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The azimuthal-angle dependence and the frequency dependence of second-harmonic generation (SHG)
measured at the interband transition region of a Ag(111) surface have been examined using a theoretical
model developed by Sipe, Moss, and van Driel [Phys. Rev. B 35, 1129 (1987)]. The analyses of the exper-
imental results provide strong evidence that the dramatic variation of the second-harmonic signal with
frequency at 2fiw=3.87 eV is primarily caused by the sharp change of the dielectric function. The
dispersion of the dielectric function affects both the azimuthal angle and the frequency dependence
through different radiation efficiencies of the isotropic and anisotropic components of the generated
second-harmonic field. The observed SHG features at 3.9 eV can be adequately accounted for by the
presence of the interband transitions, and it is not necessary to invoke other surface electronic transi-

tions for their assignments.

I. INTRODUCTION

Since the first observations of second-harmonic genera-
tion (SHG) from a solid surface, "? a number of studies
have attempted to understand this phenomenon and ap-
plied it as a surface diagnostic technique.’ Some recent
investigations have concentrated on the measurement
and understanding of the azimuthal-angle depen-
dence* ' and the frequency dependence*!'!”'® of SHG
from single crystal surfaces.

In the description of SHG at a vacuum-solid interface,
there are two parameters, the dielectric function and the
second-order susceptibility, that affect second-harmonic
(SH) intensity through completely different mechanisms.
The dielectric function €, together with the light-
incidence angle, determine the efficiency of the funda-
mental light penetrating into the surface and the second-
harmonic light radiating into the vacuum. The second-
order susceptibility ¥’ manifests the intrinsic ability for
the media to generate a SH field. The macroscopic pa-
rameters € and y'?) both directly affect the SHG signal. '®

The situation becomes interesting, as well as compli-
cated, as one considers the “enhancement” of SHG due
to resonance with electronic transitions. Resonance with
electronic transitions is expected to increase x'*’ and
thereby enhance the SHG signal. However, electronic
transitions also cause variations of €, which may cause ei-
ther enhancement or attenuation of the SHG signal.

Enhancement of y'*’ due to resonance with surface
electronic  transitions has been  unambiguously
shown.!>1¢ A strong enhancement of SHG signal on a
Ag(110) surface was observed at fiw=1.7 eV and proven
to be due to resonance with a surface state transition
through symmetry selection rules.!> The presence of the
surface state transition has negligible effect on e.
E(r;l)lancement in SHG comes primarily from increases in
x'.
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A second enhancement of SHG at 2%w=3.9 eV was
also identified on both the Ag(111) (Refs. 12, 14, and 17)
and Ag(110) (Ref. 15) surfaces. The energy of this
enhancement is in the proximity of the L;-L,, and the
L,.-L, interband transitions. These transitions also give
rise to the silver plasmon frequency of 3.9 eV.' It is un-
clear how the interband transitions would affect the SHG
since it can affect both '’ and €. Several possibilities on
the nature of the electronic transition that originates this
enhancement feature have been proposed. !2!41718

In a study by Giesen et al., SH signal was measured on
a Ag(111) surface from 27w =3.73 to 4 eV.!” A peak at
3.85 eV was observed. This result was consistent with the
two-photon photoemission measurements by the same au-
thors that showed a resonance feature at 3.84 eV. They
have assigned this feature observed on the Ag(111) sur-
face to resonance with a transition from an occupied sur-
face state 4 at T to an unoccupied image state I. Follow-
ing this proposal, in a recent work Bradley et al.!'? have
suggested that the similar resonance feature observed on
a Ag(111) surface under ultrahigh vacuum as well as sub-
merged in an electrolyte solution was a result from reso-
nant enhancement by either a transition from the occu-
pied surface state A to the bulk sp band or the A4-I tran-
sition.

