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Dispersion and anisotropy of the optical second-harmonic response of single-crystal Al surfaces
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We have performed tests of recent theories for the surface second-harmonic (SH) response of a jellium
metal by measuring the dispersion characteristics of SH generation from atomically clean Al(111),
Al(110), and Al(100) surfaces. This has been done for wavelengths between 565 and 860 nm, by using a
picosecond-pulse dye-laser beam incident at angles of 22. 5', 45', and 67.5'. In all cases, only p-polarized
SH light generated by p-polarized incident light was observed. Absolute magnitudes were obtained by
normalizing the SH response to that of a quartz plate. Contrary to expectations for a jellium metal, the
Al(110) and Al(111) faces each yielded an anisotropic SH response, the intensity varying as the speci-
mens were rotated about their surface normals. The relative magnitude of the anisotropic component in-
creased with increasing wavelength and decreasing angle of incidence. By studying the variation of the
SH intensity with temperature and oxygen exposure, we conclude that the anisotropic component is not
due to intrinsic electronic effects but rather to the always-present atomic steps on the surface. W'e there-
after show that the isotropic component of the SH response can be identified with the Hat ideally ter-
minated surface. For all three surfaces, the characteristics of the isotropic SH response, in terms of mag-
nitude and wavelength dependence, agree best with the recent results of calculations by Liebsch and
Schaich [Phys. Rev. B 40, 5401 (1989)] employing the local-density approximation to calculate the
ground-state electron distribution and the random-phase approximation to evaluate the SH response.
The only significant deviation from this agreement is observed for Al(100) near 820 nm where an increas-
ing SH response with increasing wavelength is attributed to a surface-state resonance.

I. INTRODUCTION

Second-harmonic (SH) generation from centrosym-
metric solids and liquids has attracted considerable atten-
tion as an optical probe of surfaces of centrosymmetric
materials. ' This surface sensitivity arises because the
breaking of inversion symmetry at the surface allows for
a dipolar SH response, whereas this is not permitted in
the bulk. In particular, SH generation from metal and
semiconductor surfaces has proven to be of fundamental
and applied interest for 25 years since the first experi-
ments of Brown et al. on Ag surfaces. ' However, the
interpretation of early results was hampered by the effects
of adsorbed oxygen and other contaminants for samples
maintained in air or moderate vacuum. More recently,
the recognition of having to work with well-characterized
samples in ultrahigh vacuum (UHV) has led to significant
advances in our understanding of the nonlinear optical
response of surfaces. At the same time surface SH
generation has proven to be a powerful probe of adsorp-
tion of gases at surfaces, ' surface structure, and sur-
face chemical processes. ' '"

For semiconductor surfaces, the understanding of both
the magnitude and dispersion of the SH response remains
at a phenomenological level. ' ' On the other hand, mi-
croscopic theories for the origin of SH generation from
metal surfaces have been put forward for more than 20
years, ' ' and recently calculations have advanced to
the point where comparisons between theory and experi-
ment are meaningful. Early models' ' were based upon
step-function surface electron distributions, and used the
jellium approximation in which the effects of the lattice

potential are ignored. Although more recent, sophisticat-
ed calculations' ' still employ the jellium approxima-
tion, they employ more realistic surface potentials and
electron-density profiles, and are based on a self-
consistent, many-body quantum-mechanical response
theory. Such models make the evaluation of the non-
linear optical response in the surface region tractable and
provide reasonable approximations to nearly-free-
electron metals such as Al and (for infrared incident
light) Ag. On the basis of these models, SH generation
now provides one of the most rigorous tests of our under-
standing of the linear and nonlinear electromagnetic
response of metals.

In this paper we present the results of a systematic ex-
perimental investigation of the dispersion characteristics
of SH generation from Al. These measurements have
been performed for Al(111), Al(110), and Al(100) surfaces
over the wavelength range 560(A. (860 nm with pi-
cosecond laser pulses that induce minimal heating effects.
These measurements provide the first significant test of
the dispersion characteristics predicted by theoretical
models. We have also performed experiments to explore
the inhuence of the lattice potential and surface morphol-
ogy in determining the anisotropy of the SH response
(i.e., a dependence of the SH efficiency on the relative
orientation of the incident field and the crystal axes).

In previous work, it has been demonstrated by Murphy
et al. that the SH response of an Al(111) surface at an
incident wavelength of 1.06 pm agrees very closely with
the self-consistent density-functional calculations of
Liebsch and Schaich. ' On the other hand, the same
workers observed an anisotropy in the SH response of the
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Al surface both with respect to the azimuthal rotation of
the crystal about the surface normal and with respect to
the response of the different crystal faces. These results
indicate that the SH response of Al may not be entirely
free electron like. Results for Cu (Ref. 4) and Ni (Ref. 8)
also demonstrate that the SH response of a metal surface
will in general have an anisotropic component. However,
recent experimental results for stepped Si(Ref. 18) and Al
(Ref. 19) surfaces indicate that the presence of steps on a
surface can induce a significant anisotropy which is not
due to intrinsic electronic structure. In previous work in
this laboratory, it has been shown that the anisotropic
response of surface steps on Al can be identified from the
anomalous variation of the SH signal with oxygen expo-
sure' and temperature. We have therefore studied the
dependence of the SH signal on oxygen exposure and
temperature to identify the source of the observed anisot-
ropy.

The rest of this paper is organized as follows. In Sec.
II we outline the theory of SH response from centrosym-
metric materials, and metals in particular. We present
the salient features necessary for us to interpret our re-
sults. Section III contains the details of the experimental
techniques and describes the experiments which have
been performed to measure the wavelength dependence
and the anisotropy of the SH signal, as well as the varia-
tion of the SH response with temperature and oxygen ex-
posure. In Sec. IV we offer experimental results and
compare, where appropriate, results with theoretical cal-
culations. Conclusions from the work are described in
Sec. V.

