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Influence of surface structural disorder on linewidths in angle-resolved photoemission spectra
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By combination of high-resolution photoemission data and linewidth analysis of low-energy electron dif-
fraction spots we are able to derive a semiquantitative understanding of how disorder~induced by argon-ion
bombardment and subsequent insufficient annealing! broadens photoemission peaks. At the example of surface
states on Cu~100! and Cu~111! we demonstrate how the linewidth may be extrapolated to ‘‘perfectly’’ ordered
surfaces in favorable cases. We also present experimental evidence that disorder-induced broadening is domi-
nated by defect scattering of the photohole and is inversely proportional to the effective masses. Extrapolated
‘‘intrinsic’’ linewidths ~full width at half maximum! areG i<(2165) meV atḠ on Cu~111!, G i<(2063) meV
at M̄ on Cu~111!, andG i<(1364) meV atM̄ on Cu~100!. @S0163-1829~97!00432-3#
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I. INTRODUCTION

A reasonably sharp and well-defined peak in an ang
resolved ultraviolet photoemission spectrum can be ass
ated with a quasiparticle state of a definite excitation ene
and lifetime.1–5 It is, therefore, of considerable basic intere
to measure as accurately as possible the intrinsic spe
function of photoemission lines. However, the ‘‘intrinsic
line shape and linewidth, respectively, are generally
scured by the limitations of sample preparation, experime
parameters with respect to both energy and angular res
tion, the influence of the finite sample temperature, and ev
tually additional effects. Only if these problems can
clearly identified and may be accounted for in a quantitat
manner, will any attempt to obtain information on the ‘‘in
trinsic’’ spectral function be reasonable. Several recent p
lications consider the actual state of the art.6,7 In summariz-
ing the present discussion we must state that, in gen
angle-resolved photoemission peaks neither reflect the
trinsic’’ line shape nor the corresponding linewidth. On
experiments performed with extreme experimental care a
profound understanding of the mechanisms influencing
line shape may promise some progress in this field.

In the present work, we focus on surface order and
report an empirical study of the influence of surface disor
as induced by argon-ion bombardment of the sample
insufficient subsequent annealing. The relative amoun
surface disorder is characterized by the linewidth of lo
energy electron diffraction~LEED! spots representing th
particular surface. Disorder-induced broadening has b
recognized already very early.2,8 The message of this paper
that experiments which control ‘‘disorder’’ semiquantit
tively allow an extrapolation to ‘‘perfect’’ order in favorabl
cases.

II. EXPERIMENTAL DETAILS

The UHV chamber (1310210 mbar! is equipped with a
cold-cathode discharge lamp for excitation of unpolariz
rare-gas resonance radiation, an electrostatic hemisphe
electron energy analyzer~energy resolutionDE512 meV,
angular resolutionDu5Dw560.7 ° with respect to polar
560163-1829/97/56~7!/3632~4!/$10.00
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angle u and azimuthw!, facilities for sample cooling and
heating, an argon-ion gun for sample cleaning, and a s
profile-analysis~SPA! LEED system.9

The Cu~100! and Cu~111! samples were oriented t
60.25°, polished mechanically to 0.1mm, and finally pol-
ished electrochemically. Afterwards, they were cleaned
cycles of argon-ion bombardment~600 eV, 10–20mA/cm2)
and annealing at temperaturesT<700 K.

Angular distributions can be measured by rotating
sample by the angleu around an axisA through the sample
surface, while the angle between incident radiation and
tected electron is kept fixed ata545°. Note that the axisA is
oriented within the plane defined by incident photon a
electron take-off direction, respectively; for details see Fig
of Ref. 10. Also the manipulator provides rotation of th
sample around its surface normal. This arrangement allow
very accurate adjustment to particular points of the surf
Brillouin zone.

III. RESULTS AND DISCUSSION

To demonstrate the effect of insufficient sample surfa
order we have first studied the well known2–4,11 Shockley
state appearing in normal emission on Cu~111! at about 0.4
eV below the Fermi energyEF . In the experiments the
sample was first cleaned by argon-ion bombardment and
nealed for about 2 min at temperatures betweenTA5420 and
700 K. Then normal-emission spectra were collected w
the sample atT5300 K. Two effects are observed: wit
decreasing annealing temperature the surface-state emi
peak is broadened more and more asymmetrically, with
larger half width at half maximum at the side with lowe
binding energyuEi u, and the peak maximum continuous
shifts into the direction ofEF at Ei50. This effect is well
known2 already. Two sample spectra from our work are
produced in Fig. 5 of Ref. 7 and we therefore do not rep
duce similar data here again.