In relating the observed SHG peaks to resonance with
electronic transitions, these previous works have not in-
cluded in their consideration the possible effect on SHG
caused by the dramatic variation of the dielectric func-
tion at this energy region due to the presence of the inter-
band transitions. The dielectric function in the 3.6-4.4-
eV or 280-340-nm region® is shown in Fig. 1. Both the
real and imaginary parts have strong frequency depen-
dence and are close to zero at 3.9 eV (320 nm). The radi-
ation efficiency of the SHG signal could be greatly
affected by the dielectric function in this energy re-
gion. 1418

In order to address the issues discussed above, we have
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FIG. 1. The dielectric function of Ag at the interband transi-
tion region from Ref. 20. The open circles are the real part and
the solid circles the imaginary part.

measured azimuthal-angle dependence together with fre-
quency dependence on a Ag(111) surface at the interband
transition region using different light polarization condi-
tions. The isotropic and anisotropic components of SHG
with different light polarization were analyzed by using a
phenomenological model developed by Sipe, Moss, and
van Driel (the SMD model),* which will be described in
detail in a following section. Through model analyses of
SHG from this clean Ag surface, we will show that the
dramatic changes in the SHG in the interband transition
region can be attributed to primarily the strong disper-
sion of the dielectric function €(2w), and the previously
proposed assignments of the observed SHG peaks to reso-
nances with transitions involving surface electronic states
are not substantiated.

II. EXPERIMENT

All experiments reported here were performed with a
Ag single crystal in the UHV chamber, which had a base
pressure of 8 X 10~ !! Torr. The chamber was equipped
with a mass spectrometer and an Auger electron spec-
trometer. A manipulator allowed the Ag crystal to be ro-
tated around its surface normal. The sample could be
heated up to 450 °C with electron bombardment or cooled
down to 90 K with liquid nitrogen. Each time before an
experiment, the crystal was cleaned by Ar* sputtering
and followed by annealing to 450 °C.

The 532-nm output of a 20-Hz pulsed Nd:YAG (yttri-
um aluminum garnet) laser (Quantel 581C) was used to
pump a pulsed dye laser (Quanta-Ray PDL-2) to generate
the fundamental light. The tuning range of the dye laser
spanned from about 580 to 900 nm. The peak power was
approximately 50 MW/cm? with a pulse duration full
width at half maximum of 8 ns.

In the experimental setup shown in Fig. 2, the dye laser
pulse passed through a half-wave plate and a polarizer to
set the polarization direction. A UV cutoff filter was
placed in the laser-beam path before the chamber to re-

FIG. 2. Experimental setup. P refers to polarizer and MC
monochrometer. F1 refers to the filters that block SH light and
transmit the fundamental light, while F2 refers to the filters that
block the fundamental light and transmit the SH light.

move any SH light generated by the optics. The light-
incidence angle was set to 60°. The laser beam reflected
off the crystal exited the UHV chamber through a sap-
phire window and then passed through several Corning
7-54 filters which removed the fundamental beam. The
remaining SH signal was then passed through a polarizer
for polarization selection. The polarized SH signal was
detected by a photomultiplier and processed by a micro-
computer equipped with a CAMAC gated detection sys-
tem for signal averaging. A fraction (~4%) of the fun-
damental light was split off and sent onto a quartz plate.
SHG from the quartz surface was used as a reference to
correct for laser intensity fluctuation.

III. EXPERIMENTAL RESULTS

The azimuthal-angle dependence of SHG from Ag(111)
was measured with different polarization conditions at
several wavelengths in the interband transition region.

Based on the threefold crystalline symmetry of the
(111) surface, the following expressions describe the
azimuthal-angle dependence of SHG:

L, =U5) 24" (I2050)1 2 cos(3¢) 2, ()
L, = (1)1 24 ¢ (120i50)1 2 cog(34) 2 @)
L, =12 sin(3¢)[? , 3)

where, for example, sp refers to s-polarized fundamental
light and p-polarized SH light and I;;° and I;,“is" are
defined as the isotropic and anisotropic components of
the sp-polarized light. 8 is the phase angle between the
isotropic and anisotropic components. The azimuthal
angle ¢ is defined as the angle between the light-incidence
plane and the [21 1] direction of the Ag crystal.
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Figure 3 shows the azimuthal-angle dependence of [,
at seven different SH wavelengths. The overall SHG sig-
nal is the strongest at 320 nm. The azimuthal-angle
dependence becomes increasingly isotropic as the SH
wavelength approaches 320 nm, which is shown by its
pattern change from a six-peak symmetry to a three-peak
symmetry in a range of 360°.

