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Resonant second-harmonic generation on Cu(111)by a surface-state
to image-potential-state transition
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Dispersion measurements of second-harmonic generation from a clean Cu(111) surface show a reso-
nance feature at the second-harmonic (SH) photon energy of 4.1 eV, consistent with an image-potential-
state to surface-state transition in agreement with polarization selection rules. The sensitivity of the SH
efficiency to surface defects on Cu(111), observed by Bloch et al. [Phys. Rev. B 45, 12011 (1992}],is ex-

plained in terms of an inherent energy broadening of the surface-state wave function.

Second-harmonic (SH) generation is a powerful probe
of the electronic and structural properties of interfaces
between centrosymmetric media. ' For the vacuum-
metal interface, significant progress has been made in our
understanding of the response of simple "je11iumlike"
metals such as aluminum, for which theoretical ' and ex-
perimental work has provided much insight into the
spatial distribution of electrons at the interface and their
nonlinear optical response. However, it is well known
that most metal surfaces possess various types of intrinsic
or defect surface states as well as image-potential bound
states. These interface states should enhance the second-
order nonlinear optical susceptibility g' ' when the funda-
mental photon energy Ace, or second harmonic photon
energy 2fuu, is resonant with an electric dipole-allowed
transition. There have been several reports of surface-
state enhancement of y' ' not only on metals, but also at
semiconductor interfaces. ' ' The identification of these
states on certain metal surfaces through nonlinear optical
techniques was ambiguous, however, either because spec-
troscopic investigations were not conducted or the inter-
facial electronic properties were not known. For the
Ag(111}surface, a resonance in the SH response has been
detected near 2fico=3 8eV. ' .However, it has been
shown that this is dominated by, if not entirely due to,
enhancement of SH fields by a resonance in the linear
susceptibility y'" rather than effects intrinsic to y' '."
Perhaps the only example to date of an enhancement of
y' ' states on a metal surface is that observed on Ag(110)
where a maximum in the SH intensity at %co=1.73 eV
was assigned to a transition between intrinsic states in a
region where the linear optical properties are not disper-
sive. "

Here we present observations of a resonant enhance-
ment of g' ' from a metal by an image-potential-state to
surface-state transition. This conclusion is reached from
a systematic experimental investigation of SH generation
from a clean Cu(111) surface as a function of photon en-
ergy and crystal azimuthal orientation. Cu(111) is a good
candidate for investigating possible surface-state-induced

resonances in g' ' because the occupied and unoccupied
surface-state energies have been measured and calculat-
ed. ' ' Furthermore, in the spectral region covered
here, namely, 1.6&fico&2. 1 eV (3.2&2fito&4. 2 eV},
there are no resonances in y"'.' We also suggest that
earlier observations of the sensitivity of the SH intensity
yielded by Cu(111) at 2fico=4. 1 eV to lattice temperature
and Ar-ion surface bombardment' can be explained by a
linewidth broadening associated with electrons in surface
states scattering into bulk states, consistent with angle-
resolved photoemission measurements.

A l-cm-diam, 2-mm-thick Cu(111) sample was mount-
ed in an ultrahigh vacuum chamber (5 X10 ' Torr base
pressure} on a manipulator, which was used to vary the
azimuthal orientation of the sample. The surface was
prepared using sputtering and annealing techniques; sur-
face crystalline order and cleanliness were monitored us-
ing low-energy electron-diffraction and Auger-electron
spectroscopy. For the SH dispersion measurements, we
used a synchronously pumped mode-locked dye laser,
which produced a train of 3-ps pulses at 76 MHz with an
average power of 200-500 mW. With three different
dyes, the fundamental wavelength range 775-590 nm
(1.6&irico&2. 1 eV) could be covered. A p-polarized beam
was focused to a 40-pm-diam spot on the sample at an
angle of incidence 8 of 67', and p-polarized SH light was
detected in reflection using a photomultiplier tube and
conventional photon-counting techniques. Approximate-
ly 5%%uo of the laser beam was split off and used to generate
SH in a quartz crystal as a reference. Details of the ex-
perimental apparatus and measurement techniques are
given in Ref. 6.

