. In most cases,
the coupling of the SP to the adsorbed molecules
has been treated on a purely electromagnetic basis
and this has led to predictions of a long-range
enhancement extending —10 nm beyond the sur-

face. In an attempt to reconcile observations of
both a short-range enhancement'" ' and the
long-range enhancement, ' ' Jha et a/. ' ' have
also accounted for scattering of the SP excitations
from the vibrating molecular potential.

A review of the details of the various SP theories
is beyond the scope of the present experimental
work. We only remark that in most cases the
EARS is described by resonant radiative coupling
with two SP excitations: (1) the excitation at the
incident light frequency col and (2) the excitation
occurring at the Raman-scattered light frequency
co&. As a result, we may expect the EARS signal
to depend quadratically on the SP radiative cou-
pling. Recent experimental work has shown a
correspondence between the Raman enhancement
and the light absorption profile versus Ag film

roughness. ' In addition Chen and Burstein have
explicitly proposed that the EARS signal should
scale quadratically with the SP light absorption
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and they have alluded to results which approxi-
mately verify this. Nevertheless, absorption mea-
surements do not unambiguously verify the SP
models. As pointed out by Weber and Ford, the
absorption of incident light may be the result of a
strong coupling between the image enhanced near
field of the molecule and nonradiative surface
waves. In addition, the roughness may also facili-
tate electron-hole pair generation which may or
may not be considered a dissipative process. Thus,
the relationship between roughness coupled SP
emission and the EARS signal can provide crucial
evidence for the EARS —surface-plasmon interac-
tion. After all, the EARS phenomenon is observed
as an increased emission of Stokes shifted photons.

In the following we present the first quantitative
results which verify a quadratic relationship be-

tween the EARS signal and the roughness coupled
SP radiation. These results can be explained by a
model which includes both roughness assisted SP
scattering and SP radiative coupling. However, we
show that the EARS signal does not rely on a
singular resonance with the peak SP excitation, but
rather on an interaction with a continuum of opti-
cal excitations in the visible region of the spectrum.
The dominant roughness coupled SP optical reso-
nance shifts to slightly lower energies than the
smooth surface resonance, but still remains distant
from the laser and Stokes frequencies.

We also use a novel method to determine that a
35-nm roughness periodicity results in our max-
imum observed enhancement. This determination
is made in situ, independent of scanning electron
micrographs' ' ' ' or the use of film thickness
measurements. A discussion of our data in terms
of alternative enhancement models is given as well.

EXPERIMENTAL

The experiments were performed in a conven-
tional ultrahigh vacuum (UHV) system with a base
operating pressure of 2)&10 Pa. The UHV sys-
tem is equipped for Auger electron spectroscopy
(AES), low-energy electron diffraction (LEED),
mass spectroscopy, and Raman spectroscopy (for
details see Ref. 24). In addition to this equipment,
we have also mounted an electron gun which
points at the Ag target when it is optically aligned
for Raman investigations. By firing a 1 keV,
0.83-pA beam of electrons at an -80' angle of in-
cidence, we can excite and monitor surface-
plasmon fluorescence (details in the next section)
from the same point on the Ag which is probed by
the Raman technique. Raman and SP light emis-

sion are collected normal to the Ag surface by an

f 1 optical system and analyzed by a double mono-
ch rom eter.

The Ag used in this work was a -2-cm,
2-mm thick slice taken from a single-crystal (110)
rod of 99.999% purity. The single-crystal slice
was polished with Linde O.OS-pm powder, ul-

trasonically cleaned in acetone and etched for —1

sec in a 1:1 solution of hydrogen peroxide (50%
strength) and ammonium hydroxide. The rapid
etch is quenched in isopropyl alcohol. The result-
ing Ag surface possesses a mirror finish, with the
etch removing many of the polishing scratches.
Following this procedure, the Ag is mounted on a
manipulator and placed immediately in the UHV
chamber. Several annealing cycles to +150 'C and
subsequent 500-V argon-ion sputters (1.3&(10
Pa) removed the C, N, S, and Cl contamination
detected by AES. I.EED verified that the resulting
Ag surface was indeed single crystal (110). This
nominally "smooth" surface was used for the ini-
tial SP emission and Raman measurements to be
described later.

