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High-resolution photoemission study of the electronic structure of the noble-metal (111)surfaces
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High-resolution angle-resolved photoemission studies of the (111) surfaces of copper, silver, and

gold are reported which investigate in detail the properties of the intrinsic surface states located in

the projected sp-band gaps at the center of the surface Brillouin zones. Accurate two-dimensional

energy dispersion relations are reported for each surface state and are quantified in terms of
effective masses at the surface Brillouin-zone center. The masses for the three metals are found to
be remarkably similar when normalized to the effective mass of the lower edge of the bulk contin-
uum. The decay length of the surface state wave function into the surface was determined for all

three surfaces. These results are expressed in terms of an effective mass of the complex dispersion
relation within the projected band gap. In accord with our previous results on the copper state,
these effective masses are found to be anomalously large by approximately a factor of 2 relative to
expectations based on effective mass theory coupled to first-principles bulk band calculations. An
explanation of this anomaly involving the nonorthogonality of effective-mass-theory-derived states
is explored. All experimental results are compared to the predictions of recent self-consistent sur-
face electronic structure calculations for these surfaces.

I. INTRODUCTION

The accurate characterization and fundamental under-
standing of nominally clean surface electronic structure
is a subject of significant current interest due to the
variety of surface processes which it governs. ' The
evolution of precise high-resolution angle-resolved pho-
toemission (ARP) experiments complemented by sophis-
ticated self-consistent codes for surface electronic struc-
ture calculations is providing a growing data base from
which one can evaluate the current understanding in the
field. ' Of central importance in these comparisons is
the characterization of intrinsic electronic surface states
existing on nominally clean surfaces.

From a global point of view, a surface state can be
viewed as a localized eigenstate which is associated with
a macroscopic defect; the surface. The ability to prepare
clean and ordered surfaces with a high degree of repro-
ducibility allows detailed studies which are not presently
possible on other types of defects. For instance, one can
easily perturb a surface state in a controlled fashion by
adding small quantities of surface contaminants, thereby
varying the potential in the dipole layer and adding iso-
lated scattering centers. ' In addition, under optimal
circumstances, the decay of the surface state wave func-
tion into and its interaction with the bulk can be isolated
for study. Finally, the interplay of surface electronic
and geometric structures can be probed with a degree of
sophistication which cannot be attained for other types
of defects.

The purpose of the experiments described here was to
characterize as accurately as possible the intrinsic sur-
face states localized in the projected sp-band gaps of the
noble-metal (111) surfaces using the high-resolution
angle-resolved photoemission technique. These states
have been observed and characterized by several previ-
ous studies. ' However, no high-resolution studies of

the silver and gold surface states exist, and precise and
reliable experimental data are lacking. Recent self-
consistent surface electronic structure calculations of
Ag(111) (Ref. 19) and Au(111) (Ref. 20) can be effectively
compared to new ARP experiments. In addition, these
two surfaces are qualitatively similar to the better-
studied Cu(111) surface for which several calculations
exist which are in excellent accord with experiment. '

Characterization of the systematic similarities and
differences in intrinsic surface state properties such as
energy dispersion relation and characteristics of the sur-
face state wave function is thus a useful endeavor.

In particular, recent experiments on Al(111) and
Cu(111) have demonstrated the ability of ARP to mea-
sure the surface state evanescent decay lengths into the
bulk. ' ' The decay length for the Cu(ill) surface
state was found to be anomalously short relative to the
predictions of simple nearly-free-electron and effective-
mass theories. Similar studies have also been reported
to measure the decay length of the Ag(111) state, ' '' but
have been interpreted to draw significantly different con-
clusions. This disparity will be examined more closely
below. If our results are generalized, they would ulti-
mately affect the predictions of simple theories for a
variety of solid-state phenomena, including interband
tunneling, metal-insulator transitions, and the sizes of
excitonic states. Increasing the number of systems for
which such measurements have been performed will help
in obtaining a complete understanding of these phenom-
ena. In the present study we have found that the states
on Ag(111) and Au(111) have bulk penetration lengths
which are also anomalously short, as in copper. A sim-
ple explanation is proposed which questions the accura-
cy of effective-mass theory in predicting these evanescent
decay lengths due to the introduction of an overcom-
plete basis set and the consequent inability to ensure
orthogonality between the defect state and the bulk
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states which are nearby in energy.
Finally, the Au(111) surface is known to reconstruct

to form a large unit cell. There has been specula-
tion that this reconstruction might be the result of a
charge-density-wave instability. Accurate studies of
the two-dimensional Fermi surface will shed light on this
matter.

