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Structure of Co films grown on Cu(111) studied by photoelectron diffraction
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The structure of epitaxial cobalt on Cu(111) single-crystal surfaces was studied by angle-resolved x-
ray-photoelectron diffraction and low-energy electron diffraction. We find that initial growth of Co is in
the metastable fcc phase. The first cobalt monolayer occupies the substrate fcc continuation sites and
grows as a Bat layer coherent to the substrate lattice. The fcc stacking sequence continues for two-
layer-thick cobalt films. As the film thickness increases beyond two layers, hcp stacking faults occur as
domains in mixed fcc-hcp layers. The transition from the metastable fcc stacking sequence to the bulk
hcp(0001) structure is not abrupt, but occurs gradually as the film thickness increases.

I. INTRODUCTION

Cobalt can be grown epitaxially in three difFerent struc-
tures, fcc, bcc, and hcp, which makes the metal useful in
the study of the inAuence of structure on surface magne-
tism. The particular importance of epitaxial cobalt struc-
tures has been highlighted recently by the discovery of gi-
ant magnetoresistance effects in sputtered Co/Cu super-
lattices, ' and oscillatory antiferromagnetic coupling in
Co/Cu/Co "sandwich" structures. ' The magnetic
properties of epitaxial Co/Cu films have been shown to
depend critically upon the growth conditions and choice
of substrate. The antiferromagnetic (AF) coupling of
Co(111) layers which was found in textured, sputtered
films, ' has been more dif5cult to achieve in films grown
by molecular-beam epitaxy (MBE). Parkin et al. report a
substrate dependence to the presence or absence of AF
coupling, even though the multilayers were of similar
quality as judged by x-ray diffraction. EgelhofF and
Kief found no evidence for AF coupling in Co/Cu(111)
multilayers grown on Cu(111) substrates by MBE,
whereas Johnson et a/. report AF coupling in Co multi-
layers grown on both Cu(100) and Cu(111). This sensitive
dependence on growth conditions and substrates has also
been found for the magnitude of the giant magnetoresis-
tance in these materials. ' It has been suggested that sub-
tle defects, such as pinholes in the Cu spacer layers, may
be present in the MBE-growth materials in varying
amounts, leading to the differences reported by various
groups.

The structure and growth mode of Co in the metasta-
ble fcc(100) orientation has been studied previously. '

Here we report the results of a study of the initial stages
of epitaxy of Co on Cu(111). The growth mode is very
different from the fcc(100) case, and these differences may
prove important to understanding the magnetic proper-
ties of sandwich and wedge samples of the type
Co/Cu/Co(111) grown using MBE techniques.

The equilibrium phase of bulk cobalt is hcp at room
temperature and fcc at temperatures above 400'C. A

metastable phase of room-temperature fcc cobalt has
been predicted by total-energy calculations, and all of
the experimental evidence shows that Co forms an epitax-
ial fcc(001) structure with good long-range order when
grown on Cu(100). " The metastable fcc phase of co-
balt grows with a high degree of long-range order to
thicknesses well above the critical-layer thickness, be-
cause the Cu(100) surface atom lattice acts as a template
for fcc growth. The reason for the stability of the fcc
Co/Cu(001) films is that no low-index orientation of the
hcp structure matches the Cu(001) surface. That is, large
displacements, both parallel and perpendicular to the
Co/Cu interface, are required to convert fcc Co(001) into
hcp Co.

The situation for epitaxy on Cu(111) is more compli-
cated, as it is not immediately obvious which phase of co-
balt (fcc or hcp) should develop in epitaxial growth. The
lattice mismatch of Co to Cu for both the ordinary hcp
phase and the metastable fcc phase is small. The
nearest-neighbor distance for the bulk high-temperature
fcc cobalt structure is 2.51 A, while that of the metasta-
ble fcc phase is 2.47 A at room temperature, compared to
the bulk Cu spacing of 2.55 A. The difference between
the fcc(111) and hcp(0001) structure lies in the stacking
sequence of close-packed atom planes, and reAects a
long-range interaction extending over at least three atom-
ic layers. The stacking sequence for fcc planes can be la-
beled ABCABC. . . , and that for hcp stacking is
ABAB. . . .

