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The epitaxy of Cu on Ag{001I is studied by qualitative and quantitative low-energy electron
diffraction (LEED) and by angle-resolved photoemission. LEED indicates that ultrathin (two- to
three-atomic-layer) films have a limited amount of long-range order, and the ordered component

0

has interlayer spacings of 1.45+0.06 A, which compares well with the theoretically determined cu-
0

bic lattice constant 2.87+0.06 A of a metastable body-centered-cubic (bcc) modification of Cu.
Thicker (10- to 12-layer) films have almost no long-range order, and photoemission indicates that re-
gions of bcc and fcc Cu coexist amid large amounts of defects.

I. INTRODUCTION

In the past few years a number of theoretical and ex-
perimental studies have been made of the presumed meta-
stable body-centered-cubic (bcc) phase of Cu. Crystalline
phases not normally found in nature are of considerable
interest because they provide valuable tests of our under-
standing of crystal structure, and also present a challenge
of experimental inventiveness to find ways of preparing
and stabilizing them. There is special interest in studying
Cu because in a number of ways Cu is the prototype met-
al for an accurate description by first-principles calcula-
tions; e.g. , the face-centered-cubic (fcc) lattice constant is
predicted correctly to within 0.3% by minimization of
the total energy, ' and the theory accounts well for the de-
tails of the photoemission spectrum. A special reason
for studying bcc Cu is that on the one hand calculations
of total energy as a function of volume' ' exhibit a well-
defined minimum at lattice constant au =2.87 A (2.88 A
at 300 K) (Ref. 5) with only a small amount of metastabil-
ity (between 0.3 and 3 mRy/atom). On the other hand,
total-energy calculations on tetragonal distortions of Cu
around the bcc structure indicate that the bcc structure is
unstable. Hence stabilization of the bcc lattice by pseu-
domorphic epitaxy is likely to be difficult and limited to
very few atomic layers. In fact, an epitaxial film of Cu on
fcc Pd I 001 I (ao =3.89 A, a =2.75 A, Ref. 7) and on fcc
PtI001I (ao=3.93 A, a =2.78 A, Ref. 8) is best de-
scribed as having a strained fcc structure, although the
mismatch strain of fcc Cu is larger in each case than that
of bcc Cu (7.9% for fcc versus —4.5%%uo for bcc on
Pd I 001 I, 8.7%%uo for fcc versus —3.5%%uo for bcc on
PtI001 I ). For Cu on bcc FeI001I (az =2.87 A), the fcc
and bcc strains are 12.1% and 0.3% and for Cu on fcc
AgI001I (au =4.09 A, a =2.89 A) they are 13.1% and
0.3% respectively. Hence both FeI001] and AgI001I
are far more likely to stabilize the bcc Cu structure than
PdI001I and PtI001I, as has been found experimental-
1

Bruce and Jaeger were the first to report, in 1977, the

epitaxial growth of thin films on Cu on a I 001 ] surface of
Ag. These authors used electron microscopy to examine
Cu films grown at pressures ranging between 10 and
10 Torr, and found that films grown at 300 K and
thinner than about 100 A were pseudomorphic with the
AgI001) substrate and had bcc structure, while thicker
films changed into (001I and I 110I epitaxial fcc grains.
A few years later, Smith, Norris, and Binns' concluded
from the plot of Auger signals against evaporation time
(at pressures of the order of 10 ' Torr) that the first
atomic layer of Cu deposited on AgI001I was pseu-
domorphic, and that the first, and possibly the second,
atomic layer grew in the layer-by-layer mode. But films
three layers thick and thicker were found to be no longer
continuous.

Additional evidence for the existence of a bcc
modification of Cu was provided in 1987 by Wang
et al. " with a low-energy electron-diffraction (LEED)
study of the growth of ultrathin films of Cu on an

Fet001I surface. The results of this study were ambigu-

ous in the early stages of growth because LEED cannot
distinguish between Cu and Fe if they have the same
structure (in this case, the bcc structure). Thicker Cu
films contained large amounts of defects and limited
long-range order, but a small ordered component (about
20%%uo) was shown to have a possibly somewhat distorted
bcc structure. Later work by Egelhoff and Jacob' with
refiection high-energy electron diffraction (RHEED) and
x-ray-photoelectron forward scattering (XPS) found that
Cu films grown on Ag I 001 I had bcc structure and
showed that pronounced RHEED intensity oscillations
could be observed during film growth at 77 K. This ob-
servation led the authors to the conclusion that the
growth was "at least quasi-layer-by-layer" for at least five

layers, the number of RHEED oscillations observed.
A new recent study, by Heinrich et al. ,

' confirmed
the growth of bcc Cu on FeI001I and identified the
growth mode, again from RHEED oscillations, to be
"good layer-by-layer" growth. This study argued that
"the CuI001I overlayers grow in a nearly perfect bcc
structure" and deferred the determination of eventual
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"vertical distortions and surface relaxations of bcc
Cu [001 j grown on Fe [001j" to future LEED studies.