A roughened surface structure was produced
electrochemically, and this required removal of the
Ag from the UHV chamber. A radially varying
roughness profile was achieved by positioning the
Ag slice horizontally below a Pt mesh counter elec-
trode (wrapped around a cotton swab, -2 mm
above the Ag surface). A 0.1 molar KC1 solution
was dropped onto the Pt mesh-cotton structure and
this formed an electrolytic bridge to the Ag sur-
face. The resulting solution bridge covered three-
fourths of the single-crystal surface, with the
outer-surface edges remaining exposed to air.
After a single oxidation-reduction cycle and rinsing
with distilled water and methanol, the Ag was
reinserted into the chamber. A 180-min argon-ion
sputter (1000 V, 6&(10 Pa) removed residual
traces of K and C1 as detected by AES.

The appearance of this processed Ag surface was
hazy white in an annular ring (outside radius—
inside radius -0.5 cm) surrounding a central area
which was smooth and polycrystalline. At the ex-
treme outside radius of the ring, there was a transi-
tion back to nominally single-crystal Ag. In the
subsequent experiments, varying degrees of rough-
ness were sampled by the focused laser and elec-
tron beams by translating the Ag in a radial direc-
tion.

SURFACE-PLASMON SPECTRA

Several mechanisms can produce radiation as a
result of energetic electrons incident on a metal
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surface. When the electron enters the surface, tran-
sition radiation is produced by the collapsing dipo-
lar field, and bremsstrahlung is produced by elec-
tron scattering in the metal. These processes pro-
duce a spectrum composed of a peak or shoulder at
the volume-plasmon frequency of the metal, with a
continuum of emission extending to lower frequen-
cies. The incident electrons can also excite
surface-plasmon (SP) waves which will decay via
roughness coupled radiation. ' Generation of the
SP radiation by low-energy electrons was recently
demonstrated by Chung et al. An adequate
theoretical description of the generation of rough-
ness coupled SP radiation was proposed by
Kretschmann et al. and the results will be briefly
summarized here.

The metal surface roughness is usually modeled

by an autocorrelation function parametrized by the
mean-square roughness amplitude and the average
roughness wavelength along the surface. If the
Fourier transform of the surface roughness corre-
lation function [wave-vector spectral density=g (E)]
can be represented by the sum of a broadened low-
wave vector part, g~(E), and a dominant high-wave
vector part, gs(E), then

(s'&g(E) = (sP &g, (E)

Es — 5(E —Es ),2' . C,

where gp, (E) is represented by a delta function at
wave vector Es » 1, and (s )=(si )+(ss)
represents the mean-square roughness height.
Kretschmann et al. have shown that the differen-
tial scattering cross section for electron-induced,
roughness coupled SP radiation at resonance scales
as

a2
(s„'& —'p'Es/I 1+p'EI'I',

(2)

where P=U/c is the normalized electron velocity.
The unique feature of Eq. (2) is that we may mea-
sure the SP emission-peak height as a function of
electron energy, and by fitting the normalized data
to Eq. (2) we may extract a value for Eh =A&/iL&,
where k& is the peak SP emission wavelength and
A,~ is the dominant roughness wavelength. We will
return to this point later.

The SP spectra which result from 1-keV elec-
trons incident on our Ag sample are shown in
Figs. 1(a}—1(e), where the emission frequency is in
units of cm ' (co/2rrc). Spectrum (a) corresponds
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FIG. 1. Surface-plasmon emission spectra from
single-crystal Ag(110) in (a), and progressively rougher
Ag in (b) —(e).

23250

to the initially smooth single-crystal surface, and
spectra (b) —(e) correspond to successively rougher
positions on the Ag surface. The SP emission was
measured every 2S cm ' in the 31250—23250
cm ' region and the spectra in Fig. 1 result from a
15-point smoothing routine. The spectrometer
resolution for all the SP data collection was -30
cm ', and a 10-sec count time per data point was
used.

A general feature of all the spectra in Fig. 1 is
the volume-plasmon emission shoulder at 30250
cm (330.6 nm), which is easily visible in the
single-crystal spectrum of Fig. 1(a). As the rough-
ness of the surface increases, we find that the SP
emission peak at 29725 cm ' (336.4 nm) on the
smooth surface shifts to lower frequencies and in-
creases in amplitude. The increased peak ampli-
tude would be expected for an increased roughness
amplitude (s ), but the shift to lower frequency
may indicate that a different roughness wave vector
is dominating each of the spectra in Fig. 1.

Beyond 23250 cm ' (430.1 nm), all SP spectra
are comprised of a featureless continuum which ex-
tends to frequencies below 16250 cm ' (615.4
nm}. We have found that to within experimental
error, the amplitude of the continuum emission is
linearly related to the amplitude of the correspond-
ing SP peak emission. Thus we will use the more
accurate SP peak emission count rates for further
analysis.