The equilibrium stacking sequence that results in either
the hcp or fcc structure is related to the electronic struc-
ture of the element, and in particular to the d-band
valence-electron occupancy. ' Given that Co has both a
fcc and a hcp bulk crystal structure, it is possible that the
first few layers of Co might go into either the fcc (normal)
or the hcp (fault) sites. For either starting sequence, it is
to be expected that thick films will evolve into the (stable)
hcp structure.

Experimentally, some differences have been reported
between cobalt grown as a film and as a superlattice. A
low-energy electron diffraction (LEED) study of epitaxial
Co/Cu(111) found that the LEED pattern for 8-
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monolayer (ML) -thick films showed sixfold syminetry,
which was interpreted as being due to the cobalt hcp
structure. ' However, a sixfold LEED pattern could also
result from a twinned fcc film, so that more recent studies
of the magnetic properties of Co/Cu(111) have not been
able to identify the phase. In contrast, an x-ray-
diffractio study of Co/Cu superlattices grown by
molecular-beam epitaxy found predominantly fcc stack-
ing sequences for samples with cobalt layer thicknesses
up to 40 A. ' Similarly, predominantly fcc stacking se-
quences were found for sputtered' and e-beam evaporat-
ed' Co/Cu superlattices with thin cobalt layer
thicknesses using nuclear magnetic resonance.

At issue is whether the structure of Co in a superlattice
is different from that of an epitaxial film because of the
difference in boundary conditions. The combined LEED
and x-ray-photoelectron diffraction (XPD) study reported
here has clarified some of this discrepancy by providing
more detail about the structure and stacking sequence of
the early stages of Co epitaxy. We provide experimental
evidence to show that the first layer of Co atoms is in the
fcc (normal) continuation sites, but that hcp (fault) sites
are occupied beginning in the third layer. Theoretical
calculations using a tight-binding formalism' show that
the energy difference between hcp and fcc adsorption
sites on Cu(111) is small, but the fcc site is favored, which
agrees with our observations.

A second important question about Co epitaxy is the
nature of the phase transition from an initial fcc stacking
sequence to a hcp structure for a thick film. A common
observation in metal film epitaxy is a transition from the
metastable strained-layer coherent structure to the equi-
librium bulk structure above a critical-layer thickness. '

This would suggest an abrupt transition from fcc to hcp
stacking over a small number of layers. However, there
is some theoretical justification for a more complex phase
transition. It has been predicted that the transition from
fcc to hcp structures should take place through a discrete
sequence of hcp stacking faults, injected into the fcc lat-
tice in a well-defined way that is a function of the average
valence-electron density. ' ' As an epitaxial film of Co is
grown on Cu(111), we can expect the electron concentra-
tion to vary continuously from that of Cu to that of bulk
Co, which may lead to a complex stacking-fault sequence
in the transition to hcp bulklike thick films.

Angle-resolved x-ray-photoelectron spectroscopy
(ARXPS), or x-ray-photoelectron diffraction (XPD), is a
suitable technique to distinguish these different struc-
tures, because it is sensitive to the atomic structure of the
outermost layers of the substrate surface or epitaxial
film. ' ' We have used ARXPS to attempt to determine
(i) whether the first Co monolayer occupies the fcc or hcp
continuation site, (ii) the stacking sequence of the first
few monolayers, which can distinguish between the fcc
and hcp structures, and (iii) the nature of the transition to
the bulk hcp structure.

&0.5 of the nominal surface plane, spark planed and
mechanically polished with alumina and diamond polish-
ing compounds. Before introduction into the ultrahigh
vacuum (UHV) system, the surface was electropolished to
remove the residual damaged layer that is formed during
mechanical polishing. The sample was cleaned in UHV
by repeated cycles of Ar-ion sputtering followed by an-
nealing, until the LEED pattern was a (1X1) structure
with spot sizes that were small (about twice the instru-
mental line), and x-ray-photoemission spectroscopy
showed no evidence of contamination. The Co metal
films were sublimed from 1-mm-diameter pure wires that
were heated resistively. The deposition rate was deter-
mined by a quartz microbalance, placed near the sub-
strate location. Typical deposition rates are 0.5 ML/min,
with a power dissipation of 30 W.