The outline of this paper is as follows. Section II
discusses the experimental details. Section III presents
various experimental ARP results which allow a charac-
terization of the surface electronic structure of these sur-
faces. Section IV discusses the results and extracts the
information outlined earlier, and Sec. V summarizes our
conclusions in re1ation to generalized gap states.

II. EXPERIMENTAL PROCEDURES
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Single-crystal discs were spark cut to within +0.5 of
the [111] axial orientation and polished by standard
metallographic techniques to 0.05 pm smoothness. Be-
fore insertion into the photoemission spectrometer, each
crystal was electropolished as described in Tegart.
After a few cycles of neon-ion bombardment (10 A/cm,
0.5 kV, 20 min) and annealing (typically 500 C, 5 min),
excellent low-energy electron diffraction patterns were
obtained. For Au(111), at some primary energies, a six-
fold splitting of the integral order beams was apparent,
indicating the presence of the large-scale reconstruction
observed previously. Auger electron spectroscopy
showed no significant surface contamination, and the
crystal surfaces were observed to be stable for long
periods of time at the base pressure of typically
1 —2 & 10 ' torr.

Photoemission experiments were performed on the ul-
traviolet ring at the National Synchrotron Light Source
at Brookhaven National Laboratory. The 6-m toroidal
grating monochromator and the high-resolution electron
spectrometer have been described previously. ' ' The
combined energy resolution was &60 meV below 25 eV
photon energy and & 100 meV at higher energies. The
angular resolution was typically 1.0', full width at half
maximum.

III. EXPERIMENTAL RESULTS

A. Identification of surface states

Experimental results for the Cu(111) surface have been
reported earlier, ' ' so we concentrate here on new data
collected from Ag(111) and Au(111). ARP energy distri-
bution curves (EDC's) of the Ag(111) valence band col-
lected at emission normal to the surface are shown in
Fig. 1 for 32 eV &hv&65 eV. The d-band region, be-
tween 4 and 8 eV binding energy, is characterized by
several features whose energetic positions can be related
to the bulk silver electronic structure. Above and below
the d bands, at binding energies of 0.12+0.01 eV and
7.2+0.1 eV are two features which resonate in intensity
near h v =45 eV and h v = 51 eV, respectively. The
feature near the Fermi energy EF does not disperse as
the photon energy is varied, and has previously been
identified in studies at lower photon energies as an in-
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FIG. 1. Angle-resolved photoemission energy distribution
curves collected at normal emission from an Ag(111) surface
for photon energies between 32 and 65 eV. The light is p po-
larized at an incidence angle of 60 in the I LUX plane of the
bulk Brillouin zone. The sharp feature near the Fermi level
which maximizes in intensity relative to the silver d bands be-
tween 4 and 8 eV binding energy at a photon energy near 45
eV is the intrinsic surface state under consideration located in

the projected sp band gap at I .

trinsic surface state located in the projected sp-band gap
along the I ~L line of the bulk silver band struc-
ture. ' ' This surface state is seen to possess a very
narrow energy width. Our observed linewidth of 70—80
meV is significantly less than observed previously due to
our improved resolution. Moreover, this width is dom-
inated by the experimental resolution. The natural
linewidth is very likely less than 50 meV. This observa-
tion calls into question the conclusions concerning the
anomalous broadening of this state from inverse photo-
emission studies reported elsewhere. The resonance in
intensity observed in Fig. 1 is similar to that observed on
Cu(111) at a photon energy near 70 eV. ' ' The reasons
for the observed shift in photon energy at which the in-
tensity maximizes will be explored shortly. 'While the
state's sensitivity to contamination was not tested due to
the inert nature of this surface, there is little doubt that
the feature observed near EF in Fig. 1 is indeed the same
intrinsic surface state observed previously at lower pho-
ton energy.

The same degree of certainty cannot be maintained for
the feature lying below the d bands resonating near
hv=51 eV. Its behavior is qualitatively similar to that
observed for a similar feature on Cu(111) labeled S3 in
Ref. 14 which was identified as a surface state existing in
the sd projected gap along I ~L. %'hile that assign-
ment was subsequently questioned, it was later shown
that the observed state's binding energy is clearly in the
gap, and that the intensity cannot arise simply from in-
direct transitions from band 1 near the L point of the
bulk band structure. ' The energy of band 1 at the L
point of the silver band structure has not been measured
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by photoemission accurately enough for similar
confirmation in this case. A recent calculation of the
Ag(111) surface electronic structure does not predict this
state. ' Further experimental and theoretical treatment
of the sd state will be required to determine whether this
state on Ag(111) is an intrinsic surface state or not. For
now, we focus our attention on the state above the d
bands.

