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We have measured the surface-phonon dispersion for the (110) face of the ordered alloy NiAl us-
ing high-resolution electron-energy-loss spectroscopy (EELS) with AE =20-45 cm ™' both in the
[100] (T-Y) and in the [110] (T-X) directions. To identify and fit the observed branches, lattice-
dynamical calculations employing a Born-von Karman model up to third-nearest neighbors were
performed. Good agreement between the experimental and calculated dispersion curves is obtained
when the force constant between first-layer nickel atoms and second-layer aluminum atoms is in-
creased by 50% and the force constant between first-layer aluminum atoms and second-layer nickel
atoms is decreased by 20%. These force-constant changes indicate a surface rippling, where first-
layer nickel atoms are displaced inwards and first-layer alumimum atoms are displaced outwards.
This is consistent with a structural model based on low-energy electron diffraction (LEED) I-V data
of Noonan and Davis [Phys. Rev. Lett. 59, 1714 (1987)] and a medium-energy ion-scattering (MEIS)
study by Yalisove and Graham [Surf. Sci. 183, 556 (1987)].

I. INTRODUCTION

Properties of alloy surfaces have attracted increasing
interest within the last few years. This is, in part, due to
progress in materials engineering, which makes it easier
to obtain single crystals of alloys in convenient sizes. In
part, it is also motivated by the desire to transfer con-
cepts of heterogeneous catalysis obtained for pure metals
to bimetallic and more complex systems. Several bime-
tallic catalysts have already found widespread use in the
petrochemical industry,' but little is still known about the
properties of single-crystal surfaces.

NiAl forms a compositionally ordered alloy with a
high heat of formation (58.8 kJ mol '). Its technological
importance stems from its hardness, stability, and consid-
erably high melting point (1653°C). Additionally, NiAl
has a large resistance to oxidation, even at elevated tem-
peratures. These properties are rather favorable for an
application of NiAl as a high-temperature material, for
example, in engines operating at high temperatures.

For our purposes, it is more important that NiAl is one
of the few alloy systems which is known to have stable
and well-defined surfaces. NiAl has the CsCl crystal
structure with a lattice constant of 2.887 A. The (110)
surface consists of Ni and Al atoms within the first layer.
Even though these atoms are within one layer, they do
not have to be coplanar. This has been shown by low-
energy electron-diffraction’ (LEED) and medium-energy
ion-scattering (MEIS) data,>* which show a rippled re-
laxation of the first layer (see Fig. 1). The aluminum
atoms of the first layer are displaced outwards by 4.6%
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(Ref. 2) or 4.0%,’ while the nickel atoms of the first layer
are displaced inwards by 6.0%.%*

Such a rippled relaxation is certainly not specific for
this alloy. but might rather be a common feature of alloy
systems with two different constituents in the first layer.
Indeed, surface rippling has been observed for a variety
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FIG. 1. Structure of the NiAl(110) surface. Top view (top)
and side view (bottom) are shown, where the large and small cir-
cles denote the aluminum and nickel atoms, respectively. The
values for the surface rumpling are from Ref. 2. The Brillouin
zone for the (110) surface is shown on the right.

5443 ©1990 The American Physical Society



5444

of different transition-metal carbides. From the surface-
phonon dispersion curves of TiC(100),> HfC(100),% and
ZrC(100), there was strong evidence for surface rippling.
This has been confirmed by a LEED analysis® for
HfC(100). A similar study had already proven that the
TaC(100) surface shows a rumpling where first-layer car-
bon atoms are displaced outwards while first-layer tan-
talum atoms are displaced inwards.’

For NiAl(110) the situation is rather favorable, since
the structure determination seems to be quite unique.
Both LEED and MEIS give almost identical numbers for
the atomic displacements in the first layer. Additionally,
the values are in close agreement with a total-energy cal-
culation.!® This computation shows that the relaxation
of atomic orbitals is responsible for the surface rippling.