Throughout this work, the Cu(111) substrate was
maintained near room temperature during Co growth.
Although annealing a film can lead to improved long-
range order, it can also lead to substantial diffusion of
substrate atoms and consequent intermixing with the
overlayer. ' At moderate annealing temperatures, copper
has been observed to diffuse through defects in Co films,
to form an epitaxial copper overlayer capping the cobalt
film, which lowers the free energy of the surface. Similar
behavior has been noted in other transition-metal epitaxi-
al films grown on copper surfaces.

The evaporators were located in a UHV sample growth
chamber. This chamber, which can be valved off from
the analysis chamber, is equipped with an ion pump, a
turbo molecular pump, a cryotr apped Ti-sublimation
pump, and liquid-nitrogen-cooled cryoshields surround-
ing the evaporation sources. The base pressure of the
growth chamber was in the low 10 ' Torr range, and
the gas composition was monitored by a quadrupole mass
spectrometer. After film deposition, the samples are
transferred under a ultrahigh vacuum into the analysis
chamber which has a base pressure in the low 10
range. The analysis chamber is equipped with a video
LEED system, used for both pattern observation and I-V
curve or spot-profile measurements, and the ARXPS
XPD system.

The XPD technique has been described in detail else-
where. ' ' In brief, the photoemission core level or
Auger-electron intensity of either the substrate or over-
layer material is measured as a function of emission
direction with respect to the sample normal (see Fig. 1).
These polar-angle intensity distributions are measured for
discrete azimuthal directions. In this study, the results
are presented from the two inequivalent azimuths in the
mirror plane of the fcc(111) surface. Typical polar-angle
step sizes were 0.5' or less, and the electron analyzer ac-
ceptance angle in the polar direction was +2' or less.
The angle between the incident Al Ke x-ray beam and
the electron emission direction was fixed at =70 .

II. EXPERIMENTAL METHODS III. EXPERIMENTAL RESULTS

The substrates in these experiments were single-crystal
Cu(111) crystals aligned by Laue diffraction to within

Structure studies of epitaxial cobalt films deposited on
clean, well-ordered Cu(111) surfaces were performed for a
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FIG. 1. Schematic diagram of the apparatus used for x-ray-
photoelectron diffraction measurements.

series of film thicknesses from 1 to 20 ML. LEED
diffraction measurements sample the composite film
structure, penetrating both the ultrathin film and the first
few layers of the substrate. In the XPD technique,
diffraction curves are measured using the Co and Cu pho-
toemission lines independently. Both the substrate and
the overlayer signals are measured for each film thick-
ness.

Photoelectron spectra from the epitaxial films were
measured as a function of thickness. These spectra con-
tained Cu 2p photoelectron lines (near 550 eV) and Cu
LVV Auger lines (near 750—925 eV) for the clean sub-
strate (0 ML), as well as mixed Co 2p and Auger lines
(550—750 eV) for epitaxial Co films. As the Co film
thickness was increased in sequential depositions, the Cu
substrate signal decreased until, at 20 ML, the Cu LVV
emission was no longer observable above the background.
The film thicknesses determined by the quartz microbal-
ance were in agreement with the attenuation rate of the
Cu substrate Auger emission. The Co XPD measure-
ments were obtained by setting an energy window of 5-eV
width centered at 703 eV, which included both the Co
LMV Auger emission and the Co 2p3/p photoelectron
line, excited by Al Ka radiation. The background sub-
tracted Co emission intensity XPD curves are shown for
different film thicknesses in Fig. 2, for the two principal
azimuthal directions in the fcc(111) mirror plane. The
corresponding background subtracted XPD curves for
substrate emission, taken at 912 eV (Cu L3VV), are
shown in Fig. 3.

Figure 2 indicates that the Co film structures are corn-
plex. The Co XPD curves show threefold symmetry ap-
propriate to a fcc structure up to thicknesses of 10 ML,
but even at this thickness they are significantly different
from the curves expected for a pure fcc stacking se-
quence. The XPD curves for 20-ML films, both before
and after annealing, appear to have sixfold symmetry
(suggesting a hcp structure), but the features are relative-
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FIG. 2. XPD of the Co films at different coverages. Up to a coverage of 10 ML, the diffraction features of the Co films are
difterent for the 0 and 60 azimuths. For 20-ML films the features are similar for the two azimuths, which suggests a sixfold symme-

try, but the XPD anisotropy is small.
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FIG. 3. XPD of the Cu(111) substrate with different Co coverages. These data show the attenuation of substrate XPD peaks as the
Co film thickness increases.

ly weak, indicating large amounts of disorder. Since we
record the polar-angle XPD signal for the two ine-
quivalent mirror-plane azimuths of a fcc(111)surface, six-
fold symmetries can be identified as when the XPD curve
looks essentially identical in these two azimuths.

