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Slow deposition of Cu onto a clean unheated Fe{001} surface produced films with large
amounts of defects, but still detectable crystallinity. Low-energy electron diffraction showed that
the films contained regions with a (somewhat distorted) body-centered-cubic structure and the
same or nearly the same lattice parameter as the underlying substrate. Auger-electron spectros-
copy suggested that the crystalline regions were essentially pure Cu, thus allowing the conclusion
that a metastable bcc modification of Cu has been realized, consistent with the predictions of

total-energy band calculations reported elsewhere.

Total-energy spin-polarized band calculations carried
out for a series of values of volume and (for magnetic ele-
ments) magnetic moment per atom have provided good
estimates of equilibrium, i.e., zero-pressure lattice con-
stants of metallic elements."? Results were obtained not
only for standard bulk phases, but also for metastable
phases not ordinarily found in bulk. Thus, the theory pre-
dicts that Cu may form a metastable body-centered-cubic
(bce) phase with a cubic-cell lattice constant of 2.87 A for
a rigid lattice (i.e., without zero-point or thermal motion)
and with cohesive energy only slightly smaller in magni-
tude than that of the stable face-centered-cubic (fcc) Cu
phase. The theory also predicts a value of 2.82 A for the
lattice constant of the stable bce phase of Fe in a rigid lat-
tice (the experimental value® at 20°C is 2.866 A, part of
the difference from the rigid-lattice value, possibly one-
half of it, being due to zero-point and thermal expansion).
If we compare the two rigid-lattice results we expect becc
Cu to grow readily in a strained epitaxial film on bcc Fe,
since the strain is small (1.8% compression of the Cu lat-
tice) and the cohesive-energy difference between the
metastable and stable phase is small. At finite tempera-
ture the strain will probably be reduced, since both Cu
and Fe will expand and Cu (in the fcc modification) has a
larger coefficient of thermal expansion than Fe.

Such realizations of metastable phases through the
growth of epitaxial thin films on suitable substrates have
been reported as successful in the recent literature, viz.,
bee Co on GaAs,* fec Fe on Cu,> 8 and bee Ni on Fe.%!'0
It is of interest to compare the epitaxial pairing of meta-
stable bcc Cu on a substrate of stable bcc Fe with the in-
verse pairing of metastable fcc Fe on a substrate of stable
fcc Cu, which readily produces epitaxial films of fcc
Fe.>® The equilibrium lattice constants of the rigid lat-
tices are 3.44 A for (nonmagnetic) Fe and 3.61 A for Cu,?
which would correspond to a 4.9% stretch of the Fe lattice
when deposited on Cu. However, the ferromagnetic phase
of fcc Fe becomes more stable at 3.62 A and is much less
strained, and hence should be the preferred phase.
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We describe below a series of experiments aimed at
growing bce Cu films on a clean Fe{001} substrate. The
experiments were done in an ultrahigh-vacuum chamber
with low-energy electron diffraction (LEED) and Auger-
electron spectroscopy (AES) facilities. Cleaning of the
substrate was done in situ with a series of Ar-ion bom-
bardments (5x10 ™3 Torr, 500 eV, 1.3 uA/cm?) lasting
from 2 to 15 h and followed by 10-min anneals at 500°C.
AES spectra of the final product revealed no recognizable
impurities except traces of C [see Fig. 1(a)]. The LEED
pattern of the annealed surface featured sharp spots on
low background, indicative of good long-range order.