We have thus chosen the NiAl(110) surface to study
surface phonons of a compositionally ordered alloy. This
system is also rather interesting from a lattice-dynamical
point of view. Surface-phonon dispersion curves have al-
ready been measured for a large variety of different ele-
ments with fcc and bec structure.!! Also, surface-phonon
dispersion curves on different faces of compounds with
NaCl crystal structure have been investigated.'>>~7 This
is the first time, however, that surface-phonon dispersion
curves for a compound with CsCl crystal structure have
been measured.

This paper is organized as follows. In Sec. II the ex-
perimental details and data are presented. In Sec. III the
lattice-dynamical calculations are explained. A discus-
sion is found in Sec. IV.

II. EXPERIMENT

Sample preparation'’ and a description of the system
has been given elsewhere. Here we only want to summa-
rize that the data have been taken at room temperature at
a system pressure of 6X 117! mbar. The sample was
cleaned by cycles of sputtering and annealing until no
more traces of contaminants could be observed either by
Auger-electron spectroscopy (AES) or by electron-
energy-loss spectroscopy (EELS).

Spectra have been taken both for the T ¥ and T X
directions (see Fig. 1). The orientation of the sample in
the desired direction was controlled by the position of the
(0,1) and (1,0) Bragg peaks, respectively. These peaks
were also used to calibrate the momentum-transfer scale.
This procedure gives an accuracy of the momentum
transfer of 0.02 A~'. The resolution of the EELS spec-
trometer was tuned to 30 cm ™! in the T X direction. In
the T Y direction a resolution of 40 cm ™! was chosen.
Since spectra for the T X direction have been described
elsewhere,'* only spectra for the T ¥ direction are
presented here.

Before presenting spectra taken for nonvanishing
wave-vector transfer (i.e., away from the specular direc-
tion), a spectrum is shown in Fig. 2 that is observed in the
specular direction. Here the cross section for dipole
scattering is very strong, which enabled us to tune the
spectrometer to a resolution of 20 cm ™~ !. Figure 2 shows
energy-gain and -loss peaks for several surface vibrations
at the left- and right-hand sides of the intense elastic
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FIG. 2. High-resolution (AE =20 cm™!) spectrum at the T
point. Apart from the perpendicular vibration of first-layer
aluminum atoms at 220 cm™ !, a resonance at 145 cm ™' and two
weak features at 305 and 345 cm ™! are observed.

peak. Apart from an intense vibration at 220 cm ! that
had already been observed by Lui et al.,'* a resonance is
found at 145 cm ™!, and two weak features, at 305 and
345 cm ™!, are discernible which had not been observed
before by Lui et al. due to their inferior resolution ( =50
cm™!) and a smaller count rate. The dispersion of sur-
face phonons was not measured either, since, typically,
the cross section to excite surface phonons away from the
specular direction is smaller by at least 2 orders of magni-
tude.

In Figs. 3-5 three different series of spectra are
presented, showing the dispersion of different surface
phonons in the T ¥ direction. In Fig. 3 the dispersion for
the energy-loss feature at 220 cm ! is depicted. This loss
is due to the excitation of the perpendicular vibration of
first-layer aluminum atoms as already stated by Lui et al.
This vibration shows almost no dispersion. Over a larger
range of the Brillouin zone, there is hardly any shift of
the frequency. Additionally, a low-frequency vibration is
detected at 60 cm ! for £=0.3 and at 115 cm~! for
£=0.68, respectively, where { is the wave vector in re-
duced units. Three more spectra for this low-frequency
vibration are shown in Fig. 4. The frequency of this vi-
bration rises with increasing wave vector from 60 cm !
(at £=0.32) to 143 cm ™! for £=0.90. This vibration
most likely corresponds to the Rayleigh wave, as dis-
cussed in Sec. III.

