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Growth of metastable fcc Co on Ni(001)
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We have used high-energy Auger-electron diffraction and associated kinematical scattering calcu-
lations to determine that Co, which is hcp at room temperature and atmospheric pressure, can be
grown as a stable, unstrained fcc film on Ni(001). Studies of the early stages of growth show that
the first monolayer equivalent does not cover the surface uniformly but rather forms two-
dimensional patches with limited amounts of a second layer. The second monolayer equivalent adds
to the second layer of each patch and provides a limited number of third-layer atoms. When the to-
tal Co coverage exceeds two monolayer equivalents, the overlayer coalesces into a continuous fcc
film with no detectable strain up to 30 monolayers (the highest coverage studied). For comparison,
we have measured angular distributions for Cu/Ni(001) with 0.5 and 1.0 monolayer of Cu. From
surface thermodynamic considerations, Cu is expected to wet the surface uniformly. However, Cu
also tends to form two-layer-deep patches at a coverage of one monolayer equivalent. These results
demonstrate that limited surface mobility is significant in determining the morphology of monolayer
metal films, in agreement with theoretical models of overlayer growth behavior.

The correlation between the structure and the properties
of ultrathin metal overlayers on single-crystal substrates
has received considerable attention recently,l‘]2 with par-
ticular emphasis on the effects of lattice mismatch and
strain on the electronic and magnetic properties of the
overlayer. (Analogous effects for semiconductor hetero-
junctions have also received a great deal of attention.) For
example, recent angle-resolved photoemission measure-
ments have distinguished the majority and minority spin
bands for metal-metal systems like p(1Xx1)-Ni/Cu(001)
and p(1x1)-Fe/Cu(001), in quantitative agreement with
all-electron total-energy calculations.!*~'® Other studies
have shown tetragonal distortions in the cubic overlayer
to accommodate compressive stresses at the interfaces.'?
Still others have shown the growth of substrate-stabilized
overlayers, such as epitaxial bcc Fe and Co on fcc GaAs,!’
and the associated unique properties of the artificial struc-
ture. Fundamental to these studies of interfaces is the re-
lationship between the thermodynamic tendencies of the
overlayer to assume an equilibrium structure and the ki-
netic parameters which govern surface mobility of the ar-
riving adatoms. The relationship between substrate tem-
perature, deposition rate, surface diffusion coefficients,
and specific surface free energies of formation all influ-
ence the composition and structure of the interface.

In order to fully characterize and understand metal
overlayers, accurate structural probes are needed. One of
the tools recently developed for the structural determina-
tion of epitaxial overlayers is high-energy Auger-electron
diffraction. As has been demonstrated, this technique is
capable of detecting the onset of second- and third-layer
formation®~% and, with higher angular resolution, lattice
contraction and dilation perpendicular to the interface ac-
companying pseudomorphic growth can be observed.!?

In this paper we examine the growth of Co on Ni(001)
over a wide range of coverages and, for comparison with
the low-coverage data, we examine the early stages of Cu
growth on Ni(001). We find that both Co and Cu form
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epitaxial patches when deposited onto the room-
temperature substrate at coverages of less than or equal to
1 monolayer (ML) and deposition rates of ~0.5 ML per
minute. For Co/Ni(001) we find that Co LMM polar an-
gular distributions in the (010) azimuthal plane (perpen-
dicular to the surface) are virtually identical to those of
the substrate for coverages between 3 and 30 ML. This
demonstrates that the growth mode of Co on Ni is epitax-
ial, generating an unstrained metastable fcc Co phase at
room temperature. Our results are consistent with previ-
ous transmission-electron-microscopy (TEM) work which
indicated pseudomorphic, dislocation-free epitaxial
growth up to 28 ML.!8

All measurements were performed with an angle-
resolved Auger-electron spectrometer employing a single-
pass cylindrical mirror energy analyzer (CMA). The ener-
gy analyzer had been modified for high angular resolution
Auger and low-energy electron diffraction measurements
(ABAPp=2°X4°). The two-axis crystal goniometer and the
CMA were interfaced to a Digital Equipment Corpora-
tion PDP 11/23 microcomputer so that all angular distri-
butions were obtained under high-precision computer con-
trol. The system is also equipped with two electron guns,
one built into the CMA with an angle of incidence with
respect to the polar angle rotation axis of 90° and the oth-
er having an angle of incidence of 20° with respect to the
polar axis.

