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Two-dimensional electron-scattering processes on Na-dosed Cu(111):
A two-photon photoemission study

X. Y. Wang, R. Paiella, and R. M. Osgood, Jr.
Columbia Radiation Laboratory, Columbia University, New York, New York 10027

(Received 18 January 1995)

Angle-resolved two-photon photoemission was used to investigate scattering of image-state electrons
on Cu(111) at very low coverages of adsorbed Na atoms. The observed adsorption-induced broadening
and quenching of the image-state peak are attributed to weakened conservation of the parallel momen-
turn as well as interband, inelastic electron scattering. A phenomenological adsorbate scattering cross
section, which is proportional to the parallel momentum, is introduced to characterize the nonlifetime
linewidth broadening.

I. INTRODUCTION

Two-dimensional (2D) electron systems, including
those at single-crystal conducting surfaces' as well as at
numerous interfaces of interest in semiconductor de-
vices, have been the subject of considerable interest for
the last few decades. In recent years, the system of
alkali-metal adsorption on a single-crystal metal surface
has attracted much attention because of the relative sim-
plicity of its physical phenomena and ease in sample
preparation; understanding this simple system can hope-
fully guide our investigation of more complex solid inter-
faces. An interesting and analytically tractable excited-
state 2D electronic system is that of the image-potential
states on highly polarizable surfaces. These are the
bound states for an electron confined between the project-
ed band gap of a crystal and the potential of the image
charge at the surface. These states form a Rydberg series
with binding energies E„oftypically 0.85 eV below the
vacuum level because of the Coulombic nature of the im-
age barrier. While there have been several studies of im-
age states on alkali-adsorbed metal surfaces, where
alkali-induced surface states as well as image states were
observed at monolayer alkali coverages, the scattering
mechanisms of image-state electrons in such a system
have not been extensively investigated.

In this work, we present studies of the dynamics of the
2D image-state electron on a single-crystal substrate in
the presence of very low coverages ( ( —,

' ML) of alkali-
metal adatoms. In particular, we have performed an
angle-resolved, two-photon photoemission (2PPE) investi-
gation of the scattering of the n = 1 image-state electrons
by nearly ionized surface species introduced through the
adsorption of Na on Cu(111). The 2PPE technique has
proven to be a useful method for observing these nor-
mally unoccupied image states because of its high-energy
resolution. The use of angle-resolved photoemission al-
lows us to study selectively the dynamics of electrons
with a given, unique lateral velocity, unlike, for instance,
transport-measurement techniques in which the ap-
propriate parameters are averaged over a few kT about
the Fermi energy. The interaction of a 2D Fermi gas

with Coulombic scattering centers has been previously
studied in relation to semiconductor interfaces, where it
represents one of the main factors limiting electron mo-
bility. By using the angle-resolved 2PPE technique, we
can distinguish and characterize two diFerent scattering
mechanisms, i.e., the inelastic scattering, where image-
state electrons are scattered into bulk states, and the elas-
tic scattering, where nonlifetime features are encoun-
tered.

II. EXPERIMENT

In the experiment we chose to examine the n = 1 image
stage on Cu(111). The image state on this surface can be
efficiently excited from the well-known Gartland-
Slagsvold (GS) surface state located -0.4 eV below the
Fermi level. In addition, because this image state lies
near the top of the projected s-p hybridization gap at
kiI-O, the density of available unoccupied bulk states,
which can serve as Auger decay channels for the image
state, is low in its vicinity. Thus a strong photoemission
signal can be obtained using resonant 2PPE, with the GS
state as the initial state, at relatively moderate UV inten-
sities, permitting us to study the behavior of the image
state over a relatively wide range of alkali-metal cover-
age. The Cu(111) sample (99.999% purity) was mechani-
cally and chemically' polished before being loaded in the
UHV chamber, and then subjected to multiple-sputter (2
kV, 5 X 10 Torr of argon)-anneal ( ( 800 K) cycles until
a sharp low-energy electron-diffraction (LEED) pattern
was observed. The scattering centers were introduced by
depositing controlled amounts of Na onto the sample
from a well-outgassed commercial getter source (SAES,
Inc.). The chamber base pressure was typically-6. 5 X 10 "Torr during the measurements, and always( 1.0X 10 ' Torr during Na evaporation. The experi-
ments were performed with 20-ns, p-polarized laser pulses
generated from a three-stage excimer-laser-pumped tun-
able dye laser. The frequency-doubled laser pulses of
photon energy hv=4. 47 eV, which is roughly equal to
the energy of the resonant transition between the intrin-
sic surface state and the n = 1 image state, "were used to
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excite the image state on Cu(111). The intensity of the in-
cident light was kept low enough to avoid sample
heating and space-charge effects. The electron-energy-
distribution curve (EDC) was analyzed with an electro-
static, 160' spherical-sector analyzer coupled to a pair of
microchannel plates and a transient digitizer. The accep-
tance cone of the detector is about 0.002 sr, giving a
momentum resolution of -0.05 A ' for the measure-
ments presented here. The detector energy resolution
could be set as high as 60 meV. However, in practice, the
detector resolution was set at -95 meV in order to ob-
tain a good signal-to-noise ratio throughout the experi-
mental range. In the angle-resolved experiment, the in-
cidence angle of the laser pulse was fixed at 68 while the
detector was rotated with respect to the sample surface in
the incidence plane; the accuracy of this rotation was
better than +0.2'. The sample was biased —4.0 V in or-
der to help eliminate the effects of any possible stray
magnetic field and space charge.