A similar series of spectra is shown in Fig. 5 for a
different primary energy of the impinging electron beam
(E =75 eV). Some spectra now show even three different
energy-gain and -loss peaks. The observation of a second
optical mode that has a pronounced dispersion contrary
to the perpendicular vibration at 220 cm ™' is important.
The corresponding loss peaks shift from 261 cm™! at
£=0.48 to 286 cm ! at £=0.64. At the T point this vi-
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bration is not observable. The spectra additionally show
an almost dispersionless resonance at around 155 cm™!
as well as the dispersion of the low-frequency vibration.
Above £=0.6 these two modes could no longer be
resolved for the particular scattering conditions.

It is interesting to note that spectra taken for identical
points in the Brillouin zone, but with different primary
energy and a different observation angle (spectrum for
£=0.64 in Figs. 4 and 5) show different modes. This
demonstrates the energy and angular dependences of
phonon cross sections and will be discussed more explicit-
ly in paper IL."°

Figure 6 shows the measured dispersion curves for the
T Y and T X directions. Only the well-resolved energy-
gain and -loss peaks have been used to determine the
dispersion curves. In the T Y direction two modes are
observed with a large dispersion, while two other modes
only have a negligible dispersion. Neither the vibration
at 220 cm ™! nor the mode at 150 cm ™! shows any pro-
nounced dispersion. The acoustic vibration, however,
can be followed from 45 cm ™! at £=0.2 to around 145
cm ™! at the Y point. The second mode, with a strong
dispersion, is not observed at the T point. Its frequency
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FIG. 3. EELS spectra taken with increasing wave vector in
the [100] (T Y) direction. The reduced wave vector is given as
well, where {=1.0 corresponds to the zone boundary. Addi-
tionally, the primary energy and the observation angle for each
spectrum are given. This sequence shows the dispersion of the
perpendicular aluminum vibration.

increases from around 250 cm ! at £=0.45 to 300 cm !
at {=1.0.

In the T X direction, two acoustic vibrations are ob-
served. The vibration with the higher frequency runs
from 110 cm ™! at £=0.45 to 175 cm ™~ ! at £=1.0. The
second branch shows an almost linear dispersion with in-
creasing wave vector from 30 cm ! at £=0.3 to 76 cm !
at £=1.0. Additionally, three almost dispersionless vi-
brations are observed. The branch at around 220 cm ™'
has already been observed in the T Y direction. The two
other vibrations are found at 300 and 350 cm ™!, respec-
tively.

The next step in the interpretation of the data is the as-
signment of the observed branches to certain vibrations
and the determination of the corresponding displacement
pattern. In principle, the selection rules of inelastic elec-
tron scattering!® and symmetry arguments alone can give
much of this information. It was already mentioned that
the vibration at 220 cm ! is due to the perpendicular vi-
bration of first-layer aluminum atoms. This vibration is
observable at the T point and possesses a large cross sec-
tion. It, hence, has to be due to a mode that belongs to
the total symmetric representation at the T point. At the
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FIG. 4. EELS spectra for the Rayleigh wave.
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FIG. 5. EELS spectra showing the dispersion of a second op-

tical vibration, together with the surface resonance around 150
cm™ ! and the Rayleigh wave.
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FIG. 6. Experimental data points for the surface-phonon
dispersion in the I' Y and I' X directions.
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T point, and also at the ¥ and the X points, we have a
C,, point-group symmetry. All vibrations thus belong to
either the 4,, 4,, B, or B, representation. The total
symmetric vibrations ( 4, representation) have a displace-
ment in the direction of the surface normal only. Since
the frequency of 220 cm ™! falls into the gap between the
optical and acoustic bulk bands, it has to be a localized
mode where mainly the light aluminum atoms of the first
layer move with phase opposite to the nickel atoms. On
the other hand, the second high-frequency mode at 300
cm™! at the Y point cannot be a total symmetric vibra-
tion at the T point since it is only observed off specular.
At the T point all modes belong to either the 4,, B, or
B, vibration, as can be seen from a decomposition of the
reducible representation into its irreducible elements.
Since in the T Y direction only 4, and B, modes—the
even modes—can be observed, this vibration has to be of
B, type. Additionally, it also falls into the gap and hence
should be a localized aluminum vibration with the polar-
ization strictly parallel to the surface at points T and Y.
These considerations can also be extended to the other
observed vibrations. The disadvantage, however, is that
group theory does not give precise numbers for the fre-
quencies of certain vibrations, and, thus, cannot be used
to determine force constants in the vicinity of the surface.
To get this information, lattice-dynamical calculations
have to be performed.

