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Angle-resolved x-ray photoelectron spectroscopy has been utilized to determine the full

widths at half maximum intensity (FTHM's) and the second moments of the d bands of Cu

and Ni with variable surface sensitivity. At grazing emission for which the mean excitation

depth corresponds to only about 1 —2 atomic layers, unambiguous decreases of -10—12'/0 in the
F%HM's and -18—20'lo in the second moments are observed relative to the bulk-sensitive

values obtained for high-angle emission. These decreases are caused by the reduced coordina-

tion number at the surface and are consistent with quantitative predictions based on several re-

cent theoretical studies. The experimental data are compared with theoretical spectra obtained
from tight-binding densities of states calculated by Kleinman'et al. for each atomic layer in a

thin metal film. Allowance is made for inelastic scattering of photoelectrons, the refraction of
electrons at '.he surface, and the instrumental resolution. Good agreement is obtained with

respect to both the degree of d-level narrowing and the changes in fine structure with electron-

emission angle. The presence of approximately
2

monolayer of adsorbed oxygen is however

found to have no significant effect on the surface d-band widths.

I. INTRODUCTION

The development of surface-sensitive experimental
techniques such as ion neutralization spectroscopy
(INS), photoelectron spectroscopy, and field-emission
spectroscopy has stimulated interest in the surface
properties of transition metals. One quantity of con-
siderable interest is the electronic density of states
(DOS) at the surface. A knowledge of this is impor-
tant for the understanding of many surface-related
physical phenomena such as chemisorption, magne-
tism near surfaces, and electron tunneling. In recent
years, there have been several theoretical investiga-
tions of the surface density of states of transition me-
tals. ' " These studies predict marked changes in the
surface DOS associated with the d-orbital-derived lev-

els as compared to the bulk d-band DOS. For exam-

ple, tight-binding linear combination of atomic orbi-
tals (LCAO) calculations by Kleinman et al of the.
energy bands and the planar densities of states (PDS)
for thin Cu, Ni, and Fe, films with various low-

index faces exposed indicate that the surface PDS is
considerably narrower than the interior PDS's. This
is illustrated in Fig. 1 where the planar densities of
states for a 47-layer Cu(110) film are presented.
Gurman' has calculated the d-band DOS for
Cu(100) films of varying thicknesses and compared
them to the bulk DOS. The most notable feature in
his calculations is that the d-band widths for the one-
or two-layer cases are considerably smaller than the
bulk value. Also, by the time the film thickness has

reached four layers this narrowing effect has virtually
disappeared, in agreement with the PDS results of
Kleinman et al. in Fig. 1. More recently, fully self-
consistent calculations have been performed for a
Cu(100) monolayer9 and for Cu(100) films of vary. -

ing thicknesses. ' These also indicate that the local
density of states varies rapidly in the surface region.

This predicted d-band narrowing can be understood
in terms of the lowered coordination of the atoms at
the surface, Cyrot-Lackmann et aI. " have shown
that, in the nearest-neighbor tight-binding approxi-
mation, the second moment IM, of the density-of-
states function p(E) is proportional to the number of
nearest neighbors Z. The mean energy F. and the
second moment p, of p(E) are defined as

f 't

E = t p(E) E dE/ Jl p(E) dE
1

fO

p, = ' p(E)(E —E)'dE/ J p(E)dE (2)

Thus the second moment represents the square of
the rms bandwidth. The F%HM of the d-band peak
for transition metals is thus predicted to be approxi-
mately proportional to Z' '. For fcc metals, Z =8, 7,
and 9, respectively, for the (100), ('110), and (111)
surfaces. This can be compared to Z =12 in the
bulk. Thus reductions of approximately 18.4'/0,

23.6%, and 13.4'/0 in the d-band F%HM are predicted
for these three surfaces. Since the effects of the re-
duced coordination number are mainly operative in
the first atomic layer or two, experimental observa-

20 2280 1979 The American Physical Society



20 OBSERVATION OF d-BAND NARRO%ING NEAR COppER AND

COPPER (110)

2281

Q;
X ~

4»

pss

D»

O»

»

Q»