LEED spot-profile measurements were performed in
parallel with the XPD study. The LEED pattern of the
clean substrate Cu is threefold symmetric, with two sets
of threefold symmetric first-order spots [the (0,1) and
(1,0) family] that exhibit obviously different intensity-
voltage (I V) curves. Di-gital LEED spot profiles, shown
in Fig. 4, were taken at 125 and 162 eV for both the clean
substrate and a 20-ML annealed epitaxial Co film. At
these energies, the threefold symmetry of the Cu(111)
substrate is most apparent, as one of the (1,0) and (0,1)
family spots is at a maximum intensity, while the other is
at a minimum. The change from threefold to sixfold
symmetry is seen from the intensity of the beams that are
"forbidden" in the fcc structure.

Generally speaking, the LEED patterns were fairly
good for the epitaxial films, i.e., the spots remained sharp
and the background was low. From the spot-profile mea-
surement of the 20-ML film, we see only a 34% increase
in linewidth over that of the clean copper substrate, and
an approximate doubling of the di6'use background. The
linewidth increase is due to a reduction in the area of la-
terally coherent Co domains compared to that of the sub-
strate by an amount inversely proportional to the change
in linewidth. Below 3-ML thickness, the LEED patterns
remain threefold symmetric. Starting from 3 ML, the
patterns gradually begin to change to sixfold symmetry,
by which we mean that all six spots have a similar I-V be-
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FIG. 4. LEED spot profiles from a clean Cu substrate and
from a post-annealed 20-ML Co/Cu(111) sample. The threefold
symmetry of the Cu(111) surface is shown as the asymmetry in
intensity of the (1,0) and (0,1) diffraction peaks. Similarly, the
sixfold symmetry of the annealed Co film is shown from the
nearly equal intensity of these peaks.
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havior. The (10) and (01) spot profiles of the thick Co
film have about the same intensity at all energies, indicat-
ing sixfold symmetry. The difference between the Co
LEED spot symmetry and that of the Cu substrate is ob-
vious in Fig. 4. The remaining intensity differences be-
tween the (10) and (01) spots in the thick cobalt film are
mainly due to inhomogeneities in the LEED screen.

The LEED pattern from a perfectly Aat hcp crystal
would not be sixfold symmetric, but rather would have
threefold symmetry as in the fcc case. The sixfold sym-
metry of the LEED pattern from hcp surfaces is due to
steps that create domains with differing surface termina-
tion layers, that is, . . .8AB A and. . . AB AB domains in
equal proportions. A similar argument holds for the
XPD measurements; sixfold symmetry in XPD from hcp
structures is due to domain averaging.

This observation of a symmetry change in the LEED
pattern (from threefold to sixfold) upon Co deposition
agrees with previous experimental results. ' However, we
find that the sixfold LEED pattern is not due to a pure
hcp film structure. In fact, we find that the XPD pat-
terns retain a threefold symmetry for film thicknesses at
which the LEED pattern already shows a sixfold symme-
try. We believe this is the first example of a combined
study of surfaces, using a local difFraction probe (XPD)
and a long-range-order sensitive probe (LEED), in which
a symmetry difference has been found in the patterns.
We will relate this apparently anomalous result to the
complex stacking structure of thick cobalt films in Sec. V.

Co/Cu (exp. )

10ML
Twinned'

i J i 'J '' ' fcc (exp. )
6ML

~t
I l ~

I

'-- I I

I I
I

hcp (thy. )
x.

3ML ,i',
';,5(fcc+hcp)

(thy. ) x.2

I I

x.B

I %
I I

Ii 'iI .~ =.= g: '. hcp (thy. )
I t t i I i I ~ l

I

-80 -40 0 4-0 80

Polar Angle 8 (deg)
FIG. 5. Comparison of experimental XPD of 2—10-Ml Co

films (solid lines) with reference XPD of fcc, twinned fcc, and
hcp structures (see text). The dashed curves are from both ex-
perimental measurements on other systems, and from model
calculations (thy. ). The vertical dashed lines indicate the major
forward-scattering directions of a fcc(111)lattice.