The results for Au(111) shown in Fig. 2 for 32 eV
& h v & 67.5 eV are similar to those shown in Fig. 1 for
Ag(111). The high-lying surface state is observed at a
binding energy of 0.41+0.01 eV, in accord with previous
observations. ' ' ' This state on the gold surface is
easily observable over a broader range of photon energy
than the analogous state on silver, being clearly visible
from threshold to h v~ 120 eV and resonating near 43
eV. The low-lying state in gold appears at a binding en-
ergy of 7.8+0. 1 eV. A recent calculation for this sur-

face predicts a well-defined surface state at a binding en-
ergy of -7.0 eV. As was the case in silver, however, it
is at present dificult to ascertain whether or not this
state near the sd projected band gap is indeed an intrin-
sic surface state.

B. Dispersion relations

Figures 3 and 4 show expanded EDC's of the high-
lying sp surface state on Ag(111) and Au(111), respec-
tively, as a function of emission angle measured from the
normal. A parabolic dispersion, symmetric about the
normal, is evident in each case, in accord with previous
results on Cu(111) and Au(111). " The close proxim-
ity of the state on Ag(ill) to the Fermi level has made
an accurate and reliable determination of its energy
dispersion relation in the past very dificult. An earlier
study, for instance, detected very little dispersion at all. '

This result was later used to draw conclusions about
anomalous broadening of this state due to its close prox-
imity to the bulk continuum. The higher resolution
used in collecting the data shown in Fig. 3 shows very
clearly the parabolic dispersion and associated Fermi
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FIG. 2. Angle-resolved photoemission energy distribution

curves collected at normal emission from an Au(111) surface
for photon energies between 30 and 67.5 eV. The light is p po-
larized at an incidence angle of 60' in the I LUX plane of the
bulk Brillouin zone. The sharp feature near the Fermi level
(EF ) which maximizes in intensity relative to the gold d bands
between 2 and 6 eV binding energy at a photon energy near 43
eV is the intrinsic surface state under investigation located in
the projected sp band gap at I .
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FIG. 3. High-resolution angle-resolved photoemission ener-
gy distribution curves of the Ag(111) sp surface state as a func-
tion of emission angle at a photon energy of 13 eV. The light
is p polarized at an incidence angle of 60 in the I LUX plane
of the bulk Brillouin zone. Electrons are collected in the same
plane. Note the parabolic dispersion about normal emission,
shown graphically in Fig. 5.
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TABLE I. Summary of results for sp surface states on the (111)noble-metal surfaces.

Expt.
CU(111)

Calc. ' Expt.
Ag(111)

Calc. b Expt.
AU(111)

Calc. '

Eo (eV)
m, /m,
Eg (eV)
m, /mq
kF (A )

c, (eV)
m */m,
A,, (A)

'Reference 18.
Reference 16.

'Reference 17.

0.39(1)
0.46(1)
0.82(3)
1.48(2)
0.217(5)
0.41(4)
0.58(8)
4.0(1.0)

0.58
0.37
1 ~ 12
1.2
0.24
0.54

4.5

0.12(1)
0.53(1)
0.30(2)
1.56(2)
0.129(5)
0.18(2)
0.28(6)
8.7(1.5)

0.19
0.24
0.43
1.3
0.11
0.24

0.41(1)
0.28(1)
0.90(3)
1.35(2)
0.173(5)
0.49(4)
0.34(6)
5.0( 1.0)

0.26
0.17
0.96
F 1
0.11
0.70

the bulk Fermi surface, measured to be 0.257, 0.165, and
0.216- A ' for copper, silver, and gold, respectively.
The energy of the edge of the continuum at the center of
the surface Brillouin zone corresponds to the L 6 point
of the relativistic bulk band structures. The energies of
these points for the noble metals have been difficult to
calculate exactly from first principles in the past. We
have estimated them using the following method: a
combined interpolation scheme was used to calculate
the edge of the bulk continuum. kF was then fixed at
the momentum corresponding to the measured Fermi
wave vectors, and the value of the L 6 points relative to
the Fermi energy EF were thus deduced. The rms ener-

