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Vibrational properties of epitaxial films on metals. I. fcc Cu on the Ni(001) surface
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The general vibrational properties of epitaxially grown fcc Cu films on Ni(001) have been studied
using a central-force lattice-dynamical slab model. The theoretical results predicted the emergence
of new film modes as the overlayer film's thickness increases. Calculated phonon dispersion curves
and spectral densities are presented and the regions of difFerent localizations for the phonon modes
in the two-dimensional projected phonon band have been identified.

I. INTRODUCTION

The epitaxial growth of ultrathin films which are pseu-
domorphic with the substrate has been studied by a num-
ber of surface-characterization techniques. ' In this pa-
per we discuss the general vibrational properties of ul-
trathin fcc Cu films grown layer by layer (i.e., via the
Frank —van der Merwe mechanism) on the Ni(001) sur-
face based on a simple lattice-dynamical model. Since
the overlayer (Cu) has a softer force constant than the
substrate (Ni), the projected two-dimensional phonon
band of Cu occurs at lower frequencies than that of Ni.
Questions that we find particularly interesting and for
which results are presented below include the emergence
of new (film) modes as the overlayer (Cu) film's thickness
increases, the rapid damping of the atomic displacement
amplitudes in the surface region for the modes whose fre-
quencies lie higher than the maximum co(q) of the Cu
bulk-phonon band, and the rate of shift in the frequencies
of the surface-phonon modes S4 and S6 from those of
clean Ni to that of Cu as the film grows in thickness.

II. PHONON DISPERSION CURVES
OF EPITAXIAL Cu FILMS ON Ni(001)
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parameters can be determined.
The phonon dispersion curves froin 1 to X (i.e., along

the [110] or x direction) for clean Ni(001) are shown in
Fig. 1. A slab of 61 atomic layers, with surfaces on either
side, is used. At the X point the lowest two modes are
surface phonons. " The S, mode is shear horizontal with
surface (topmost layer) atomic displacement polarized in
the [110]or y direction. This mode is selection forbid-
den under normal scattering conditions and will not be
discussed further. The S4 (Rayleigh) mode has surface
(topmost layer) atomic displacement polarized in the z
direction, i.e., norinal to the surface, and the mode occurs
at 125 cm ' at the X point. Experimentally, the S4 mode
at X for Ni(001) occurs at 130 cm '. ' ' This value of
the S4 frequency can be obtained in the calculation by in-
creasing the surface force constant which couples atoms

We first consider the phonon dispersion curves for
clean Ni(001), Cu films of various thickness on Ni(001),
and clean Cu(001) systems. For simplicity we calculate
the phonon dispersions using a nearest-neighbor central-
force lattice-dynamical slab model. The force constants
suggested by Black et al. ' [i.e.„kc„(bulk)=2.81X10
dyn/cm, kN;(bulk)=3. 79X10 dyn/cm) are used to de-
scribe the Cu-Cu and Ni-Ni interactions. The force con-
stant between Cu and Ni is unknown and we simply take
an average of kN;(bulk) and kc„(bulk), i.e., kc„N;=3.3
X10 dyn/cm. The spacings between all layers are as-
sumed to be the bulk value of Ni. Obviously, we have
chosen extremely simple dynamical and structural mod-
els for these systems. The frequencies of some of the pho-
non modes will shift if more accurate lattice-dynamical or
structural models are used. However, the general proper-
ties described in the following should remain valid.
Indeed, one of the purposes of this analysis is to stimulate
experimental measurements of such epitaxially grown
films from which the relevant dynamical and structural
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FIG. 1. Calculated phonon dispersion curves between I and
X for Ni(001) using a nearest-neighbor central-force lattice-
dynamical model. The coordinates in the parentheses denote
the directions of the surface-layer atomic displacement for the
corresponding phonon modes.
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FIG. 3. Sim'imilar to Fig. 1 for 2 Mor 2 ML Cu/Ni(001).
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FIG. 8. Surface-atomic-layer spectral densities p„at X for
Ni(001), 1 ML Cu/Ni(001), and 2 ML Cu/Ni(001). FIG. 10. Surface-atomic-layer spectral densities p„„at X for

Ni(001), 1 ML Cu/Ni(001), and 2 ML Cu/Ni(001).

(i.e., p„) and parallel to the x direction (i.e., p„) at the X
point are shown in Figs. 8—11. In these figures each vert-
ical line represents the p„or p for an individual mode.
The theoretical spectra are obtained by Gaussian
broadening each line with a full width at half maximum
ofzOcm '.

We erst note the rapid downshift of the frequencies of
the S& (Figs. 8 and 9) and S6 (Figs. 10 and 11) modes.
From Fig. 11 it is clear that the S6 mode is shifted in fre-

quency down to the edge of the Ni bulk-phonon band gap
for 3 ML Cu/Ni and is inside the Ni bulk-phonon band
(however, this'is the frequency region of the Cu bulk-
phonon band gap) for 4 ML Cu/Ni. A striking feature
not evident from the dispersion curves shown in Fig. 3 is
that at as little as two monolayers (i.e., 2 ML Cu/Ni) all
the bulk-phonon modes above 258 cm ' are damped out
at the surface. This fact is clearly evident in the disap-
pearance of p„and p„ in Figs. 8 and 10 for the case of 2
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FIG. 9. Similar to Fig. 8 for 3 ML Cu/Ni(001), 4 ML
Cu/Ni(001), and Cu(OQ1).