The LEED studies of the Cu/Fe system" were not
able, in the early stages of growth, to exclude the pres-
ence of Fe atoms mixed with Cu atoms or the possibility
of amorphous Cu layers, because Fe and Cu, as rnen-
tioned above, have about the same scattering properties
for low-energy electrons. By contrast, LEED is expected
to be able to distinguish well between Cu and Ag, which
have very different ion cores. Furthermore, Wang
et al. " have shown that their Cu films, grown on bulk
Fe[001},did not have the "nearly perfect bcc structure"
of the Cu films that were grown by Heinrich et al. " on
Fe[001} films grown, in turn, on bulk Ag[001}. It is
therefore of interest to see whether Cu films grown
directly on Ag[001} have in fact a nearly perfect bcc
structure, and, if so, whether LEED can be used to deter-
mine the structural parameters of these films. Such is the
purpose of the work described herein.

We give details of the experiments that we have carried
out in Sec. II—the experimental tools were LEED,
Auger-electron spectroscopy (AES), and synchrotron-
based angle-resolved photoemission. We present the re-
sults in Sec. III and draw the conclusions of this work in
Sec. IV.

II. EXPERIMENTS

The sample used in this study was a single-crystal Ag
platelet with a major surface oriented perpendicular to a
(001) direction to within 0.5' and mechanically polished
to a mirror finish. The platelet was mounted on a three-
axis sample manipulator' by means of Ta strips, and
could be heated by electron bombardment of its back
side. The temperature of the front surface was monitored
with an infrared radiometer through a viewport in the ex-
perimental chamber.

The Ag[011} surface was cleaned in situ with several
cycles of Ar-ion bombardments (ion energy varying be-
tween 400 and 600 eV) followed by annealing treatments
at 600 C for about 10 min. The chemical composition of
the surface was monitored by AES with a cylindrical rnir=
ror analyzer (CMA): the only impurities present on the
surface before the cleaning procedures were C and 0, and
their AES signals were reduced to below the noise level
after the cleaning process.

The crystallinity of the surface was monitored with a
reverse-view LEED system. The LEED pattern of the
clean surface was a sharp and high-contrast 1 X 1 pattern.
The diffracted intensities from the clean and the Cu-
covered surfaces were measured with a computer-
controlled video system.

'

The Cu source was a small single crystal of Cu
premelted on a W basket. The source was outgassed for
several hours in Uacuo so that deposition of Cu on the
Ag[001} surface could be done at pressures lower than
4X 10 ' Torr. The deposition rate was determined from
the intensity ratio of the Cu AES signal at 918 eV to the
Ag AES signal at 350 eV. Since there was no evidence, in
this work, for layer-by-layer growth, we quote surface
coverages not in numbers of layers, but in numbers of

layer equivalents (LE), defined as the number of fiat and
complete layers than would produce the same ratio of
AES Cu/Ag intensities as observed experimentally. The
deposition rate used in the present experiments was typi-
cally about 1 LE per minute. The base pressure in the ex-
perirnental chamber was in the low 10 "-Torr range ex-
cept during deposition of Cu.

The experiments were carried out at beamline U7B of
the National Synchrotron Light Source in the
Brookhaven National Laboratory. The photoemission
experiments made use of a plane-grating monochromator,
and the electron energies were analyzed with an angle-
resolved double-pass CMA with an angular resolution of
2'. The combined energy resolution of monochromator
plus analyzer was estimated to be 0.35 eV at h v= 100 eV.

III. RESULTS AND ANALYSIS

A. LEED

The sharp, low-background 1X1 pattern typical of
clean Ag[001 } deteriorated very rapidly upon deposition
of Cu: the diffraction beams broadened and the back-
ground increased markedly. The LEED pattern
remained 1 X 1, as long as it was observable, for all cover-
ages of the Ag[001} surface by Cu. Intensity-versus-
voltage [I(V) ] spectra could be measured only in the ini-
tial stages, i.e., for surface coverages estimated to be
lower than about 3 —4 LE. At and above surface cover-
ages of about 4—5 LE, the LEED pattern was practically
obliterated, the diffracted beams being very broad and
barely distinguishable above a high background. Pro-
longed deposition of Cu, up to 10—15 LE, did not im-
prove or change the LEED pattern in any noticeable
way.