gy uncertainty of +0.2 eV in the interpolation calcula-
tion is largely canceled by this procedure. Since the cur-
vature of the calculated band is expected to be accurate-
ly reproduced, we expect our estimates of the band ener-
gies at L6 relative to Ez to be very accurate. The ener-
gies at the bottom of the continua thus deduced are
shown for the three metals in the third row of Table I.
These values are in excellent accord with those derived
from a variety of optical measurements. The value for
Cu(111) can, in addition, be checked with an accurate
value determined by ARP measurements, and is within
the experimental uncertainty of +0.03 eV. ' ' The
value derived for Ag(111) is predicted to be accurate to
within +0.02 eV since the extrapolation from the Fermi
surface data in that case is very small. In the previous
studies which attempted to determine the decay length
of the surface state on Ag(111),' ' a much smaller value
of the energy splitting was derived. Both this splitting
and the measured decay length are contradicted by the
results reported here.

It is interesting to note that the Fermi velocities in-
ferred from our procedure are different from those de-
rived experimentally from the Fermi surface and cy-
clotron resonance data since our analysis neglects any
velocity enhancements due to electron-phonon coupling
effects.

In all three metals, as determined previously, ' the
surface state dispersion relations below the Fermi energy
lie entirely within the projected band gaps, implying that
these are true surface states at these energies. In addi-
tion, the ratios of effective masses for the surface state

dispersion relations to those of the edges of the respec-
tive bulk continua are remarkably constant, as shown in
the fourth row of the table. A similar correspondence
has been observed previously between sp states on
Cu(111) and Cu(011). The slight discrepancy between
the value shown in Table I for Cu(111) and that quoted
in Ref. 34 is due to the more precise estimate of the
mass of the edge of the bulk continuum used here. The
mechanisms which give rise to these states are all rather
similar, and their existence and properties can be pre-
dicted within the framework of simple phase analysis
models. ' The similarity of these ratios further indi-
cates the similarities among these states, and lends
credence to the idea that the surface state effective mass
parallel to the surface is largely determined by that of a
near by bulk continuum.

C. Surface-state intensity oscillations

The intensity oscillations observed in Figs. 1 and 2 for
both the low- and high-lying states are similar to those
observed in a wide variety of simple systems. '

These have been analyzed to yield simple information
concerning the bulk penetration length and oscillation
frequency of the surface state's wave function. It will be
shown in Sec. IV that these measurements are interest-
ing both from the point of view of surface electronic
structure as well as of the behavior of generalized defect
states located in band gaps.

The integrated intensities of the high-lying surface
states on the three surfaces normalized to the total
respective valence-band intensities are plotted in Fig. 7
as a function of final-state momentum normal to the sur-
face, k&, in units of the relevant L-point zone boundary

0
momentum. The value of kI in A ' is derived from a
parametrized free-electron final state:

kI ——0.512[(E~—Vo)mg]'i

where Ez and Vo are the kinetic energy and the inner
potential in eV, respectively, and m~ is the final-state
effective mass relative to the free electron mass. Over
the relatively narrow momentum range shown in Fig. 7,
the choice of the two parameters, m~ and Vo, is not
unique. Without significant loss of accuracy, we fix Vo
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were within 0.7 eV of the experimental result. This is in
general agreement with our findings here and, by impli-
cation, on those on the d-like surface state on Ag(001).
The conclusion to be drawn from these observations is
that the surface states and the bulk states utilize the
same final state in exiting the crystal, and that this state
has a dispersion relation which can be parametrized by
an effective mass 10—15 % heavier than the free electron
mass.

The reasons for these apparently heavier final states
may be related to the distinct f-like resonances observed
at 20—25 eV above the Fermi level in silver and gold
near the center of the bulk Brillouin zone. Relativ-
istic effects will tend to pull this higher angular momen-
tum level down in energy, which might result in a higher
observed effective mass in the final state. Since this reso-
nance is not present in the copper band structure, one
would expect a final-state effective mass in copper dis-
tinct from that observed in silver and gold and nearly
equal to the observed value of the free electron mass.
Further theoretical work will be required to clarify this
point.