The Cu source was a small single crystal of Cu wrapped
in Ta foil and located about 10 cm away from the Fe sub-
strate, which was not intentionally heated during deposi-
tion. In the experiments described below the source was
heated to approximately 800°C to provide a deposition
rate of about 1 monolayer/3 min. This rate was deter-
mined by monitoring the decrease in intensity of the (dou-
bly differentiated) AES peak of Fe at 703 eV. The inset
in Fig. 1 depicts the decrease of the Fe signal at 703 eV
and the increase of the Cu signal at 920 eV with increas-
ing deposition. The thickness of the deposited film was
calculated by assuming that the Fe signal was reduced by
absorption of the Auger electrons in a pure Cu film. The
formula used was I =Igexp(—d/0.81), where I and I, are
the intensities of the 703-eV Fe signal measured after and
before deposition of Cu, respectively; d is the unknown
thickness of the deposited film and A is the mean free path
of 703-eV electrons in Cu (A =12.7 A, according to Ash-
ley and Tung!!'). The factor 0.8 represents a correction
required by the finite solid angle for the Auger-electron
collection of the LEED optics.'? The conversion of thick-
ness d from angstrom units to number of layers was done
with the relation (assuming bec Cu) 1.4 A=1 monolayer.
We see in the inset in Fig. 1 that the Fe AES signal is still
detectable, albeit strongly reduced, through a Cu film
with a nominal thickness of 12 layers.!? Only after depo-
sition of 25 to 30 Cu layers did the Fe signal disappear in
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FIG. 1. AES spectra from (a) clean Fe{001}, showing only
Fe lines at 550, 562, 598, 651, 703, and 716 eV; (b) Cu film
about 25 layers thick on top of the Fe substrate (the Fe signal is
obliterated and only Cu lines at 731, 776, 840, 849, 920, and
940 eV are visible). Inset: Decrease of the 703-eV Fe line and
increase of the 920-eV Cu line vs coverage in number of Cu lay-
ers.

the noise. We note in Fig. 1(b) that when the Cu film was
so thick as to obliterate the Fe signal the 920-eV Cu line
was about half as strong as the 703-eV Fe line from the
original clean substrate surface.

The LEED observations were as follows. The deposi-
tion of Cu onto the clean Fe{001} deteriorated the LEED
pattern in the sense that the diffracted beam intensities
decreased and the background appeared to increase, but
the geometry remained 1X1. Only after deposition of
rather thick films (25-30 Cu layers) did we observe a few
broad non-integral-order beams, but the integral-order
spots were still present, albeit barely visible above a large
background. The energy dependence of the diffracted in-
tensities remained fundamentally unaltered, except for in-
creased broadening of the major peaks and enhanced ki-
nematic character of the spectra. Figure 2 shows the 11-
and the 20-beam LEED spectra for clean Fe{001} and for
coverages of 1, 3, and 12 Cu layers. It is obvious that with
increasing surface coverage the major peaks (which are
the kinematic, or Bragg, peaks) persist, although their in-
tensities decrease and their full widths at half maximum
increase, and that the minor peaks (which are dynamical,
or multiple-scattering, peaks) are almost abruptly ex-
tinguished.

Figure 3 shows quantitatively the decay of the integrat-
ed intensity of the 20 beam (with background subtracted)

FIG. 2. Effect of Cu deposition on the 11- and the 20-beam
LEED spectra. The numbers on the right indicate the number
of Cu layers deposited— O refers to the clean Fe{001} surface.

at 190 and at 310 eV (two Bragg peaks). The solid curves
were calculated under the assumption that the deposited
Cu film may be amorphous, so that both the incident and
the diffracted beam would be damped upon crossing the
film, and the diffraction pattern would be due solely to the
underlying Fe{001} surface. The experimental data in
Fig. 3 indicate that this assumption is not wholly correct.
Indeed, the rapid decay and the attendant broadening of
the diffracted peaks point toward the existence of defects
and strains or, in general, disorder in the deposited films,
but the persistence of the diffracted peaks themselves
shows that about 20% of the surface had substantial
long-range order corresponding to a bcc structure.

The question of interest concerns the nature of this 20%
ordered contribution to the LEED pattern. Three possible
sources of this contribution come to mind: (1) bare re-
gions of the underlying Fe{001} surface, (2) islands of bee
Cuf001}, and (3) islands of beec Cu-Fe alloys formed by
interdiffusion during film growth.