The azimuthal-angle dependences of I,, were fitted by
Eq. (1) with three fitting parameters I%°, 13"°, and 18, 1.
The fitting results for ;" are displayed as a function of
SH wavelength in Fig. 4. There is a dip at 322.5 nm.
II‘,’;‘” actually displays an attenuation, not enhancement,
in the interband transition region. The ratio
(I /13°)!? and the phase angle [8,,|, are listed in
Table I. The ratio (I5°/127%°)!/?, which depicts the rela-
tive magnitude of isotropic versus anisotropic com-
ponents, peaks at 322.5 nm. One can also see the trend of
the phase angle |8pp]—it becomes smaller as the wave-
length approaches 322.5 nm. However, the significance
of this pattern as well as the sign of 8, is not clear.
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FIG. 3. Azimuthal-angle dependence of I, at different wave-
lengths in the interband transition region. The points are exper-
imental data. The curves are the nonlinear least-squares fit to
Eq. (1). Each curve is labeled by the SH wavelength. The data
are shown in two panels, with the same intensity unit to prevent
overlapping.
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FIG. 4. Frequency dependence of the anisotropic component
of I, noted as I;;i“’. The points are from pattern analysis of the
measurement shown in Fig. 3. The curve is a least-squares fit to
Eq. (16) in direct proportion to the radiation efficiency |F, 4, 2.
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TABLE 1. The ratio of the isotropic and the anisotropic
components of I,, and the phase angle |8‘,p| at different wave-
lengths. The results are obtained from analyzing the azimuthal
angle dependence pattern of I,,.

SH wavelength (nm) | Iis0 / 2nise|172 18,
315 1.91+0.1 98°+1°
317.5 2.41+0.1 81°t1°
320 3.3+0.5 54°+6°
320 3.5%0.5 61°t4°
322.5 3.410.5 44°+8°
325 1.3+0.1 68°+1°
327.5 0.58+0.02 74°+1°
335 0.07£0.07 95°+2°

The azimuthal-angle dependence of I, was measured
at 320 nm only. It displays a six-peak symmetry pattern
with 100% modulation and one of the zero-intensity val-
ley centered at 0°. This azimuthal-angle dependence can
be well described by Eq. (3) and indicates that there is no
isotropic component for I; at 320 nm.

The frequency dependence of the isotropic and the an-
isotropic components of the SH intensity under various
polarization conditions were also directly measured. The
frequency dependence of I’ was obtained by measuring
the frequency dependence of I,, at 3¢=90° (Fig. 5).
Based on Eq. (1), at this angle I,,=1,°. Apparently, I,
is enhanced in the interband transition region.

Based on Eq. (3), I"° can be measured as I at
3¢=90°. The frequency dependence of I2" is shown in
Fig. 6. An enhancement was observed. This enhance-
ment in 2" is exactly the opposite to the attenuation
observed in 120 _

Based on Eq. (2), the frequency dependence of I;° was
measured as I, at 3¢=90". I° appears to be two orders
of magnitude smaller than I,’° and also shows an
enhancement behavior (Fig. 7).
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FIG. 7. Frequency dependence of the isotropic component of
I, noted as I, ;j" The points are experimental data obtained at
3¢=90°. The curve is a least-squares fit to Eq. (15) in direct
proportion to the radiation efficiency |F; 4,|? only.
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Also directly measured were the frequency dependence
of I, and I, at $=0°, where the isotropic component
and the anisotropic component coexist. The results are
shown in Figs. 8(a) and 8(b). The frequency dependence
of I,,(¢=0°) shows a peak at 321 nm, while that of
I,($=0°) has a dip at 321 nm.

IV. THEORETICAL MODEL

Our analysis of the azimuthal angle and the frequency
dependence of SHG is based on a model presented by
Sipe, Moss, and van Driel originally laid out for a variety
of crystalline surfaces.* In the SMD model, SHG at a
vacuum-(111) interface has two origins: the surface with
a threefold symmetry and the bulk of a cubic centrosym-
metric crystal. For the bulk contribution, the effective
polarization includes magnetic-dipole and electric-
quadrupole responses. For the surface contribution, this
model considered an effective surface dipole due to the
discontinuity in the normal component of the electric
field and inversion symmetry breaking at the surface. !