II. THEGRY

The general phenomenological theory for SH genera-
tion from cubic centrosymmetric materials has been
developed by several different workers over the last de-
cade. ' ' ' The overall second-order polarization den-
sity can be written as the sum of bulk electric quadrupole
and/or magnetic dipole terms and surface electric dipole
terms. For an incident monochromatic plane wave the
bulk polarization is given by

P, (2') =y(co)V;(E E)+g(co)E;V';E;,

where E is the field inside the metal, y(cu) and g(co) are
phenomenological parameters dependent on frequency,
and the coordinate system is defined by the edges of the
cubic unit cell. The first term gives rise to an isotropic
polarization, whereas the second term will contribute to
an anisotropic SH response of the metal. The surface SH
polarization can be treated as a polarization sheet located
just above the surface of the metal. The corresponding
SH polarization density can be written in terms of the
surface response tensor y; k as

P; (2')=g; (2cko, co, co)E Ek5(z —zo ), (2)

where the surface is at z=zo and the incident field E is
evaluated just inside the surface. The coordinate system
is chosen such that the z axis is normal to the surface and
the x axis is the projection of the [100] axis onto the sur-
face.

While the theory for the SH response of centrosym-
metric semiconductors has remained strictly phenomeno-
logical, for metals several authors have provided a micro-
scopic model for the SH response on the basis of the iso-
tropic jellium model. The SH response of a jellium metal
consists of a surface polarization P (2') parametrized by
the Rudnick and Stern a(co) and b(co) coefficients, ' and
a bulk polarization P (2'�) parametrized by a third
coefficient d(co). ' These two terms are given by

and

P (2')-a (co)E,E,fz+b(co)E, E„gx (3a)

P (2ai)-y(ai)d(ai)V(E E), (3b)

a (co)ne
+zzz 2 44Pl CO

(4a)

b (co)ne
+xzx +yzy 2 42m co

(4b)

The objective of the jellium model calculations is to
find a (co) and b (co) for a given metal surface. Such a cal-
culation involves the evaluation of the ground state of the
electron gas in the surface region, the evaluation of the
screened linear fields, and finally the calculation of the
SH polarization induced by the linear fields. Several au-
thors' ' have shown that the parallel surface polariza-
tion coefficient b (co) and the bulk polarization coefficient
d(co) are given by b(co)= —1 and d(co) =1, and are in-
sensitive to incident frequency and the exact shape of the
surface potential. Determining a (co), on the other hand,
requires a detailed calculation of the linear and SH
response in the surface region. As discussed in detail in
Ref. 16, the main feature that distinguishes different jelli-
um model calculations is the treatment of the surface po-
tential. Rudnick and Stern, ' who carried out a semiclas-
sical derivation for an infinite barrier surface potential
and an electron density corresponding to Ag, obtained
a(0)= —1.06. Calculations by Corvi and Schaich' for a
finite step surface potential yielded a(0)= —

—', , indepen-

dent of electron density. In contrast to these results for
step potentials, the calculated a(0) values obtained from
models employing more realistic surface potentials and
electron densities are an order of magnitude larger.
These models are based on the density-functional theory
for jellium surfaces developed by Lang and Kohn. The

where the constants f and g involve the linear properties
of the metal. Here a (co) determines the induced SH po-
larization oscillating normal to the surface (i.e. , the z
direction), while b (co) determines the SH polarization in
a direction parallel to the surface (the x direction). The
bulk SH polarization, due to the magnetic dipole
response, corresponds to the isotropic term involving
y(co) in Eq. (1), where for a free-electron gas
y(co)=e n/8m co and d =1, ' with n, m, and —e being
the electron density, mass, and charge, respectively. On
the other hand, the anisotropic parameter g(co) in Eq. (1)
is obviously zero for a jellium metal. The surface suscep-
tibility tensor y,jk in Eq. (2) can be expressed in terms of
the Rudnick and Stern parameters as follows:
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density-functional approach was first used by Weber and
Liebsch to evaluate the SH response of a metal surface
in the low-frequency limit, resulting in a value of
a(0)=12.9 for Ag. The density-functional approach was
then extended to finite frequencies by Liebsch and
Schaich. ' In this approach, density-functional theory, in
the local-density approximation (LDA), is used to calcu-
late the ground state of the metal surface. The time-
dependent LDA density-functional method (TDLDA) is
then used to calculate the a coefficient of the surface.
The main advantage of this technique is that a realistic
ground-state electron-density profile and the correspond-
ing surface potential are used as the starting point for the
SH response calculation. Using this method, Liebsch and
Schaich obtained a(0)=28.4 for an electron density ap-
propriate for Ag. The close agreement with this result by
Chizmeshya and Zaremba' [a(0)=34.7], who used a
semiclassical extended Thomas-Fermi model, indicates
that the most important element of these calculations is
the correct treatment of the surface potential.

The TDLDA method also incorporates exchange-
correlation effects into the evaluation of the SH response.
This calculation predicts that a large part of the SH po-
larization is located in the electron-density tail outside
the surface, and the authors have pointed out that includ-
ing exchange-correlation effects may cause the net SH
response to be overestimated because the LDA is not val-
id at low densities. Therefore the SH response of the
LDA ground state was also derived using the random-
phase approximation (LDA-RPA) to calculate a (co), giv-
ing results that were approximately 25% smaller than the
full LDA calculation in the optical and near-infrared fre-
quency range.