FICx. 7. Intensity of the sp surface states on the copper,
silver, and gold surfaces as a function of final-state momentum
normal to the surface. As explained in the text, these data
must maximize near an I. point of the bulk band structure.
The point labeled U in the silver data indicates the contribu-
tion to the surface-state intensity arising from an umklapp pro-
cess. Solid curves are a fit to the model explained in the text.

to be the energy of the bottom of the bulk band struc-
ture, and m& was adjusted to make our results maximize
at I., as they must on general grounds (see Sec. IV). '

The curves in Fig. 7 will be discussed in Sec. EV B.
The derived values of m~ were 1.00, 1.12, and 1.14 for

Cu, Ag, and Au, respectively, relative to the free elec-
tron mass m, . The final-state dispersion relation is pro-
gressively heavier in this sequence. Using a value of
m~ ——m, for Ag or Au either shifts the maximum away
from L, or requires an inner potential of Vo ——20 eV,
both of which are unphysical. Moreover, a previous in-
vestigation of d-like surface states on Cu(001) and
Ag(001) yielded final masses which were within experi-
mental error of those reported here. Apparently, this
heavier final mass is a general phenomenon in silver and
gold.

The energies of the final-state bands in gold have been
the subject of some controversy in the past. The heavier
mass we observe is in approximate accord with bulk
band calculations, for which the unoccupied bands can
be fitted with an effective mass 10—15% heavier than
the free electron bands. In addition, a heavy
parametrized final state has been used with some success
in earlier ARP studies to evaluate the bulk dispersion re-
lations along I ~I for silver, gold, and platinum at
lower photon energy. " ' Other ARP experiments
found the unoccupied bands significantly higher than the
calculation showed. ' The most recent and probably
most accurate ARP study, however, found that the cal-
culated bands at energies 20 eV above the Fermi level

IV. DISCUSSION

A. Au(111) two-dimensional Fermi surface

From the values of m, and Eo in Table I, the Fermi
wave vectors kz for these parabolic surface state disper-
sion relations can be determined very precisely. These
are shown in the fifth row of the table. Most of the un-
certainty in kz comes from accurately placing the Fermi
level in Fig. 3 relative to Eo. For Au(111) the value of
kF was measured in a series of azimuths between the
I ~M and I ~K lines of the surface Brillouin zone,
and was found to be azimuthally isotropic to within
+0.002 A . This is consistent with the isotropy ob-
served in the neck radius for the bulk Fermi surfaces of
these metals. Since this sp state on all three surfaces is
the only intrinsic surface state crossing the Fermi level,
the two-dimensional Fermi surface is simply a circle of
radius kF.

The large scale reconstruction on this surface has re-
cently been indexed with unit cell dimensions of
23)&&3. The value of kF and the azimuthal isotropy
of the Fermi surface imply that this state is not involved
in driving the reconstruction, and that some mechanism
other than a Fermi surface instability must be operative.

B. Bulk penetration and complex dispersion relation

The treatment of the surface state intensity oscilla-
tions began with the pioneering work of Louie et al. ,

'

and concerned the very same zone-center state on
Cu(111) considered here. That treatment was based on a
simple tight-binding analysis. Later work on Al(111)
was based on a nearly-free-electron (NFE) model. For
the high-lying sp surface states considered here, the NFE
expansion is more appropriate since these states exist in
gaps opened by zone-boundary hybridization and are
thus described to a fairly good approximation as Shock-
ley states. ' In addition, a simple phase analysis mod-
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el based on the NFE formalism predicts the existence
and energies of these states fairly well. ' The analysis
and model used to treat the data from Au(111) and
Ag(111) in Fig. 7 was used previously to treat data from
Cu(111) and is based on an extension of the NFE model
using effective mass theory. ' The recent similar work
on Ag(111) (Ref. 18) utilized a similar yet somewhat
more general and model-independent treatment of the
oscillations. Fundamentally, the approximations made
were similar to those made here, and the derived values
of decay lengths are independent of model, to within the
experimental uncertainty.

I. Qualitative observations

It is useful at this point to consider the general behav-
ior of electronic surface states existing in a projected
band gap. The component of momentum of such a state
parallel to the surface, k~~, is a good quantum number,
while the component normal to the surface is complex:
kz ——p+iq. The real part, p, is given by the momentum
of the nearest bulk band on quite general grounds. In
the present case p is simply kL, the L-point momentum
of the bulk band structure. The various lobes of the os-
cillatory decaying surface state wave function emit in
phase with one another when the final-state momentum
normal to the surface differs from kI by a bulk recipro-
cal lattice vector. Thus the ARP intensity maximizes at
an L point in the extended zone scheme, as observed in
Fig. 7. In this sense our measurements are most directly
sensitive to p, and indirectly to mI. As mentioned previ-
ously, there must be some fundamental mechanism
which produces an anomalously large value of the pa-
rameter m&.