Ul',~ ~

t

D~

Vl',~ ~

~ ~

t
Il ~

O»
-1 ~ 0 ENE&G'f g& 0.0

a'—
-1 .0 ENERGY 0 ' 0

O'
-1 ~ 0 ENERGY 0.0

Q',m'
X'
Vlz

C ~

Vl;
~ghg ~

I»

I

f

O',
X'
~~gg ~

C»

i
D'

~
(

~ (

I

ENERGY 0-0
Q'—
-1 ' 0 ENERGY 0 ~ 0 -1 ' 0 ENERGY Q 0 ' 0

O',

X"
ul»,~ ~

r

D

Oo

EJl,'
~m~ ~

»a I

D»,'

m»

Oi

Vl,'
~»\\ I

I

~ »

Il»

-1-0 ENERGY E'E 0. -1 .0 ENERG& gp 0 -0 -1 ' 0 ENERGY Ea 0.0

O]

t

D
rn'

fQ»

O;

CA»'~ ~

~ ~

D.
Ph»

krak

Surface
Total

O'
-1-0 ENERGY g& 00

O'
-1.0 ENERGY fp 0.0

O'
-F 0 ENERGY Ee 0.0

Planar and total densities of states (in units of 2e/atom Ry) for a 47-iayer Cu {it{))film. l eyer l is the surface layer
and 24 is the central layer (From Sohn et al. , Ref. 6).

tion of the reduction in either the F%HM or the
second moment would require a very surface-
sensitive technique. This is also apparent from the
planar densities of states of Kleinman er al. (cf Fig. .
1) where it can be seen that at the third or fourth
layer below the surface the PDS begins to look very

much like that of the central layer (that is, the bulk
DOS).

As we have first demonstrated in a recent study on
Cu, angle-resolved x-ray photoelectron spectroscopy12

(XPS) can be utilized to detect such differences in

the surface and bulk DOS because the surface sensi-
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tivity can be enhanced by lowering the electron emis-
sion angle with respect to the surface, ' which will be
denoted by 8. Thus, for the example of a grazing 5'
emission angle, the average depth of XPS valence
emission from Cu is only —2 layers, as compared to
a mean depth of —10 layers for normal emission
(8=90'). Therefore, data obtained at grazing emis-
sion correspond to a highly surface-sensitive situation
while at higher-8 values essentially bulk properties
are sampled. For the case of clean polycrystalline

Cu, the d-band FWHM has been found to decrease
from -2.5 eV for high-electron emission angle (40')
to -2.2 eV for grazing emission angle (5')." These
small decreases in FWHM have also been sho~n to
be consistent with tight-binding theoretical calcula-
tions. ' Such qualitative d-band narrowing has also
been suggested in a few other photoemission" "and
INS' studies. However, no quantitative correlations
between experiment and theory have been attempted
in this prior work.

In this paper, we investigate such d-band narrowing

effects in greater detail for both Cu and Ni. Experi-
mental valence-band spectra are presented over a

range of electron exit angles and are compared with

theoretical calculations based' upon tight-binding

planar densities of states with an allowance for inelas-
tic attentuation and electron-refraction effects at the
surface. The angular variations in experimental and
theoretical FWHM values and second moments are
considered. We have also attempted to determine
the effects of an adsorbed oxygen overlayer on the
d-band electron structure at the surface.

II. EXPERIMENTAL

Experimental spectra were obtained with a
Hewlett-Packard 5950A photoelectron spectrometer
that had been specially modified so as to permit au-
tomated angular distribution studies under ultrahigh
vacuum conditions. " Variation of the electron emis-
sion angle 0 was effected by rotating the specimen
about an axis that lay in its surface and was also per-
pendicular to the plane containing the x-ray and elec-
tron propagation directions. The. angle 0 is measured
with respect to the surface, so that 0=90'
corresponds to exit perpendicular to the surface.
Monochromatized Al En radiation at 1487 eV was
used for excitation. The dispersion-compensating
electron and x-ray optics of the spectrometer yielded
a minimum FWHM for Au 4f7g of 0.8 eV in the an-

gle range considered. Resolution in this spectrometer
is, however, a function of the polar emission angle 0,
as discussed in detail by Baird and Fadley. ' The
pressure inside the spectrometer chamber was in the
range 5 x 10 "—1 x 10 ' Torr during all measure-
ments. Cleanliness of the sample surfaces was
checked by periodic in situ monitoring of the C-1s

and 0-1s peaks. All valence spectra were corrected
for inelastic scattering backgrounds and instrumental
resolution changes with 0. These correction pro-
cedures will be discussed in detail for the example of
CU.