Both of these effects were depicted by an effective sur-
face dipole, which generates nonlinear susceptibility com-
ponents of different directions, X;y’s. This model as-
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sumed that the dielectric constant of the crystal surface is
the same as that of the bulk.

Based on these considerations, Sipe, Moss, and van
Driel derived the azimuthal-angle dependence of the pp-,
sp-, and ss-polarized SH intensities from the (111) surface
as

C
Ipng(tPEO )4‘4172[‘11111 T cos(3¢)]” , @
I, Ié(tsEo )4Ap2[asp+csp cos(3¢)]%, (5)
= € (t.E,)* A[b, sin(36)]’
I = —(t,E)* A[b sin(39)] . (©6)

Here, ¢, and t; are the usual Fresnel coefficients for p-
and s- polarized fundamental light, respectively. 4, and
A, are the Fresnel coefficients for p- and s-polarized SH
light multiplied by a factor of 27/ cosf. The parameters
a, b, and ¢ are functions of bulk (y and §) and surface
(Xijx’s) nonlinear susceptibilities and dielectric functions
€(w) and €(2w). The original forms of a, b, and ¢ can be
found in Ref. 4. The simplified expressions in the limit of
large |e(w)| (Ref. 10) and on the condition of
le(w)| >>|e(2w)] are given as follows:

2w
a4y, = [$F,n+F,[eQ0)¥i 7]
+eQ2o)F, fixH —2f F.x2} , (7)
20 2(2)172 2)
Cpp—_TF‘ 3 e [ ®
2
a,, == (4F+F, [0 2 +7]} , ©)
. 172
csp=izc—w ] 2&23)_ —y2 (10
and
20 | 22)'? @)
b = — — 7 — s 11
S8 ¢ { 3 77 XXXX ( )

where n=¢(/8f,.
From the above equations, it is not hard to find the fol-

lowing relations among the parameters:
pp zzz

a :as,,+’ZT“’s(zw)FSfSZX")—“‘?“’fSFCX;i;, (12)

and

Cpp="Cy =F by . (13)

In Egs. (7)-(11), f;, f., t,, and £, are functions of the
incident angle and the dielectric function €(w), and F;,
F,, Ap, and A, are functions of the incident angle and
the dielectric function €(2w). The dielectric function of
Ag, including that around the interband transition re-
gion, was obtained from Ref. 20, which enabled us to cal-
culate f, f., ty, b, Fs, Fe, A,,and A,. It was found that
the functions associated with the dielectric function
€(2w), such as F,, F,, A,,and A4, are strongly frequency
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dependent because of the strong dispersion of £(2w) in
the interband transition angle. On the other hand, f, f.,
t,, and t; are weakly frequency dependent with a less
than 10% variation because of the weak frequency depen-
dence of e(w).

V. DATA ANALYSIS AND DISCUSSION

In this section, we will discuss the origins for the fre-
quency dependence of SHG. The analyses of the experi-
mental data based on the SMD model will allow us to ex-
amine the effect of dielectric constant € versus nonlinear
susceptibility y'?.

The frequency dependence of the isotropic and the an-
isotropic components shows dramatically different
behaviors in the interband transition region: some are
enhanced and some attenuated. Even for the enhanced
ones, the enhancement features are different in shape. It
is important to find out the mechanism responsible for
these behaviors.

The SMD model explicitly shows how nonlinear sus-
ceptibility and dielectric constants affect the SHG. Inter-
pretation of the experimental data according to this mod-
el allows us to determine the relative importance of €
versus ¥'?). Considering the dramatic variation of £(2w)
at the interband transition region, we first examine the
effect of €(2w) on the isotropic and anisotropic com-
ponents separately in the following subsections.

A. The frequency dependence of 1, ;j,"

In the SMD model, there are too many unknown pa-
rameters in the analytical expression for I, to be deter-
mined separately by a nonlinear least-squares fit of the
data. However, one can still appreciate the importance
of the dielectric function &(2w) through a semiquantita-
tive analysis. I, can be rearranged as

Il‘;;oz T;|FS Apabulk +e(2w)F, Apasurface,l

+F, 4,8 gtace, | (14)
with the following definitions:
=9 2 =
Tp— (27TC)]/2(tpE0) ) abulk—7n+7/ ’
Qsurface, 1 Ex(zfc))c +fs2X(z§z)’ asurface,H = —2st§c22))( .