Since the ultimate goal is to relate the SP radia-
tion to the Raman scattering enhancement, some
attempt must be made to correct the peak signals
of Figs. 1(b) —1(e) for any background transition ra-
diation and/or bulk-plasmon radiation. To do so,
we use the spectrum of Fig. 1(a) which corresponds
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FIG. 2. Calculation of the bulk plasmon + transition

radiation contribution to the (a) smooth Ag(110) spec-

trum. The assumed SP resonance of Lorentzian

hne shape (550 cm ' half width at half maximum, 18-cps

height) at 29 675 cm ' (b) is subtracted from (a) result-

ing in spectrum (c).
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FIG. 3. Normalized variation of the SP peak height

in Fig. 1(e) with incident electron energy. The solid

curve is a single parameter fit (El, =10 of Eq. (2) to the

data (0).

values found by scanning electron micro-

graphs ' ' and filID thickness measurements.

to the single-crystal Ag(110) surface. We note that

although a sharp LEED pattern was visible from

this surface, it was not ideally "smooth, " otherwise

the SP emission peak at 29 725 cm ' would not be

visible in Fig. 1(a). To correct for this small

amount of roughness coupled radiation in Fig. 1(a),

wc have subtracted SP emission by assuming a
Lorentzian line shape with a half width of 550
cm ', a peak height of 18 counts per second

(cps) and a peak location of 29675 cm ' (336.9
nm). The resulting spectrum is shown in Fig. 2,
where thc dotted linc 1cprcscnts thc assumed SP
peak, the dashed line the real data„and the solid

line the net bulk-plasmon and transition radiation

spectrum. This backgroUIld spectrum w111 bc sub-

tracted from the roughness coupled spectra in Figs,
1(b)—1(e) and the resulting peak SP count rates

will be correlated with the Raman data in the next

section.
Finally, we may estimate the roughness periodi-

city corresponding to Fig. 1(e) by fitting Eq. (2) to
tllc varlatloll of tllc SP peak llclgllt (a't 28900
cm ') with incident electron energy. Figure 3

displays a fit (solid line) of Eq. (2) normalized and

plotted versus the electron beam energy. The dots

correspond to the SP peak height normalized to
the value measured at 1700 CV. The only free

parameter for the curve fit is KI„ the dominant

roughness wave vector. The fit is remarkably good
and indicates a dominant roughness wavelength of
A,s ——34.6 nm (El, =10). This value of A,l, is com-

parable to the optimum (with regard to EARS)

In all cases of enhanced adsorbate Raman
scattering, it has been observed that a broad con-

tinuum background a,ccompanies the adsorbate Ra-
man spectrum. Chen et aI. have verified that the

magnitude of the enhancement is related linearly to
the background signal, and this relationship was

also observed for the present Ag surface. Thus,
any correlation between the Raman background
continuum (on a clean substrate) and the SP emis-

sion will also represent the correlation between the
EARS signal and the SP emission. It is only

necessary to measure the Raman background con-
tinuum at thc sanlc positions on the Ag sUrfacc

which produced the SP spectra of Fig. 1.
The Raman background measurements were

made at a Raman shifted frequency of 960 cm
(18475 cm ' absolute frequency), using 100 mW
of S14.S-nm argon-ion laser emission, a spectrome-
ter resolution of -6 cm, and a 60-sec count
time. The results of these measurements are tabu-
lated in Table I, along with the SP peak location
and signal level (after correcting for the back-
ground transition radiation). The SP continuum
emission was calculated from a 20-point average of
the emission signal between 194SO and 184SO
cm '. These signal values are less reliable than
the SP peak emission measurements, since the scat-
tered electron-gun filament light was 2 —3 orders
of magnitude larger in the visible region of the
spectrum. Even so, it appears that the ratio of the
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TABLE I. Surface plasmon and Raman signals.

Fig. 1 SP peak
frequency

(cm-')

Bulk plasmon

+ transition
radiation (cps)

SP peak
emission

(cps)'

SP
continuum

(cps)b

Raman
background

(cps)'

(a)

(b)

(c)

(d)

(e)

29 725
29 475
29 175

28 950
28 900

34
27.5
28.6
27
27

18
46.4
81.5

144.3
185.1

7
13.8
18.4
25.3

15
628

1886
5410
9779

'Bulk plasmon + transition radiation subtracted.
A twenty point average of count rates measured between 19450 and 18450 cm

'At 960-cm ' Raman shift; 60-sec count time.

peak SP emission to continuum emission is approx-
imately 7 for all points.