III. RESULTS AND DISCUSSION

A. Copper

Polycrystalline copper specimens were prepared by
in situ vapor depositions of 99.999% purity Cu on
smooth glass substrates (Corning 7059). The poly-
crystalline character was verified by subsequent ex-
amination by Laue back reflection. The films were
deposited in less than 30 sec with operating pressures
during deposition in the 10 8-Torr range. The pres-
sure fell to &6 x10 ' Torr within two minutes after
deposition. Base pressures during accumulation of
spectra were -5 & 10 "—1 && 10 '0 Torr. The deposit-
ed sample surfaces were cleaned by argon-ion bom-
bardment until the only impurity noted was a very
low level of oxygen corresponding to a fractional
monolayer coverage from 2—6% as determined from
the relative intensities of the 0-1s and Cu-3s peaks;
no increase in this level was observed during the
duration of the. measurements. Based upon atomic
photoelectric cross sections for Al Ko., such oxygen
levels should produce only -0.5—2% of the valence
spectral intensity originating in the outermost atomic
layer of the surface, and so should be negligible in
this study. Spectra were obtained for the valence lev-
els and the Cu-2p3/2 and Cu-3p core peaks with bind- .

ing energies of 931 and 74 eV, respectively, over the
0 range from 5' to 40'.

The valence spectra were corrected for the inelasti-
cally scattered electrons by assuming an inelastic
background at each kinetic energy that is proportional
to the integrated no-loss intensity at higher ener-

' gies." ' In support of this assumption, an analysis
of Cu-3p core spectra indicated inelastic-loss tails that
were very nearly flat in energy over the entire angle

, range studied, although there was a slight slope of
——4%/eV in the lowest angle spectrum at 5

' (the
negative sign indicates a decrease in loss intensity
with increasing distance from the no-loss peak). Ad-

ditional calculations performed for a linearly sloping
background with empirically optimized choices of the
slope did not significantly alter either the corrected
spectral shapes or d-band widths. Thus the assump-
tion of a constant loss probability with energy
corresponding to an asymptotic zero-slope back-

ground was considered quite reasonable and was used
in all data analyses. Raw data and background-
corrected valence-band spectra are presented in Fig. 2

for 8=40, 20, and 5, An additional correction of
importance is that associated with instrumental reso-
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curves have been broadened by a Gaussian of 0.80-
eV FWHM to simulate instrumental and natural life-
tirne contributions. In the third column, the fully
corrected experimental spectra are shown. There is
generally good agreement between the broadened
theoretical spectra and the experimental data with

respect to changes in both peak shapes and peak
widths. Changes in peak shapes can be detected
from the relative intensities of the features a, b, and
c in the experimental data and the corresponding
features a', b', and c' in the theoretical spectra. It is
also apparent that the theoretical spectra for all three
faces are very similar, with the only notable differ-
ence being that for (111), the b' intensity is higher
than the c' intensity.

The angular dependence of the experimental and
theoretical Cu P-band FWHM is presented in Fig. 7.
There is generally good agreement as to the form of
the curves and the approximate degree of d-band nar-
rowing noted, with theory predicting a 17.5% change
between 40' and 5 ' in comparison to the experimen-
tally observed 11.8%. The mean theoretical narrow-
ing of 17.5% is also in good agreement with the aver-
age narrowing predicted for the three faces from the
change in coordination number at the surface; this
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percentage change in the FWHM between 8=40' and
8=5' is plotted as a function of A, . Calculations are for a

Cu(100) surface.

average over (100), (110), and (111) is 18.5%.
These calculations also indicate that the FWHM
changes only very slightly (-1.5%) over the higher
40—90' angle range, so that the width changes dis-
cussed here are essentially the complete range expect-
ed.

The discrepancy between experiment and theory
could arise from several sources:

(i) The presence of surface roughness which will,

in general, cause the macroscopic angle of detection
to be less than the true microscopic angle of emis-
sion. " Such roughness effects would also explain the
slower onset of the decrease in FWHM with decreas-
ing 8 for experiment. Scanning electron micrographs
of the specimen surfaces at a magnification of 56 000
showed very little surface roughness, but some undu-

lations were present with -500 A periods and un-

determined heights.
(ii) Elastic electron scattering, which may tend to

deflect electrons initially excited at higher 8' values
into lower angles at some point during their escape
from the specimen.