IV. Co FILM STRUCTURAL ANALYSIS

The three simplest possible ordered structures for the
cobalt films are single-domain fcc(111), twinned fcc(111),
and hcp(0001). We use two approaches in analyzing the
XPD data to determine the film structure. We can
directly compare the curves from the cobalt films to a
large selection of measured XPD polar plots from single
crystals and epitaxial films of other transition metals.
The great similarity of XPD polar plots at high energy
for metals with the same structure makes this qualitative
process informative. Second, we compare the measured
Co polar-angle diffraction curves to quantitatively accu-
rate theoretical models. The model calculations can
simulate structures for which no simple experimental
substitute is available.

In Fig. 5 we show a comparison of the experimental
XPD from the Co films (solid lines) to reference XPD
curves taken both from experiment and from theoretical
calculations (dashed lines). This figure combines the data
from the two major azimuths, so that negative polar an-
gles correspond to the /=0' azimuth ([1 12]) in Fig. 2,
and positive polar angles are from the P =60 azimuth
([112]). In order to make the ditfraction features easy to
see in the very thin Co films, an empirically derived back-
ground proportional to (a +b 8 ) is divided out to re-
move the rise in intensity at grazing exit angles, which is
a result of the short electron escape depth.

The model calculations use a forward multiple-
scattering approximation, and a real-space cluster
scattering-path method for calculating the scattering am-

plitudes. The muon-tin potential of Moruzzi, Janak, and
Williams was used to determine the complex scattering
phase shifts 5&(T) which were subsequently temperature
corrected using a Debye-Wailer temperature for cobalt of
385 K. In a multilayer thin film, atoms in each layer
produce a diffraction pattern which adds incoherently to
that produced by atoms in the other layers. So, the mod-
el calculation for a multilayer includes the sum of the
diffraction patterns calculated for an emitting atom in
each of the individual layers.

The cobalt peak at 703-eV kinetic energy includes con-
tributions from the Co 2p and the LMV Auger electrons.
An exact calculation would require a coherent superposi-
tion of the atomic s-d final states from the 2p emission,
and an incoherent sum of the Auger emission with the
correct final-state angular momentum. However, at high
kinetic energy there are only small differences between
the XPD patterns of Auger and photoelectrons from the
first-row transition metals. ' This has been confirmed
with exact multiple-scattering calculations for Auger
difFraction from Cu(100), which showed only small
differences between the approximate s-state calculation
and the exact f-wave final state. Therefore, for simpli-
city, our model calculations assume an s-wave final state
for the Co emission.

The calculations use an effective spherical-wave
corrected atomic scattering factor. ' The scattering
amplitude for a particular path, resulting in an electron
traveling in the direction k, is given by
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where rp, is the bond length between the atom at the ori-
gin and the first scattering atom in the sequence, rp& is
the vector from the origin to the terminal atom in the se-
quence, and rz~ is the vector from the last atom to the
detector. The final-state angular momentum appears in
the spherical harmonic YL, where L = ( I,I). The

0

effective scattering factor f, is calculated including
spherical-wave correction factors c&(r) (see Refs. 26 and
27) from

1f,„(rj,rik)= —g (21+1)t&(j )P&(r, r k)cI(r, )c,(r k),
I

(2)

where the t matrix for the jth scattering atom is
i5((T)

t&(j)=e ' sin[5&(T)]. Inelastic damping was included
by introducing an imaginary component to the electron
wave vector k, equivalent to a mean free path of 15 A.

At the high kinetic energies used in these experiments,
the scattering factor f, is strongly peaked in the for-
ward direction, within a scattering cone of half-angle of
roughly 35'. Because of this, the important multiple-
scattering events are those that connect atoms that are
"shadowed" and lie within this scattering cone, such as
atoms in strings or chains. In the forward direction
(scattering angle 8=0), our method as expressed in Eqs.
(1) and (2) is formally identical to the [3X3] matrix
scattering factor of Rehr and Albers, which has proved to
be an excellent approximation to the exact result for tran-
sition metals at several hundred eV kinetic energy. ' At
finite-scattering angles, our method is equivalent to the
[1X1] matrix formalism, which is less accurate, but has
less infiuence in the final results due to the smaller ampli-
tude of large-angle multiple-scattering events.

