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Direct measure of surface impurity scattering by angle-resolved photoemission

S. D. Kevan
A Tk T Bell Laboratories, Murray Hil/, New Jersey 07974

(Received 14 August 1985)

High-resolution angle-resolved photoemission experiments are reported which measure the scattering

cross section o- of electrons in the zone-center surface state on Cu(111) off potassium surface impurities.
0

The value (5.2+ 2.0 A), is discussed in terms of various surface processes, and the future possibilities of
such experiments are investigated.

Small concentrations of surface impurities can lead to a
variety of interesting chemical and physical effects, includ-

ing catalytic enhancement and poisoning, large surface di-

poles, and changes in electronic and elastic properties. A

microscopic characterization of their effect on the substrate
electronic structure is thus of considerable fundamental and
practical interest. These high-resolution angle-resolved pho-
toemission (ARP) experiments describe a direct measure of
the scattering cross section of electrons bound in the zone-
center surface state on Cu(111) off trace potassium surface
impurities. The result indicates that the electronic structure
is strongly perturbed over a range of = 5 A.

The approach adopted views the surface as a dilute al-

loy. ' The impurities act as scattering centers, and endow
the substrate valence electrons with a mean free path A,

given by

k= fio/c(r

where 00 is the unit-cell area, c is the impurity concentra-
tion, and o- is the impurity-scattering cross section which
has dimensions of length for scattering in two dimensions.
These scattering events render the parallel crystal momen-
tum of the surface-state electrons ill defined on a scale of

(2)

producing a scattering-induced inverse lifetime I, of

It is assumed in this simple system that the scattering is iso-
tropic and elastic, so that

I, = u )) 5k 0 = v )( c o./ II p (4)

The surface state under consideration disperses parabolically
about the center of the surface Brillouin zone with a nearly
isotropic effective mass of m'= (0.42+0.01)m, ." This
yields directly

0
u(( ——16.5k )( ev/A

A relatively small amount of momentum broadening (e.g. ,
0.01 A ') yields an energy width I, at kF ——0.22 A ' which
is easily measurable with currently available instrumenta-
tion.

The accuracy of these experiments is ultimately limited by
both experimental and fundamental factors. Clearly, the
value of dko cannot be determined much more accurately
than the experimental momentum resolution hk, . This
problem is exacerbated by the need to work in the dilute
limit to avoid interactions between scatterers. The approach

adopted here is effectively to measure the linewidth as a

function of 4k, and to extrapolate to zero to yield an esti-
mate of hko for a particu1ar surface preparation. " The ef-
fect of the experimental energy resolution hE, is generally

less severe since this contribution can be made fairly small

and its effect on the observed width is constant. The funda-
mental limitation on these measurements is due to the con-
tribution from the ARP final-state hole inverse lifetime
I I, .' The observed linewidth is a convolution of these
various contributions, and extraction of any one is difficult
in the general case. By extrapolating results to the Fermi
level E~, the contribution from 1 ~ can be made zero, ' and

the value of cr at EF can be measured.
The procedure is as follows. The width I is measured as

a function of k ~~. Assuming additive widths,

I (k~~ ) = I g(k ~~ ) + 16 Sk~~kkp + AE

The slope of these data at kF yields an estimate of Ak~~ con-
taining both experimental and surface-preparation-depen-
dent contributions. Extrapolating to zero experimental
momentum resolution yields 4ko. Finally, this is repeated
over a range of impurity concentrations, and a plat of hko
against concentration yields o. from Eqs. (1) and (2). In
principle, a value for 0- can be extracted from the decrease
in the surface-state emission intensity rather than from the
increasing linewidth. In the dilute limit used here, however,
the intensity does not vary significantly, and observation of
the linewidth is a more sensitive probe.

Experiments were performed at the National Synchrotron
Light Source at Brookhaven National Laboratory. The
toroidal grating monochromator and photoemission spec-
trometer have been described elsewhere. " In these experi-
ments, the energy resolution was fixed as —50 meV, while

the momentum resolution was varied between +0.006 and
+ 0.018 A '. The quality of the extrapolations explained

earlier yield an accuracy of 0.005 A in determining hko.
The Cu(111) crystal was spark cut and mechanically pol-

ished to within
&

of the [111] axis. Electropolishing

yielded a lustrous surface finish with a small concentration
of pits estimated to cover less than 1o/o of the surface. Fol-
lowing insertion into the vacuum system and cleaning by
standard treatments, an excellent surface was obtained as
determined by low-energy electron diffraction, Auger elec-
tron spectroscopy, and the ARP results below. Potassium
was deposited from a getter source. ' Surface coverages
were measured by determining work-function changes. "'
While relative coverages of 0%—2% of a monolayer could be
measured quite accurately by this technique, uncertainties in

the absolute calibration yield an uncertainty of =10'/o in

33 4364 19&6 The American Physical Society



RE OF SURFACCE IMPURITYC SCATTERING . , 436S

Cu ( I I I )