One drawback of a jellium model for determining the
SH response is that it neglects the inhuence of the lattice
potential. The lattice potential modifies the shape of the
surface potential, which will in general differ from the
screened square-well potential derived using the jellium
model. Since the SH response is known to be sensitive
to the shape of the surface potential, ' the real surface
may produce a SH response very different from that of a
jellium surface. In addition, the interband contribution
to the SH response will cause changes in the frequency
dependence of the SH polarization.

The lattice potential may also introduce anisotropic
contributions to the total SH response. ' Thus the SH
intensity can vary as the specimen is rotated about its
surface normal, with the angular period of modulation
depending on the symmetry of the crystal face. For ex-
ample, using the formalism of Sipe, Moss, and Van
Driel' the radiated p-polarized SH field from a (111)or a
(110) surface irradiated by a p-polarized incident beam
will have the general form

linear optical parameters of the material. Note that be-
cause of the symmetry of the (100) surface, there is no
surface contribution to the anisotropic coefficient B' for a
(100) surface.

Clearly, a metal responding like an ideal jellium system
will have only an isotropic response. Conversely, the
presence of anisotropy in the SH response may indicate
that the lattice potential, and hence the electronic band
structure, is playing a significant role in determining the
SH response. However, it may also be possible that the
anisotropic response is due to features of the microscopic
surface morphology, such as steps, ' ' which will reAect
the symmetry of the underlying lattice structure. In Sec.
III we discuss in more detail how the temperature and
oxygen exposure dependence of the anisotropic SH signal
may be used to distinguish the contribution due to elec-
tronic band structure and that due to surface morpholo-
gy.

The variation of the anisotropic SH response with in-
cident wavelength can yield information on how band
structure or surface morphology determines the SH po-
larization. On the other hand, since the free-electron
contribution to the SH response is isotropic, a compar-
ison of experimental measurements with jellium model
results requires the extraction of the isotropic component
of the SH signal from the data by inverting Eq. (5). To
carry out this inversion one must measure the variation
of the SH signal with azimuthal angle itj. We conclude
that in order to test theoretical calculations of the SH
response of a metal surface it is necessary to make mea-
surements of both the isotropic and the anisotropic parts
of the SH signal.

To test the different theories the quantity one usually
measures is the ratio R of the SH intensity I2 to the
square of the incident intensity I„,

R =I~„/I„. (6)

where

(7)

( )
e(2') . 2g b

2s(co)s(2')
e co e co

For a jellium metal the value of R is determined by a (co),
b (co), and d (co), the dielectric constant e(co), the angle of
incidence 0, and the polarization angle P (i.e., the angle
between the incident electric-field vector and the plane of
incidence). For p-polarized SH light R is given by'

2
2

8me e(co)[e(co)—1] (p 2y+g 2p) g
pl co c (2ceo)+ (2sco)

E (2') = A '+B'cos(MQ), (5)
+d (co)/2 [e(co)+s(ro)]',

where M=3 for a (111)surface and M=2 for a (110) sur-
face. The azimuthal angle P is the angle between the
component of the incident-light wave vector parallel to
the surface and the x axis. The coefficients A ' and B' de-
pend on the surface susceptibility tensor y, k, the bulk
response coefficients y(co) and g(co), and the fundamental

and

S =d (ci))/2e(co)[1+s (co)]

and the function s (co) is given by

s(ro) = [e(co)—sin 8]'~ /cos8 .
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The corresponding expression for R in the case of s-
polarized SH light gives a value much smaller than for
the p-polarized case, as long as ia(co)~))ib(roi. If the
SH response of the metal has anisotropic contributions as
well, the radiated SH field will have the form of Eq. (5),
and hence R will have the phenomenological form

R =iA+Bcos(MQ)i

In this case, the jellium response given in Eq. (7) will only
contribute to the isotropic coefficient A in Eq. (8).

In order to obtain absolute measurements of the SH
reAectivity which can be compared with theory, it is
necessary to normalize the SH intensity from the Al
specimen relative to the signal from a reference material
with a known SH susceptibility. In the experiment de-
scribed here we use a single-crystal quartz plate for a
reference source because its nonlinear optical properties
are thoroughly understood, and also because there are
no strong interband transitions in the wavelength range
of interest which could give rise to a strong wavelength
dependence of the SH signal. Converting the normalized
measurements of the SH response to absolute values re-
quires a knowledge of the SH susceptibility of quartz over
the entire wavelength range used in this study. However,
the SH susceptibility y', &'& of quartz has only been mea-
sured for an incident wavelength of 1.06 pm. In the ex-
periments described here, the incident and SH photon en-
ergies are always well below the quartz interband transi-
tions at -7 eV. Therefore the dispersion in the SH sus-
ceptibility will be small, and it is a reasonable approxima-
tion to assume that y'„', is constant over the incident
wavelength range. Alternatively, we can make use of
Miller's rule to obtain a better estimate of yp, ', (2ro) for
quartz. Miller's rule states that the SH susceptibility of a
material is proportional to a product of linear susceptibil-
ities, y',;."(co), as follows:

xij k (2~ ) xii ( 2~ )hajj ( ~ )xkk ( ~ )~ijk

where Miller's coeKcient 6,. k is a constant. It has been
demonstrated experimentally ' for several different ma-
terials that the dispersion of h,jk is much smaller than
the corresponding dispersion in the SH susceptibility
y' '(2'), even when the SH frequency is at strong inter-
band resonances of a given material. The bond-charge
model of Levine ' predicts that for incident frequencies
well below the interband transitions, the SH susceptibility
of a material will satisfy Miller's rule. Furthermore, a
calculation of yp&', (2ro) for quartz at A, =1.06 pm using
the bond-charge model ' agrees with experiment to
within 2%. Therefore, since the bond-charge model gives
a correct description of the SH response of quartz at 1.06
pm, we expect that Miller's rule will be a reasonable ap-
proximation over the wavelength range used in these ex-
periments. Knowing that yp&', (2')=1.9X10 2 esu at
A, =1.06 pm, we use Miller's rule to estimate the SH
susceptibility at the wavelengths used in these experi-
ments. As expected, the estimated increase of yp, ', (2')
with wavelength from 1.06 pm to 565 nm is only about
15%, indicating that the interband transitions in quartz
do not have a significant effect in this wavelength range.

