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Surface phonons and structure of epitaxial nickel layers on Cu(001)
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We compare measured and calculated electron-energy-loss phonon spectra of ultrathin films of
Ni grown on Cu(001) to determine the interlayer spacings of the Ni layers. We find a small

(—4.6%) expansion in the surface volume of the Ni film at two and four monolayers. Data of
Ni-film modes along the I M and 1A directions are measured for diA'erent thicknesses of the Ni
film, and comparison between measured and calculated phonon dispersions of the film modes show

considerable relaxation in the intralayer force constant of the overlayer film.

With modern deposition techniques, an increasing num-
ber of materials can be grown epitaxially on single-crystal
substrates. Such ultrathin films, grown pseudomorphical-
ly with the underlying substrate, are found to exhibit
striking magnetic, chemical, or optical properties. '

There is also a great deal of interest in understanding the
structure of these ultrathin films. However, to date, the
structure of only a few ultrathin overlayer films has been
quantitatively determined. ' ' In this paper, we present
experimental data and a theoretical analysis of vibrational
modes specific to the ultrathin film, for two and four
monolayers (ML) of nickel on Cu(001). These film
modes have vibrational amplitudes confined primarily in
the Ni overlayers. By studying their inelastic electron-
energy-loss cross section as a function of scattering
geometry, detailed layer-by-layer structural information
(e.g. , Ad& ~ +'0. 1 4) is obtained for the overlayer film.
We have also studied the dispersion relation of the film
modes and find that there is a significant lowering in the
frequency of these modes. This suggests considerable
softening in the interlayer and intralayer force constants
in the Ni film. The study also explains why Ni-film modes
have been resolved experimentally by high-resolution
electron-energy-loss spectroscopy (HREELS) along the
1 Xdirection but not along the I M direction.

All the experiments are performed in an ultrahigh-
vacuum chamber with a base pressure in the low-10
Torr range. The Cu (001) substrate is cleaned and
characterized as described previously. '' Ni films are
prepared by evaporation of Ni onto the Cu substrate near
room temperature and subsequent annealing up to 500 K.
We find no interdiftusion of Ni and Cu as judged from a
comparison of Auger-electron-spectroscopy (AES) spec-
tra taken before and after annealing. The sharp p(1 x 1)
low-energy electron-diffraction (LEED) patterns of these
films show the pseudomorphic growth of Ni films on the
Cu(001) substrate surface.

The thickness of the Ni film is monitored by means of a
quartz-crystal oscillator and calibration of AES spectra.
Surface-phonon spectra are measured at room tempera-
ture by HREELS. The spectrometer consists of a
double-pass monochromator and single-pass analyzer as

described earlier. The resolution is set to 40-60 cm full
width at half maximum. We employ various primary
electron energies tuned for the highest scattering cross
sections of the diferent phonon modes.

General vibrational properties of epitaxial films of Ni
on Cu(001) have been studied by theoretical models. '

The earlier calculations predicted the existence of local-
ized film modes, whose frequencies lie above the Cu bulk
band. The number of these film modes and their frequen-
cies increase as the film s thickness is increased. In Fig. 1,
we show the calculated dispersion for the case of 4-ML Ni
on Cu(001). The calculation uses a nearest-neighbor
central-force model with bulk force constants for the Ni
and Cu layers, and an averaged kz; c„=(kc„+kN;)/2
force constant for the Ni-Cu interface. A slab of 61 lay-
ers is used. From Fig. I, besides the gap modes, the shear
horizontal mode S~ (at A'), and the Rayleigh modes S4 (at
A') and S~ (at M), we identify four-film modes along 1 X
and six along I M above the Cu bulk band. The polariza-
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FIG. 1. Calculated phonon-dispersion curves along high sym-
metry directions M-I -X for 4-ML Ni/Cu(001) using a nearest-
neighbor bulk central-force-constant model. The data are
shown as open circles.
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Ni-Ni (interlayer)
Ni-Ni (intralayer)
Ni-Ni (intralayer)
Ni-Cu
Cu-Cu

~It

y'/a

Force constants
(10" dyn/cm)

30.32
18.95
4.5

28. 138
28. 138

Ratio with
kN; (bulk)

0.8
0.5

~ ~ ~

=kc„(bulk)

TABLE I. Force constants (10 dyn/cmn/cm used in the
lattice-dynamical calculations for 4-ML '/Ni/Cu(001) and 2-ML
Ni/Cu(001) (a is the nearest-neighbor distance

tween theory and data (again shown as open circles . Qe-

Rayleigh mode S4 appears inside the Cu band at most
wave vectors, in good agreement with the data.