Figure 1 shows the reflected SH efficiency R of the
sample as a function of wavelength obtained for two az-
imuthal orientations f of the sample. Here P is the angle
between the plane of incidence and the [1 12] axis. The
efficiency depends on f as given by

R "IX'.2g I'=
I
A +& «s(3@)I'
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FIG. 1. The p-polarized SH efficiency R of the clean Cu(111)
surface as a function of the wavelength of p-polarized funda-
mental light incident at 67. The sample temperature was 320
K. Data set {a}(A) was obtained for the maximum intensity at
azimuthal position /=0'; data set (b) (0) was taken at /=30'.
The dashed curves are guides to the eye.

for a surface with C3„symmetry. ' The P,s' is the
effective second-order nonlinear susceptibility, and A and
B are linear combinations of y',Jk tensor elements multi-
plied by angle-of-incidence-dependent Fresnel factors. '

Figure 1 shows R for /=0' where one expects
R ~

~
A+B ~, and for /=30' where R ~

~
A

~
. Thus, we

can directly derive the SH photon energy dependence of
~
A

~
and this is shown in Fig. 2. From the SH rotational

anisotropy as shown by Bloch et al. , ' the phase
difference between A and B is small ((20'), resulting in
the observed threefold modulation of the SH intensity as
a function of g. By neglecting the phase difference be-
tween A and B and removing the contribution of

~

A
~

from data set (a) in Fig. 1, we obtain the SH photon ener-

gy dependence of ~B~ which is shown in Fig. 2.
It is clear from Fig. 2 that the maximum in the SH

response near 600 nm in Fig. 1 is almost entirely due to a
resonance in the isotropic coef6cient A; the anisotropic
eoe%cient B does not offer any strong evidence for such a
feature in the energy range considered since it varies only
slowly with SH photon energy. The coeScient A con-
tains contributions from the surface susceptibility tensor
elements y' ', y' ', and y' ', the isotropic bulk quadru-
polar response, and the linear optical parameters of the
material; surface contributions to B arise from y'„'„

FIG. 2.
~
A

~
(0) and ~lB~l (&) as a function of SH photon ener-

gy. The dashed curves are guides to the eye.

terms. ' Here, the x axis lies in the crystal-surface plane
and in the plane of incidence for /=0, and the z axis is
normal to the crystal surface. Linear optical effects can
be excluded as a source of the observed SH resonance as
they contribute similarly to both A and B.' Further-
more, Bloch et al. found that during exposure of the
Cu(1 1 1) surface to oxygen, the SH intensity drops by a
factor of 10 at wavelengths in the vicinity of the reso-
nance. Therefore, the isotropic bulk electric quadrupole
contribution is relatively small at 2fuo=4. 1 eV. Finally,
the strong increase of the SH eSciency with increasing
angle of incidence 8 strongly suggests that the surface
susceptibilities g' „' and y„'', which dominate the SH
response for small e, can be neglected here. ' Thus, the
strongest candidate for the resonance at 2fuo=4. 1 eV is
the y ' tensor element.

In general the surface g' ' arises from two sources.
The first is related to a "jellium" electron contribution
and its strength and dispersion characteristics have been
widely discussed in the literature. The second is relat-
ed to electrons in true surface states, whose characteris-
tics are particular to the metal and symmetry of the sur-
face. A comparison of the experimental data with the
broad dispersion characteristics of the SH response pre-
dicted by the jellium model shows that the experimental
resonant feature is too narrow in energy to arise from this
source. We, therefore, attribute the resonantly enhanced
g' ' to transitions of electrons between surface states.
The general form of y' ' can be written as '

&I/r, /n &&nfr~fm &&m frkf1 &.
I, m, n

(2)

where r,. is the Cartesian coordinate operator, X is the
electron density, pII is the equilibrium density matrix, E„&
is the energy separation between electronic states

~

l & and
~n &, and y„& is half of the linewidth of the ~l & ~ ~n &

transition: S indicates that the following expression
should be summed over permutations of beam

I

polarization —frequency pairs.
We now consider the possible transitions which can

contribute to the observed SH generation behavior. Fig-
ure 3 shows' experimental and theoretical dispersion re-
lations E(kI) in the surface Brillouin zone for the pro-
jected bulk continuum bands, the n =1 member of a
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FIG. 3. Surface-projected band structure for Cu(111) adapted
from Ref. 15. The cross-hatched area is the projection of the
bulk band structure. The Fermi and vacuum energy levels are
indicated by Ez and EI; IS indicates the n = 1 image state while

SS indicates the Gartland-Slagsvold surface state (see text). ~
corresponds to data taken from Ref. 15.

Rydberg series of image-potential surface states (IS), and
for the surface state (SS) originally observed by Gartland
and Slagsvold. 's The s-band-edge continuum states (L, )

are approximately 4.3 eU above the Fermi level and are
too high in energy to be involved in a resonant excitation
emission with the photon energies used in these studies.
However, near the I point IS, which is pinned to the vac-
uum level, is located near the top of the band gap just
below L, By taking the average values for the work
function of Cu(111) and the binding energy of IS (from
Table I of Ref. 22) to be 4.92 and 0.82 eV, respectively,
we estimate an energy separation between IS and E& of
4.1 eV. Note that in Ref. 22, the estimated error of the
4.1-eV energy separation between IS and EJ; is +0. 15 eV.
The IS are ideally suited for second-order nonlinear opti-
cal processes. A significant population can be produced
because of their long lifetime which is a consequence of
their location outside the solid.