III. EXPERIMENT
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FIG. 1. The experimental arrangement for measuring the SH
intensity generated at an Al surface in UHV relative to the SH
intensity from a quartz plate. L1 and L2 are 25-cm focal-length
lenses. The filters F1 block SH light and transmit the funda-
mental, while filters F2 block the fundamental and transmit the
SH light.

A schematic diagram of the experimental setup used to
determine the SH dispersion is shown in Fig. 1. The Al
specimens were mounted in an ultra high vacuum (UHV)
chamber capable of reaching pressure below 4X10
Torr. The UHV chamber has three quartz glass
viewports so that SH experiments can be carried out at
incident angles 0=67.5', 45', and 22.5. The sample
holder has two independent axes of rotation so that 0 and
the azimuthal angle g could be varied in situ, with f hav-
ing the range 0'&/&140'. The chamber also has low-
energy electron di8'raction (LEED) and Auger-electron
spectroscopy (AES) ports for structural and chemical sur-
face characterization. The specimen temperature could
be varied between —100'C and 700'C using a resistive
heater and liquid-N2 cooling. Temperatures were mea-
sured using a thermocouple in thermal contact with the
specimen.

Each specimen was prepared from a single-crystal Al
disk oriented using Laue x-ray diffraction and cut to
within 1 of the desired crystallographic orientation. The
specimen surface was mechanically polished to a mirror
finish and mounted in a strain-free manner in the UHV
chamber. The specimen was cleaned using cycles of 1-
keV argon ion bombardment and annealing at 450'C.
These cycles were repeated until a sharp single-crystal
LEED pattern was obtained from the surface and the
contamination of the surface, mainly by carbon and oxy-
gen, was determined by AES to correspond to less than
l%%uo of a monolayer.

It has been demonstrated experimentally that rough
metal surfaces, prepared either electrochemically ' or
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by evaporating the metal onto a rough substrate, exhib-
it an enhancement of the SH intensity of up to three or-
ders of magnitude. The roughness reported in these ex-
periments ranged from small superatomic roughness con-
sisting of features typically 10-A high and 20 A in
width, to larger scale roughness with surface height
modulations at length scales from several hundred to
1000A. The large SH enhancements are attributed to
local-field enhancement arising from a concentration of
the incident-field intensity near the tips of surface pro-
trusions (i.e., the lightning-rod effect), and the excitation
of localized surface-plasmon resonances. Since the object
of the experiments reported here is to compare the mea-
sured SH response from a meta1 surface with the results
of jellium model calculations for a Hat surface, it is im-
portant to consider the topography of the Al surfaces
used in these experiments.

The morphology of atomically clean single-crystal sur-
faces at high temperatures is determined by thermo-
dynamic considerations. The surface evolves towards a
configuration which minimizes the surface free energy.
For high index planes which are not at a free-energy
minimum, the surface may be unstable and facet to form
a mixture of nearby low free-energy planes. However,
in the case of low-index surfaces which are at a free-
energy minimum relative to neighboring surface planes,
superatomic roughness must tend to smooth out with
time. A simple diffusion model calculation predicts
that a hemispherical asperity of radius 1 pm, on an Al
surface at a temperature of 450'C, should fIatten out in
approximately 10 sec. Therefore, we do not expect any
superatomic roughness to exist on our specimens after
annealing has been completed. This conclusion is sup-
ported by the small spot diameters in the LEED
diffraction patterns obtained from these specimens.
From these widths, it is estimated that the typical domain
size is approximately 100 A. ' Assuming the residual
steps are monatomic, the surface height is modulated by
tens of angstroms only over distances larger than 1000 A.

The presence of monatomic steps on vicinal Si (Ref. 18)
and Al (Ref. 19) surfaces has also been shown to produce
enhancements of the measured SH signal. The results of
Janz et al. ' indicate that even at relatively low step den-
sities as found on our Al surfaces, there may still be a
measurable step contribution to the SH signal. However,
as discussed in Sec. IV, this contribution may be
identified by an anomalous dependence on temperature
and oxygen exposure, and does not contribute
significantly to the isotropic component of the SH
response.

The optical arrangement was designed to measure the
SH response of the specimen surface relative to the SH
response of a single-crystal quartz plate. The light source
is a synchronously pumped dye laser capable of operating
at wavelengths between 565 and 870 nm. This laser emits
a train of 3-psec pulses at a repetition rate of 76 MHz,
with an average power ranging between 200 and 500 mw,
depending on the operating wavelength. The laser beam
is split into two using a glass-beam splitter. The rejected
beam is directed through the reference arm containing a
1-mm-thick quartz plate cut with the c axis parallel to the