We show in Fig. 1 the 10, 11, and 20 I ( V) spectra from
a Cu film estimated to be 2 —3 LE thick (Cu-to-Ag AES
ratio of 0.19) for normal incidence of the primary elec-
tron beam. The curves marked "raw" are the I ( V) spec-
tra as collected —they are shown here to demonstrate
how large the background and how small the signal-to-
background ratio was at this surface coverage.

In order to use these I( V) spectra for quantitative
analysis of the Cu film, we had to normalize the curves to
constant incident-electron current and to subtract the
background —an operation of considerable uncertainty in
the present case. The I(V) spectra obtained after this
operation are marked "Expt." in Fig. 1. It is obvious
that only the positions of the major intensity peaks, not
the details of the curves, can be trusted. Nevertheless, we
tried to fit these curves with I( V) spectra calculated for
different models of the Cu film.

The intensity calculations were done with the cHANCxE
computer program. ' The Cu and Ag potentials were
taken from the compilation of Moruzzi, Janak, and Wil-
liams, ' eight phase shifts and 61 beams were used, the
inner potential was chosen to be Vo = —(10+4i ) eV, and
the amplitude of atomic vibrations was set at
( u ) '~ =0.156 A for both Cu and Ag.

Since the coverage was not precisely known, several
models of the Cu film were tried, viz. , one, two, three,
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and four pseudomorphic layers of Cu on AgIOOI I, and a
semi-infinite film of Cu with an in-plane lattice constant
equal to that of AgI001 I (2.889 A) and interlayer spacing
varying between 1.3 and 1.6 A in intervals of 0.05 A.
Evaluation of the fit to experiment was done both visually
and by R factor [RvHT,

' Rp, ' and rzJ (Ref. 20)]. The
best fit was found with models involving two and three
layers of Cu. Figure 1 depicts 10, 11, and 20 spectra cal-
culated for two layers of Cu (curves marked "2")with in-
terlayer distances dc„c„=1.45 A and dc„Ag=1.52 A
(RvHT =0.45, Rp =0.72, rzJ =0.25), and for three layers
of Cu (curves marked "3") with interlayer distances
dc„c„=1.50 A and dc„A =1.4 A (RvHr=0. 59,
Rp=0. 68, rzJ=0. 40). The agreement between theory
and experiment is not as good as in a high-quality struc-
ture determination, owing to the meager and rather un-
certain raw experimental data, and because the Cu film
was very probably of uneven thickness, with regions two,
three, and four layers thick present at the same time.
However, the agreement is acceptable to permit some
significant structural information to be obtained.

Thus, our LEED experiment indicates that the Cu
films grown on Ag [001 I were full of defects and disorder,
and that even poor-quality LEED patterns could only be
observed for thicknesses up to 3—4 LE, but that the or-
dered regions of the films involved Cu-Cu and Cu-Ag in-
terlayer spacings of 1.45+0.06 A.
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FIG. 1. Experimental and theoretical LEED I( V) spectra for
ultrathin films of Cu on Ag[001I. "Raw" denotes curves as
measured; "Expt." denotes the same curves after normalization
to constant incident-electron current and subtraction of the
background; "2" and "3"denote calculated curves for 2 and 3
layers of Cu on AgI001), respectively, with interlayer distances
given in the text.

B. Photoemission
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FIG. 2. Normal-emission angle-resolved electron-
distribution curves from a 10-layer Cu film on Ag[001I for s-

polarized light and photon energies between 21 and 160 eV.
The features below —4 eV are due to the Ag substrate. The
dotted lines outline a possible crossing of the corresponding
bands.

The photoemission experiments involved a collection
of angle-resolved electron-distribution curves (EDC's) for
emission normal to the film surface, for photon energies
ranging from 13 to 160 eV, and for surface coverages
ranging from 0 to 10 LE. We show in Fig. 2 a series of
EDC's measured with s-polarized light on a Cu film es-
timated to be about 10 LE thick (the corresponding
LEED pattern was essentially obliterated by high back-
ground). The features located deeper than about 4 eV
below the Fermi level EF are due to the underlying
Ag j001I substrate; those at higher binding energies stem
from the Cu film.