III. LATTICE-DYNAMICAL CALCULATIONS

The first step in any lattice-dynamical calculation con-
sists of a choice of an appropriate model to describe the
bulk-phonon dispersion. These bulk vibrations have been
measured by Mostoller et al.'” To describe the observed
phonons, a Born—von Karman fit with up to third-nearest
neighbors was employed first. With this model the ob-
served bulk-phonon dispersion curves were reproduced
quite well. Larger deviations occurred only for the
longitudinal-acoustic vibration in the [110] and [111]
directions. These modes, however, could be described
better if a fourth-nearest-neighbor force-constant model
was employed. With this model only minor deviations
between the experimental and theoretical curves occur
over the entire Brillouin zone.

Owing to the large number of parameters at the surface
and to the more complex form of the dynamical matrix,
we have considered only interactions up to third-nearest
neighbors to calculate the surface-phonon dispersion of
NiAl(110). In contrast to Mostoller’s work,!” a central-
force-constant model was used. This is no major restric-
tion, since for the interaction up to second-nearest neigh-
bors both central and noncentral models are identical for
the CsCl lattice. This statement does not hold for the
third-nearest-neighbor interaction, which is characterized
by three different values in the noncentral form, but only
two different parameters in the central-force-constant
model.

Thus, starting from a third-nearest-neighbor central-
force-constant model derived from the bulk values used
by Mosteller et al.,'” we adjusted various surface force
constants to fit both the measured dispersion curves and
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the inelastic-electron-scattering cross sections at different
phonon wave vectors and scattering geometries. The da-
tabase used in this fitting is enormous. While it is impos-
sible to access the uniqueness of the final force-constant
model used, however, the simultaneous fit to dispersion
and cross section imposes serious constraints on the final
lattice-dynamical model. An interesting result is that the
polarization of the lowest two acoustic modes must inter-
change as the phonon wave vector approaches the zone
boundary Y. This is the only way that the measured pho-
non dispersions and cross sections can be fitted. Details
of the fitting procedure and choice of the surface lattice-
dynamical model will be the subject of paper I1.'°

In Figs. 7 and 8 we show the results of the lattice-
dynamical calculations for a slab of 15 layers using bulk
central force constants (up to third-nearest neighbors).
The only adjustments to account for the surface environ-
ment are (i) to balance the forces on surface atoms so that
the net force is zero, and (ii) to impose surface relaxations
in the slab according to structural values determined by
LEED.? The calculated and measured dispersions along
lines T Y and T X are shown in Figs. 7 and 8, respective-
ly. This bulk-type force-constant model is denoted MB in
Table I.
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FIG. 7. Calculated phonon dispersion curves for the T Y
direction using the lattice-dynamical model labeled MB in Table
I. The solid lines are the dispersion of the even surface modes
and resonances, and the dashed lines those of the odd surface
modes. The experimental data taken at room temperature are
indicated as dots.
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Both Figs. 7 and 8 show two bulk-phonon bands
separated by a large gap. These bands are due to the bro-
ken translational symmetry perpendicular to the surface.
Now, modes can be observed at the surface with a given
wave vector q; parallel to the surface, while the momen-
tum transfer g, perpendicular to the surface can assume
an arbitrary value. This produces the quasicontinuum of
bulklike modes. For bulk vibrations the atomic displace-
ment at the surface is typically rather small, and they are,
hence, hardly observable and play only a minor role in
the following discussion. There are some regions in the
bulk bands, however, where atomic displacements in the
surface region are no longer negligible. Such features ap-
pear as so-called surface resonances in the spectra. It will
be shown below how these resonances can be identified.