III. RESULTS AND DISCUSSION

A typical photoemission EDC from a clean Cu(111)
surface at normal emission is shown in Fig. 1. The peak
at the low energy is due to electrons photoexcited from
the thermal tail of the Fermi distribution by one-photon
photoemission (1PPE). The peak at -3.65 eV
above the vacuum level, E„„,is due to 2PPE from the
n = 1 image state. The binding energy (relative to
E„„),Eii =0.82+0.02 eV, is calculated from (h v Ek;„), —
where E„;„is the electron kinetic energy above the vacu-
um level. Our measured value agrees well with the values
given in Refs. 11 and 12. The intrinsic linewidth of the
2PPE peak was determined by fitting the peak with a
convolution of the Lorentzian line shape for the image
state and a Gaussian response function of the electron en-
ergy analyzer. ' The Gaussian detector linewidth I „,

was set to 95 meV (FWHM), a value which was deter-
mined by a measurement of the low-energy cutoff' of the
1PPE peak. ' ' The nonlinear least-square fit of the ex-
perimental data and the deconvolution yielded an intrin-
sic FWHM of I =25+10 meV for the n =1 image state
on Cu(111), in fair agreement with the value I =16+4
meV from previously reported. ' This approach was
verified through a separate technique which measured the
n =1 peak width at different values of detector energy
resolution and then extrapolated the linewidth to zero
resolution, giving the result of 1 =20+8 meV. Interest-
ingly, the width of the n = 1 feature was found to be sen-
sitive to the quality of surface preparation.

The evolution of the image-potential peak at normal
emission under conditions of the same excitation intensi-
ty on the Cu(111) surface at Na coverages, fro mB=0 to
0= „' ML, is shown in Fig. 2. The Na deposition on
Cu(111) was monitored by the alkali-induced change in
work function. At low coverages the adsorbed atoms are
highly polarized normal to the surface, forming electric
dipoles that dramatically decrease the dipolar portion of
the bare-surface work function. The work-function
change is measured from the shift in the low-energy
cutoff of the 1PPE peak. The amount of Na coverage is
then calibrated against a previously reported' work-
function-vs-coverage curve for Na on Cu(111). These re-
sults can be verified independently by separate coverage-
dependent LEED measurements. Specifically, we ob-
served the characteristic disordered overlayer structure
throughout the low coverage range ( ~

loo ML), followed

by the gradual development of a ringlike diffraction pat-
tern at higher coverage, until finally an ordered ( —,

' X —', )

hexagonal Na adsorption structure appeared at a cover-
age of about 0.4 ML, consistent with results described in
Ref. 15.

Figure 2 shows a sharp decrease in the photoemission
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FIG. 1. A typical photoemission energy-distribution curve
(EDC) obtained at normal emission from Cu(111), excited by
laser pulses of 4.47-eV photon energy. The low-energy peak
originates from the Fermi tail through a 1PPE process, and the
sharp peak at higher energy is due to 2PPE with the n = 1 im-
age state as the intermediate state.