Comparison of Fig. 2 with equivalent plots for bulk fcc
Cu[ 001) (Refs. 21—23) shows obvious differences. For
example, in fcc Cu, the EDC's for hv=100 eV exhibit
two well-resolved peaks in the range between 2 and 6 eV
below EF, whereas the present data have only a peak with
a broad tail on the higher-binding-energy side. Further-
more, in Fig. 2 the extrema in binding energy occur ap-
proximately for 50- and 130-eV photons (while in fcc
CuI001I they occur at 40 and 95 eV, respectively). If we
evaluate the corresponding momentum values by assum-
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points presented in the center of Fig. 3. Comparison with
the calculated band structure of fcc Cu (left-hand side of
Fig. 3) shows that a characteristic unique to the fcc band
structure, the quasihorizontal b, z band, is reproduced in
the experimental data, while a characteristic unique to
the bcc band structure, the downward-sloped 62 band, is
also reproduced in the experiment (recall that the 6,
band is not visible in these s-polarized data). Thus, the
data suggest that both bcc and fcc regions coexisted in
the film investigated amidst a large amount of defects.

IV. CONCLUSIONS

—15

FIC1. 3. Calculated electron band structure [after Moruzzi
(Ref. 25)] for fcc Cu (left ) and bcc Cu (right), and experimental
band structure (center) determined with s-polarized data from
films of Cu on Ag[001 I in the free-electron approximation.

ing as valid the free-electron parabolic relation

k~t =0.512+6v+ E~ Eb—
(kit=fina-state momentum perpendicular to the surface
inside the crystal, in A; hv=photon energy, in eV;
EF =Fermi energy, in eV, with respect to the bottom of
the band; Eb =positive binding energy below EF, in eV),
we find, with EF =4 eV and Eb =2. 5 eV (Ref. 24), that
kf J 3.69 A ' and k&~

=5. 88 A ', respectively. The
difference between these values is 2.19 A ', which should
correspond to the length of the Brillouin zone in the
direction normal to the film surface. If the film had bcc
structure, this length would be the distance between the
I and the H points. Thus, from I H=2. 19 A we cal-

0
culate an interlayer distance of 2.87 A. The fact that this
result agrees so well with the theoretical value of the lat-
tice constant of bcc Cu may be accidental, but it does
support the existence of a bcc structure.

Additional evidence for a component with bcc struc-
ture comes from the trend of the experimental EDC's
shown in Fig. 2 compared to the calculated band struc-
ture of bcc Cu, which is reproduced on the right-hand
side of Fig. 3. This figure shows that the A2 and the 65
bands cross each other at the point marked R, and such a
crossing seems indeed to occur in the experiment as indi-
cated by the dashed lines in Fig. 2. However, there is
also evidence for the presence of a fcc component. In
fact, evaluation of the electron band structure under the
free-electron assumption of Eq. (1) produced the data

The combined LEED and photoemission experiments
described above allow the conclusion that the ultrathin
Cu films grown on clean AgI001I in this work had a
crystalline component with bcc structure, the interlayer
spacing along (001) being 1.45+0.06 A. But the films
contained a large amount of defects, steps, and disor-
dered regions, which manifested themselves in broad
diffracted beams and high background of the LEED pat-
tern. In fact, films thicker than about 3 or 4 layers were
predominantly disordered and had little or no long-range
order. Photoemission indicated that 10-layer films con-
tained regions with bcc and fcc structure.

Thus, with regard to the bcc modification of Cu, the
present results confirm the conclusions reached by Wang
et al. " in their study of the growth of Cu on Fej 001 I,
but do not confirm the near perfection of the bcc struc-
ture and the layer-by-layer growth mode of the Cu films
that is suggested by the RHEED patterns and RHEED
oscillations as published in the literature. ' ' We offer
three possible explanations for this contradiction, as fol-
lows. (i) Both the presence or absence of long-range or-
der and the mode of growth of the epitaxial films may de-
pend on the nature and the quality of the substrate sur-
faces, on the deposition rate, and in general on the details
of the procedures used in different experiments in
different laboratories. (ii) The growth mode may indeed
be layer by layer even though the long-range order is lim-
ited or absent. (iii) The growth mode may not be layer by
layer, and perhaps RHEED oscillations could be ob-
served even when the long-range order is limited and the
growth is not layer by layer.
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