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Temperature and adsorbate dependence of the image-potential states on Cu(100)
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We report a systematic study of the dependence of image-potential states on surface temperature and

oxygen adsorption on Cu(100) using two-photon photoemission spectroscopy. The binding energy of the
n=1 image-potential state is found to be insensitive to temperature, in agreement with inverse-

photoemission measurements. In the temperature range 300—963 K, the image-peak amplitude is found
to have a weak temperature dependence. The exposure of Cu(100) to oxygen (1.5 X 10 Torr s) reduces
the intensity of the image-potential peak and causes a shift of the position of this peak toward higher ki-
netic energy by an amount comparable to the change in the work function. A technique is described for
eliminating space-charge effects, which can be a problem in pulsed-laser two-photon measurements.

Image-potential states are unique surface (actually
near-surface) states with very narrow energy widths (a
few tens of meV' ). They are bound states between the
image potential and the surface barriers. Like the hydro-
gen atom, the image-potential states from Rydberg pro-
gressions, with the n =1 state having about 0.5 —0.8 eV
binding energy for most of the metal surfaces that have
been studied. Since these image states are normally
unoccupied, inverse photoemission spectroscopy ' ' '

and two-photon photoemission spectroscopy ' have been
used to investigate these image states, although only the
latter method offers measurement resolution comparable
to the actual lifetime-limited width. Because of this reso-
lution, two-photon photoemission spectroscopy allows
the use of slight shifts in the image state to probe surface
conditions, such as surface adsorption or temperature.

Previous experiments on image-potential-state binding
energies, using inverse photoemission, ' have reported
that the binding energies are relatively insensitive to tem-
perature; that is, the state appears pinned to the vacuum
level. The purpose of this work is to investigate this ob-
servation more closely by using the high resolution avail-
able from two-photon photoelectron spectroscopy. Our
study focuses on the temperature dependence of the
Cu(100) surface, and our measurements are thus comple-
mentary to inverse photoemission experiments, although
we report a somewhat larger temperature range. An im-
portant secondary result of our work is that space-charge
effects, which are known to be an important limitation in
two-photon photoemission spectroscopy, particularly us-
ing a low-duty-cycle pulsed source, can be obviated by
simple adjustment of the optical source intensity.

In selecting a copper surface for our study, we initially
considered Cu(ill) because of its well-known resonant
enhancement using two-photon excitation. However,
this enhancement results from the excitation from a nar-
row occupied surface state just below the Fermi level EF,
thus any measurement of the temperature dependence of
the two-photon signal will reAect thermal alteration of

both the surface state and the image-potential state. !n
fact, previous observations have shown that the resonant-
ly enhanced image-state photoemission on Cu(111) is
strongly quenched at the relatively low temperature of
200 C." This temperature dependence is unexpectedly
strong since the electron wave function of the image state
is a few A outside the crystal surface. ' In order to study
the properties of image states without being affected by
surface states, we chose the Cu(100) surface in which
there is no occupied surface state just below EF so that
the image states would be populated only by nonresonant
excitation from the bulk states.

In two-photon photoemission, a photon excites an elec-
tron from the valence band to an excited state, the
image-potential state in our case, which is then ionized by
a second photon. The light source was a frequency-
doubled excimer-pumped dye laser. The intensity of the
laser beam was low enough that sample heating due to
laser irradiation was negligible. The (100) surface of
single-crystal copper (99.999%%uo purity) was chemically
cleaned before being loaded into an ultrahigh-vacuum
chamber. The sample was then sputtered and annealed
(-850 K) until a sharp (1X1) low-energy electron-
diffraction pattern appeared. The pressure in the
chamber was normally below 3X10 ' Torr, although
for the highest-temperature (-1000 K) measurements it
rose to -2X 10 Torr. For variable-temperature exper-
irnents, the sample was heated using a button heater. The
wiring of the heater and the leads were such that the
magnetic field due to the heating current was less than
-0.2 G. The sample was biased at —5 V with respect to
the electron energy analyzer in order to reduce the effect
of the stray magnetic field (-0.5 G). The electron energy
was analyzed using an electrostatic, 160' spherical-sector
energy analyzer, with a resolution of about 200 meV for
the conditions of our experiment. The analyzer was posi-
tioned normal to the sample surface and the collection
angle was 0.002 sr. A multichannel plate detector was
used to detect photoelectrons. Both the sector energy
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FIG. 1. Photoemission signal from Cu(100) with an incident
photon energy of 4.55 eV. The sample was biased at —5 V.
The inset is an expanded view of the same image-potential-state
signal. The two peaks correspond to the hydrogenic image-
potential states n = 1 and n =2, respectively.

analyzer and the multichannel plate detector were en-
closed in a p-Metal box to reduce any stray magnetic
fields.