FIG. 2. EDC's from the n = 1 image state at normal emission
from Cu(111) in the presence of a Na adsorbate, at coverages of
0=0, ,~, ,~, and, o ML, respectively. The fit to the data
was obtained by a convolution of a gaussian and a Lorentzian
line shape as described in the text, using a nonlinear least-square
algorithm.
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intensity upon Na adsorption; in fact, at a coverage as
low as 0.012 ML, the image state appeared to be com-
pletely quenched. In addition, the image peak was
significantly broadened with Na coverage. Also note that
the energetic position of the peak does not appear to shift
with coverage, even though the work function, as mea-
sured from the low-energy cutoff of the 1PPE peak, does
decrease significantly with Na coverage, e.g., -0.35 eV
at a coverage of 0.009 ML. This result suggests that the
observed image state exists only in bare regions of the
surface where the effect of the Na-adsorption-induced di-
poles on the work function is minimal. In these regions,
the local work function' is the same as on the clean sur-
face; in contrast, the experimentally measured work func-
tion is a value averaged over a macroscopic area of the
inhomogeneously covered surface. Since image states are
energetically pinned to the vacuum level, ' photoelec-
trons from the image state are thus detected at the same
kinetic energy as from the bare surface.

In order to characterize the quenching and linewidth
broadening mechanisms shown in Fig. 2, we performed
an angle-resolved 2PPE study. First, the dispersion curve
for the image-state band was measured since information
on the effective mass of the n = 1 image state is needed
for the linewidth analysis. The angle-resolved detection
system, at a fixed bias, was first calibrated against the
well-known dispersion relation for the n =1 image state
on Cu(100). ' For bare Cu(ill), the fitting of the free-
electron-like parabolic E«„—kII curve gives an effective
mass m =(1.0+0.1)m„which is in good agreement
with other observations, ' and where Ek;„ is the detected
kinetic energy and kII is the parallel component of the
wave vector of the emitted electrons. For the case of
Na-adsorbed Cu(111) surfaces, the measurements yield
values of effective masses that are nearly the same as that
of the bare surface, except for an apparent -20% de-
crease seen in m at 0- —,

' ML. In order to simplify the
analysis described below, we have taken m *=m,
throughout the range of 0 investigated. However, we do
note in passing that a similar reduction in effective mass
has been seen for image-state electrons upon adsorption
of a monolayer of xenon or heavy organics on Ag(111); in
these cases the effect was attributed to the screening of
the interaction of the image-state electrons with the bulk
states by the adlayer. ' Further investigation of the ap-
parent reduction seen at 0- —,

' ML is planned.
The broadening of the image-state linewidth as a func-

tion of electron momentum parallel to the Cu(111) sur-
face is shown in Fig. 3 for the clean surface and for
different Na coverages. The parallel component of the
emitted electron's wave vector k

II
is given by

[2m, Ek;„/vari ]'~ sinO, where O is the detection angle rela-
tive to the surface normal. The Lorentzian natural
linewidths shown were derived based on numerical
deconvolution of the measured peak widths using the
known detector G-aussian line shape, as described earlier.
The linewidth is clearly seen to increase with kII as well as
Na coverage 0 in all cases. At a given coverage, the rela-
tion between the linewidth I and kII appears to be para-
bolic. With higher 0, the parabolic curvature becomes
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FIG. 3. The image-stage {n =1) linewidth broadening as a

function of the electron momentum parallel to the surface, kII,
on clean and Na-adsorbed Cu{111), at coverages of
8=, '. . .and, o~ ML, respectively.

steeper. The basic trend of linewidth broadening as a
function of k is similar to prior observations in the in-

II

trinsic linewidth broadening of the GS surface state,
both for the case of unintentional surface imperfections
and for dosed K-adsorbate atoms.

The contributions to the measured linewidth can be an-
alyzed as follows. First, since 2PPE involves three
levels —initial, intermediate, and final —the measured
linewidth for the process can in principle involve contri-
butions from all three states. However, recent measure-
ments' for the case of Cu(111) have shown conclusively
that this process is incoherent; that is, the two steps are
dephased with respect to each other. For this case, the
measured linewidth is independent of the initial state.
Further, because the intermediate image state is a surface
state, which lacks dispersion in the direction normal to
the surface, the contribution from the final state is ab-
sent. As a result, the linewidths measured here are
readily interpreted as those solely of the image state,
without complications from the initial and final states.