The imaginary part of k~, q, is just the inverse of the
bulk evanescent decay length for the surface state wave
function. If this length is very long, then the frequency
spectrum of the state is narrow and the state is observed
over a correspondingly narrow range of final-state mo-
menta. Thus the widths of the intensity distributions
shown in Fig. 7 are inversely related to the decay length
of the state. Qualitatively, the less the splitting of the
state from the bulk continuum, c„ the less strongly the
state is damped and the longer is its decay length. As
the splitting vanishes, the surface state becomes indistin-
guishable from the bulk state at the band edge, and the
bulk is penetrated with infinite decay length. The split-
ting for silver shown in the sixth row of Table I is
significantly less than that of copper and gold, and the
observed intensity distribution is significantly narrower.

These simple ideas are the basis of a complex band
structure, e, (q), which is a measure of the inverse decay
length relative to the energy splitting of a surface or de-
fect state from the bulk continuum. As explained above,
the point q=O on this dispersion relation occurs at
c., =0. In addition, the curve must be symmetric about
q=O in systems with a center of inversion, so that the
leading term of the complex dispersion relation at small
q is quite generally given by

e, (q)=3.81q /I',

0
with c, in eV and q in A, and where m is an effective
mass. Using effective-mass theory, it is straightforward
to predict that I ' will be asymtotically equal in rnagni-
tude but opposite in sign to the effective mass of the
bulk band nearest in energy to the surface state, taken
normal to the surface. In the noble Inetals, the bulk
band structure forms a saddle point at L, with the
effective mass parallel to the surface nearly isotropic and
positive, and with that perpendicular to the surface neg-
ative. In what follows, m* is taken as a free parameter
to be derived from the experixnental data in Fig. 7 and
compared to this simple prediction from effective-mass
theory using the effective masses normal to the surface
taken from first principles band calculations. The previ-
ous paper Cu(111) derived an effective mass which was
anomalously large by a factor of more than 2. Our
purpose here is to determine whether this effect persists
on Ag(111) and Au(111).

2. Modei for surface state intensi-ty

The NFE model for surface state intensity oscillations,
elaborated in its simplest form previously for Al(111),
is applicable to the present case as well. However, the
much larger lattice potentials and band gaps involved in
the noble metals relative to aluminum suggest some im-
provements. As first suggested by Louie, ' the surface
state wave function 4& is expanded in terms of those of
the bulk bands %z of band index n:

%s ——g a(n, k)%s(n, k) .
n, k

Since k~~ is a good quantum number for the surface state,
those bulk states at the appropriate k~~ (zero in this zone
center case) are projected in the sum, leaving the sum
over kz and n only. The surface state intensity I& at an
energy corresponding to the final state (k&

~

is given by
Fermi's golden rule:

Is —
I (kI I

A p I
+s) I

— g (k~
~

A.p~ +,(n, k, ))a(n, k, )
'

n, k

g Mtt(n, kz)a(n, k~)5(kf kJ Cx)
n, k

g Mtt(n, kI Ci)a(n, kI——Ci)
n, G

The final two steps rely on direct momentum conserving
transitions between bulk bands governed by momentum
matrix elements M (ne, k~ —G). ' This is an approxi-
mation which will be considered shortly. These results
are analogous to the geometric structure factor and the
unit cell form factors introduced by Hsieh et al. ' Nor-
mally, the primary Mahan cone dominates and only
one reciprocal lattice vector G contributes. In the
analysis for Ag(111) below, we have found an exception
to this expectation.

In the spirit of the effective-mass-theory-modified
NFE approximation,

~
%z), ~%'s), and

~
k~) are all

taken to have the NFE wave-function form. For bulk
states,
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4'tt(n, k) = g c„(k,G)e'"
G

(5)

In principle, this sum runs over all three-dimensional re-
ciprocal lattice vectors. In the present case, however,
the symmetry of normal emission eliminates all but the
two vectors G=(000) and G=(111)2ir/a. Without los-
ing any accuracy, the sum reduces to one dimension and
two terms:

%s(n, k) =cp(k)e' '+ci(k)e'"+ ', (6)

where g =+3(2'/a) and a is the bulk lattice constant.
The coefficients c„(k) can be easily evaluated. In princi-
ple, (kf

~

can be derived in the same fashion, but in
practice, near the maximum in intensity, one term is
normally sufficient.