FIG. 11. Similar to Fig. 10 for 3 ML Cu/Ni(001), 4 ML
Cu/Ni(001), and Cu(001).
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ML Cu/Ni. Our interpretation of this rapid surface
atomic displacement damping is that as the Cu film
grows in thickness the softer force constant between Cu
atoms cannot substain the high-frequency normal modes
of the substrate (Ni) which occur above the top of the Cu
bu}k-phonon band. Thus, these normal modes are essen-
tially confined to the Ni substrate. Their displacement
amplitudes vanish as they penetrate into the Cu film.

Referring back to Figs. 8 and 9, the small peak of p„
above 258 cm ' for clean Ni(001) is shifted down to
below 250 cm ' at 2 ML of Cu growth. As the Cu film's
thickness increases, the number of modes in this region
(206—258 cm ) also increases. Since this is the frequen-
cy region of the Ni phonon band gap, the atomic dis-
placement of. these modes are damped as they go into the
substrate. These are localized film modes much of atomic
displacements reside within the overlayer film and a few
substrate layers. The same is true for film modes that ap-
pear below the Ni bulk-phonon band and fihn modes with
surface atomic displacements along the x direction (see
Figs. 10 and 11, 2 ML Cu/Ni and 3 ML Cu/Ni) that
occur in the Ni phonon band gap.

Above, we have seen normal modes of the overlayer
which appear in the frequency gap of the substrate. It is
known that there is a phonon frequency gap (171—213
cm ') near X for clean Cu(001). ' ' ' However, for Cu-
overlayer films on Ni(001), there are many Ni phonon
modes in this region. As Cu atoms are deposited on the
Ni substrate, the Ni bulk modes drive the Cu atoms to vi-
brate at frequencies that fall in the Cu phonon band gap.
As the Cu film's thickness increases, the atomic displace-
ments within the Cu film are damped. As a result, the
spectral density for 2 ML Cu/Ni and clean Cu are very
difFerent in the region of the gap (see Figs. 10 and 11).
These substrate-driven resonant film modes persist even
at 4 ML thickness. However, the integrated spectral
curves for x and z displacements are already quite similar
between 4 ML Cu/Ni and clean Cu. The Cu gap should
appear between 5 and 10 ML.

(cm-')(THz)
333.4 10.0 ~-

Cu on Ni(001)

z
200.0 6.0

Zi 133.3 4-0
Oz
C

66. 7 2.0

S„, Ni

~ OL
S6 C»

+—SL

OL
S4 Ni

S, gi
g4 C»
91 C»

0.0 0 ~

O. O O. 2 0.4 O.6 O 8 ~.O

WAVE VECToll, ( = q(~/], 26(g-')

FIG. 12. Superposition of calculated phonon dispersion
curves for Ni(001) and Cu(001). The regions of the different lo-
calization for the phonon modes are indicated in the figure;
"SL" represents substrate localization and "OL" represents
overlayer (or film) localization.

quencies which lie inside the phonon band gap of the
overlayer material. The atomic displacernents of these
modes are damped within the overlayer film as the film's

thickness increases. We call this the substrate-
localization (SL) situation.

(iv) Overlayer film modes that occur in the frequency
gap or below the bulk-phonon band of the substrate are
damped as their displacements penetrate into the sub-
strate. For these "film" modes, their atomic displace-
ments are localized in the overlayer film and a few top-
most substrate layers. This corresponds to the
overlayer-localization situation (OL).

IV. SUMMARY

We have studied the vibrational properties of epitaxial-
ly grown Cu films on the Ni(001) surface based on a
central-force lattice-dynamical slab model. We can make
a few general observations.

(i) The surface modes S4 and S6 undergo rapid shifts in
their frequencies from those of the clean surface to that
of the overlayer material as the overlayer film's thickness
grows.

(ii) The atomic displacements of the substrate modes
whose frequencies lie above the maximum co(q) of the
overlayer film are damped out extremely rapidly in the
film. ' This is the strong-substrate-localization (SL) case.
For the nearest-neighbor central-force-constant model,
the damping is complete at the 2 ML thickness.

(iii) Atoms in the overlayer film may vibrate with fre-

In Fig. 12 we depict the regions of difFerent localizations.
Finally, we would like to caution against making direct

comparisons of the spectral densities shown in Figs. 8—11
with either inelastic-He- or electron-scattering cross sec-
tions. For a given material and wave vector, the spectral
densities are fixed, while inelastic-He- or electron-
scattering cross sections are functions of incident energy
and scattering geometry. In broad terms, inelastic He
scattering should be particularly sensitive to the z-
component spectral density (Figs. 8 and 9), while inelastic
electron scattering is sensitive to boih the x and z com-
ponents. ' Also, the incident electron penetrates a few
atomic layers; hence inelastic-electron-scattering cross
sections are sensitive to spectral densities of the first few
surface layers (and the phases of the eigendisplacements
are important).

In the following paper we shall investigate the vibra-
tional properties of epitaxial films whose force constant is
stifFer than that of the substrate. This is the case of Ni
films on Cu(001) surfaces.
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