plane of the plate. The transmitted beam is directed to
the UHV chamber where it is focused to a 40-pm spot on
the specimen surface. The polarization of this incident
beam is controlled using a Soleil-Babinet compensator.
From an equilibrium heat-How calculation, it is estimat-
ed that the maximum temperature rise of the surface due
to localized heating by the laser is less than 9 C. The SH
light generated at the sample surface exits the UHV
chamber and passes through colored glass filters and a
Pellin-Broca dispersion prism which separates the SH
light from the incident laser light. The SH signal is then
detected using a photon-counting photomultiplier tube in
a conventional chopped photon-counting configuration.
The SH intensity measurements were made by collecting
photon counts over periods ranging from 1 to 20 sec. de-
pending on the SH intensity. The signal was tested, using
filters and by varying the incident beam intensity, to
confirm that it consisted entirely of SH light generated at
the specimen surface. The reference beam was focused
into the quartz plate where the SH light was generated in
transmission and directed back onto the main beam path
using a removable mirror, after which the reference SH
beam was filtered and detected as before. By inserting or
removing this mirror, it is possible to quickly alternate
between the SH signal from the quartz plate and the Al
surface. In practice, the SH signal from the Al surface
was measured as the wavelength of the incident light was
scanned over the range of the laser dye. The same scan
was then repeated to obtain the SH signal from the
quartz plate. The SH data from the Al surface was then
normalized relative to the reference data from the quartz
plate.

The susceptibility yP, ', (2') of quartz was used to calcu-
late the SH intensity generated by the quartz plate. This
calculation has been described in detail by Jerphagnon
and Kurtz. By multiplying the normalized SH data
from the Al surfaces by the calculated intensity generated
in the quartz plate, the value of R was obtained. Using
this procedure, determinations of R were reproducible to
within approximately + 10%%uo.

Experiments were also performed to measure the effect
of oxygen exposure and temperature on the SH response.
In the oxygen-exposure experiments, the SH intensity
was monitored as the UHV chamber was filled with oxy-
gen at a constant pressure of approximately 10 Torr.
The temperature-dependence experiments were carried
out by monitoring the SH intensity as the temperature
was scanned between room temperature and 550'C at a
rate of 30'C per minute.

IV. RESULTS AND DISCUSSION

In this section we describe the results of measurements
of the magnitude, wavelength dependence, and anisotro-
py of the SH response of Al(111), Al(110), and Al(100)
surfaces. Figure 2 shows the variation of the p-polarized
SH intensity with rotation about the surface normal for
an Al(111) surface, for a p-polarized incident beam at
A, =630, 730, and 820 nm. The measured SH intensity
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displays an anisotropic dependence on rotation angle 1t of
the form predicted by Eq. (8). From this dependence, the
phase of A relative to 8 was determined to be zero within
experimental error. Figure 3 shows the variation with
wavelength of the measured SH reAectivities for the p-
polarized light generated by a p-polarized incident beam
at 67.5, 45', and 22.5' incidence on an Al(111) surface.
For each angle of incidence two sets of data are shown,
one taken for azimuthal angle /=0, where the SH relec-
tivity is given by R =

l
3 +B

l
[cf. Eq. (8)], and the other

for /=60', where R =
l
A Bl .—The SH data exhibits an

anisotropy which is small for A, (600 nm, but increases as
A, increases out to 870 nm. However, the apparent in-
crease in the anisotropy of the response with wavelength
is largely due to a decrease in the magnitude of the isotro-
pic SH response. When the data is inverted to obtain the
anisotropic SH response parameter B in Eq. (8), we have
found that

l
B

l
increased by only 30% between A, =630

and 820 nm.
In order to determine whether the anisotropy is due to

the intrinsic electronic structure of an ideally terminated
surface, or due to surface morphology, the effect of oxy-
gen exposure on the anisotropy of the SH signal was mea-
sured. The variation of the SH intensity with oxygen ex-
posure for the SH maximum at /=60' and for the SH
minimum at g =0' are shown in Fig. 4, for A, =820 nm.
Typically, adsorption of oxygen onto a metal surface
causes the SH signal to decrease monotonically until a
saturation value is reached at approximately monolayer
coverage. ' This effect is thought to arise because the 8 =67.5'

Al (111)

SH response of the surface electrons is much less when
they are strongly bound in metal-oxygen bonds than
when they are free. However, on the Al(111) surface the
anisotropic component of the SH signal disappears with
an oxygen exposure of approximately 60 L, while the iso-
tropic part of the SH signal reaches saturation only after
200 L [1 langmuir (L)—:10 Torr sec.]. When /=0', the
SH intensity increases upon initial oxygen exposure and
then reverses direction and decays, though more slowly
than the /=60' signal, until the intensities at /=0' and
60' are equal. Thereafter the SH signal decays at the
same rate for both azimuthal positions. SH intensity was
also checked at /=30' for oxygen exposures between 0
and 200 L. The results of these measurements confIrm
that the SH response has become isotropic after approxi-
mately 60-L exposure. Therefore the magnitude of the
anisotropic parameter B in Eq. (8) decreases with oxygen
exposure three times more quickly than the isotropic
response coe%cient A.

The dependence on temperature of the SH signal from
the (111) surface was also measured. In Fig. 5 we show
the variation of the SH intensity at /=0' and 60' as the
temperature is raised at 30'C per minute from room tem-
perature to 500'C. The temperature dependences of the
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FICx. 2. The variation of the SH reAectivity R with azimuthal
rotation P of the specimen about the surface normal for an
Al(111) surface. The incident light and detected SH light are p
polarized and the angle of incidence is 67.5'. The solid curve
represents the best fit of Eq. (8) to the data.

FIG. 3. The variation with incident wavelength of the p-
polarized SH reAectivity R for an Al(111) surface with p-
polarized light incident. Data are shown for angles of incidence
of 67.5', 45, and 22.5'. The squares are the data for the max-
imum intensity at azimuthal position /=60'. The squares are
the data for the maximum intensity at azimuthal position
/=60', and the triangles are the data for the minimum intensity
at /=0. The solid curves are meant to serve as a guide to the
eye.
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FIG. 4. The variation of the SH intensity with oxygen expo-
sure for an Al(111) surface at the minimum (/=0') and the
maximum (/=60 ) intensity azimuthal positions. The incident
and detected SH light are p polarized, the angle of incidence is
67.5, and A, =820 nm.