This surface state has an upward dispersion with incre
ing ki into direction of EF. Therefore, both the observe
asymmetric broadening and the shift in peak maximum in
cate a relaxation of the sharpness ofki , leading to an inte-
gration overE(ki) in some area of the two-dimensional Bri
3632 © 1997 The American Physical Society
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56 3633BRIEF REPORTS
louin zone aroundḠ at ki50.12 Geometrical disorder on th
surface also weakens theki conservation in diffraction ex-
periments, resulting in a reduced coherence length and a
comitant broadening of the LEED spots. Using a hig
resolution SPA-LEED system9 we therefore also measure
the full width at half maximum~FWHM! of the ~0,0! spot.
Figure 1 combines both data sets such that for one and
same sample the experimental photoemission linewidth
the experimental width of the LEED spot are displayed in
lower panel. The upper panel shows the experimental ph
emission peak maximum plotted versus the width of
LEED spot as taken from the same sample. The data po
refer to different annealing temperatures, between 700 K
the left and 420 K at the right side of Fig. 1. The mo
important message of Fig. 1 is that ultraviolet photoemiss
spectroscopy~UPS! FWHM and LEED-FWHM are corre-
lated linearly. This allows a straightforward linear extrapo
tion to LEED-FWHM→0 and yieldsGmeas539 meV at a
‘‘perfectly ordered’’ surface. If we correct the data points f
the finite resolution of the SPA-LEED system~0.4%! we
obtain a slightly larger number ofGmeas545 meV.

It is not obvious why a relation between the width of
photoemission peak and the width of a LEED beam sho
exist at all. Can we rationalize the observed linear relatio
Clearly both broadening effects are related to surface di
der. Let us remember how the LEED spot profile varies w
incident electron momentumk' for a surface with randomly
spaced steps.13,14 In the limit in which all atoms are found in
perfect lattice sites, the spot profile is bimodal, with a cen
specular component of instrument-limited width~in the case
of perfectly ordered smooth terraces! and a broadened dif

FIG. 1. Top: Peak maximum energy of the Shockley surfa
state observed atḠ on Cu~111! in its dependence on surface diso
der as monitored by the width of the corresponding LEED sp
Bottom: Observed photoemission peak width against width
LEED spots.
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fuse component arising from surface roughness. The cen
spike dominates at values ofk' for which constructive inter-
ference occurs between adjacent terraces separated by a
~‘‘in-phase’’!. The width of the spike is reciprocally relate
to the degree of long-range lattice order.13 The broadened
component dominates at values ofk' for which destructive
interference occurs between adjacent terraces separated
step~‘‘out-of-phase’’!. The width of the diffuse componen
is reciprocally related to the average step separation.13,14 For
a predominantly rough surface the whole spot pro
broadens15,16 ~instead of splitting into central spike and di
fuse peak as one observes for a comparatively smooth
face! and the details of the resulting profile depend on b
the remaining terrace widths and step-height distributions
is a nontrivial inverse problem to derive detailed quantitat
information on the various types of surface defects from
analysis of LEED profiles.13–16This type of analysis require
systematic studies over a sufficiently large range ofk' , and
this was not the purpose of our experiments. We use
width of the LEED profile taken at ak' just in between
in-phase and out-of-phase condition as an empirical par
eter to characterize the surface disorder. As Fig. 1 dem
strates, this pragmatic approach yields a linear relationshi
the width of the photoemission peak in its dependence on
~identical! surface disorder. While our procedure does n
reveal quantitative details of the actual surface roughnes
allows a straightforward extrapolation to ‘‘perfectly’’ or
dered samples. This extrapolation allows us to estim
quantitatively the contribution of surface disorder to the ph
toemission linewidth and allows us to derive an upper lim
for the ‘‘intrinsic’’ width determined by the reciprocal life
time of the photohole.