Broadening of the image-state linewidth can be attri-
buted to both lifetime and nonlifetime effects. The
lifetime-related linewidth involves the decay of image-
state electrons into empty bulk states, as well as inelastic
scattering from defects, intrinsic impurities, and inten-
tionally introduced Na scattering centers, whether neu-
tral or ionic. This reduction in lifetime has a direct im-

pact on the image peak intensity, since the image-state
electron signal is directly proportional to the average
number of electrons in the image state during the laser-
excitation pulse. Clearly, the signal intensity from the
2PPE process is also directly related to the population of
the initial surface state, which on the bare surface is fully
occupied due to its location we11 below the Fermi level.
However, an earlier experiment ' using one-photon pho-
toemission showed that the adsorption of alkali metal has
little effect on the occupancy of this surface state at low
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alkali coverages such as used here, e.g. , ( &~ ML.
Therefore, any change in the 2PPE signal intensity (in-
tegrated) for the measurements presented here can be at-
tributed solely to lifetime changes associated with the im-
age state. Thus, for example, a factor of 2 increase in life-
time broadening would then imply a factor of 2 reduction
in the measured total signal. In the case of nonlifetime
broadening, which is a result of the elastic-scattering pro-
cess, the number of electrons in the image state or the to-
tal signal from the 2PPE EDC would not vary with
changes in broadening. Therefore, it is possible, in prin-
ciple, to make an assessment and separation of the contri-
butions from the lifetime and nonlifetime mechanisms by
analyzing the reduction in signal intensity in connection
with the corresponding linewidth broadening. By numer-
ically integrating the area under the EDC's shown in Fig.
2, the relative image-state signal was found to be
S&.S2.S3.S4 =4. 1:3.0:1.5:1.0 for Na coverages of 0,

, '„and, ' ML. respectively, obtained under the
same excitation conditions (including the laser incidence
angle and intensity on the sample). The corresponding
linewidth broadening is I,:I 2.I'3:I 4=1.0:3.1:5.6:8.4 (see
Fig. 3 at k~~-0). Since any reduction in the total emis-
sion signal depends solely on the shortening of the life-
time, the contribution from inelastic scattering is approx-
imately equal to the nonlifetime contribution; each con-
tributes -50% to the total broadening for the image
state at k»»

=0.
The nonlifetime broadening comes from weakened con-

servation of momentum A'k»» caused by elastic-scattering
processes and mediated by surface defects or, alternately,
impurities. This scattering results in electron
confinement, thus mixing states of different lateral mo-
menta. As a result, photoelectrons from each scattered
image-potential state are emitted over a range of parallel
wave vectors, k»», so that a 2PPE peak detected along any
given angle is comprised of electrons over a range in en-
ergy, resulting in a nonlifetime broadening of the
linewidth. Nonlifetime broadening of a surface state has
been observed and analyzed by Kevan and Tersoff in re-
lation to angle-resolved photoemission from the GS sur-
face state on Cu(111), where the linewidth of this state
would diminish as the surface band disperses upward to-
ward Ef—if k»» was truly conserved. In fact, they ob-
served an increase in linewidth broadening as k»»

in-
creased, similar to the observations shown in Fig. 3 for
the case of image states. In their treatment, the finite
width in the momentum space, hk~», of the elastically
scattered states can be taken to be equal to the inverse
mean free path for intraband scattering.

kf,
= +/

where o. is the scattering cross section for these process-
es, 0/0 is the surface density of scattering centers, 0 the
area of the substrate surface unit mesh, and 0 the cover-
age in monolayers. This expression implicitly assumes
that scattering isotropic.

Finally, the measured linewidth must also include the
effect of detector momentum resolution Ak»»", in addition
to the consideration of its energy resolution. The total

momentum broadening to the linewidth can be written in
the notation of Ref. 20 as

r(~k„)=~(k„+~k~, /2) —~(k~~ —~k„/2)
A' kiibkii/m*, (2)

=I „.t„;,+A' k()(b,k l+b, k )(")/m ", (3)

where I &;f„;,is the contribution from inelastic-scattering
events and is lifetime related, and where Lorentzian
widths are assumed for both I &;t„;,and r(b, k~~ ). In this
expression the second term (nonlifetime related) clearly
exhibits both k»» and 0 dependence. In general, the possi-
bility that I I;f„;, is also dependent on k»» as well as 0
should be considered. Indeed, our angle-resolved data on
bare Cu(111) show that the integrated image state sig-nal

does decrease parabolically with increasing k»», indicating
that I

&1fetlme is in fact k»» dependent. This lifetime
broadening, as determined from the signal reduction in
the EDC data as a function of k»», contributes about