(iii) The various approximations inherent in the
theoretical model used here, including neglect of
matrix-element and single-crystal effects.

(iv) Surface relaxation (that is, a layer spacing near
the surface that is different from the layer spacing in

the bulk), which might influence the d-band width at
the surface. It has recently been pointed out that
even a slight compression of only a few percent in

the first interplanar spacing could cancel the effect of
reduced coordination number on the d-band width.
However, theoretical calculations of the relaxation
near transition-metal surfaces indicate that for me-

tals with almost empty or filled d bands there is

essentially no surface relaxation. Also, comparisons
of calculated and experimental low-energy electron
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diffraction (LEED) intensity profiles for Cu(100) in-

dicate that the best agreement is obtained when the
upper-layer spacing is equal to the bulk spacing. For
Cu(111) by contrast, '6 there may be a slight contrac-
tion of —5% in the surface-layer spacing. Thus, a
small amount of surface relaxation cannot be ruled
out and this could further explain the discrepancy
between theory and experiment.

(v) The value chosen for A, may be too small.
Thus theory may overestimate the contribution from
the surface layer, thereby producing an anomalously
large narrowing in the calculations. Such effects are
indicated in Fig. 8 where the percentage decrease in

the d-band F%HM between 8=40' and 0=5' is

plotted as a function of the A, value chosen. It can
be seen that a relatively small increase of A, from 15
to 22 A yields the observed 12% decrease.

(vi) The use of the theoretically more correct
second moment as a width indicator [cf. Eq. (2)] also
is found to improve agreement between experiment
and theory, although isolating the "d-band" intensity
between approximately 1.0 and 5.5 eV for computing
p, cannot be done in a fully unambiguous way. The
second moment was calculated over the d-band peak
by excluding the s, p intensity occurring at -0—1 eV
and -5.5—8 eV, with cutoff points chosen to lie at
the points of maximum curvature in the theoretical
or experimental spectra. A summary of these results
is presented in Fig. 9. Very good agreement is ob-
tained between experiment and theory, with changes
between 40' and 5' of -19% in both the experimen-
tal data and the theoretical calculations for all three
low-index faces.

B. Nickel

A nickel sample was prepared by mechanically pol-
ishing 99.999% pure polycrystalline Ni to a mirror
finish with SiC paper, diamond paste, and finally CeO
of 4-micron diameter. Before loading into the vacu-

um system, the specimen was etched briefly in a di-
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J.. I .. i. . I 1
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J I J .. I . L

866 862 858 854 850 12 8
BINDING ENERGY {eVj

J j ~ I

4 EF -4

FKJ. 10. Ni-2p and Ni valence-band XPS spectra at
8 =40 ' and 8 = 5 '. Note the broad weak structures cen-
tered at about 6 eV to the high-binding energy side of the
main peaks.

lute HF-HNO3 mixture to reduce surface roughness.
It was then cleaned in situ by alternate cycles of
argon-ion bombardment (PA, = 5 & 10 5 Torr,
V;,„=700 V, I;,„=7 p, A, for a time of 15 mins) and
annealing (600'C, 1 h). Small amounts of C and S
always diffused to the surface and the cleaning treat-
ment had to be repeated periodically to maintain an
acceptable surface. However, the fractional coverages
of C and S on the surface were at no time greater
than 10% of a monolayer, levels that should yield
negligible contributions to the valence spectral inten-
sities. Ni-2p3~2 (binding energy of 854 eV) and Ni
valence-band spectra were obtained for 8 values rang-
ing from 5' to 40'. Counting times were shorter than
those for Cu because the specimen had to be taken
out of the main spectrometer chamber at about every
12 hours for cleaning. To minimize errors due to
poor statistics, four sets of spectra were obtained and
summed. .