The vibrations in the lower-lying bulk band are modes
where mainly the heavier Ni atoms move, while the
aluminum atoms hardly participate in the motion. In the
upper bulk band, on the other hand, mainly the light
aluminum atoms vibrate. The gap between these bulk
bands is due to the large mass ratio between nickel and
aluminum (M, /M 4, =2.2). Additionally, Figs. 7 and 8
show isolated branches either in the gap between the
upper and lower bulk bands, or below the lower bulk
bands. These branches describe true surface vibrations
with a strong localization. Here, only the very first few
layers show a pronounced displacement.

Before we discuss this in more detail, the displacement
pattern for the isolated branches is described. Since there
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FIG. 8. Same as Fig. 7, but for the T X direction.
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TABLE I. Radial (¢"’) and tangential (where ¢’ denotes ¢'/a, a =2.887 A) force constants for NiAl(110) in a third-nearest-
neighbor central-bulk-force model (MB) and an adjusted-surface-force model (MS).

Force constants for NiAl(110) (dyn/cm)

MB model MS model
Bulk- and surface-balanced forces are

the same as in the MB model; additional

Pair r (A) ¢ ¢’ surface-force-constant adjustments
Bulk

Ni-Al INN 2.50 31420 1150 ¢" (1st layer Al-2nd layer Ni) 25136

Al-Al 2NN 2.89 18 380 760 ¢" (1st layer Ni-2nd layer Al) 47130
Ni-Ni 2180 —440

Al-Al 3NN 4.08 4036 — 1484 ¢"" (1st layer Ni-2nd layer Ni) 3052
Ni-Ni 4760 —620

@" (1st layer Ni-3rd layer Ni) 6664

Surface (balanced forces) dniny (Ist layer, 2NN) 2000

darn, (1st-2nd layer) 264 dnn (Ist layer, 3NN) —2000
énin: (1st-2nd layer) 145
@ara; (Ist-2nd layer) 724

is only a C; point-group symmetry along the [100] and points, symmetry requirements are stronger, because of

[110] directions, all modes can be classified as being ei-  the C,, symmetry there. The perpendicular and parallel
ther odd or even with respect to the symmetry plane. vibrations in the scattering plane decouple and fall into
The symmetry plane is identical to the scattering plane in different irreducible representations.

our spectrometer configuration. Therefore, selection We now proceed to name the surface phonons. Along

rules for inelastic electron scattering!'® only _allow for the T Y the lowest two branches are nickel-derived surface
observation of the even modes. At the I', X, and Y  modes. With use of the bulk-type lattice-dynamical mod-
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el (i.e., the MB model), the lowest mode at Y is (Ni) per-
pendicularly polarized, and the one above it is (Ni) polar-
ized parallel to the surface and in the scattering plane.
We call these two modes SH, and SHE,, respectively (H
for the heavier Ni atom). Along I' X, SH, remains the
lowest-frequency mode, while SHE, appears in a gap of
the lower bulk band. In the gap between bands, an al-
most dispersionless mode along T Y is perpendicularly
polarized (we denote it SL,, L for the lighter Al atom),
while a SLE; model disperses up to form a resonance
band near midzone. Along I' X, both SL, and SLO,
remain in the gap throughout the zone.