A typical photoemission signal with exciting photon
energy 4.55 eV is shown in Fig. 1, in which the energy
distribution curve (EDC) is shifted by 5 eV due to the —5
V bias. The large peak at -5 eV is due to single-photon
photoemission from the tail of the Fermi distribution.
An expanded view of the image-potential-state signal
around 9 eV is shown in the inset of Fig. 1, where the two
peaks correspond to the hydro genic image-potential
states n = 1 and n =2, respectively, as have been seen by
Giesen et al. Shown in Fig. 2 is the temperature depen-
dence of the n =1 image-potential-peak position. It is
important to emphasize that the data in Fig. 2 were taken
with the integrated area of the first low-energy peak (see
Fig. 1} held constant by adjustment of the incident laser
flux. This step was necessary since it was found that the
image-peak position was affected not only directly by
temperature but also by the space charge created by the
large low-energy electron peak. While space charge
broadening of the EDC's has been reported by several
groups, ' ' ' there has not been a previous discussion of
the fact that the energy position of photoemission peaks
can be easily shifted due to the presence of high electron
densities in other features, a phenomenon of particular
importance in pulsed-laser photoemission experiments.
In our case, the space charge and temperature variation
shift the image-peak position in opposite directions.
However, by keeping the total number of low-energy
electrons constant, the shift due to the space charge was
kept constant, and we were able to observe the direct
variation in the peak position with temperature. A linear
fit to the data in Fig. 2 yielded the rate of change
in kinetic energy with temperature b Ex /b T
= —(2.5+0.7)X10 eV/K. The experimental uncer-
tainty was mainly due to the fluctuation in the laser flux.
According to the calculation of Herzfeld, ' the slope of
the work-function variation with temperature for Cu is
b,P/b, T= —2.5X10 eV/K. Using KEx=bf b,Eb, —
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FIG. 2. Variation of the n =1 image-potential-peak position

with temperature, with the integrated area of the low-energy

peak being kept constant.

with Eb being the binding energy of the image state, we
conclude that, within our experimental uncertainty, the
binding energy of the n =1 image-potential state is in-
sensitive to the temperature variation within the tempera-
ture range 300—715 K. In view of the fact that the avail-
able experimental data on the temperature dependence of
the work function are surprisingly scarce, it is interesting
to note that data such as that shown in Fig. 2 provide an
interesting method to measure the temperature depen-
dence of the work function on certain clean metal sur-
faces. This method is expected to have advantages over
the conventional technique of fitting the photoelectric
yield near the threshold to a Fowler plot.

In order to cross check the above measurement of the
pinning of the image state to the vacuum level, we mea-
sured the shift in the n = 1 image state after exposing the
Cu(100} surface to oxygen, since it is well known that ox-
ygen adsorption increases the work function on Cu sur-
faces, i.e., moves the vacuum level upward. Note that the
effect of oxygen adsorption on Cu(111) was studied by
Rieger, Wegehaupt, and Steinmann. ' However, in that
case, no shift in the image peak could be observed since
the resonant image-potential-state signal disappeared
upon the adsorption of oxygen (1000 L). In our experi-
ment, the exposure to the oxygen gas was done by back-
filling the chamber with research-grade 02, while the
sample was at room temperature. Shown in Fig. 3 are the
image peaks for clean and 1.5 L Oz exposed Cu(100) (1
L=10 Torr s). The image-state signal was reduced
after the exposure to Oz. A shift in the image-peak posi-
tion by -0.07 eV, towards higher kinetic energy, can be
clearly seen. Both the direction and the magnitude of the
shift are consistent with the increase of work function
after the exposure to oxygen. ' A similar shift of the
image-potential energy level after the substrate was ex-
posed to K and Cl has been reported in inverse photo-
emission experiments. '

