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Photoemission from ordered thin films of Cu on Ni(100)
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We have measured angle-resolved photoemission for Cu films on Ni(100) in the 0.4—12-monolayer
coverage range. The growth of the films has been controlled by low-energy electron diffraction,
Auger-electron spectroscopy, and ion-scattering spectroscopy. In the low-coverage range ((4
monolayers) we observed two-dimensional dispersion of the Cu states; bulklike behavior was found
for higher coverages. The transitions showed a systematic shift with increasing coverage to larger
binding energies. No quantum size effects due to the discrete number of Cu layers could be detect-
ed.

I. INTRODUCTIQN

For an ordered layer-by-layer growth of a metal film on
a metallic substrate the lattice mismatch f =(a —a, )/
a, (a and a, being the lattice parameters of the over-
layer material in its bulk form and of the substrate, re-
spectively) must be as small as possible. Several authors
have shown that thin films of Cu on Ag(001) grow epitax-
ially up to a coverage (6) of at most 2 —3 monolayers
(ML), ' because of a fairly large value of f [—0.12 (Ref.
3)] in this case. Using Ni(100) as the substrate the lattice
mismatch is much smaller [f=0.026 (Ref. 3)], which
means that epitaxial growth of Cu on Ni(100) should con-
tinue up to larger values of 6 than for a Ag substrate.
The use of a Ni(100) substrate would therefore open the
possibility of studying the development of the electronic
structure, with increasing 6 extending into the limit of
bulklike behavior of the overlayer.

A number of experimental and theoretical investiga-
tions of the Cu/Ni(100) system have been reported.
Chambers and Jackson found by using electron micros-
copy that at room temperature Cu grows pseudomorph-
ic on Ni(100) up to 6=4 ML. In this range the average
lattice parameter of the overlayers gradually changes
from that of the substrate to that of bulk Cu. This is only
possible if elastic strain is incorporated in the atomic lay-
ers of Cu. As a consequence, the system follows only ap-
proximately the ideal layer-by-layer growth mode. In
Ref. 4 the term "uneven layer growth" has been used for
characterizing the growth process. In a more recent
low-energy-electron transmission experiment, Iwasaki
et al. observed pseudomorphic growth up to 6=6 ML
and characteristic quantum-size efFects for thin films.
The latter phenomena is of interest for the electronic
states of the deposited Cu film, which could be quantized
with the number of atomic layers. In photoemission the
quantization should give rise to splitting of individual
transitions. A direct and convincing photoemission ob-
servation of the quantum-size efFect in a film structure
has not yet come to our attention.

In the present work the electronic structure of

Cu/Ni(100) has been investigated by means of angle-
resolved ultraviolet photoemission spectroscopy (AR-
UPS). The growth mode of the Cu overlayers in the
range of 0.4(6~12 ML was examined with Auger-
electron spectroscopy (AES), ion-scattering spectroscopy
(ISS), ARUPS, and low-energy electron diffraction
(LEED). While the AES and ARUPS data may be ex-
plained by the layer-by-layer growth mode, ISS clearly
showed that under the chosen temperature conditions of
the Ni substrate (room temperature during Cu deposition
with subsequent annealing to 520 K) the system does not
follow exactly this type of growth mode. For example,
the second atomic Cu layer already starts growing when
the first layer has covered only about 85%%uo of the sample
surface. This e6'ect leads to deviations from the ideal
growth mode in the form of a small atomic roughness of
the Cu film. LEED pattern and ARUPS results for small
coverage (0.4(6(4 ML) are not sensitive enough to
detect these small deviations from ideal growth behavior .
They may fully be explained by the assumption of essen-
tially well-ordered epitaxial growth. Due to insufficient
accuracy of the refraction-data efFects as splitting of
beams or a gradual change of beam positions with in-
creasing coverage due to the lattice mismatch could not
be detected.

For 6=1 ML the Cu d states showed two-dimensional
dispersion, in agreement with theoretical results for a
Cu/Ni(100)/Cu sandwich computed by Zhu et al. if a
rigid shift of the calculated binding energies is taken into
account. With increasing number of overlayers the two-
dimensional energy bands systematically shift to larger
binding energies. A splitting of transitions corresponding
to the number of atomic layers due to a quantum-size
efFect could not be observed. Bulklike behavior of Cu
transitions was found for 0)4 ML. The 12 ML Cu
overlayer exhibits the same d-like surface state, which is
characteristic of bulk Cu(100).