Another well-knownd-like Tamm surface-state exists o
Cu~111! around the M̄ point of the surface Brillouin
zone.3,4,10,11We plot the data analogous to those of Fig. 1 f
the M̄ state in Fig. 2. Again, we observe an almost line
correlation between UPS-FWHM and LEED-FWHM. An
nealing temperatures range fromTA5700 K ~left side! to
TA5420 K at the right side. However, the slope observed
Fig. 2 is smaller by almost one magnitude as compared
Fig. 1. Extrapolation to zero on the abscissa yieldsGmeas
535 meV, including the finite transfer width of our SPA

e

.
f

FIG. 2. Photoemission peak width of the Tamm-type surfa
state observed atM̄ on Cu~111! in its dependence on surface di
order as characterized by the width of the corresponding LE
spots.
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3634 56BRIEF REPORTS
LEED equipment. To collect additional empirical know
edge, we have also investigated ad-like Tamm state known
to exist on Cu~100!, around theM̄ point of the corresponding
surface Brillouin zone.2,3,11 The results are combined in Fig
3. Again, we observe an almost linear correlation, with
extrapolated UPS width ofGmeas530 meV. The slope ob-
served in Fig. 3 is comparable in magnitude to that of Fig

The latter results seem surprising at first. All informati
available on surface states supported on Cu~Refs. 2, 3, and
11! agrees that Shockley states tend to penetrate severa
ers into the bulk and are pinned largely by the properties
the gaps in the bulk band structure. In contrast Tamm st
are localized essentially within the topmost layer. Insu
cient annealing of the surface intuitively means that the o
ermost planes of the surface will be the most disorder
This sample picture suggests that either Shockley and Ta
states are affected similarly~if disorder extends several lay
ers deep!, or that Tamm states are disturbed even more~if
disorder is largest in the first layer!. However, the results
presented in Figs. 1–3 tell us just the opposite.

Closer inspection of the two surface states on Cu~111!
reveals that they differ drastically in their effective mass
m* . Both disperse parabolically according to the equatio

Ei~ki!5E01~\2/2m* !~ki2k0!2, ~1!

wherek0 refers toḠ and M̄ , respectively. While atM̄ we
observem* /m0522.8660.20~Ref. 10! in units of the free-
electron massm0 , at Ḡ we havem* /m050.4160.02.17,18As
mentioned already, disorder tends to relaxki conservation,
leading to an effective integration ofk vectors. With respec
to the surface states studied in the present work, this inte
tion should lead to increased broadening with decreasing
fective mass. To consider this effect more quantitatively,
checked for a correlation between broadening, disorder,
effective mass. As a significant measure of broadening,
considerEi @on the side to which Eq.~1! disperses# at which
the emission line has reached half the intensity of the p
maximum. Figure 4 displays our results, where one d
point refers to one and the same sample, and abscissa
ordinate give the half-amplitude energies for theḠ and M̄
states, respectively, observed on this Cu~111! surface. Data
points at the upper left of Fig. 4 refer toTA5700 K, while
the largest disorder occurs at the lower right (TA5420 K!.
Again, we recognize an almost linear correlation. The slo

FIG. 3. As in Fig. 2 but for the Tamm state atM̄ on Cu~100!.
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of this curve is26.960.7 which agrees perfectly with th
effective mass ratiom* (Ḡ)/m* (M̄ )527.060.5.

Our results thus clearly prove thatki integration is the
dominant effect of disorder with respect to the linewidt
This is also consistent with our observation that the energ
Ei of half amplitude on the side opposite to the dispersion
E(ki) does not depend within error bars on the degree
disorder. In an early pioneering work Kevan12 demonstrated
that the FWHM of theḠ surface state on Cu~111! does not
depend on photon energy, at least between\v511 and 21
eV. This observation rules out any dominant effect of t
electron in the photoemission final state. The electron in
initial state cannot be scattered elastically by defects since
empty states are available belowEF . Therefore, our experi-
ments must be explained by scattering of the photohole. D
order supplies a broad distribution ofki vectors available for
elastic scattering of the hole. Ifk̄i is the most probable scat
tering value Eq. ~1! shows that energies aroundĒ
5(\2/2m* ) k̄i

2 are scattered into the detector. Since one a
the same disordered surface supports both theM̄ and theḠ
surface state on Cu~111!, the samek̄i contributes to the scat
tering in both bands and this explains why the ratio of bro
ening~Fig. 4! is given by the inverse ratio of the correspon
ing effective masses.