The correlation between the enhanced Raman
background signal and the corrected peak SP emis-
sion (from Table I) is shown in Fig. 4. Both the
Raman background and the SP signals are normal-
ized to their respective maxima and plotted on a
log-log scale. A least-squares fit of the data to the
equation IFA&s ——aIsp yields values a =1.06 and
b =1.96, with a coeAicient of determination
r =0.99 (r =1 implies a perfect fit). Thus we

find that the EARS scales quadratically with the
roughness coupled SP radiation. We note however,
that the slope b of the line in Fig. 4 is sensitive to
the amount of bulk-plasmon and transition radia-
tion subtracted from the SP peak signal. Without
this correction, a value of b =2.6 is obtained.
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FIG. 4. Normalized log-log plot of the enhanced Ra-
man background signal versus the SP peak signal. Er-
ror bars are visible for the SP signal only.

We also point out that there was no observation
of EARS from pyridine on the single crystal Ag
which produced the SP spectrum of Fig. 1(a), and
the corresponding peak SP emission (18 counts/sec)
and the EARS background (-15 counts/sec) do
not correlate with the data in Fig. 4. Recent ob-
servations by Udagawa et al. ' of EARS on
Ag(111) may indicate another weak (below our
detection limit) mechanism is operative on smooth
surfaces.

DISCUSSION

The preceding analysis demonstrates that the
EARS mechanism can be related in a simple quan-
titative way to the surface-plasmon emission from
roughened Ag surfaces. Rigorously, however, we
can only state that the roughness which radiatively
couples the SP also results in an enhanced Raman
scattering mechanism which is suggestive of a
two-plasmon interaction.

To gain some insight into the physical processes
responsible for this interaction, we refer to the in-
teraction diagram of Fig. 5. The solid line in Fig.
5 represents the evolution of surface plasmons from
intitial state ~i & to final state

~
f &. The wiggly

diagonal lines represent photon modes with occu-
pation numbers mL (frequency coL) and rn& (fre-
quency cos). The intersection of a photon line with
the plasmon line represents an interaction vertex
which may be mediated by the roughness potential
V(K) of the surface plane ( = =x). In the formal-
ism of Wilems and Ritchie, the rough surface po-
tential can be related to a charge-density fluctua-
tion at the surface resulting from structural irregu-
larities. This potential could also be modified to
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(HPR )I. (HPR 4
, co(kL ) —ro(kj)+iI (kj)

o:
i
V(K) /", (5)

TIME

FIG. 5. A time-ordered photon interaction diagram
representing the EARS process. A photon mode ($; oc-
cupation number mL, , frequency col. ) excites a surface
plasmon (~ from state

~

i & to
~ j & via the rough sur-

face potential (= =x). This excited Sp scatters inelasti-

cally from the surface potential, radiates (Q into a pho-
ton mode (occupation number m&, frequency co&) and re-
laxes to state I f &.

include the density fluctuations resulting from a
molecular vibrational potential as proposed by Jha
et al."

In the time-ordered process shown in Fig. 5, a
photon of frequency coL excites a SP from initial
state ~i & to intermediate state

~ j & through in-

teraction with the rough surface potential. This SP
scatters inelastically from the surface potential by
radiating a photon at frequency co+, and thereby re-
laxes to final state

~ f &. (The details of the
scattering process are not important to our discus-
sion. )

Ritchie has shown that the plasmon-radiation
interaction Hamiltonian can be represented by

HpR ~ fd r V(r)Ap Aa,

where A~ and A~ are the plasmon and photon vec-
tor potential operators, respectively, and V(r) is
the rough surface potential in real space. If the
scale of roughness is small compared to the wave-
length of light, then the exp~tation value of HpR
will be proportional to a two-dimensional integral
over the surface of the metal

(HpR ) ~ Jd p V(p )e ' = V(K), (4)

where kJ and k are the wave vectors of the surface
plasmon and photon, respectively. The interaction
of Fig. 5 represents to lowest order in V(K) the
process by which Raman shifted photons may be
generated, and from Fermi's golden rule we find
the transition rate will follow,

where ro(k~) is the frequency of either a photon (L)
or plasmon (j) with wave vector k and I'(kj) is

the plasmon damping rate. The important result
here is the dependence of the Raman interaction on

~

V(K) ~, where
~

V(K)
~

is directly related to the
Fourier transform of the autocorrelation function
for surface roughness, g (K). From the work of
Ritchie and Kretschmann et a/. , we find that
the rate for electron-excited, roughness coupled SP
radiative emission (EESP} scales as

~

V(K)
~

and
therefore

R(EARS) ~ [R(EESP)]

which is precisely the relationship observed in our
experiment.