A brief discussion of experimental details including the
analysis of the film structure is given in Sec. II. Our AR-
UPS results are presented in Sec. III and are compared
and discussed in the light of other work in Sec. IV. Con-
cluding remarks are given in Sec. V.
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II. EXPERIMENT

The experimental equipment consists of a spectrometer
and a preparation chamber, which are connected via a
gate valve. A modified ESCA 3 electron spectrometer
(Vacuum Generators) is employed as energy analyzer.
The original slit system has been modified to allow
angle-resolved measurements. The energy and angular
resolutions are b,E/E =0.012 (full width at half max-
imum) and b,a=+3.6' (full opening, for the ARUPS
measurements), respectively. For ARUPS the samples
are irradiated with unpolarized noble-gas resonance radi-
ation and for ISS with Ne or He ions (normally 1.5 keV),
which are produced by a MINIBEAM I ion gun (Kra-
tos). By changing the polarity of the acceleration volt-
age, the same gun may be utilized as electron source for
excitation of the Auger electrons. The angle between in-
cident radiation and emission is always constant.

The Ni(100) substrate was treated in the preparation
chamber with numerous cycles of Ar+ (4SO eV) bombard-
ment and heating (700 K). As final surface contamina-
tion, traces of C (by means of AES) and 0 (using ISS)
were visible with intensity close to the detection limit of
our analytical methods. The LEED pattern of Ni(100)
showed the expected integral-order and weak half-order
spots, the latter being possibly associated with the incor-
poration of some C atoms in the uppermost atomic lay-
er. A water-cooled effusion cell with integral quartz mi-
crobalance has been developed for evaporation of the Cu
atoms. The films were deposited on the room-
temperature Ni substrate with subsequent annealing at
520 K, which produced a sharpening of the Cu-related
structures in the energy distribution curves (EDC's) of
the photoemittted electrons. In LEED the weak half-
order spots of the "clean" substrate disappeared with in-
creasing e. Sharp integral-order beams indicated the ex-
istence of long-range order in the overlayer structures. A
more quantitative analysis of the refraction data was not
attempted. Qualitatively, we did not observe broadening
or splitting of beams due to the differences in the Cu and
Ni lattice parameter, nor did we observe distinct shifts of
beam positions with increasing coverage. ISS spectra
recorded with maximum sensitivity to surface contamina-
tion showed the presence of some B, C, and 0, whose
concentration was estimated to be smaller by 2 orders of
magnitude compared to those of the metal atoms.

The general characteristics of the film growth wert: de-
rived from the AES intensities of the Cu L3 VV (920 eV)
and Ni L3M2 3M2 3 transitions [Fig. 1(a)] and the AR-
UPS intensity ratio of Cu and Ni 3d normal-emission
peaks as a function of coverage [Fig. 1(b)]. The AES re-
sults are consistent with the layer-by-layer growth mode
leading to an exponential dependency of the intensities
and a mean free path of the Auger electrons of 0.83 nm. '

Completion of atomic layers is usually recognized by the
occurrence of breakpoints in the intensity curves. Such
breakpoints are not visible in our results due to
insufficient number of data poitns and probably (see ISS
results below) due to small differences between actual and
ideal growth modes.

In the case of layer-by-layer growth, and neglecting
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FIG. 1. (a) Auger-electron-spectroscopy (AES) intensities as
a function of Cu coverage obtained under constant operation
conditions of the electron gun. (b) Photoemission intensity ratio
Ictt /I N j as a function of Cu coverage.

atomic roughness, the ARUPS intensity ratio Ic„/I~;
should be proportional to exp(d/A, )

—1, where d is the
overlayer thickness and A, the mean free path of 3d pho-
toelectrons from Cu and Ni, which is assumed here to be
only dependent on the photon energy. Fitting the experi-
mental data [Fig. 1(b)], we obtained A,2, 22,v=0. 74+0.04
nm and A, ]6 85,v=1.04+0.04 nm, which is in good agree-
ment with the "universal" mean-free-path curve of elec-
trons in solids. "