Our temperature-dependent shift data as well as the
oxygen-adsorption data are consistent with the phase-
analysis model. ' ' ' ' According to this model, the bind-
ing energy of the n =1 image state is determined from
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FIG. 3. Image-potential-peak position before and after 1.5 L
oxygen-gas exposure.

the Bohr-like quantization condition Ps +Pc = 2m. . Here
P~ and Pc are, respectively, the phase changes of the
electron at the image potential and the surface barriers as
it is reflected back and forth between these two potential
barriers. The value of Pz is a function of the vacuum en-

ergy level E„„and the electron energy E and is given by

Pz =[(3.4 eV)/(E„„E)]' vr—m. The—value of Pc de-
pends on the energy band structure on Cu(100). Assum-
ing that the only effect of oxygen adsorption is to shift
the vacuum level upward with respect to the Fermi level,
the phase model predicts that the n =1 level shifts up-
ward by the same amount as the vacuum level does,
which is consistent with what is observed.

However, when the surface temperature is raised, a
small change occurs in the barrier at the crystal surface.
In particular, according to the measurement by Knapp
et al. , the temperature coe%cient for the bulk energy
bands of Cu is of the order of 10 eV/K. This shift in
the energy bands causes a change in Pc, the magnitude of
which is given by

Noting that l b,Ps l

=
~
b,Pc l

and that the binding energy of
the n =1 image state at room temperature is 0.55 eV, we
find that the change in binding energy is of the order of
10 eV/K, which is indeed quite small for our tempera-
ture range.

While the temperature dependence of the image-peak
position yields information about the binding energy of
the image state, the temperature dependence of the am-
plitude of the image peak provides important insight into
the dynamic properties of the image state. Since the im-

age state interacts only weakly with the crystal, one
would expect a weak temperature dependence of the

b,Pc= X10 "eV/K=5X10 rad/K .
Ex -Ex,

X4

Here we have used Ex —E, =6. 1 eV. The change inXl

binding energy is given by2(E„„E)—b(E„„E)=— — b,P~ .
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FIG. 4. Dependence of the image-potential-peak amplitude
on temperature. The laser flux was kept constant. The data
points represented by open circles were taken in the first tem-

perature cycle. The sample was then heated to —1000 K for a
few minutes before the second temperature cycle started. The
data points represented by open triangles were taken in the
second temperature cycle.

image-peak amplitude. This weak temperature depen-
dence was first observed using inverse photoemission. '

The results of our two-photon photoemission study
confirmed this observation, as can be seen from the data
shown in Fig. 4. To avoid any possible effect on the col-
lection eSciency due to the magnetic field of the heating
current, all the data points were taken when the heating
current was off. In order to discriminate between the
change due to temperature and to spurious surface
changes as a result of chemical reactions such as oxida-
tion, the temperature was cyclically varied between 300
and 1000 K. The uncertainty in the data, as indicated by
the representative error bars, is mainly due to the fluctua-
tion in laser flux. The data points represented by open
triangles were taken after the sample was heated to
—1000 K (-150 K above the annealing temperature) for
a few minutes. Apparently, some permanent change in
the surface condition occurred during the high-
temperature treatment. It is, however, interesting to note
that the temperature dependence of the image-peak am-
plitude is as weak on the modified surface as on the clean
Cu(100) surface. The modification of the surface condi-
tion could be due to (1) surface disordering or (2) the
segregation of sulfur to the surface at high temperature
(-1000 K). The first possibility, i.e., surface disordering,
was ruled out based on the observation that the Cu(100)
surface does not lose order even for temperatures as high
as 1273 K. In this connection, it would be interesting
to study image-state photoemission on a Cu(110) surface,
which was reported to exhibit strong surface disordering
at temperatures as low as -600 K. No such study has
been reported yet. The sulfur-segregation hypothesis
seems to agree with the observation that after the high-
temperature treatment the position of the image peak is
found to shift to higher kinetic energy by -0.07 eV, indi-
cating a change in the work function of the surface. Like
oxygen, the sulfur atoms that have segregated to the sur-
face are also expected to reduce the image-peak ampli-
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tude. The fact that the same weak temperature depen-
dence persisted on the sulfur-modified surface seems to
indicate that the image-state electrons are still decoupled
from this surface, even in the presence of an adsorbate
system.