In the above expression, T, has a negligible frequency
dependence (~10% variation). The terms F 4,
e(20)F; A,, and F.A,, which represent radiation
efficiencies of SH fields generated from three different
sources, are strongly frequency dependent because they
are functions of £(2w). The second-order susceptibility
components are regrouped so that those with the same
radiation efficiency are put together. For example, the
SH fields from the two bulk components 7 (proportional
to £) and y have the same radiation efficiency represented
by F;A,. These two components are regrouped into

Apulk -

The squares of F, 4,, e(20)F 4,, and F.A,, which

p>
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correspond to the radiation efficiencies of the SH intensi-
ties, are displayed in Fig. 9. Apparently, they all have
strong frequency dependence with their shapes strongly
correlated to the frequency dependence of I;;" Even
without a detailed calculation, one can perceive that the
frequency dependence of the radiation efficiencies is the
primary cause for the observed enhancement in I ;,Is," be-
fore considering the possible frequency dependence in the
second-order susceptibility components.

B. The frequency dependence of I ,i;"

The expression of I, 0 in the SMD model is simpler
than that of I iso because it contains less source terms. I’
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FIG. 9. Frequency dependence of the radiation efficiency
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can be expressed as
IS°=T2XF, A ay,, +e20)F, 4,x2.|*, (15)
with T defined as

g }(2 c)'”?

(t,Eq)?

T, has a negative frequency dependence like 7),. I si;° con-
tains two kinds of SH source terms, the bulk term a,,
and the surface term x'2., with the radiation efficiency
functions F A, and e(20)F;A,, respectively. For
simplification, the surface term )(‘2) is neglected based
on the result of the jellium-model calculations, in which
x\2. =0.1922=24 However, considering that Ag is not a
perfect jellium metal, one may need further justifications
for this simplification. In fact, the following analysis does
provide a strong piece of evidence that the simplification
X2 ~0 is reasonable as well as the idea that the frequen-
cy dependence of the SH intensity is dominated by £(2w).

After neglecting the surface term, the frequency depen-
dence of I S‘;" should come from a,;, and/or the radiation
efficiency function F,4,. |F, 4, |* shown in Fig. 9(a)
resembles the frequency dependence of I 50 in shape. A
fit of I ‘:," to Eq. (15) without the surface term is shown in
Fig. 7. This fit involves only one free parameter
|T, abulkl2 and does reproduce the frequency dependence
of I;° reasonably well. The success of this fit reveals that
the frequency dependence of I ‘;,° comes mainly from that
of the radiation efficiency |F, Apl2 The dispersion of
€(2w) overwhelmingly dominates over the possible fre-
quency dependence of ¥'?) in the SHG. Furthermore, it
supports the simplification that the surface term of I Si;" is
negligible. Indeed, the surface term radiation efficiency
le(2w)F, A, |* [Fig. 9(b)] does not resemble the frequency
dependence of I iso If I, iso contained much surface contri-
bution, a diﬂ'erent frequency dependence of I, s would
have appeared.

C. The frequency dependence of I20i*

Unlike I, S0 and IS‘;", the expression of I;;is" contains

only one type of radiation efficiency,

2

aniso — 2
[2°=T2|F 4, (16)

23/2
- —xZ

The SH fields generated by both bulk and surface sources
have the same radiation efficiency behavior represented
by F,A,. I3 is directly proportional to |F, 4,|%
fact, a ﬁt of I, aniso to Eq. (16) with only one free parameter
reproduces the main features of the frequency depen-
dence (Fig. 4). The frequency dependence of the radia-
tion efficiency alone can reproduce that of I;‘;‘“ This is
one more piece of evidence that €(2w) is primarily re-
sponsible for the frequency-dependent behavior in the in-
terband transition region.
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D. The frequency dependence of 12"i°

Similar to 72", the expression of I2"* also has only

one type of radiation efficiency function

_n_w_ (2) }

3 XXX

2

IF=T¢| 4 (17)

I3 should vary with the radiation efficiency function
|AS|2. Indeed, this is borne out in a one-free-parameter
fit of 72" to Eq. (17) shown in Fig. 6. The success of the
fit again supports the deduction that the frequency
dependence of the SH intensities comes mainly from the
dispersion of £(2w).