By using Ne in the ISS gun the Cu surface concentra-
tion can be determined quantitatively. ' As discussed
more thoroughly in Ref. 12, the procedure to obtain con-
centration values for the uppermost atomic layer is com-
plicated by the sputtering effect, which leads to a change
of the actual surface concentration during the ISS mea-
surements, and an intermixing of atomic layers in the sur-
face region within a typical depth of 1 nm. The initial
surface concentration of the Cu and Ni components can
by obtained by time-dependent measurements assuming a
constant ion current and extrapolation to t =0. In Fig. 2
we show the results of such an experiment, where the in-
tensity of the Cu peak in the ISS data in relation to that
of the Ni peak is plotted against the irradiation dose.
The irradiation dose should be proportional to the num-
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FIG. 2. Ion-scattering-spectroscopy (ISS) data from the sys-
tem Cu on Ni(100) by using Ne ions of 1.5 keV energy. The
spectra used for evaluation of the data points are collected in
typically 1 min.

ber of ions impinging on the sample surface. This quanti-
ty, which as a matter of fact is directly proportional to t,
has been chosen as abscissa, since the gas pressure used
for bombardment was individually adjusted for measure-
ment of the various overlayers. The dependency of the
irradiation dose as a function of gas pressure has been
determined in a previous experiment. ' We note that the
ion current was not measured routinely during the mea-
surements. A typical value for the current density was 3
nA/mm .

It has been shown in Ref. 12 that ISS detects Cu and
Ni atoms with the same efficiency, which means that the
ratio of the peak intensities is a measure of the relative
concentration of both components. As expected, the 6
and 12 ML Cu films display 100%%uo Cu concentration at
the beginning of the ISS measurements. For the 6-ML
structure Ni becomes visible almost immediately after be-
ginning of the irradiation, which we explain by an inter-
mixing of the constituents induced by the bombardment
process. Along the same lines, the 12-ML overlayers re-
quire a larger dose for the combined effects of intermix-
ing and removal of Cu surface atoms to yield a detectable
decrease of the Cu signal. For 0.5 ML of Cu the initial
Cu surface concentration (obtained by extrapolating the
data points to an irradiation dose of 0) is 50%%uo, while the
1-ML film reaches only 85%. This may be explained by
an incomplete coverage of the substrate surface for a
nominal deposition of 1 ML and a beginning growth of
the second atomic Cu layer prior to completion of the
first one. The ARUPS spectra of the 1 ML Cu film will
therefore contain some contribution from the 2-ML
structure and the possibility of an atomic roughness has
to be kept in mind for interpretation of the data.

In summary, the exponential dependence of AES and
ARUPS results may be explained essentially by the
layer-by-layer growth mode of the Cu overlayer. ISS
data and possibly absence of breakpoints in the AES in-
tensities indicate, however, that small deviations from
ideal growth characteristics exist.

III. RESULTS

EDC's from a Cu monolayer on Ni(100) are displayed
in Fig. 3 as a function of the polar emission angle 6- in the
I KR'X plane of the Brillouin zone. The Cu-induced
transitions (marked by vertical bars) are found in the en-
ergy range between —4.5 and —1.5 eV and correspond to
the Cu d states. The energy range up to the Fermi level
EF reflects the Ni d states and does not show noticeable
differences (except for their intensity) relative to those of
the clean substrate, which for 8=0 is shown as a dashed
line. ' In normal emission only one Cu transition is seen,
which in the off-normal direction splits into various com-
ponents. We note that even at 0=0.4 ML the Cu-
related transitions (with reduced intensity) exhibited a
similar dispersion as the 1-ML film, which we interpret
by a tendency of the Cu deposit to grow in form of two-
dimensional islands. It should be mentioned that in the
submonolayer range we never observed emission compa-
rable to that of the free Cu atoms, which should give rise
to four separate peaks corresponding to the final-state
configurations 'D2, D» D2, and D3. ' We did not at-
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FIG 3 EDC's from 1 monolayer (MI.) of Cu on Ni(100)
measured as a function of polar angle of emission 8 in the
I I( 8'X plane of the bulk Brillouin zone. The photon energy
was 21.22 eV. The Cu-related transitions are marked with a
vertical bar. Normal emission from Ni(100) is shown as a
dashed line.
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tempt to use angular ISS scans of the sample for a more
quantitative analysis of surface geometry. Two-
dimensional clustering in the submonolayer range can
therefore not be identified in our ISS results.