The Ni crystal was cut and polished to within 0.5° of
the (001) crystallographic plane. It was repetitively Ar-
ion sputtered at 500 eV and annealed at ~550°C to yield
a clean, well-ordered surface. Electron beam melted and
purified Co was resistively evaporated from a tungsten
boat. The system pressure never rose above 2x 1071
Torr during evaporation because the source had been ex-
tensively outgassed prior to the formation of the interface.
The pressure quickly recovered to the base value of
~4x1071" Torr. The Co flux was monitored with a
quartz crystal oscillator and was adjusted to give a deposi-
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tion rate of ~0.5 monolayers per minute.

Kinematical scattering calculations!® were performed
on a Cray II, at the University of Minnesota Supercom-
puter Institute. Free-atom plane-wave scattering factors
calculated by Fink and Ingram were interpolated over
atomic number and energy to arrive at values used in the
present calculation.”? A 50% reduction in both scattering
strengths and inelastic mean free paths taken from empir-
ical values by Seah and Dench?' was carried out to ac-
count for the neglect of spherical-wave and multiple-
scattering effects, as discussed elsewhere.?>%3

In Fig. 1 we show representative LMM Auger spectra
for the clean Ni(001) substrate (top) and 1-ML-equivalent
overlayers of Co (center) and Cu (bottom). The primary
beam voltage was 5 kV and the polar angle of emission (6)
was 48° with respeci to the surface plane. As can be seen,
the LMM Auger transitions of Co, Ni, and Cu overlap,
thereby limiting which lines can be used in interface stud-
ies. For each element, the three dominant lines are as-
signed to L2,3M2’3M2'37 L2’3M2,3M4,5» and
L, M, sM, s transitions. These lines move to higher en-
ergy in the sequence Co-Ni-Cu in such a way that the
second and third lines in the Co series overlap with the
first two lines in the Ni series, and the first two lines in
the Cu series overlap with the second and third lines in
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FIG. 1. High-energy LMM Auger spectra for Ni(001) (top), 1
ML Co/Ni(001) (middle), and 1 ML Cu/Ni(001) (bottom). The
incident electron energy was 5 kV.

the Ni series. Therefore, only the Co L, ;M,;M, ; line
can be used for low Co coverages of Co/Ni. However,
once the Ni L, ;M4 sM, s line is completely attenuated by
the growing overlayer, any of the three Co lines can be
used. Likewise, for the low-coverage Cu/Ni interface
studies, we are restricted to the Cu L, ;M4 sM, 5 line.

In Fig. 2 we show polar angle intensity distributions
averaged over the (010) and (100) azimuthal planes for Ni
and Co LMM emission. At the top, we show the fcc Ni
L,;M,sM, s Auger emission profile from the clean sur-
face. Below, we show the evolution of Co LMM polar
profiles starting with 0.5 ML at the bottom and proceed-
ing to 30 ML near the top. For the low coverages, we
used the Co L,3M,;M,; peak. By 10 ML, the Ni
L, M4 sM, s line was completely attenuated. Therefore,
the peak at 770 eV was due entirely to Co L, 3M,sM, 5
emission, and we used this line for 10 and 30 ML Co
overlayers. The clean surface angular distribution shows
diffraction-induced intensity maxima characteristic of
low-index directions in an fcc metal ([101] at 6=45° and
[001] at 6=90°). These peaks are brought about by simple
zeroth-order forward scattering of high-energy Ni Auger
electrons from chains of atoms along these directions.
The other structures at 6=25° and 6 =60°"—80° are the re-
sult of more complex interference phenomena. These
features cannot be associated with individual scattering
events and their interpretation requires detailed scattering
calculations.