E. Comparison of the frequency
dependence of I, and I, at $=0

As shown in Fig. 8, the frequency dependence of I, at
#=0 shows a peak but that of I;, shows a valley in the in-
terband transition region. To the best of our knowledge,
this is the first time that an attenuation feature in SHG is
observed in the energy region of an electronic excitation.
According to Egs. (1) and (2), the pp-polarized and sp-
polarized SHG intensity at the azimuthal angle ¢=0
should have the following expressions:

Ipp(¢=0)=[(11120)1/2+eiS(I:;i50)1/2]2 , (18)
Isp(¢=0):[(Isi;())l/2_+_ei5(I§7niSO)l/2]2 . (19)

The overall spectral shape of 1,,(¢=0) or I,(¢=0) is
determined by the relative magnitude of the isotropic
versus the anisotropic components. The isotropic com-
ponents I;,f," and Isif," have their peaks around 320 nm
while the anisotropic components I;*° and I3™° have
their dips at 320 nm. Therefore, for either Ipp(d>=0) or
Isp(¢=0), if the isotropic component dominates, the
spectral feature will show a peak. If the anisotropic com-
ponent dominates, it will show a valley.

According to the values of |I ;,;0/1 ;;is"ll/ 2 listed in
Table I, the ratio 11;;"/1;;'5" is ~ 12 at the center of the in-
terband transition region. I,;’ should dominate the fre-
quency dependence of 1,,(¢=0) and indeed, a peak is
;l(m)wn in the frequency dependence of 1,,(¢=0) in Fig.

a).

In order to understand the frequency dependence of
Iy, we also have to examine the ratio I;;"/I;:,"im, which
can be determined by the following relation:

Isi[sJO/Ianiso= lasp /Csp|2
:|aSp/app|2|app/cpp12|cpp/cszr|2 ‘ (20)

From Eq. (13), we have lcpp /csp|= 1. According to Egs.
(4) and (5), the second ratio |ag, /ap[,I2 is equal to
(2, /1 )4(1;;"/11‘,;0). The ratio ¢, /1, is calculated to be ap-
proximately 2.0 based on the dielectric function from
Ref. 12. The ratio Ij;"/];,;" has been measured to be
about 0.002 at 320 nm. Therefore, the ratio |ag, /a,, |2 is
calculated to be 0.03. It is known from Table I that
|a,, /cpp|P=13° /I ~12 at 320 nm. Combining all
three factors, we obtain 73;°/1 ;,“‘S°~O.4. This value indi-
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cates that 12" makes a larger contribution than I si;" to
: iso syiso iso s yaniso :

I,,. Note that both ratios 1,°/1, and Ip? /1, " are ei-
ther measured or estimated at 320 nm. Since this is the
center of the interband transition region, the shape of the
I5,"° frequency dependence should dominate and an at-
tenuated feature appears in the frequency dependence of
I,,($=0).

F. The effect of € versus y'?’ in the interband
transition region

The above analysis of the frequency dependence of
each isotropic or anisotropic SHG intensity component
under different polarization conditions consistently shows
that the frequency dependence in radiation efficiency in-
duced by the dispersion of the dielectric function €(2w) is
the primary cause for the observed frequency-dependent
behaviors in SHG in the interband transition region.
This conclusion can also be deduced intuitively through
the following arguments.

First, attenuation in the interband transition region
was observed for both the anisotropic component I,;"°
and the SH intensity I, at ¢=0. If x'?) is enhanced
through resonance with electronic transitions, it should
give rise to an enhancement, not attenuation in the SHG
signal. The mere fact that attenuation is observed should
indicate that the dispersion in x'?’ does not dominate the
SHG behavior.

A comparison between the frequency dependence of
the two anisotropic components, I;;"*° and I5™°, also
supports the same conclusion. In Egs. (16) and (17), I,;"°
and I3™° have exactly the same source terms containing
the two second-order susceptibility components 1 (or §)
and y\%,. The frequency dependence of I3 and I3
should be very similar if the frequency dependence were
dominated by y'?. However, as shown in Figs. 4 and 6,
these two components bear no similarity in their frequen-
cy dependence. The difference in their frequency depen-
dence can be accounted for by considering only the
different SH radiation efficiency functions represented by
|[F,4,|* and [ A4,]>. It appears that depending on the
light polarization condition, £(2w) can either attenuate or
enhance the radiation efficiency of the SH signal. I;;"°
manifests a situation where the conditions are such that
the radiation efficiency attenuates the SHG. But, in the
case of 13" the change in radiation efficiency enhances
the SHG.