The peak positions in the EDC's of Fig. 3, together
with the corresponding results for a 2 ML and a 4 ML Cu
film, are collected in a structure plot in Fig. 4. The most
striking phenomenon is the obvious difference in peak po-
sition for every overlayer structure. A closer inspection
shows that with increasing 8 the positions for the various
films shift to lower initial energies but follow the same
dispersion. A splitting of the features in the 2- and 4-ML
films due to a quantum-size effect cannot be detected.
More precisely, the splitting of bands corresponding to
the number of monoatomic layers must be smaller (if it
exists) than the measured width of the photoemission
transitions. For 8=4 ML and small polar angle of emis-
sion ( &20'), transitions from the high-lying Cu sp band
(labeled a) could be identified. The results of this particu-
lar film cannot be fully described in the two-dimensional
Brillouin zone. The transition denoted "b" does not cor-
respond to a transition of bulk Cu(100}.

In Fig. 5 a comparison is made between the EDC's of a
12 ML Cu film and of bulk Cu(100). The latter results
have been obtained by using a different instrument with
superior energy and angular resolution, which may ac-
count for some differences in the observed width of the
experimental structure. Deviations from ideal epitaxial
growth may also contribute to the experimental width.
For example, an atomic roughness of the Cu film may
lead to scattering of the photoelectrons and therefore to
additional contributions of neighboring directions of the
photoemitted electrons resulting in a broadening of tran-
sitions. The dispersion of the peaks from the 12-ML film
is in satisfactory agreement with that of bulk Cu, as is ex-
pected from an ordered epitaxial growth of the Cu depos-
it. The only difference in both sets of data is a small sys-
tematic 'shift by 0.08 eV of the overlayer peaks towards
lower initial energies. At a polar angle of 60', emission
from the d-like surface state is recognized in the EDC of
the evaporated Cu film as a shoulder (SS).

Two dimensionality of the Cu states for the 1- and 2-
ML films has been confirmed by using different photon
energies and by examining whether the measured disper-
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FIG. 5. Comparison of EDC's from 12 ML of Cu on Ni(100)
(labeled a) with those of bulk Cu(100) (Ref. 8) (labeled b) for
various polar angles of emission 8.



6034 V. ROGGE AND H. NEDDERMEYER

EF
0.5

I

k(( (I )

1.0 1.5
I I

1 ML Cu on Ni(100)
Q h~ =21.22 eV
& hm =16.85 eV

0
U

C

-4 —3

0
5

0 'V ~

(a)

0.5 1.0
I

k(( (X )

1.5
I

M
I

I

sion of the energy bands (Fig. 6) may be characterized by
the parallel component of the wave vector (k~~). We have
computed k~I in the usual way by the expression
k, ~(A ') =0.5121(A'co+E, —@ )' sin8, where %co is the
photon energy, E; the initial energy, 4 the work func-
tion of the sample (all quantities measured in eV), and 8

the polar emission angle. The work function has been
determined from the low-energy photoemission thresh-
old. For clean Ni(100) we found @ =5.28+0.05 eV and,
for 12 ML Cu on Ni(100), N =4.34+0.05 eV. In Fig.
6(a) the results from 1 ML Cu on Ni(100) are plotted to-
gether with the Cu-derived portion of a theoretical
energy-band structure of a Cu/Ni(100)/Cu sandwich,
computed by Zhu et al. by means of a self-consistent
local-orbital method. The theoretical energy bands
[solid lines in Fig. 6(a)] are shifted downward by 0.6 eV in
order to align the experimental normal-emission results
with the theoretical data. The comparison is made with
the theoretical minority-spin bands. The position of the
majority-spin bands are indicated near M by the dotted
lines. The expected exchange splitting is too small to be
resolved in our measurements. The solid lines corre-
spond to states with at least 70%%uo surface character; the
dashed lines indicate states with 50—70% surface charac-
ter. The agreement between experiment and theory is
very satisfactory. The experimental splitting of the
energy-band structure near M into four components and
their dispersion is well reproduced by the theory. The
theoretical bands starting at I 4 and I 3 cannot be ob-
served experimentally for small k~~, since they are symme-
try forbidden in normal emission. ' The 2-ML film [Fig.
6(b)] shows two-dimensional dispersion relations, which
are very similar to the results from the 1-ML structure.
One difference (in addition to the small energy shift, see
Fig. 4) is the occurrence of an energy band at —3 eV near
M, which is absent for the 1-ML film and, for the 4-ML
results, hardly recognizable by weak shoulders on the
low-energy side of the main transitions.