We gain an improvement in accuracy in the calcula-
tions by adjusting the upper-bound of the angular
momentum sum that appears in Eq. (2). The scattering
factor f, (r, ~ ) is summed over angular momenta up to
l =20 for single-scattering paths and the terminal scatter-
ing atom in a multiple-scattering path. The scattering
factor used for multiple-scattering contributions [for
which both path lengths in f, (r, r') are finite] includes
the spherical-wave correction factors but truncates the
angular momentum sum at l = 8, which was determined
by a fit to exact multiple-scattering results for atom
chains. The reason for the improvement when a smaller
number of l terms is used to evaluate f, (r, r') for the in-
terior scattering events in the path is due to the details of
the convergence behavior of Rehr and Alber's matrix

scattering factors (discussed in Ref. 29), which
can be traced to the replacement of the Bessel function

Jo[Vl(l +1)l'(l'+ I)/(kr) ] with unity in the evaluation
of the approximate free-electron propagator. We find
that the structures occurring in the initial epitaxy of co-
balt on Cu(111) fall into three different categories, de-
pending on the film thickness.

A. The structure of monolayer and bilayer Co Alms

The cobalt polar-angle XPD curves for monolayer cov-
erage, shown in Fig. 2, have no structure other than the
monotonic increase in intensity towards grazing exit an-
gles which is due to the short electron mean free path.
The absence of any forward-scattering features is a clear
indication that there is no island formation in the first co-
balt layer, so that the monolayer is Hat.

The Hat monolayer can occupy two inequivalent
threefold-hollow sites on the Cu substrate. For example,
if the Cu atoms are terminated in the A sites, as shown in
the model of Fig. 6, then the first-layer Co atoms may ei-
ther occupy the fcc continuation sites (8), or instead go
into the hcp-like sites (C). Since the Co diffraction signal
is featureless at this thickness, we cannot distinguish
these sites from the overlayer signal alone.

Instead, we use the scattering of the substrate copper
atoms to identify the interface structure. Since the sub-
strate signal is due to the sum over many layers, and the
scattering from the cobalt overlayer is weak, the changes
to the substrate diffraction pattern from the overlayer are
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~ ~ Oa

~ ~ Oa ~
~ ~ OaI ~ Oa ~

—35.3' 0 ' 54.7 —54.7 —19.5' 35.3'
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t~ ~ ~

t
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~ C [11 2]
~ a
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Cu(111)

FIG. 6. Two possible occupation sites, B and C, for the first-
layer Co atoms, which are denoted by the open circles. B is the
continuation of substrate stacking and C is another threefold-
hollow site, rotated by 60 in azimuth from the B site, as shown
in the top view.
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small. In order to determine the interface registry, we
calculate substrate diffraction patterns for the two possi-
ble cases, fcc and hcp continuation site. For a single
monolayer of Co, we find that the changes to the sub-
strate pattern are too small to be reliably used to choose
between sites. However, as shown below, we directly
measure the relative stacking of the cobalt bilayer, and it
is known to be in the fcc orientation. Using this experi-
mental fact, we calculate the substrate XPD for a cobalt
doub1e layer, and compare to the experiment in Fig. 7.
There is very good agreement between the model calcula-
tion for the fcc-type interface, and substantial disagree-
ment for the hcp case. From this we conclude that the
monolayer Co film occupies the fcc continuation site.

The second layer of Co atoms can also occupy one of
two threefold-hollow sites. Considering the interface Cu
atoms and the bilayer Co atoms, the stacking sequence
can be ABC (fcc continuation) or AB A (hcp-like). The
bilayer cobalt XPD curve (Fig. 2) shows difFraction
features which are due to emission from cobalt atoms at
the Cu-Co interface, scattering off the cobalt atoms in the
second (outermost) layer. The fcc and hcp stacking se-
quences have completely different forward-scattering
peaks, as illustrated in the structural model of Fig. 8. '

To make a quantitative analysis, we compare the theoret-
ical XPD curve for the fcc and hcp stacking sequences to
the experimental data at the bottom of Fig. 5. It is unam-
biguous that the bilayer Co film is also a fcc structure.
This result was then used to determine the first-bilayer
registry, as discussed in the previous paragraph.

