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It has been found that atomically clean silver surfaces generate approximately four times as much har-
monic light as those subjected to adsorption. Existing theories of the nonlinear optics of metals, which
are based on bulk properties, must therefore be modified to account for the surface contribution. It is
hypothesized that an electric dipole contribution to the nonlinear polarization may account for the present

result.

N previous studies of second-harmonic light from
metals,'% it has been assumed that the harmonics
are generated by conduction-band and core electrons in
the centrosymmetric metal regarded as a semi-infinite
plane with abrupt boundary. No quantitative account
has been taken of the possible contribution of electrons
in surface states or of adsorbed layers. Even without
such considerations, however, quite good agreement
with theory has been achieved for the generation effi-
ciency as a function of angle of incidence and as a func-
tion of the angle of incident polarization. Agreement is
not as good, however, for the observed dispersion in the
optical range or for the absolute generation efficiency.
To examine the possibility that the surface conditions
may in fact be important, we have measured the gen-
eration efficiency of atomically clean silver and find that
fresh surfaces generate approximately four times more
harmonic light than those subjected to surface adsorp-
tion. The pronounced sensitivity to surface condition
suggests that previous experiments in the field should
be reinterpreted.

Experiments were performed using a dye-switched
mode-locked laser at 1.06 u with peak power of about
3 MW as measured with an FT4000 photodiode and
Tektronix 519 oscilloscope. The actual peak power was
at least ten times higher. The experimental arrange-
ment, as indicated in Fig. 1, was conventional except
for the innovation of a high-vacuum chamber which
permitted silver (99.99% purity) to be evaporated onto
a glass optical flat substrate at the same time that
measurements of the second-harmonic generation
(SHG) were being made. The inner chamber was re-
frigerated to eliminate scattering of silver onto chamber
windows. Signals from the silver mirror and from the
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KDP (potassium dihydrogen phosphate) reference
monitor were integrated so as to include in the data
harmonic photons occurring throughout the mode-
locked pulse train. The experimental procedure was to
take SHG data either during the evaporation of fresh
silver at 2)X10~7 Torr or, with equivalent results, for as
long as one hour afterward. The vacuum was subse-
quently broken to 5X10~* Torr (10~2 in some cases)
and SHG efficiency was remeasured. The process could
be repeatedly recycled with consistent results. In one
experiment the pressure was maintained for 46 h at
2X10~7 Torr without redepositing fresh silver to dis-
cover the rate at which adsorption of background gases
affected the response. Experiments were performed for
incident polarization both parallel and perpendicular to
the plane of incidence.

Designating the harmonic intensity in the ‘“ad-
sorbed” case as I,, the intensity for fresh silver as Iy,
and the ratio of I, to I; as R,y we find the following:

(1) For E;y. parallel to the plane of incidence and in-
cluding I, data taken both at 510~ Torr and at 10~3
Torr,

Ray=0.28-£0.03.

(2) For E;y parallel to the plane of incidence and I,
determined after the silver had been kept for 46 h at
2.5X1077 Torr,

Ru;=0.2540.04.
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(3) For the ratio M of generation efficiencies with
Eixo parallel and perpendicular to the plane of incidence,
fresh silver case,

M=1;(EincL)/I;(Ein||)=0.04640.010.

(4) Since the harmonic efficiency is low at 1.06 » when
E:v. is perpendicular to the plane of incidence, a sig-
nificant value of M could not be assigned for the ad-
sorbed case. We estimate, however, that R,;<1 in this
case.

Clearly, the adsorption of gas causes a pronounced
drop in harmonic efficiency. If the adsorbed layer is
assumed to be less than a few monolayers thick, direct
optical absorption of harmonic light by the layer can-
not be responsible for the reduction. Furthermore, since
several hours are required at 2X10~7 Torr for notice-
able adsorption, it is probable that the effect is due to
chemical adsorption involving an activation energy,
rather than to physical adsorption. In the latter case a
monolayer would form in a matter of seconds at the
above background pressure.