FIG. 5. The variation of the SH intensity with temperature
for an Al(111) surface at the minimum (/=0') and the max-
imum (tij=60 ) intensity azimuthal positions. The incident and
detected SH light are p polarized, the angle of incidence is 67.5',
and A, =820 nm.

SH signal in the two azimuthal positions suggest that the
anisotropic components of the SH signal decreases to
zero as the temperature increases from 20'C to 400'C.
At 450'C, there was no detectable variation of the SH
signal with azimuthal angle g, confirming that the aniso-
tropic component of the SH response had vanished. The
temperature dependence of the anisotropy is reversible
upon cooling at a rate of approximately 20'C per minute.

Anisotropy was also observed in the SH response from
an Al(110) surface. The anisotropic response of the SH
from this surface was found to have qualitatively the
same dependence on A, , oxygen exposure, and tempera-
ture as the anisotropic part of the response of the Al(111)
surface.

The anomalous behavior of the SH anisotropy upon
heating the specimen or exposing it to oxygen is difficult
to reconcile with the interpretation that the anisotropy is
due to the electronic structure of an ideally terminated
surface. Both the isotropic and anisotropic component of
the SH response decay to an asymptotic value in less than
200-L oxygen exposure. " This exposure corresponds to
the formation of a monolayer of oxygen on the Al sur-
face. ' Therefore both the isotropic and anisotropic
parts of the SH response arise in the top one or two
atomic layers of the Al surface, since a monolayer of sur-
face oxygen will have little effect on deeper Al atoms. It
has been demonstrated using medium-energy ion scatter-
ing (MEIS) that the (111) surface of Al remains well or-
dered at temperatures up to 0.5 below the bulk-melting
temperature of 660'C. Therefore, raising the tempera-
ture from room temperature to 400'C should not have a

significant effect on the surface electronic structure.
Furthermore, the fact that the anisotropy behaves the
same on the Al(111) and the Al(110) surfaces suggests
that the anisotropic response is not due to surface states
because these will have different properties on different
faces. Instead we require an anisotropic SH source which
is common to both these surface orientations.

In previous work carried out in this laboratory, it has
been demonstrated that the SH response of a stepped
Al(100) surface can be significantly enhanced over that of
a Oat Al surface. ' Relative to the Aat surface signal, the
step SH response varies strongly with wavelength and in-
cident angle, growing monotonically with increasing
wavelength and decreasing angle of incidence. The SH
response from a stepped surface depends strongly on the
relative orientation of the incident Geld and the step
direction. It has also been shown that, due to preferential
adsorption of oxygen at step edges, ' ' the SH signal
from the surface steps decays approximately three times
faster with oxygen exposure than the signal from a Hat
surface. In subsequent work, the enhanced SH signal
from a stepped surface was found to decrease linearly
with temperature as the temperature is raised from
—100'C to 500'C. The step structure on surfaces of
metals such as Cu (Ref. 44) and Ni (Refs. 45 and 46) is
known to undergo roughening due to kink and defect for-
mation even well below room temperature. This
phenomenon may be related to the strong variation with
temperature of the SH signal from a stepped metal sur-
face. We note that such temperature dependence of the
optica1 properties of stepped Al surfaces has been ob-
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served in the photoemission experiments of Endriz and
Spicer. In these experiments, the surface-plasmon-
assisted photoemission from a stepped surface decreased
with increasing temperature, and returned reversibly to
its initial level upon cooling. This result suggests that the
changes in step structure with increasing temperature de-
creases the surface-plasmon photoemission from a
stepped surface, as well as the SH susceptibility. The an-
isotropic SH response of a stepped vicinal Al(100) surface
shows the same dependence on incident angle, oxygen ex-
posure, temperature, and wavelength as the anisotropic
part of the SH signal from the Al(111) and Al(110) sur-
faces reported here. The close parallels in the properties
of the anisotropic SH response observed on the Al(ill)
and Al(110) surfaces and from stepped Al(100) surfaces
suggests that they arise from the same source. We con-
clude that the anisotropic component of the SH response
is probably due to the residual steps and surface topogra-
phy remaining after specimen preparation. The orienta-
tion of surface steps on a surface will reflect the symme-
try of the underlying lattice, so that the resulting aniso-
tropic SH signal will still have the same symmetry as the
crystal surface. As long as the dimension of the topo-
graphical features is much less than the wavelength of
light, the phenomenological formalism of Sipe, Moss, and

van Driel' for treating the anisotropic SH response of a
surface remains applicable.

In this paper, we are primarily interested in the role of
electronic structure in determining the SH response for
the case of an ideally terminated single-crystal surface.
Hence the isotropic component of the SH signal from the
Al specimens was extracted from the data. This com-
ponent, corresponding to the ~A ~

term in Eq. (8), does
not exhibit any significant variation with temperature.
Furthermore, the decay with oxygen exposure of the iso-
tropic SH signal from the Al(111), Al(110), and Al(100)
surfaces is consistent with the known sticking probabili-
ties for oxygen adsorption on the respective surfaces.
Therefore, the isotropic part of the SH signal (which
could contain a contribution from the steps) is predom-
inantly due to the intrinsic response of the low-index sur-
face planes.