We now focus on the polarization selection rules for
possible transitions involving IS and various states locat-
ed at an energy of 4.1 eV below it. Consider first the sur-
face state, which exists along the I -L line in the surface
Brillouin zone. Its binding energy at I is —0.4 eV rela-
tive to the Fermi energy EF, and it disperses parabolical-
ly upward (effective mass 0.42mo) and approaches the
bulk continuum near E+ as shown in Fig. 3.' ' Gart-
land and Slagsvold' demonstrated in their photoemission
spectra that electrons in SS are excited only when the
linearly polarized light has an electric field with a com-
ponent normal to the surface. Giesen et al. identified
the transition between SS and IS as the dominant process
in two-photon photoemission using p-polarized light.
No photoemission was seen with s polarization in agree-
ment with selection rules for transitions involving these
states. The same polarization selection rules also exist
for inverse photoemission~ (in which photons are emit-
ted, and not absorbed as a photoemission) and where a

resonance is observed at 4.1 eV, corresponding to a final
state near the Fermi level. It is possible that, because of
the large efFective mass [)rno (Ref. 22)] of the n =1 im-

age potential state, and the uncertainty in its binding en-

ergy, transitions can occur between IS and SS at 4.1 eV
and satisfy conservation of k~) Finally, it is also possible
that transitions can occur between IS and the bulk bands
with sp character that are projected onto the surface.
These also satisfy the slection rules.

Jiang, Pajer, and Burstein have suggested that an ad-
ditional three-step process may contribute to y' '. An
electron in the SS exhibiting a mostly p, character makes
an E,-induced transition to a p-type continuum state L2,
where E, is the z component of the electric field. In the
second step the electron is excited to IS by E„creating
an electron and a hole in SS. In the third step the excited
electron-hole (e-h) pair recombines, emitting a photon
with an E, component. A second three-step process is
also possible. This involves an intraband transition of an
electron in L2, induced by E„creating an e-h pair in the
first step; a Lz~IS interband transition of the excited
electron induced by E„and the scattering of an electron
from SS into L2 completes the second step. Finally, the
recombination of the excited electron in IS with the excit-
ed hole in SS leads to a z-polarized SH photon.

The above processes all contribute to y' ' and their
frequency-dependent contributions will exhibit an onset
when the frequency of the SH photon corresponds to the
energy separation between IS and E~. These are the most
likely contributors to the resonance in A at 2%co=4. 1 eV.
Furthermore, these processes cannot contribute to the
anisotropic coefBcient 8 which arises from y„'„'„and the
bulk quadrupole anisotropic contribution. ' We can gain
further insight into the processes contributing to the ob-
served SH resonance by comparing our full width at half
maximum (FWHM) -200 meV of y' ' at 21m=4 leV.
with the peak widths in photoemission spectra. The reso-
nance at 4.46 eV in the Cu(111) two-photon photoelec-
tron spectrum taken at k~~

=0, which is associated with
the same n =1 Rydberg state above EF, exhibits a
FWHM of —150 meV (Fig. 2 of Ref. 24). High-
resolution angle-resolved photoemission measurements of
the SS on Cu(111) demonstrates that its peak width in-
creases from 70 meV at k~~

=0 to -200 meV near E~, a
result contrary to the usual expectations based on final-
state lifetimes. ' Kevan explained the broadening mecha-
nism by considering SS as a defect-induced state, which
interacts more strongly with the bulk states as its energy
approaches that of the bulk continuum near Ez. This
mechanism requires that the transition from surface state
to surface resonance is gradual and dependent upon the
degree to which the surface-state wave function
penetrates the bulk, a fact demonstrated powerfully by
Hulbert et al. using k-resolved inverse photoexnission
spectroscopy (cf. Ref. 15 with Fig. 3). The SS are energy
broadened because of the probability of electrons local-
ized in SS being scattered into bulk states. These scatter-
ing events cannot conserve k~~ and hence must be inelastic
or defect assisted. This explanation is consistent with the
SH efficiency of Cu(111) at 4.1 eV being sensitive to the
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density of surface defects. From Eq. (2), a defect-induced
broadening of the half-linewidths y„I or y I will lead to a
decrease in the SH efficiency, which in fact has been ob-
served by Bloch et al. after sputtering or heating of the
Cu(111) surface. '

We have shown that the observed SH resonance at 4.1

eV is due to a coupling between the SH photon and an
electronic transition between the lowest-energy image-
potential state and surface states near the Fermi level.
Further SH dispersion measurements of higher order
(n ) 1) IS combined with femtosecond pump-probe tech-

niques should provide information about the dynamics of
these states and their coupling to the crystal lattice. The
studies are of particular interest since a confined two-
dimensional electron gas can exhibit novel transport
properties.
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