We may attempt to explain the above effect in terms
of changes in the parameters of the theory of Bloem-
bergen? and of Jha and Warke® for second-harmonic
generation in centrosymmetric materials. For example,
from photoelectric studies it is well known that adsorp-
tion alters the surface-barrier potential of metals by
~1 eV, a change which occurs in a distance ~1 A. The
adsorbed molecular layer may thus produce an electric
field of 10® V/cm at the surface, changing the dielectric
constants e(w) and €(2w), as in the case of electro-
reflectance.®=8 The corresponding effect on SHG is found
most easily from the expression for generation efficiency
in the form used by Sonnenberg.® It is found that a 509,
increase is needed in both e(w) and e(2w) in order to
give the factor-of-4 drop in harmonic efficiency which
we observe in the present experiments. According to
Buckman and Bashara,® a negative bias applied to
silver causes a change in the surface dielectric constant
€s= €1—1¢€; such that | e;]| and | e;| both increase. The
magnitude of the effect observed by these authors is
quite small, however (they measure changes d¢; and
dea~10~2-1072 for fields of 10°-107 V/cm), so that it is
questionable whether a surface field of 108 V/cm, as in
the present case, could produce the whole of the re-
quired 509, increase in e. If it is assumed that e(w) and
¢(2w) are only altered in the region of the surface, rather
than throughout the bulk, a still larger change is needed
to_explain our results.

It is also possible that the nonlinear coefficients «, 8,
and 8, which are thought to govern the nonlinear polar-
ization at a centrosymmetric boundary,®® may be
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affected. All three parameters are derived in the theory
as bulk constants even though terms involving 8 and &
are only effective at the boundary where V-Es0. In
this region 8 and & may in fact differ significantly from
the bulk values, and Bloembergen ef al.l9 take them as
B=3B and =44, assuming that both change abruptly
to zero at the boundary. In any case, both 8 and 8 may
be sensitive to the surface potential and thus depend,
in a way not yet derived, on the conditions of adsorp-
tion. The nonlinear coefficient a governs harmonic light
produced throughout the optical skin depth of the
surface (~100 A) and is therefore little affected by po-
tential changes within ~1 A of the boundary.

An alternative explanation may be to recognize that
a metallic boundary is actually a composite structure
consisting of an underlying centrosymmetric metal and
a noncentrosymmetric surface region. This region in-
cludes the adsorbed molecular layer and the first few
atomic layers of the metal. These metal layers near the
boundary may lack a center of inversion because the
adsorbed layer causes a distortion of the boundary
potential and/or because surface states are involved.
For such a composite structure the effective nonlinear
polarization includes a new dipole term, which repre-
sents the net effect of the entire noncentrosymmetric
surface, in addition to the usual quadrupole terms de-
rived for the bulk material.

We thus write

PN%(20) =a(BLX Hp)+8EL(V - Ey)
+@—8) (Er- V)E+X® (ELEL), (1)

where X® has the C,, symmetry of the surface.
(X:czz(z):xyyz(z), xzzx(2)=xzyy(2) # Xzzz(z), and other
elements are zero.) We discuss below two possible con-
tributions to X®: (a) the part contributed by the ad-
sorbed layer itself and (b) the part contributed by the
underlying layer of metal when the boundary potential
is distorted by the presence of adsorbed molecules. The
contribution to X® of surface states cannot be evalu-
ated without a knowledge of surface-state wave
functions.

The contribution (a) of the adsorbed layer alone,
ignoring for the moment the underlying metal, may be
estimated from the formula® for SHG in a thin non-
linear layer. If the layer is assumed to consist of ad-
sorbed molecules on a perfectly reflecting substrate,
Z axis normal to surface, we may take |er|>>1 and
make the assumption that P,NL8(20)>>P,NLS(2w). The
latter is reasonable since the total laser field is nearly
normal to the surface for Ein, parallel to the plane of
incidence; and, unless X,z ®=X,,,@>X,..® in the
noncentrosymmetric adsorbed layer, a possibility which
seems unlikely in view of the nonlinear properties of
crystals of the related C4 class, P,N¥8(2w) will be
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dominant. The reflected harmonic field is then
E)B=—i87P, N8 2w)wdc e, (2w) 1 tand, (2)