The lattice-dynamical calculations generate atomic is-
placements for all the modes of the 4-ML Ni/Cu(00 )
system. Using these as inputs, we calculate the electron-
energy-loss spectra for different scattering geometries cor-
responding to different wave vectors in the two-
dimensional Brillouin zone. The loss spectra have been
shown to be very sensitive to the surface structure. ' '

tion at X and the thickness dependence of these modes are
indicated in e
' d' t d the figure. In this convention, z;,x;,y; in i-
cate, respectively, shear vertica, g1 ion itudinal, and hor-
izontal polarizations of the first-layer displacement of the

Th d
'

indicates the overlayer thickness
the Cu bulkat which the film mode first appears above the u u

b d based on this force-constant model.an a
Measured phonon dispersions along the I M &Re .(Ref. 13)
d I A (Ref. 14) directions have been reported previous-an e.

ly. In this paper, we present additional data a g
~ ~

I M. The measured film modes appear as a separate peak
(from that of the Rayleigh S4 mode) along I X. We show

ment between the data and the calculated phonon disper-
sion based on bulk force constants. For example, the mea-

1' —30 cm ' below those of the calcu-sured frequencies ie — cm
This su-d Z d X modes for 4-ML Ni/Cu(001). T is sug-

in thegests considerable softening of the force constants in e

force constant y o annt b 20% and the intralayer force constant by
irwise otential is50%. A positive first derivative of the pairwise potentia is

also inclu e or eac id d f h Ni layer. The modified force con-
tedstants in t e i m areh N fil re listed in Table I. The calculate

dispersion curves using the modifidified force constants are
shown in Fig. 2. There is now very good agreement be-
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FIG. 4. Same as in Fig. 2, but for 2-ML Ni/Cu(001). The
data for this system are shown as open circles.

~~
CO
C
Ol

P

:- (b) O.S4 (rM)
230 eV
75.78'
48.22

This is because the loss spectra depend on the coherent
contributions from layers having large eigendisplace-
ments. Since the film modes have displacements confined
primarily in the Ni layers, their loss cross sections are par-
ticularly sensitive to the Ni spacings. We demonstrate
this in Fig. 3, where the distance between Ni layers (dN;)
is increased in steps of 0. 1 A.. The best agreement is ob-
tained for a Ni-Ni interlayer spacing of dN;=1. 75 A. y
varying the Ni spacing by merely 0.1 ~~, i.e., at . orA at 1.85 A. or
1.65 A, there is qualitative disagreement. From the calcu-
lated spectra of dN;=1. 75 A, we see that the measured
Ni-film loss peak is made up of two separate modes: X~
and Z2. Also, the data for the Rayleigh peak is due to S4
and resonance modes in the Cu bulk band. The calculated
film-mode loss peak is completely absent at 1.85 and
shows up only as a small shoulder at 1.65 A. We further
determine the variation of the first Ni spacing. Using an
R-factor analysis, ' the best fit with data is obtained for
dN' 1 7 ~ 0 1 A aild dNj dNj dNi-CU 1 80 —0 1

The Cu layers have the bulk spacing of 1.8 A. These re-
sults are very similar to those found for 3-ML Ni/
Cu(001) by a dynamical LEED study.

The calculated dispersion curves using the surface
lattice-dynamical model listed in Table I for the 2-ML
Ni/Cu(001) system are shown in Fig. 4. The calculated
dispersions again agree very well with the data for the 2-
ML s stem (open circles). A structural analysis, usingsys e
the R factor, yields a best agreement for dN; =1.75 0.
A, dz; c„=1.75 ~ 0. 1 A, and all the Cu layers at the bulk
spacing. eThe loss spectra corresponding to the best struc-
ture is shown in Fig. 5. We see in Fig. 5(a) that a ong
the film mode Z2 appears as a separate peak, above the

eak of the Rayleigh mode. The situation is diA'erent

along I"M; an example is shown in Fig. 5~&b~, a
~C=q~t/(1. 74 A ')]. Here, the Rayleigh mode S~ and a
film mode (this film mode is dominated by the shear verti-
cal motion of the second-layer Ni atoms) appear as a sin-
gle peak in the data. In fact, from Fig. 5(b), we see that
the measured peak is made up of the St mode, a reso-
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FIG. 5. Calculated (solid line) and measured (dashed line)

electron-energy-loss cross-section spectra along (a) I X and (b)
I M directions for 2-ML Ni/Cu(001) with dN; =1.75 A, dN c
=1.75 A and all Cu layers at the bulk spacing.

nce mode and this film mode. This accounts for the
b ad peak width in the data. Previous data and eroa pea

-filmdata presented here along I M do not resolve the Ni- m
modes as separate loss peaks. We see from the dispersion
curves shown in Figs. 2 and 4 that this is due to the soften-
ing of force constants in the Ni film.

In suminary, the phonon dispersions along the I X and
I M directions of the Ni-film modes show considerable
softening of the force constants in the Ni film. The
electron-energy-loss cross sections are sensitive to inter-
layer spacings in the epitaxial film. With the surface Ni
atoms at the Cu-Cu lateral spacings and the determined
interlayer spacing of 1.75 A, the area per unit cell is ex-
panded by 5.3 lo while the interlayer spacing is contracted
by 0.7lo. This leads to an overall surface-volume expan-
sion of 4.6% in the Ni film.
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