One unavoidably notices that the curves calculated
with dispersion in the dielectric function only for the SH
intensities do not match exactly with the experimental
data. The discrepancy could be due to the inaccuracies
in the dielectric functions. The other possibility is that
the second-order susceptibility components may still have
weak frequency dependence. Even though it does not
dominate the SHG behavior, it may still affect the SH
behavior.

The above discussions lead us to conclude that the
sharp change in the dielectric function £(2w) induced by
the interband transitions dominates the frequency-
dependent behaviors of SHG in this energy region. Reso-
nant enhancement in ¥'*’ by the interband transitions or
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other electronic transitions may still have some contribu-
tion but does not dominate the overall behavior of SHG.

Our understanding of the SH frequency-dependent
behavior in this energy region is also consistent with the
experimental observations made by Bradley et al.'? on
Ag(111) under UHV or immersed in an electrolyte solu-
tion. These authors have observed an enhancement in I,
from the Ag(111) surface under both conditions. Since
the dielectric function €(2w) is mainly a bulk electron
property, it will not be much different whether the Ag
surface is under vacuum or in a solution. The frequency-
dependent behavior of SHG signal caused by &(2w)
would then prevail in both environments. However, if
the SHG peak is a result involving an occupied surface
state, judging by the sensitivity of the surface state to ad-
sorbate, the SHG peak is most likely to be greatly
affected when the surface is immersed in a solution.
Based on the dominant influence of €(2w) on the frequen-
cy dependence of the SHG, it seems to be unnecessary to
invoke any electronic transitions involving surface states
for the explanation of the observed SHG peaks in the Ag
interband transition region.

VI. CONCLUDING REMARKS, A COMPARISON
WITH Ag(110)

From analyzing the measured azimuthal-angle depen-
dence and frequency dependence of SHG from a Ag(111)
surface around the interband transition region by using
the SMD model, we have provided strong evidences that
the dramatic frequency-dependent changes of SHG at 3.9
eV is mainly due to the dispersion of €(2w). The pattern
changes of both the angular dependence and frequency
dependence can be adequately accounted for by the radia-
tion efficiency of the generated SH signal from the solid
surface into vacuum, which is governed by the dispersion
of €(2w). There may have been resonant enhancement in
the ¥'*”’s by the interband transitions but such effect is
small in comparison with the €(2w) effect. The radiation
effect is so strong that for certain light polarization and
azimuthal-angle conditions, the SHG is actually attenuat-

2111

ed, rather than enhanced in this region.

In contrast, there are electronic transitions, e.g., sur-
face state transitions, that do not affect € but do enhance
x'?. SHG in resonance with such purely surface elec-
tronic transitions would have different behaviors from the
one coupled to the interband transitions. In Ref. 15, a
resonant enhancement in the SHG intensity was observed
on a Ag(110) surface. Analyses of the frequency depen-
dence at different light polarization and different azimu-
thal angles have unambiguously proven, through symme-
try selection rules, that the SHG peak is due to coupling
of the fundamental light to a surface-state transition at
1.74 eV. Compared to bulk electrons, the number of elec-
trons in the occupied surface state is too small to affect
the dielectric function of the bulk. The radiation
efficiencies of both the fundamental light and the SH
light are only weakly frequency dependent near 1.74 and
3.48 eV, and, therefore, do not give a frequency-
dependent response in the SHG signal. The breakdown
of the inversion symmetry at the surface enables the
second-order nonlinear optical process to be particularly
sensitive to this surface-state transition. This gives a
clear example that the observed SHG enhancement is
purely caused by the enhancement of second-order sus-
ceptibility components through coupling to electronic
transitions.

The surface-state transition enhances by resonance the
surface x'?) but does not affect the . However, the inter-
band transition is primarily a bulk electron property
affecting the linear polarizability. Its effect on SHG can
thus be best described by the change of the bulk linear
response parameter €.
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