where 6 is the angle of incidence and ¢,(2w) refers to the
adsorbed layer of thickness, d. An estimate of the elec-
tric field inside the layer is difficult. For a layer which
is thin compared to the Thomas-Fermi shielding dis-
tance, the field in the layer is the same as that of the
incident beam. On the other hand, for a layer of macro-
scopic dimensions, both Fresnel’s law and Snell’s law
apply. Since the layer in question may be of inter-
mediate dimensions, we have used for the electric field
in the layer the geometric mean.of values found for the
two limiting cases. The harmonic efficiency then

becomes

I, /8m\3 74X, Pwd sin?d tanb\?2

S E o
Iz \¢ €a(w) €. (2w)

where X,® is the nonlinear coefficient of the adsorbed
layer, the magnitude of which may be estimated using
Miller’s rule.? Assuming that e,(w)=¢,(2w)~3 and
d~1 A for the adsorbed layer, the efficiency is
T5,/I1,2~2.6X10~% esu or 2.6X10~2 W-1 cm2. Com-
paring this with the absolute efficiency measured by
Sonnenberg and Heffner* at 6943 A (I5,/7,2~9X 10~
W-1 cm?), Eq. (3) confirms® that the adsorbed molecu-
lar layer by itself cannot radiate sufficient harmonic
light to interfere appreciably with the quadrupole
radiation from the underlying silver.

The contribution (b) of the underlying metal when the
boundary potential is distorted may be estimated using
Eq. (3) again but with X,® replaced with the effective
nonlinear susceptibility of the metal layer, X,®. We
assume that the distortion is produced by an equivalent
dc field Ey normal to the boundary, so that X,® may
be found from the third-order susceptibility of the
metal, X® using X,, @ ~X®E,. Here X® is related to
the constants v and v’ of Lee et al.® [Eq. (3)] appro-
priate to isotropic symmetry. Equation (3) above then
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determines the required magnitude of X,,® (and thus of
X® if a value of E, is assumed) in order that dipole
radiation from the distorted region of the metal be
comparable in magnitude to the observed SHG in silver.
In making the estimate we have assumed that «, 8, and
6 in (2) are unchanged. For E¢~108 V/cm, we have
I20/T.2~9X 10~ W-1 cm? as before, and substituting
the metal dielectric constants en(w)~—50 and
en(2w)~—10 for €, (w) and ¢,(20), we find the re-
quired third-order susceptibility for silver to be
X®~3X 107 esu. In the absence of theoretical or ex-
perimental knowledge of X® for metals, it is impossible
to evaluate this requirement conclusively. For III-V
compounds,’* however, X®~10-1°-10—8 esu with the
bound-electron contribution comparable to that of
conduction electrons at #~10' electrons/cm?® in the
conduction band. One may thus speculate that X® for
silver will also be at least of this magnitude and there-
fore large enough for an adsorption-dependent dipole
term in PNL8(2w) to be responsible for the effect seen
here.

We have shown that second-harmonic light genera-
tion in metals is significantly modified by foreign atoms
on the surface. Since theories so far developed deal only
with the case of the pure metal, experimental compari-
sons to date are open to reinterpretation. It seems un-
likely that the entire adsorption effect can be due to a
modification of the dielectric constants entering essen-
tially in the centrosymmetric theory. Little is known,
however, about the nonlinear coefficients 8 and § in the
region near the surface, or of the way they are affected
by the shape of the surface potential. Changes in these,
therefore, might conceivably account for the facts. On
the other hand, it is hypothesized here that an adsorp-
tion-induced dipole layer at the surface could radiate
enough harmonic light to account for the observed
factor-of-4 reduction in generation efficiency provided
the third-order susceptibility of the metal, X,,®, is
comparable to that of ITI-V semiconductors.
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