The dispersion characteristics of the isotropic com-
ponent of the SH reflectivities are shown in Figs. 6, 7,
and 8 for the Al(111), Al(110) and Al(100) surfaces, re-
spectively. The SH reflectivity as a function of wave-
length is shown for 0=67.5', 45, and 22.5. For all
0=22.5' and all surfaces the signal-to-noise restrictions
limited data acquistion. Each data set in Fig. 6 is accom-
panied by an error bar indicating the estimated experi-
mental uncertainty in R relative to data sets at other
wavelength ranges and angles of incidence. Due to un-
certainties in the reflectance and transmission of the opti-
cal components in the sample and reference arms of the
experiment, there is also an uncertainty of approximately
+10% in the over all magnitude of the measured R. Also
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FIG. 6. The variation of the isotropic component of the SH
reflectivity R with incident wavelength for an Al(111) surface at
incident angles of 67.5' (squares), 45' (triangles), and 22.5 (dia-
monds). The incident and detected SH light are p polarized.
The dashed lines represent the theoretical SH reAectivity ob-
tained from the LDA-RPA results of Liebsch and Schaich (Ref.
4).
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FIG. 7. Same as Fig. 6 except data are for an Al(110) surface.
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FIG. 8. Same as Fig. 6 except data are for an Al(100) surface.

shown in each graph is the theoretical SH refIectivity ob-
tained from Eq. (7) using a (co) obtained by Liebsch and
Schaich' for the LDA-RPA calculation (see theory sec-
tion). We have found that if the values for a (co) calculat-
ed using the full TDLDA approach were used, the pre-
dictions for R were at least two times larger than our ex-
perimental results. In evaluating R from Eq. (7) and the
calculated a(co) coefficients, we used the dielectric func-
tion e(co) of a free-electron metal with the same electron
density as Al, rather than the dielectric function of real
Al. As discussed in the theory section, the SH response
coefficient a(co) depends on the behavior of the linear
6elds in the surface region as well as the SH response of
the electrons to those fields. Since a(co) has been calcu-
lated using a jellium model, using a non-jellium model
dielectric function to evaluate R would entail the convo-
lution of two inequivalent models. The real dielectric
function for Al is in fact well approximated by the free
electron e(co), despite the presence of the parallel band
transitions at 1.5 eV (A, -800 nm), so this approximation
should not alter the theoretical prediction for R
signi6cantly.

The experimental and theoretical curves for the
Al(111) surface show a similar dependence on wave-
length, although the magnitude of the experimental R de-
creases more rapidly with increasing wavelength than the
theoretical R. As a result the theoretical prediction for R
at wavelengths longer than 800 nm is a factor of 2 larger
than experiment. However, at shorter wavelengths the
difference between experiment and theory decreases to

within 20% for the R values at 8=67.5' and 45'. The an-
gle of incidence dependence of the SH signal also agrees
well with the LDA-RPA theory, although this merely in-
dicates that the SH polarization is dominated by the com-
ponent oscillating normal to the surface [i.e., the a(co)
response]. Since R varies as ~a(co)~, an agreement be-
tween experimental and theoretical R values within a fac-
tor of 2, as observed here, indicates that the calculated
a (co) is accurate to within 40%. Taking into considera-
tion that we are comparing the SH response of a real met-
a1 surface with a jellium model calculation, the agreement
is excellent.

Towards the short-wavelength end of the dispersion
curves the experimenta1 R levels ofF relative to the LDA-
RPA calculation for all three surfaces. This is not under-
stood at the present time. However, the SH photon ener-
gy for 600 nm (-2.1 eV} is near resonance with the
work-function energy @ (-4.2 eV) for the Al surface.
The calculated a (co) of Liebsch and Schaich exhibits res-
onant behavior, when the SH photon energy is near N,
due to enhanced electron-hole pair creation at the sur-
face. For the jellium model, this resonance is just dis-
cernable at A, -620 nm in the calculated R calculated R
curve shown in Figs. 6, 7, and 8. The electron-hole pair
creation at the real Al surface may therefore also be
afFecting the SH response but to a much larger extent
than for a jellium metal.

The wavelength dependence of R for the Al(110) sur-
face is similar to that obtained from the (111) surface.
The magnitude of R agrees with the jellium model predic-
tions to within a factor of 2, and the SH data tend to de-
crease more rapidly with increasing wavelength than
theory predicts. At wavelengths around 600 nm, R for
an Al(110) surface is almost a factor of 2 larger than for
the Al(111) surface, although the signal deceases more
rapidly with wavelength so that the Al(110) and Al(100)
results are the same at wavelengths longer than 800 nm.

The R values obtained for the Al(100) surface differ
from the results obtained for the other two faces. The SH
reAectivity is up to a factor of 3 smaller than the jellium
model prediction for A, (800 nm. Murphy et al. , work-
ing at A, = 1.06 pm, have reported that the Al(100) surface
gives a SH signal three times smaller than that obtained
from the Al(ill) surface. As suggested by Murphy et al.
the decreased R probably occurs because the lattice po-
tential has a stronger effect on the electrons on the (100}
surface than on the (ill) and (110) surfaces. The close
agreement between the Al(111) and Al(110) results is con-
sistent with work-function measurements for the three
low-index surfaces of Al, which show that the work-
function energies N for the (111)and (110) surfaces are al-
most equal at 4.24 and 4.28 eV, respectively, while
@=4.41 eV for the (100) face. These work-function re-
sults confirm that the electrons at the (100) surface are in
fact more strongly bound than the electrons at the (111)
and (110) surfaces, as suggested by the SH results. In
bulk Al, the [200j Fourier component of the lattice pseu-
dopotential the largest contribution to the total lattice po-
tential. If the inhuence of the pseudopotential extends
to the surface region, then the ion contribution to the
surface potential will be stronger at the (100) face than at
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the other low-index surfaces. The strength of the lattice
potential could be investigated by comparing self-
consistent calculations of the screened potential for
diff'erent low-index Al surfaces (e.g. , see Ref. 50).