These results appear encouraging from the stand-

point of the V(K) dependence of the matrix ele-

ments in Eq. (5), but a comparison of the energy
denominator with the SP spectra in Fig. 1 may
raise some questions regarding the predictions of
resonantly enhanced SP coupling 3,5, 6, s Can the

long continuum tail of the SP emission spectra be
considered as a sum of spatially localized plasmon
resonances defined by independent clusters of
roughened Ag on a smooth supporting substrate
(inhomogeneous broadening}? Or is the continuum
tail the result of lifetime broadening of the dom-
inant SP peak in the near ultraviolet region of the
spectrum (homogeneous broadening)? If the form-
er question were true, then the overall rate of Eq.
(5) would be additionally enhanced by the coin-
cidence between photon and plasmon energies, ad-

ding credibility to the surface-plasmon interpreta-
tion of EARS. However, if the SP emission is
solely lifetime broadened, then the large frequency
mismatch co(kj )—co(kL ) and large I (kj ) in the
denominator of Eq. (5) reduce the credibility of this
model for EARS.

It must also be pointed out that the electron-hole
pair excitation model for EARS proposed by Bur-
stein et al. Billman et al. and Otto et al.
would be analogous to that depicted in Eq. (5).
That is, radiative coupling to electron-hole pair ex-
citations via surface roughness might lead to a
transition rate scaling as

R(EARS) g(H, .„) (H, ,„b)s ) ~

V(K)
~

J (7)
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to lowest order in V(K), where H, ~s represents the
electron-photon interaction Hamiltonian. The de-
tails of this mechanism appear to be less well un-

derstood than those of the SP mechanisms, and the
amount of supporting evidence is substantially less.

Additionally, one may expect a similar depen-
dence on the surface autocorrelation function for
the "lightening rod" mechanism proposed by Ger-
sten. However, this model appears to be sensitive
to the exact details of surface geometry and this in-

formation is not contained explicitly in the surface
autocorrelation function.

CONCLUSIONS

We have investigated the correlation between
roughness coupled surface-plasmon radiation and
the enhanced adsorbate Raman scattering process.
It is found that the EARS signal is related qua-
dratically to the peak SP radiation excited by 1-
keV electrons incident on a rough Ag surface. A
plausible explanation for this dependence arises
from the SP —Raman enhancement models '

which account for a SP—photon coupling at both
the laser and Stokes shifted optical frequencies.
We have shown that to lowest order, these models
depend quadratically on the wave-vector spectral
density (i.e., the Fourier transform of the roughness
autocorrelation function) of a roughened metal sur-

face. Our results also support the prediction by
Chen and Burstein that the EARS mechanism
should scale quadratically with the SP absorption
of light on rough surfaces.

Predictions by Aravind and Metiu and Weber
and Ford that the EARS process depends linearly
on the roughness autocorrelation function would

appear invalid for the system we have studied.
However, these models may become more impor-
tant on smoother surfaces where very few observa-
tions of EARS have been made. '

More theoretiml work regarding the electron-
hole pair enhancement model of Otto et al. "is

necessary before any serious attempt is undertaken
to distinguish this mechanism from the SP interac-
tion. It is very likely that an important atomic
smle roughness accompanies the grosser roughness
features dealt with in our study. This could also
result in a linear scaling of the EARS signal with
the Raman continuum and the quadratic relation-
ship between EARS and the SP peak radiation. A
survey of the various EARS spectra in the litera-
ture would indicate varied ratios of the EARS sig-
nal to the Raman continuum, although each indivi-
dual would likely find a linear dependence between
the EARS signal and continuum for the various
degrees of roughness on a particular surface. This
may indicate that variations in atomic scale rough-
ness relative to 10—100-nm roughness are impor-
tant and that a synthesized electron-hole pair and
SP model would be more appropriate.

With regard to the SP radiation, we have shown
that the large amplitude roughness present on our
electrochemically processed surface could be
modeled by an autocorrelation function dominated

by a single wave vector. Furthermore, this rough-
ness produced the largest SP radiation and EARS
signal, and corresponds well with values obtained

by scanning electron& micrographs. ' ' ' ' Ritchie
has shown that the SP radiation spectrum is quite
sensitive to the roughness autocorrelation function-
al form. Thus we propose the electron induced SP
radiation mechanism as a simple means of compar-
ing and evaluating the various roughened surfaces
used in EARS studies. This method is well suited
to UHV systems and allows an in situ determina-
tion of roughness properties.
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