3
of

the total broadening shown in Fig. 3 for 0=0. However,
in the case of Na-adsorbed Cu(111), a similar analysis
shows only an insignificant lifetime broadening as a func-
tion of k»», and hence I &Ifet1me can be regarded as k»»

in-

dependent in the following analysis.
Using Eq. (3), we numerically fit the linewidth-vs-k~~

data shown in Fig. 3, using the experimental detector
momentum resolution of Ak»»" =0.05 A '. The least-
square fitting shows k»»-dependent broadening at the four
Na coverages of Fig. 3. Elastic scattering occurs both
through the controlled surface-Na species, as expressed
in Eq. (1), and through intrinsic impurity and defects un-
related to Na adsorption, denoted by the factor hk»».
Therefore, one can write

ak»» +O~/n, (4)

~here hk»» is given by the broadening at 0=0, i.e.,
k~~b k

~~

=0.4k
~~. Equation (4) can be used to obtain a Na-

induced scattering cross section o. =(83+16)Qk~~, valid
for all three Na coverages. This empirical expression in-
dicates a direct proportionality with the parallel momen-
tum for the scattering cross section of image-state elec-
trons. This result does not appear to be in accord with
conventional Coulombic scattering theory, which would
suggest that the scattering cross section should be in-
versely proportional to k»». However, the elastic-
scattering process involved here results in the mixing of
quantum states, rather than a simple Coulombic-type
scattering event, thus deviation from a Coulombic
scattering cross section may be anticipated. Note that

where b, k~~
=b,k~~". Rigorously speaking, Eq. (2) is valid

only when k»» &5k»»/2. For k»»-0, the electron lateral
kinetic energy at the detector is nonzero because of the
finite Ak»» and the measured linewidth at k»»-0 is then
given by A' (b, k~~) /2m". When all contributing factors
mentioned above are combined, an expression for the
measured linewidths, as shown in Fig. 3, is obtained for

k»» & Ak»»/2,

r=r„„„,+r(ak„)
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for k~~=0. 1 A ' and 0=5.7 A for the Cu(ill) sur-
face, we find 0 =47+9 A, which is about an order of
magnitude larger than the value found for the broadening
of one-photon EDC's from the GS surface state on K-
covered Cu(111), using angle-resolved photoemission. '

Other experiments have measured linewidth broaden-
ing effects only at normal emission. For comparison in
our experiments, at k~~-0, a nearly linear relation is
found between image-state linewidth and coverage with a
slope of about 12 eV/ML. This value is significant larger
than that reported from the 0/Ni(100) system, with a
coverage-dependent broadening of 1.2 eV/ML. ' Recent
studies of image states in the Ag/Cu(111) adsorption sys-
tem offer an interesting contrasting system. In such a
noble-metal adsorbate system, the Cu(111) n =1 image
state does not exhibit significant quenching and broaden-
ing until ~0.6-ML coverage, at which point the Ag-
induced n = 1 and 2 image states become prominent and
remain so until they dominate for 0 ~ 1 ML. The lack of
strong broadening effects in this case is in contract to the
fact that alkali-metal adsorbates give rise to particularly
strong induced-dipole moments; such a polarized adsor-
bate would be expected to be a particularly efficient
scattering center for lateral confinement and inelastic life-
time quenching.

Finally, preliminary studies have been performed on
the n =2 image state at photon energies close to the ener-
gy difference between the GS surface state and the n =2
state. The experiment shows quenching and broadening
of nearly the same magnitude as for the n =1 state. This
is not an unexpected result, since an image-state electron
in either the n =1 or 2 state is approximately an equal
average distance from a Na-induced dipole, for the low

coverages used here. In particular, for the maximum
coverage used, i.e., -0.01 ML, the average interatomic
spacing for the Na adatoms is -30 A, a value much
larger than the average distance from the surface for
n = 1 and 2 of -2 and —10 A, respectively.

IV. CONCLUSION

In summary, we have performed angle-resolved 2PPE
measurements of image-state electron scattering on a
Cu(111) surface adsorbed with Na atoms. The measure-
ments show drastic quenching and broadening effects on
the image state at very low Na dosage ( ( —,

' ML) in

comparison with other adsorption systems. The nonlife-
time linewidth broadening shows significant lateral
confinement of the image-state electrons by the intro-
duced Na scattering centers through elastic collisions.
An empirical scattering cross section is obtained and
found to be proportional to the parallel momentum of the
image-state electron. This 2PPE momentum-resolved
technique can be widely applicable to other simple inter-
face systems in studying 2D excited-state electron-
scattering mechanisms.
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