~

'Ps) is taken to have the NFE
form

e~'cos(kLz+5) z (zp+s=
Z )Zo,

where the parameters q, 6, and p are taken from
effective-mass theory. The small q form for the com-
plex dispersion relation in Eq. (2) is sufficient for these
states which lie close to the bottom of the band gap.
The simple exponential decay outside the surface is not
correct since the surface barrier potential is not rec-
tangular. The contribution of this part of the wave func-
tion to the photoemission intensity, however, is small,
and the approximate form is quite adequate.

As explained previously, in the fit performed below,
we first choose the final-state effective mass mf in order
to force the maximum intensity to occur at an I. point in
the extended zone scheme. The next most sensitive pa-
rameter is q, the inverse decay length, since this deter-
mines the width of the intensity distribution. In the
iteration procedure the effective mass of the complex
dispersion relation m* is taken to be a free parameter,
with the value of q being calculated from Eq. (2) using
the values of E, derived from the procedure explained
earlier.

Using these wave functions, the parameters
a(n, kf —G) and Ms can be calculated analytically,
leading to an analytic expression for Is(ki). The result-
ing value of m * is not expected to be very sensitive to
these parameters since we fit primarily the width of the
intensity distribution and these parameters are smooth
functions of kz regardless of how they are evaluated.
This assumption of smoothness neglects any effects from
final-state scattering (photoelectron diffraction), which is
a good approximation for these delocalized initial states.

A further refinement of the model is to introduce
some damping into the final state, as was done in treat-
ing Al(111) and Cu(111).' ' ' Hsieh et al. ' included
this effect in their more general treatment as well. This
damping is equivalent to relaxing the 6 function in the
direct transition matrix elements [Eq. (4)] by Lorentzian
lifetime broadening. ' ' The broadening corresponds
to the inverse of the final-state elastic mean free path,
quantities which have been measured for the noble met-
als in this energy range. ' We have fixed this length at
5 A for all three metals. The uncertainty of this param-

0
eter of +1 A endows our estimate of the surface state
decay length with nearly the same uncertainty, and in
addition acts to justify some of the simplifications intro-
duced above.

3. Derivation of m

The curves in Fig. 7 represent the best fits of this
model to our experimental data. The results for copper
have appeared earlier and yielded an anomalously high
value of m shown in the seventh row of Table I. The
experimental results for Ag(111) show a distinct shoulder
near hv=60 eV. This corresponds very closely to the
energy expected for sampling an I, point of the bulk
bands via an umklapp process using the bulk reciprocal
lattice vector G = ( 2, 2, 0)2ir /a rather than
G = (1,1, 1)2m/a. There is also apparent some
broadening on the high momentum sides of the Au(111)
and the Cu(111) intensity distributions, presumably for
the same reason. The shorter surface state decay lengths
for the copper and gold surfaces lead to inherently
broader distributions so that these umklapp features are
less apparent. Their effect on the parameters derived
from the fit are negligible in copper and gold. For
Ag(111), the data set was truncated prior to fitting at
h v=51 eV, in order to avoid the effect of this shoulder.
Note that over the energy ranges plotted, this (220) um-
klapp is the only one that could interfere in this way,
lending general credence to our single-beam final state.
The integrated intensity in these umklapp features is
—10%%uo of that arising from the normal process, in ac-
cord with previous experimental results. ' The necessity
of truncating our data set for Ag(ill), coupled to the
larger relative contribution from final-state damping to
the width of the intensity distribution, clearly renders
our results for this surface less accurate.

The previous study of the Ag(111) state by Hsieh
et al. ' utilized a final-state effective mass equal to the
free electron mass in Eq. (1), so that the shoulder coin-
cidentally occurs at an I. point for the normal process
with G=(1, 1„1)2'/a. The larger peak is thus shifted to
a lower momentum and a good explanation for its occu-
rance was lacking. Our analysis utilizing a heavier
final-state mass gives more consistent results for these
(111) surface states as well as for the Ag(001) d-like sur-
face state. Further theoretical work concerning the
final-state dispersion relations is advisable.