"Ii = G. I5
~~ =IeeV

Cu (III) +K
h~ = IeeV

0.0 I 7

200

Z
O
lA
V)

4J
O

Ox
CL

0.0 I I

0 006

0 003

F
x.'

Ci

ISO—
4J
CL

0.000

0.5
I

BINDING EN
EF

ERG' (eV)

FIG. 1. ARP ener
'

ionenergy distributionion curves ofof the Cu(111)16, k = . or variou s surface co
I surface

coverages of

IOO = ~ eg =0 000
e eg =0005
+ 8K =O.OI I

& 8K =0.017

50
0

I

O. I

I

0.2
the value of
u nder the c

o cr. This
'

urrent con
is smaller th han oth

Figure 1

nstraints.
her contribu

shows ARP
u(ill) s

ener
*

h i utions

g ion c eso h

coverages. In a

t e
or variou

us result
us

g g
~ y

ra '
in ucedb t

o the

k 1 b dadens by nearlr y a factor

here.
h

is is the

II ~s unct g

curves
mportantle . More i

e as the potassium

o nce se
pes of these

uree 3 sho~s th
, to zero

s ese res
o, a value f

y with c
o 0 s extracted For Ako i

n

~ ata are rea
unction of

ig-

sonab~~ ~ ~~
t'

and (2), th

cover-

scatterin
'

g cross sec-

s energies of 6—-s ate e
ere acc

momen

with no s
ate scat

systematic
ttering as the

ential is of th
o the

asslun1 co
one

uted to residu
th

e i ficulty
o potassium d cpo-

served linewidth as .s 'nok f
t A

—
a

~ —I

a momentum reso-

Cu (III) + K

~ hv= l2eV

002—

O

Cl

O.OI—

0 IE

0
I

O.O I

I

FIG. 3. M

8K (MONOLAYFR
0.02

1 f t of
t e surface band

coverage.
at the Fermi



4366 S. D. KEVAN

sition. Improvements in this respect along with improving
the momentum resolution by a factor of 5—10 will allow a
very precise measure of o-. Interesting correlations between
cr and other observabtes (heat of adsorption, ionic radii,
surface dipole, etc.) could then be drawn.

The data in Fig. 2 suggest that the scattering cross section
is momentum dependent, increasing at lower k ~~. This
~ould be roughly in accord with continuum scattering
theory. ' ' There is, ho~ever, an experimental difficulty in
this analysis. The binding energy increases with increasing
coverage so that the hole inverse lifetime I ~ is coverage
dependent. Much of the increase in the observed width
near I can be explained without assuming a strongly
momentum-dependent cross section. The scattering process
involved here is probably not well described by simple con-
tinuum scattering theories since these are not truly continu-
um states and there is no reason to neglect the possibility of
scattering from the two-dimensional surface state into the
three-dimensional bulk continuum. A more complete
theory of chemisorption in the dilute limit might shed light
on these questions. The slightly asymmetric peak shapes
observed in Fig. l suggest inelastic scattering processes. A
large part of the asymmetry, ho~ever, is due to the proxim-
ity of the Fermi level and of a weak, but persistent density-

of-states feature from bands near the L, , point of the bulk

band structure. While inelastic processes cannot at present
be ruled out, they appear to be of lesser importance than
elastic scattering events.

Further experiments might probe other surface impurities.
The advantages of the alkali metals lie in their tendency to
spread randomly across the surface rather than forming is-
lands, and the high sensitivity of work-function measure-
ments to coverage. Other more weakly adsorbed impurities
will require low-temperature adsorption to defeat the ten-
dency to form clusters.

In summary, these ARP results have demonstrated a nov-
el approach to measuring surface impurity scattering cross
sections. The resuits for the K/Cu(111) system are in line
with expectations of a metallic system. Future experiments
will focus on even higher-resolution studies of more con-
sistently prepared surfaces.

This research was carried out in part at the National Syn-
chrotron Light Source, Brookhaven National Laboratory,
which is supported by the U.S. Department of Energy,
Division of Materials Sciences and Division of Chemical
Sciences.
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