Raw spectra for the Ni-2p3~2 and the Ni-3d peaks
are presented in Fig. . 10. The origin of the broad
structures about 6 eV to the high-binding energy side
of both the 3d peak and the 2p core peak is un-
certain, although they have been observed in many
prior photoemission studies. ' The data shown
here make it clear that these broad peaks are essen-
tially identical in both valence and core emission, and
therefore make it unlikely that they represent
valence-specific effects. The explanation of these
features will not concern us here, but their contribu-
tions to spectral intensity near the d-band peaks must
be taken into account in the background subtraction
procedure. The inelastic scattering background was
calculated over the relatively flat portions extending
about 6 eV on either side of the d-band peak as
shown in Fig. 10. After correcting for inelastic
scattering, the spectra were broadened in a self-
consistent way to allow for instrumental resolution
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geometry relaxation, however, may be more signifi-
cant for Ni. Demuth et a/. have performed a
LEED analysis for the low-index planes of Ni and
they report that the upper-layer spacing for the (110)
plane is contracted by —5% and also that the (111)
plane is possibly contracted by —2%, while the (100)
surface is expanded by -2% relative to the bulk.
Also, since the theoretical spectra for Ni have a con-
siderable amount of visible structure, the PWHM
may not be as good a width indicator and a measure
in terms of the second moment might be better.
Second-moment calculations for experiment and
theory are thus shown in Fig. 14. These calculations
have been performed over the d-band peak only to
avoid any spurious effects due to both the s, p bands
and the extra structure that is found in the Ni spectra
at —6 eV below EF (cf. Fig. 10). The second-
moment calculations indicate a band narrowing of
about the same order for both theory and experi-
ment, with a difference between 40' and 5' of 11% in

the former and 21% in the latter. Thus, both for
copper and nickel, the use of the second moment
yields better agreement between experiment and
theory. Also, the fact that theory and experiment for
Ni disagree in opposite directions when FTHM and
second-moment values are considered suggests that
no single error that is consistently in the same direc-

tion is present in both analyses. It should finally be
noted that the absolute experimental d-band widths
and second moments for all angles are much smaller
than the theoretical DOS estimates. This is con-
sistent with prior photoemission data. '28 "

It should also be noted that our analysis assumes
that the valence-band spectra are closely related to
the one-electron density of states. Since the core-
hole spectra are influenced by many-body final-state
effects, it has been argued by several authors' 3"
that a one-electron approach is not adequate for
describing the photoemission spectra of the valence
bands. However, recent angle-resolved photoemis-
sion measurements on Ni single crystals" have
shown that many-body effects play only a minor role
in determining the energy distribution curves.

IV. EFFECTS OF ADSORBED OXYGEN

It is also of interest to determine whether surface
d-band narrowing is affected by the presence of an
adsorbate. If there is a strong interaction between
the metal and the adsorbate, it might be expected
that, for a saturation coverage, the surface atoms of
the metal would attain their full complement of
nearest neighbors and thus perhaps become more
bulklike in character. Under these circumstances, the
d-band narrowing which arises from the reduced
coordination number at the surface might be expect-
ed to disappear or at least be reduced. This effect
was investigated for both polycrystalljne Ni and Cu.
For Ni, oxygen exposures of 10 L were used; prior
experiments on Ni single crystals indicate that such
exposures on a (100) surface lead to the formation of
an ordered c(2 x 2) structure (0.5 monolayer cover-
age), "'9 an ordered 2 x 2 structure (0.25 monolayer
coverage) on a (111) surface40 and a 0.67 monolayer
coverage on a (110) surface. "' For the polycrystalline
specimen used in this study, a 10-L exposure resulted
in a 0.8 monolayer coverage as estimated from the
01s to Ni3s ratio and this coverage is thus consistent
with the single-crystal work. The FWHM's for the
d-band spectra obtained without and with an oxygen
overlayer are compared in Fig. 15 and they indicate
that essentially the same degree of band narrowing
persists after oxygen adsorption. Similar experiments
performed on Cu specimens with a 1000-L oxygen
exposure (corresponding to -0.3 monolayer cover-
age) indicated a somewhat reduced band narrowing
(7% as compared to 12% observed for the clean sur-
face). Thus these oxygen adsorption studies are not
fully conclusive, although the general persistence of
band narrowing, suggests that the interactions
between the oxygen atoms and the metal atoms at
the surface may not be strong enough to perturb the
band structure. Alternatively, the metallic surface-
band narrowing might be disappearing, but at the
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