The results of Fig. 2 show that a weak Co LMM
feature appears at ~40° by a coverage of 0.5 ML. This
feature grows and moves to ~45° by 1.0 ML, then grows
substantially and narrows by 2.0 ML, at which point a
peak develops at 90°. By 3.0 ML, structures at ~23° and
60°—80° have developed, and the angular distribution
strongly resembles that of the clean surface (compare to
Ni polar profile at top of Fig. 2). By 10 ML, the resem-
blance of the Co angular distribution (now based on
L,;M,sM, s emission) is even more striking. Together,
these results indicate that Co has grown epitaxially on
Ni(001) as a metastable fcc phase. Moreover, the appear-
ance of the peaks along [101] at 1.0 ML and along [001]
at 2.0 ML suggest that Co atoms form fcc clusters two
and three layers deep by nominal coverages of 1.0 and 2.0
ML, respectively. The interface models to the right of the
angular distributions for 0.5, 1.0, and 2.0 ML illustrate
what the data suggest. At 0.5 and 1.0 ML the Co atoms
form two-dimensional patches with limited amounts of a
second layer. By 2.0 ML, the second layer has been built
further and limited amounts of a third layer have formed.

To further demonstrate that cluster formation occurs,
we show in Fig. 3 azimuthal angular distributions at
6=45° for the substrate, and 0.5 and 1.0 ML coverages of
Co and Cu. Ni L, ;M4 sM, s emission was used for the
substrate profile while Co L,;M,;M,; and Cu
L, M, M, s emissions were used for Co and Cu over-
layers, respectively. In all cases, the angular distributions
have been averaged over the four symmetry-equivalent
quadrants of the crystal in order to reduce spurious inten-
sity variations, particularly for overlayer emission. This
particular choice of angular parameters was chosen to
pass through emission directions in which direct forward
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FIG. 2. Polar angle intensity distributions averaged over the (010) and (100) azimuthal planes for Ni(001) and Co/Ni(001) interface
over a wide range of coverage. The appearance of diffraction-induced features at 8=45° for 0.5 and 1.0 ML and at 6=90° for 2.0
ML betrays the presence of epitaxial clusters at low coverage (see text).

scattering would occur if two-layer-deep clusters were to
form on the surface. At ¢=0° and 90°, scattering of elec-
trons emitted from first-layer atoms by second-layer
atoms is expected to occur at 6=45° ([101 at $=0" and
[011] at $=90°). Indeed, peaks are seen along these emis-
sion directions for both Co and Cu at coverages of 0.5 and
1.0 ML, indicating the formation of a second layer. The
anisotropy is lower than that observed for the substrate, as
expected. The substrate maxima result because of for-
ward scattering through several layers of atoms along
[101] and [011] whereas that for the overlayers is due to
scattering through only two layers. In order to place on
more solid ground these qualitative remarks about the

structure of the evolving Co overlayer, we now turn to
comparisons of theoretical and experimental angular dis-
tributions for different structural arrangements of Co
atoms on a Ni(001) substrate.

We have performed scattering calculations for 1, 2, and
3 layers of Co atoms with 81 atoms in each layer situated
epitaxially on a three-layer-deep Ni substrate (also consist-
ing of 81 atoms per layer). In Fig. 4 we compare the cal-
culated polar profiles with experimental data for 1 and 2
ML. As expected, the calculated angular distribution for
a 1-ML overlayer does not show any major features along
low-index directions, but rather shows only oscillations
brought about by the interference pattern of the emitted
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FIG. 3. Azimuthal angle intensity distributions at a 45° polar
angle for Ni(001) and 0.5 and 1.0 ML coverages of Co and Cu
on Ni(001). The appearance of forward-scattering-induced
features at ¢ =0 and 90° indicates the presence of two-layer-
deep epitaxial patches. The weaker structure between ¢=20°
and 70° is the result of more complex interference phenomena
involving several atoms.

wave undergoing large-angle scattering events. The verti-
cal scale in these plots is anisotropy, 100(J.x — 1)/ 1 ax,
so that the intensity variation with angle is large even
though the absolute intensities are very small. The
behavior of the theoretical anisotropy with coverage is
made especially clear by examining the bottom of the fig-
ure in which the calculated intensities are plotted on an
absolute scale for the three coverages. As can be seen, the
variation of intensity with angle at 1 ML is insignificant
compared to that at 2 and 3 ML, since forward scattering
produces major features for the latter two coverages.