Comparing the experimental data and the calculated
dispersion curves using the MB model, it is clear that
there are serious discrepancies. In the T X direction the
calculated frequency of the gap mode SL, is considerably
above that of the measured data. The same is true along
the T Y direction for this mode. Perhaps the most seri-
ous discrepancy is at Y, where the calculated SH, is 1
THz below the data points. Since we expect SH, to have
large cross sections (due to the perpendicular displace-
ment of the surface atoms), this mode should be observed.
The fact that the data points in the entire region from
0.6§ [=g¢,/(1.09 A" 1] to Y are considerably above the
calculated frequency dispersion of the SH, mode indi-
cates that the MB model must be wrong. We shall show
in paper II that this model gives very poor cross-section
comparisons with the data.

We then proceed to adjust the force constants in the
near-surface region in order to bring the measured and
calculated dispersion curves into better agreement. Not-
ing that we need to lower the calculated frequency of the
SL, mode in both directions with respect to the data, we
soften the force constant (¢') between the first-layer Al
and second-layer Ni atoms. This softening is consistent
with the physical picture of an increased distance be-
tween these atoms in a rumpled relaxed surface compared
to that of a bulk-terminated structure. We find that a
20% decrease of this force constant leads to a good fit to
the data for the SL, mode. The next adjustments are a
50% increase of ¢’ between the first-layer Ni and
second-layer Al atoms, a 40% increase of ¢'' between the
first- and second-layer Ni atoms, and a 40% increase of
¢"' between the first- and third-layer Ni atoms. These ad-
justments are also consistent with the physical picture of
reduced distances between such atoms in a rumpled sur-
face.

To bring the calculated and measured phonon frequen-
cies and EELS cross section (to be described in paper II)
into further agreement, we adjusted the intralayer
tangential force constants between Ni atoms in the first
layer. Within the first layer, the ¢’ between second-
nearest-neighbor (NN) Ni atoms is set to 2000 dyn/cm
(bulk value = —440 dyn/cm), and between third-NN Ni
atoms is set to —2000 dyn/cm (bulk value = —620
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dyn/cm). This optimized-surface-force model is labeled
MS in Table L.

We now show in Figs. 9 and 10 the calculated phonon
dispersion curves using the surface-force model MS, to-
gether with the measured data along T Y and T X. The
overall quality of the fit is now quite satisfactory. The fit
for the SL;, SH|, and SHE, modes are all much im-
proved. The most striking feature is that found with use
of the MS model, namely that the surface modes SH, and
SHE are reversed in the order of their frequencies at or
near the zone boundary Y. In other words, the lowest-
frequency surface mode now has a (parallel) longitudinal
polarization (i.e., SHE). The surface mode above it now
has a perpendicular polarization, i.e., SH;. This explains
why the measured frequencies shown an apparent up-
shift as the modes approach the zone edge Y.

IV. DISCUSSION

The main force-constant changes used to describe the
experimental data were the 50% increase in the force
constant between first-layer nickel and second-layer
aluminum atoms and the 20% decrease in the force con-
stant between first-layer aluminum and second-layer
nickel atoms. In terms of a change of surface structure,
the increase of the force constant between first-layer nick-
el and second-layer aluminum atoms may correspond to
an inward relaxation of the nickel atoms. The first-layer
aluminum atoms, however, are displaced outwards, since
the force constant to second-layer nickel atoms is de-
creased. This is in qualitative agreement with the ob-
served surface rumpling. It is also interesting to note
how sensitive the surface force constants are on the sur-
face relaxations. A 6% inward relaxation corresponds to
a 50% increase of the corresponding force constant. Be-
cause of the complexity of the surface charge redistribu-
tion, one cannot determine surface structure quantitative-
ly based only on the force-constant changes. A study of
the surface structure for NiAl(110) using EELS cross-
section analysis will be presented in the following paper. '

While the surface-adjusted force-constant model (MS)
may not be unique, we have shown in this paper that it
produces rather satisfactory fits to the measured disper-
sion curves. More severe constraints are imposed on the
surface lattice-dynamical model in the following paper, '’
where we compare the calculated inelastic cross-section
spectra to data for different q, values, incident energies,
and scattering geometries.'®!® 720 We shall show that the
model labeled as MS in Table I works very well.
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