Finally, the evolution of the energy position of the lev-
els of X5 and X3 symmetry in the bulk band structure of
Cu is shown in Fig. 7 as a function of e. Here we use the
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FIG. 6. (a) Two-dimensional dispersion of Cu-related transi-
tions from 1 ML Cu on Ni(100) in comparison with theoretical
energy bands of Ref. 7. (b) Two-dimensional dispersion from 2
ML Cu on Ni(100). The dashed lines are a guide for the eye.

FIG. 7. Development of the energy position of the X3- and
X5-symmetry points with e. The inset shows the band struc-
ture of Cu in the I X direction as calculated by Burdick {Ref.
17).
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property that at a photon energy of 21.22 eV and a polar
angle of emission at 60' one probes direct transitions near
the X point of the bulk Brillouin zone. The same condi-
tions lead to emission of two-dimensional features at M in
the two-dimensional Brillouin zone. In Fig. 7 we have
plotted the position of the uppermost (ignoring feature SS
of Fig. 5) and lowermost Cu-related transitions in the film
spectra together with the results from bulk Cu(100) (Ref.
8) (horizontal bars). The systematic shift of the transi-
tions with increasing coverage towards lower initial ener-
gies (maximum shift 0.4 eV) is apparent (also see Fig. 4).
As has already been mentioned above, the transitions
from the 12-ML structure are located distinctly below
those of bulk Cu. A downward shift of peaks with in-
creasing coverage has even been found in the submono-
layer range. For example, in normal emission the Cu
transition shifted by 0.05 eV upon increasing 8 from 0.4
to 0.5 ML. As deduced from the difference in the energy
positions of the X5 and X3 levels, within the limits of ex-
perimental uncertainty no d band narrowing' in the thin
films compared to the d-band width of bulk Cu is seen.

IV. nrSCVSSIOX

First, some details of the growth mode have to be dis-
cussed. A noticeable ISS observation was that for 6=1
ML the second atomic layer already starts growing be-
fore the substrate is covered completely. On the other
hand, AES and ARUPS did not show a tendency to
three-dimensional clustering, which is normally recog-
nized by distinct deviations from exponential dependency
of the intensities for large e. That such deviations are
absent is an indication for only small differences to ideal
behavior, which, in our opinion, may be described by an
atomic roughness of the condensed overlayer. It is quali-
tatively clear that for formation of a complete atomic lay-
er two-dimensional diffusion processes are necessary to
transport the incoming Cu atoms to steps, kinks, or other
high-binding-energy sites for condensation. If the surface
is nearly covered with a monoatomic Cu layer, the imp-
inging atoms may find high-binding-energy sites already
atop the first (incomplete) layer, which would explain the
ISS results. Further deposition would then lead to a
completion of the first monolayer. The lattice mismatch
of nearly 3%%uo is probably too small to produce effects
large enough to be seen with the applied experimental
techniques. Two dimensionality of the ARUPS results
for small 8 and a satisfactory agreement between the
EDC's of the 12-ML film and of bulk Cu(100) are further
manifestations for a nearly ideal layer-by-layer growth
mode in the coverage range studied.

To our knowledge, the occupied electronic states of Cu
on Ni(100) have not yet been studied experimentally. We
note that an analogous band structure has been mapped
for a Nio s4Cuo, 6(111) surface, where an ordered mono-
atomic Cu layer can be produced by surface segrega-
tion. ' In Ref. 19 the dispersion of the Cu-related transi-
tions from the alloy surface has been shown to be in close
correspondence with the calculated energy bands of a free
Cu(111) monolayer (except for their energy positions). In
the present work the energy bands for the Cu monolayer

on Ni(100) are also well reproduced by theory if one
takes into account a rigid shift of 0.6 eV of the theoretical
bands towards lower energies.