Values of
~

m *
~

/m, for band 6 at kL evaluated nor-
mal to the surface derived from bulk band calcula-
tions vary within 5 —10'7 of 0.25, 0.14, and 0.16 for
copper, silver, and gold, respectively. In each case these
are roughly one-half the values derived from our fits in
Fig. 7 and shown in the seventh row of the table. Ap-
parently, the anomalies observed in Cu(111) are
preserved in the similar states on Ag(111) and Au(111).
Locally, in some sense, the bulk band behaves near the
defect state as though it were heavier than it does deep
in the bulk of the material. For Cu(111), this behavior
has been seen directly in the real band structure mea-
sured by photoemission. ' In silver and gold the in-
tensity in band 6 is so small and the bulk direct transi-
tion peak so broad that we were unable to derive accu-
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rate dispersion relations for the real bands near L.
The derived values of the m * and the energy splittings

c., yield the decay lengths shown in the final row of the
table. As noted before, the result for Cu(111) is in good
accord with recent nearly-first-principles local-density-
approximation (LDA) calculations. ' Our results for
Ag(111) are smaller by a factor of 2 than those reported
by in Ref. 14 using a very different experimental pro-
cedure wherein the surface-state energy shifts induced by
a buried layer of gold were interpreted to yield a decay
length. Perhaps the buried layer produced a larger per-
turbation than expected in that case. The analysis in
Ref. 18 relied on the measure decay length determined
in Ref. 12 and thus cannot be directly compared to our
results.

V. SUMMARY AND CONCLUSIONS

There are two general conclusions to be drawn from
the results summarized in Table I. The first is the gen-
erally quite satisfactory level of accord seen between ex-
perimental and calculated results. The accord for
Cu(111) is nearly the best that has been seen in any sys-
tem, and that Ag(1 1 1) and Au(111) is also quite respect-
able considering the difficulty of electronic structure cal-
culations on these heavier metals. This observation is at
first surprising since the calculations are performed in
the density functional formalism and all make the LDA.
They should therefore not really be compared to a pho-
toemission experiment which measures an excitation
spectrum. The observed accord is probably due to the
fact that these initial states are located energetically very
close to the Fermi level. In the sense of Fermi-liquid
theory, the final-state photohole is not highly excited.
Thus the quasiparticle lifetime is quite long, as evidenced
by our narrow observed linewidths, and one might hope
to observe good accord with a ground-state calculation.

The second important conclusion concerns the con-
sistent disagreement between our measured values of m *

and those expected by applying effective-mass theory
and using calculated bulk effective masses near L. One
possible reason for this anomaly is the use of the LDA
in the bulk calculations. Using this calculational ap-
proach in the vicinity of an absolute band gap has been
wrought with difficulty in the past: the calculated band
gaps of tetrahedral semiconductors are predicted to be
30—50 % smaller than experimental values. ' ' This
anomaly might present itself in these noble-metal pro-
jected gaps as well, a prediction supported by the general
difficulty that first-principles calculations have had in
producing the right width of the gap at L in the noble
metals. One might also expect that these would pro-
duce errant values for the effective masses near the band
gap.

The two most recent calculations of the Cu(111) sur-
face, however„have both been performed using the
LDA, and both can be used to predict penetration
lengths in rather good accord with our results.
These projected gaps do not present as serious a singu-
larity as an absolute gap in a semiconductor. While the
weaknesses of the LDA methods cannot be excluded
from our consideration, an investigation of other possi-
ble sources for the anomaly are in order.

An explanation proposed previously involved pertur-
bations on the bulk band contours near a defect
state. ' ' This can be viewed in the following way.
The surface-state wave function must be orthogonal to
all bulk wave functions. This is particularly difficult to
arrange for bulk states in the vicinity of the L point due
to the fact that the frequency spectrum of the surface-
state wave function is centered there. One way for the
orthogonalization to be accomplished is for the surface
state to be repelled from the bulk and for the bulk state
to be repelled from the vicinity of the surface. There is
direct experimental evidence for this phenomenon in
Figs. 1 and 2, where the bulk band vanishes as the
surface-state intensity maximizes. The bulk wave func-
tion apparently decays before it approaches the surface
to within the sampling depth of the photoemission
probe. Moreover, a surface slab calculation includes this
orthogonalization effect automatically, and would thus
be expected to produce the good estimates of the
penetration length. A calculation of the bulk band
structure, however, does not include any defect states.
To append a surface state to a bulk calculation in the
spirit of nearly-free-electron or effective-mass theory
really produces an overcomplete basis set, and direct
comparison of observed defect properties with calculated
bulk properties is not entirely valid. Our results should
be differentiated in this respect from tunneling stud-
ies ' in semiconductors where no intrinsic defect state
need be involved, and experimental results can be pre-
dicted with greater accuracy from bulk band calcula-
tions.
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