Combining the observations for the first two layers, we
conclude that the bilayer Co film grows as a single-
domain fcc(111) structure, with the same orientation as

2ML Co on Cu(111)
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FIG. 8. Two possible occupation sites, A and C, for the

second-layer Co atoms. The second-layer Co atoms are denoted
by open circles, while the first-layer Co atoms that have been
found to occupy site B are denoted by shaded circles. C is the
continuation of substrate fcc stacking and A is the other
threefold-hollow site, which is a hcp-type site. The two
different sites will give different Co XPD peaks as indicated by
the forward-scattering directions shown in the side view.
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that of the substrate Cu(111). The model calculation
(Fig. 5) assumed a Co film lattice constant identical to
that of the substrate copper. The agreement between the
theoretical calculation and experiment, and the absence
of any shift in substrate difFraction peak angles (Fig. 2),
shows that the cobalt bilayer is pseudomorphic to the
copper substrate, adopting the substrate lattice constant.
The growth mode is layer by layer at this stage, with no
evidence of the formation of islands with thickness
greater than the average deposited thickness of two lay-
ers.

Cu(abc)/Co(bc)

I i I l I 1 I 1 I 1 I l I i I
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FIG. 7. Comparison between experiment (B) and theory (A
and C) of the substrate diffraction through a cobalt bilayer for
two possible interface geometries. Curve (A) is the theoretical
calculation for a fcc-type interface, and (C) shows the result
when cobalt atoms at the Cu(111) surface are placed in hcp
sites. The experiment strongly favors the fcc continuation mod-
el.

B. The structure of Co films from 3 to 10 ML coverage

The structures formed in films thicker than two mono-
layers are more complex than the single-domain fcc(111)
bilayer. Although the thickest films studied (20 ML) ap-
pear to be predominantly hcp(0001) as expected, the tran-
sition from the fcc bilayer to hcp growth is not abrupt.
In addition, the initial single-domain fcc epitaxy does not
contribute as a pure fcc film for thicknesses above two
monolayers.

As indicated in Figs. 2 and 5, the experimental XPD
polar plots from Co films with coverages from 3 to 10
ML are similar. They do not, however, correspond to
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any simple structures such as fcc(111), twinned fcc(ill),
or hcp(0001). Since the major peaks of the Co XPD po-
lar curves are located at 35 and —57', which are the
[110] and [001] major diffraction features of a fcc(111)
structure, there is an fcc component in the structure of
the 3—10-ML-thick Co films. However, the dominant
forward-scattering peak of a fcc film along the [112]
direction, which should occur at —19.5, does not appear
as a major feature in these thicker Co films.

The lack of a strong [112]-direction signature at
—19.5 means that the film growth beyond 2 ML does
not continue as pure fcc. As a contrasting example, we
have included the experimental data for a 6-ML-thick fcc
Cu(111) film, grown epitaxially on Ir(ill), as shown at
the top of Fig. 5 (see also examples in Refs. 21 and 27).
The peak at —19.5' is well developed in the highly or-
dered Cu(111) film (labeled "fcc exp" in Fig. 5). We can
simulate the expected pattern for a fcc twinned film by
taking the Cu(111) fcc film data and symmetry averaging
it, as shown in the curve labeled "twinned fcc."This also
does not provide a good fit to the measured Co 5- to 10-
ML data.

Since we already know that the structure of the bilayer
Co film is a fcc(111)continuation layer, the changes that
occur in the 3-ML XPD pattern can be identified. As the
theoretical 3-ML calculation shows, if the film were a
pure fcc(111) ABC stacking sequence, the only new
diffraction feature would be a small peak at —19.5 (see
Fig. 5). Instead, the data show additional peaks at
—35.3', 0', and 54.7', all of which are attributable to co-
balt in an ABA hcp(0001) stacking sequence. Considera-
tion of the model calculations shows that approximately
half of the film has the third layer in the fcc sites, and
half the film is in the hcp sites. This shows that the tran-
sition to hcp involves faulted layers that include domains
of both fcc- and hcp-like atoms.