The calculated profile for 2 ML shows peaks at [101]
and [011] corresponding to the presence of second-layer
atoms which act as forward scatterers for first-layer
atoms. However, there is no calculated peak at [001] be-
cause there are no third-layer scatterers directly above
first-layer atoms. This feature at [001] does appear in the
calculated angular distribution upon the addition of the
third layer, confirming the suggestion that some three-
layer-deep clusters have formed by a coverage of 2 ML
equivalents. Furthermore, there is good reason to believe
that at 1 ML equivalent the ratio of second-layer to first-
layer atoms is much less than unity. In the calculation, a
single atom is picked at the geometric center of each to be

the emitter for that particular layer. Since the second
layer is complete in the simulation, the emitted electron
from the first layer encounters scatterers along [101] and
[011], giving rise to the peaks plotted in Fig. 4. If the
second layer were not complete, not all first-layer emitters
would encounter scatterers along [101] and [011] and the
peaks would be correspondingly weaker, as is observed.
Similarly, the second ML equivalent of evaporated atoms
evidently acts to locally complete the second layer and
build a partial third layer. The conclusion that the third
layer is not complete on the majority of clusters by a cov-
erage of 2 ML equivalents is reached by using data from
Fig. 2 to compare the ratio of the experimental [001] peak
height to that of the [101] peak for 2 and 3 ML (0.40 and
0.69, respectively). The increase in this ratio from 2 to 3
ML equivalents suggests that the third monolayer of eva-
porated atoms acts to further build the third layer of the
clusters. It should be noted that the experiment samples a
large (~1 mm?) area of the surface compared to typical
cluster dimensions. Therefore, we are averaging over
large numbers of clusters which undoubtedly possess a
range of sizes.

The epitaxial growth of Co on Ni(001) to form an fcc
overlayer at room temperature demonstrates that a suit-
able substrate can be used to grow phases which are not
expected to grow under ordinary conditions. Co is hcp at
room temperature and atmospheric pressure and under-
goes an hcp to fcc phase transition at 417°C.** The
enthalpy associated with the phase transition is only 60
cal/mol, suggesting that the thermodynamic stabilities of
the two phases are comparable.? .

The lattice constant of the fcc Co phase is 3.56 A and
there is a compressive lattice misfit of only 1.1% with Ni
(a=3.52 A). It is noteworthy that upon formation of the
epitaxial overlayer, we detected no tetragonal expansion of
the Co lattice in the direction normal to the interface as
we did for the Cu/Ni(001) system (2.6% compressive mis-
fit).!”> Such an expansion is expected in response to the
contraction necessary in the plane of the interface for
pseudomorphic growth to occur and the tendency of the
overlayer material to maintain its bulk density. In the
case of Cu/Ni(001), this change was detected by a shift in
the polar angle at which the peak along [101] occurred in
the (010) azimuth. The shift amounted to 1.3+0.2° for
Cu coverages up to 7 ML. Since the results of Fig. 2
show no analogous shift, we conclude that the fcc Co
overlayer grows with nearly perfect epitaxy for at least 30
ML. The density of epitaxial fcc Co on Ni(001) is 8.97
g/cm?, compared to bulk values of 8.90 and 8.67 g/cm?
for the room temperature hcp and high-temperature fcc
phases, respectively.?®