Kevan12 had proposed momentum broadening induced
scattering at surface defects in order to explain an un
pected broadening of theḠ surface state on Cu~111! when
approaching the Fermi energy in spectra taken in off-norm
direction. More recent work17,18 has shown that his observa
tions are dominated by insufficient angular resolution wh
also tends to integrate overki .However, our results give
experimental proof that momentum broadening by defe
may be dominantly operative and that it is important even
ki2k050, compare Eq.~1!. In this case, defect scatterin
means thatki is changed whileukiu remains constant, with a
resulting loss of phase coherence of the hole state.

Our results obtained at room temperature for theḠ state
yield an extrapolated widthGmeas54565 meV. If we as-
sume quadratic addition of experimental resolution (DE
512 meV! and ‘‘intrinsic’’ width G i , we obtainG54365
meV. Recent work17,18has shown that the contribution of th
phonon-hole coupling to the linewidth adds linearly acco

FIG. 4. Initial state energies~at the energy side of dispersio
with ki) where the surface-state photoemission peaks observe
Cu~111! at M̄ ~ordinate! andḠ ~abscissa! have just half the intensity
of the peak maximum.



f
r

n
an
a

ha
at
it
-

u
os

es
ap-

ed
tions

d to
to

ent
lity

ge-

56 3635BRIEF REPORTS
ing to the equationG52pbkBT, with b50.13760.015.18 If
we subtract this contribution we end up at a linewidthG i

<2165 meV atḠ on Cu~111!. If we apply the same type o
correction to the Tamm states atM̄ , we obtain as an uppe
limit for the ‘‘intrinsic’’ widths, the numbers 2063 meV at
M̄on Cu~111! and 1364 meV at M̄ on Cu~100!. At Ḡ our
extrapolated resultG i<21 meV is somewhat smaller tha
G i<30 meV as observed by McDougall, Balasubramani
and Jensen.17 This is surprising at first, since they used
spectrometer with a much better angular resolution t
available in our experiment. However, it is well known th
Cu single crystals even of the best quality available exhib
mosaic spread of at least60.2°,19 which also induces broad
ening by integration overki ~Refs. 7 and 20! even in the case
of infinitely good angular resolution. We suggest that o
extrapolation to minimum surface disorder eliminates m
of the effect due to mosaic spread.
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If the final-state hole is filled by radiationless process
phase-space arguments predict a vanishing linewidth on
proachingEF ,21 with a quadratic energy dependence (EF
2Ei)

2. This expectation is not reflected in the extrapolat
data presented above. There are two possible explana
available. Eitherd holes ands,p-like holes~both are located
in gaps of the surface-projected bulk band structure! decay at
different rates. Or, perhaps more probable, effects relate
sample imperfection are still operative, and these tend
broaden theḠ state more~by a factor of about 7! than theM̄
states due to the different effective masses. In agreem
with Ref. 6 we recognize that much improved sample qua
is required to solve this and related problems.
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4S. Hüfner, in Photoelectron Spectroscopy, Principles, and App
cations, edited by M. Cardona, Springer Series in Solid-St
Sciences Vol. 82~Springer, Berlin, 1995!.

5J. Pendry, inPhotoemission and the Electronic Properties of S
faces, edited by B. Feuerbacher, B. Fitton, and R. F. Wil
~Wiley, New York, 1978!.

6N. V. Smith, Comments Condens. Matter Phys.15, 263 ~1992!,
and references therein to earlier work.

7R. Matzdorf, Appl. Phys. A63, 549 ~1996!, and references
therein to earlier work.

8S. A. Lindgren and L. Wallden, Phys. Rev. Lett.43, 460
~1979!.

9U. Scheithauer, G. Meyer, and M. Henzler, Surf. Sci.178, 441
~1986!.

10R. Matzdorf and A. Goldmann, Surf. Sci.359, 77 ~1996!.
11K. Jakobi, inPhysics of Solid Surfaces, edited by G. Chiarotti,
-

Landolt-Börnstein, New Series, Group III, Vol. 24, Pt.~b!

~Springer, Heidelberg, 1994!.
12S. D. Kevan, Phys. Rev. Lett.50, 526~1983!; J. Tersoff and S. D.

Kevan, Phys. Rev. B28, 4267~1983!.
13G. L. Nyberg, M. T. Kief, and W. F. Egelhoff, Jr., Phys. Rev.

48, 14 509~1993!.
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