The 5- and 10-ML films show a similar proportion of
mixed fcc and hcp stacking sequences. These films,
which do not have a sixfold XPD pattern, show a sixfold
symmetric LEED pattern, in agreement with earlier visu-
al observations of LEED patterns from films of this
thickness. However, we find that the interpretation of
the sixfold LEED pattern as being due to the formation
of the bulk Co hcp structure is not correct, since the
XPD pattern clearly shows the presence of up to 50% fcc
components from stacking faults. We suggest that the
LEED pattern has only pseudosixfold symmetry, arising
in part from the random variation in layer thickness
within the electron-beam coherence width, in addition to
a variation in stacking sequence from domain to domain.
A pseudosixfold pattern is one in which the difFerence in
I Vcurves for the -(O, l) and (1,0) spots is small over a
range of energies, so that the pattern appears to have
these spots at equal intensity.

C. The structure of 20-ML Co Alms

We examined the structures of 20-ML Co films before
and after annealing. The spot profile of the LEED pat-
tern for the annealed film is shown in Fig. 4. This pattern
has good peak intensities and a low background, indicat-
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ing a well-ordered film. Since the experimental XPD
measurements of the 20-ML Co films, both before and
after annealing, seem to have sixfold symmetry, we have
considered two possible sixfold structures: a twinned
fcc(110) and a hcp(0001) film. The simulated XPD pat-
tern of a twinned fcc(ill) film, which is created by
averaging the XPD data from the two inequivalent mir-
ror planes of the single-crystal Cu(111), clearly does not
agree well with the experimental data for the 20-ML Co
films, as shown in Fig. 9.

The XPD patterns from the 20-ML films agree well
with what is expected from a hcp(0001) film. There is a
strong resemblance in the thick film to the calculated pat-
tern from a three-layer hcp film, shown at the bottom of
Fig. 9. In addition, all of the major forward-scattering
peaks from a hcp structure (at 0, +54.7', and +35.3') are
present in the experimental data. We conclude that the
annealed 20-ML films are predominantly hcp, with little
or no fcc component detectable in the XPD.

V. CONCLUSION

Summarizing the results of the comparison between
XPD experiment and theoretical simulations, we have
reached the following conclusions about the Co/Cu(111)
films.

(i) For the first two monolayers, Co atoms continue the
stacking sequence of the fcc(111)Cu substrate through a
layer-by-layer and pseudornorphic growth mode. The
monolayer occupies the fcc continuation sites, and the bi-
layer is single domain (untwinned).

(ii) From 3 to 10 ML, about half of the Co atoms stijl
continue the substrate fcc(111)stacking sequence, and the
other half undergo a change of stacking to hcp. The
50/50 ratio is estimated at 3 ML and remains constant
with increasing coverage to 10 ML for room-temperature
deposition.

(iii) The structure of the ordered thick films at 20-ML

I
I I

I

I

hcp (thy. )
x.B

I
I I

—80 -40 0 40 80

Polar Angle 9 (deg)
FIG. 9. Comparison of the experimental XPD of 20-ML Co

films (solid lines) with the reference XPD from bulk fcc(111),
twinned fcc(111},and 3-ML hcp(0001). Also shown are model
calculations (thy. ). The vertical dashed lines indicate the major
forward-scattering directions of a fcc(111)lattice.
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coverage is neither single-domain fcc nor twinned
fcc(111). The XPD and LEED patterns are consistent
with a pure hcp(0001) structure in the case of the an-
nealed 61m.

With these combined XPD and LEED results, we are
able to resolve the discrepancy between the earlier report
of hcp structures in 8-ML Co/Cu(111) films by LEED
(Ref. 13) and the observation by x-ray diffraction of
predominantly fcc stacking at these thicknesses in Co/Cu
superlattices. ' We 6nd that the sixfold LEED pattern
from cobalt alms is a quasisixfold pattern, resulting from
a cobalt layer stacking sequence that includes a mixture

of hcp and fcc layers, in agreement with the results from
superlattices. The change in stacking sequence from pure
fcc to mixed fcc-hcp takes place after only a few layers of
cobalt are grown. The inhuence of the mixed stacking se-
quence of cobalt on the growth of a copper overlayer, to
make sandwich structures, is worth further study.
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