Iwasaki et al. have derived values for the energy posi-
tion of the X, point in the unoccupied part of the band
structure for Ni(100) and for a thick Cu film on Ni(100).
They assumed the position of X, to be constant for the
various films, which is in contrast to our observation of a
systematic shift of the occupied energy bands with in-
creasing film thickness. Several possibilities have to be
considered for an explanation of this effect. The main
origin may result from a small charge transfer between
overlayer and substrate, although in Ref. 7 such a
phenomenon is not considered to be important. If, for
example, some Cu valence charge is transferred to the Ni
substrate, the reduction of screening of the Cu core po-
tential may indeed lead to an increase of electronic bind-
ing energies for the Cu 3d states. It has to be noted that
on the basis of the electronegativity scale [Ni, 1.8; Cu, 1.9
(Ref. 20)] the charge transfer cannot be large and should
actually occur in the opposite direction. More theoreti-
cal work is needed to estimate the possible role of a
charge transfer to explain the experimental shifts.

Another effect, which may inhuence the position of the
energy bands, is the registration of the Cu overlayer rela-
tive to the Ni lattice for small e. Although the necessary
lattice compression for Cu is quite small (=3%), it will

cause small changes of the reciprocal lattice compared to
that of bulk Cu and lead to a different position of EF (de-

pending on the occupation of available states), if we refer
Ez to the low-energy band edge.

The influence of the Cu overlayers on the Ni d states,
which in Ref. 7 and in previous theoretical work ' is pre-
dicted to lead to a reduction of the Ni magnetic moment
at the interface and a change of the exchange splitting,
could not be resolved in our experiment. A Ni(111) sub-
strate would offer a better possibility to study such
effects. For the latter surface in normal-emission results
the exchange splitting could clearly be resolved in the vi-
cinity of Ez, which is hardly possible for Ni(100) be-
cause of too many overlapping energy bands. We note
that we also did not find any clear evidence for a well-
defined interface state between the Cu layers and the Ni
substrate.

ARUPS studies on comparable systems have been re-
ported for Cu on Ag(100) by Stoffel et al. and for
Cu(001)-c(2X2)Pd by Wu et al. The system Cu on
Ag(100) shows behavior similar to Cu/Ni(100), at least in
the low-coverage regime, when the above-mentioned lat-
tice mismatch does not yet lead to an imperfect growth of
the Cu films. One difference is seen in the normal-
emission data, which exhibits a splitting of the Cu d tran-
sitions for the Ag substrate. A systematic shift of energy
bands with the number of monolayers is not observed for
Cu/Ag(100). In general, the analysis of the Cu/Ag(100)
data is more difFicult, because of considerable overlap be-
tween Ag and Cu transitions for small e, and large devia-
tions from layer-by-layer —type growth of the Cu over-
layers due to the differences in lattice mismatch. The d -d
interaction between Cu and Ag electrons and charge
transfer may also be different relative to the Cu/Ni case.
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For Cu/Pd in Ref. 23, the results were interpreted as
rejecting the formation of a surface alloy, which we rule
out for Cu/Ni(100) on the basis of our ISS measurements.

V. CONCLUSION

We have measured Cu films on Ni(100) up to a cover-
age of 12 ML. Two-dimensional energy bands for the Cu
films have been identified up to 8=4 ML. The experi-
mental dispersion of the 1 ML Cu film is in good agree-
ment with the Cu-derived states of a hypothetical
Cu/Ni(100)/Cu sandwich as computed by Zhu et al. ,
provided a 0.6-eV shift of the theoretical energy bands to-
wards lower energies is taken into account. Bulk transi-
tions are found to some extent already at 8=4 ML and

are fully developed at 8=12 ML. The latter film shows
distinct emission from a d-like surface state, which indi-
cates ordered and epitaxial growth of the Cu overlayers.
The experimental energy bands shift by 0.4 eV to lower
initial energies with increasing number of layers and
reach the bulk positions at approximately 8=6 ML. For
the 12-ML film the observed d-electronic structure is
lowered in energy by 0.08 eV compared to bulk Cu. The
predicted splitting of the electronic levels (Ref. 6) due to
quantum-size e6'ects could not be detected.
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