The tendency of Co and Cu to form ordered, epitaxial
patches of nonuniform thickness at low coverages on
Ni(001) is probably the result of limited surface mobility
when the substrate is at room temperature, as in the
present work. In thermodynamic terms, the mode of
growth depends on the specific surface free energies of the
substrate, the overlayer, and the interfacial layer. In sim-
plest terms, the condition for equilibrium growth of an
epitaxial film is that Ay =y, +v; —vs; <0 where v;,%,,7;
are the specific surface free energies of the substrate, the
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FIG. 4. Comparison of experimental and theoretical angular distributions for the Co/Ni(001) interface at low coverages using the
Co L,3M,3M,; Auger intensity. The vertical scale for the top panels is normalized intensity or anisotropy, defined as
100(1 yax —I') /I max. The curves in the bottom panels are plotted in absolute intensity units.

overlayer, and the interfacial layer.?”?® For ultralow cov-
erages, the interfacial layer is in effect the overlayer, so
that the condition for uniform wetting by the first layer is
given by Ay =y, —7v <0. Using specific surface free en-
ergies computed by Mazey and Giber,”” Ay becomes
0.345 and —0.430 J/m? for the Co/Ni and Cu/Ni inter-
faces, respectively. For the Ni(001) surface atom number
density, these numbers are equivalent to 0.134 and
—0.167 eV/atom for Co/Ni and Cu/Ni, respectively.
Therefore, uniform wetting by the first monolayer is ex-
pected for Cu but not for Co. The fact that neither ele-
ment uniformly wets Ni(001) can then be explained by
limited surface mobility of the arriving adatoms rather
than thermodynamic considerations. Upon arrival at the
surface, each atom is likely to condense on the first ener-
getically favorable site it encounters, whether that site is
on the substrate or on an island of adsorbate. At low cov-
erages the result is patches; however, as coverage proceeds
it is expected that the substrate will be completely covered
and that epitaxy will continue until the misfit strain is re-

lieved by the introduction of dislocations which, accord-
ing to TEM measurements,'® occurs at 50 A (28 ML).

The description of overlayer development we present is
consistent with theoretical calculations by Kashchiev,
who developed a model for layer growth on dislocation-
free surfaces by treating the growth kinetics of the interfa-
cial layer as independent of, and different from, the kinet-
ics of subsequent layer growth.’® For heteroepitaxy, the
mode of growth was shown to depend on the ratio 7,/7,,
where 7| and 7, are the characteristic times required to
complete the first and second layers, respectively. More-
over, the ratio 7, /7, was shown to depend on the condens-
ing beam supersaturation Au, defined as kT In(P/Py),
where T is the substrate temperature, P, is the vapor
pressure of the condensing material at the temperature of
the substrate, and P is the effective pressure of the con-
densing beam. This theoretical work and associated
Monte Carlo simulations showed that for both homoepi-
taxy (for which Ay =0) and heteroepitaxy (with Ay > 0),
statistical fluctuations in film thickness will occur in the
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case of zero surface mobility.’! The mean overlayer
thickness required to cover 99% of the substrate was cal-
culated to vary from 1 to 25 monolayer equivalents, de-
pending on the values of Ax and Ay. Although there is
surface mobility in the experiment at a substrate tempera-
ture of 20°C, it is probably quite low for Co and Cu on
Ni(001), leading to a distribution of local overlayer
thicknesses across the surface.

In conclusion, we have examined the mode of growth of
Co on Ni(001) and have found that the Ni substrate in-
duces the formation of a metastable fcc phase for cover-
ages at least as high as 30 ML. At low coverages the ar-
riving Co adatoms form fcc epitaxial, ordered patches
which coalesce into a continuous fcc film by ~3 ML.
The clusters are one to two layers in thickness after 1 ML
equivalent has been deposited and a third layer begins to
form after the addition of 2 ML equivalents. Similarly,
Cu coverages up to 1 ML form epitaxial clusters up to
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two layers thick on Ni(001) and do not wet the surface
uniformly, as expected from free-energy calculations for
the process. Deviations of the growth mode from what is
expected on thermodynamic grounds is explained by lim-
ited surface mobility. This work demonstrates that high-
energy Auger-electron diffraction is a powerful probe of
overlayer thickness distribution at ultralow coverages.
For most other experimental probes, the mode of growth
described above would be indistinguishable from classical
Frank—van der Merwe growth in the low-coverage re-
gime.
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