The frequency dependence of the SH signal from the
(100) surface is also anomalous because R increases by a
factor of 2 as A, increases from 750 to 860 nm at both
67.5 and 45' angles of incidence. The measurements of
Murphy et al. suggest that R has again fallen relative to
the Al(111) signal at A, = 1.06 pm, suggesting that there is
a peak in R between 800 and 1000 nm. The SH photon
energy in this wavelength range varies from 2.3 to 3.0 eV.
The surface state at I on the Al(100) surface is located
2.75 eV below the Fermi energy. ' Hence the rise in R at
800 nm may be attributed to a resonance of the SH pho-
ton energy and transitions from the surface state to emp-
ty bulk states just above the Fermi level. A similar
surface-state resonance in the SH spectrum of Ag(110)
has been reported by Urbach et al. Unfortunately,
since SH generation is surface specific, tests such as sur-
face adsorption and disordering cannot unambiguously
distinguish between the SH response due to a surface
state and the response due to the vacuum tails of the bulk
electron wave functions. Hence the assignment of this
feature in the spectrum of Al(100) must await more com-
plete measurements of the dispersion of R between
A, =750 and 1000 nm.

The variation of the SH reAectivity with incident and
SH light polarization was also measured for all three
crystal surfaces. We found that there was no measurable
component of s-polarized SH light at any wavelength or
angle of incidence available to us. The p-polarized SH

Al (111)
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LdI—
z'-

0.2

0-9o -6o -ao o ao
(deg)

FICs. 9. The variation of the p-polarized SH intensity with in-
cident light polarization angle P for an Al(111) surface. The in-
cident wavelength is 580 nm and the angle of incidence is 67.5 .

light was found to vary as cos P for all wavelengths and
angles of incidence, as long as the plane of incidence was
parallel to a symmetry plane of the surface. The result of
a P scan for Al(111) at A, =580 nm is shown as an exam-
ple in Fig. 9. This result confirms that the isotropic SH
polarization of the Al(111) surface is dominated by the
normal surface polarization. The same result was ob-
tained for the Al(110) and Al(100) surfaces. These results
are consistent with the LDA-RPA and the full LDA cal-
culations of Liebsch and Schaich, ' which predict that
a (co) is much larger than b (co) or d (co).

V. CONCLUSIONS

We have measured the SH reffectivity R of the Al(111),
Al(110) and Al(100) surfaces between A. =560 and 860
nm. The SH response of the Al(111) and Al(110) surfaces
is anisotropic, having the phenomenological form given
in Eq. (8). The degree of anisotropy increases monotoni-
cally with increasing wavelength on both these surfaces.
However, the anomalous dependence of the anisotropic
component of the SH signal on temperature and on oxy-
gen exposure suggests that the anisotropy is mainly due
to microscopic topological features on the surface, such
as steps, rather than intrinsic electronic structure. The
isotropic component of R for the (111)and (110) surfaces
agrees reasonably well in magnitude, polarization depen-
dence, angle of incidence dependence, and wavelength
dependence, with the theoretical R obtained for a jellium
model calculated by Liebsch and Schaich' using the
LDA-RPA method. This result confirms the suggestion
by Liebsch and Schaich that the LDA approximation
may not be accurate in the low-density tails of the elec-
tron wave functions at the surface, in which case the
RPA response theory will give better results. On the oth-
er hand, we cannot exclude the possibility that the lattice
potential at the (111) and (110) surfaces changes the
response of the real surface compared with that of a jelli-
um surface. If this is the case, then it is the jellium model
itself which is inadequate rather than the LDA. The
LDA calculation of the work function for Al in the jelli-
um approximation underestimates the work function of
Al by 10%, suggesting that the jellium model may not
provide a sufficiently accurate description of the Al sur-
face to calculate the nonlinear response.

The SH response of the (100) surface difFers from that
of the other two crystal surfaces, as one might expect
from the work-function measurements on these faces. R
for Al(100) is approximately a factor of 3 smaller than the
results for the (111) and (110) surfaces over wavelengths
between 560 and 800 nm. This result is consistent with
the measurements of Murphy et aI. at 1.06 pm and indi-
cates that the lattice potential has a much stronger effect
on the (100) surface than on the (111)and (110) surfaces.
Finally, the data for Al(100) at A, ) 800 nm suggests that
there may be a resonant peak between 800 and 1000 nm
due to the surface state at 1 on the (100) surface. How-
ever, more measurements of the dispersion of R
throughout this wavelength range are necessary to
confirm this.

In conclusion, our results indicate that the jellium cal-
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culation of Liebsch and Schaich treats the surface elec-
tronic structure and the SH response accurately enough
to give quantitative agreement with the isotropic
response of a nearly-free-electron metal such as Al.
Furthermore, we have found evidence that the anisotrop-
ic component of the SH response from the Al(111) and
Al(110) surfaces arises from surface morphology rather
than the intrinsic electronic structure of the Al surfaces.
These results indicate that the jellium model is a reason-
ably accurate approximation for calculating the nonlinear
response of the Al(111) and Al(110) surfaces. In the case
of the Al(100) surface, on the other hand, both the
suppression of the SH response relative to the Al(111)
and Al(110) surface, and the possible presence of a
surface-state resonance indicate that the effect of elec-
tronic band structure is more important. In order to ob-

tain more insight into the role of the lattice potential on
the electronic response, it would be interesting to adapt
self-consistent LDA calculations to a model which in-
corporates a simple lattice pseudopotential.
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