In conclusion, by using two-photon photoelectron
spectroscopy, we confirmed and strengthened the obser-
vations of previous studies using inverse-photoemission
spectroscopy. The image-potential state is pinned to the
vacuum level, and the image-peak amplitude depends
very weakly on the sample temperature. A method of
measuring the temperature dependence of work function
has been suggested. This method consists of measuring
the kinetic energy of image-state photoelectrons while
keeping the space charge fixed. Both the temperature
and oxygen adsorption change the work function of
copper and consequently the kinetic energy of image-

state photoelectrons. However, whereas the temperature
does not affect the image-state peak amplitude, oxygen
adsorption drastically reduces the image-state peak am-
plitude. This same phenomena was observed on a
Cu(100) surface modified by high-temperature heating.
This modification was believed to be due to sulfur segre-
gation to the surface. These observations seem to indi-
cate that the unshielded charges on the adsorbed 0 or S
atoms act as strong scattering centers for the image-state
electrons.

Z.W. acknowledges support from Rutgers University
Research Council. B.Q., J.W. , and R.O. acknowledge
support from the Army Research Office (ARO) and the
Joint Services Electronics Program (JESP). We thank N.
V. Smith for useful conversations.

P. M. Echenique, F. Flores, and F. Sols, Phys. Rev. Lett. 55,
2348 (1985).

S. Schuppler, N. Fisher, Th. Fauster, and W. Steinmann, Appl.
Phys. A 51, 322 (1990).

W. Steinmann, Appl. Phys. A 49, 365 (1989), and references
therein.

4S. L. Hulbert, P. D. Johnson, N. G. Stoffel, W. A. Royer, and
N. V. Smith, Phys. Rev. B 31, 6815 (1985).

5A. Goldmann, V. Dose, and G. Borstel, Phys. Rev. B 32, 1971
(1985).

G. Borstel and G. Thorner, Surf. Sci. Rep. 8, 1 (1987).
7D. Straub and F. J. Himpsel, Phys. Rev. B 33, 2256 (1986).
K. Giesen, F. Hage, F. J. Himpsel, H. J. Riess, and W. Stein-

mann, Phys. Rev. B 35, 971 (1987).
R. W. Schoenlein, J. G. Fujimoto, G. L. Esley, and T. W.

Capehart, Phys. Rev. B 43, 4688 (1991).
' V. Dose, W. Altmann, A. Goldmann, V. Kolac, and J. Rogo-

zik, Phys. Rev. Lett. 52, 1919 (1983); W. Jacob, V. Dose, V.
Kolac, Th. Fauster, and A. Goldmann, Z. Phys. B 63, 459
(1986).

"K.Giesen, F. Hage, F. J. Himpsel, H. J. Riess, and W. Stein-
mann, Phys. Rev. Lett. 55, 300 (1985).
M. Wienert, S. L. Hulbert, and P. D. Johnson, Phys. Rev.
Lett. 55, 2055 (1985).

T. L. Gilton, J. P. Cowin, G. D. Kubiak, and A. V. Hamza, J.
Appl. Phys. 68, 4802 (1990).
K. Giesen, F. Hage, and W. Steinmann, Ann. Inst. Phys. Soc.
6, 446 (1984).

'5A. V. Hamza and G. D. Kubiak, J. Vac. Sci. Technol. A 8,
2687 (1990).

' K. F. Herzfeld, Phys. Rev. 35, 248 (1985).Temperature depen-
dence of work function on a selected number of metals has re-
cently been calculated by A. Kiejna [Surf. Sci. 178, 349
(1986)]. The calculated value for Cu(100) is —1.5X10 ~

eV/K.
D. Rieger, T. Wegehaupt, and W. Steinmann, Phys. Rev. Lett.
58, 1135 (1985).

SA. Spitzer and H. Luth, Surf. Sci. 118, 121 (1982).
N. V. Smith, Phys. Rev. B 32, 3549 (1985); Rep. Prog. Phys.
51, 1227 (1988).
E. G. McRae, Rev. Mod. Phys. 51, 541 (1979).
P. M. Echenique and J. B.Pendry, J. Phys. C 11,2065 (1978).
J. A. Knapp, F. J. Himpsel, A. R. Williams, and D. E. East-
man, Phys. Rev. B 19, 2844 (1979).

2 S. Thevuthasan and W. N. Unertl, Appl. Phys. A 51, 216
(1990).
D. Gorse and J. Lapujoulade, Surf. Sci. 162, 847 (1985).