We argue that hypothesis (1) is improbable. This hy-
pothesis would require the persistence of relatively large
bare patches of Fe surface even when the surrounding is-
lands of disordered Cu have grown to be about 15 layers
thick— an improbable situation. Moreover, at a coverage
of about 12 layers of Cu the Fe AES signal is still decreas-
ing with coverage (Fig. 1), while the LEED signal has lev-
eled off (Fig. 3), and at a coverage of about 25 layers of
Cu the Fe AES signal has disappeared (Fig. 1), while the
LEED signal persists, although very weakly (see above).

Hypothesis (2) requires the existence of a bcc
modification of Cu with the same or nearly the same lat-
tice parameter as bec Fe, and requires also (because of re-
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FIG. 3. Decay of the intensity of the 20 beam at 190 and 310
eV upon deposition of Cu onto clean Fe{001} (see text).

sults such as Fig. 2) a close similarity between the LEED
spectra produced by bcc Cu{001} and that produced by
bee Fe{001}. The first requirement is probably met, as
suggested by the results of the total-energy band calcula-
tions mentioned above.!? The second requirement is also
met, as demonstrated by the curves in Fig. 4. The figure
depicts the 10-, 11-, and 20-beam LEED spectra as calcu-
lated for bec Fe{001} and for isomorphous bee Cu{001}
with the same lattice constant. It is obvious, as observed
repeatedly before,?!* for other similar cases, that LEED
cannot easily distinguish between elements with nearly the
same atomic numbers, such as Cu and Fe, if they have the
same structure. Thus, hypothesis (2) is possible and prob-
able.

We also argue that hypothesis (3) is improbable. Fe-
Cu alloys with the bcc structure and with lattice parame-
ters varying from 2.866 A for pure Fe to 2.91 A for 50%
Fe-50% Cu have been prepared.!>!¢ These alloys are un-
stable and decompose, upon heating to 300 °-600 °C, into
nearly pure bce Fe and nearly pure fcc Cu.!®> At room
temperature, only the alloys with less than 50% Cu have
the bece structure, while alloys with more than 70 at. % Cu
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FIG. 4. Calculated 10-, 11-, and 20-beam LEED spectra
from bee Fe{001} and beec Cuf001} with the same lattice con-
stant.

have the fcc structure and alloys with Cu content between
50 and 70 at. % could not be prepared.!> The latter results
make hypothesis (3) rather improbable. If the LEED pat-
tern from, say, a 12-layer-thick Cu film (see Fig. 2) were
due to a bee Cu-Fe alloy, then the Cu content of that film
would have to be at most 50%. But the AES results from
pure Fe and pure Cu would predict (see the discussion
above) that a 50%-Cu-50%-Fe film should produce
simultaneously a 703-eV Fe signal and a 920-eV Cu sig-
nal, the former about twice as large as the latter, which
was not the case (see inset in Fig. 1).

We therefore conclude that the ordered portions of the
films grown in this work were probably made of bcc Cu
with the lattice parameter equal or almost equal to that of
bcc Fe (2.866 A). The quick extinction of multiple
scattering peaks in the LEED spectra, and the consequent
kinematic character of the same (Fig. 2), seem to indi-
cate, however, that the long-range order was not very
good. The extinction of multiple-scattering peaks in the
LEED spectra of a substrate upon deposition of foreign
atoms has been observed before!” and, although not
thoroughly understood, has been ascribed to distortions of
the host lattice.

In conclusion, we believe that the work described above
has been partially successful in producing the metastable
bce modification of Cu that was predicted by total-energy
band structure calculations.! The Cu films grown on
Fe{001} were largely disordered, but a small ordered com-
ponent (20% or less) consisted of a somewhat distorted
bece structure of Cu.

This work was sponsored in part by the National Sci-
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