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We use a multiple-scattering theory [Phys. Rev. Lett. 44, 407 (1980)] to analyze the electron-
energy-loss cross section for the {110)surface of the ordered alloy NiA1. The study indicates that
the interatomic forces in the near-surface region are significantly different from the bulk values. We
determine a surface lattice-dynamical model which produces good fit to the measured phonon-
dispersion curves as well as the electron-energy-loss cross sections. The analysis shows that along
the I' Y (i.e., [100])direction, the polarizations of the two lowest-frequency surface modes are inter-
changed as they approach the Brillouin-zone boundary. The calculated inelastic-electron-scattering
cross sections show significant sensitivity to the surface structure.

I. INTRODUCTION

The surface-phonon vibrations for the (110) face of the
ordered alloy NiA1 have been studied with use of high-
resolution electron-energy-loss spectroscopy (EELS) both
in the [100] (I Y) and [110](I X) directions. This is the
first time that surface-phonon dispersions for a com-
pound with CsC1 crystal structure have been measured.
The experimental details and a discussion of the surface
lattice-dynamical model used to fit the phonon dispersion
curves are presented in the preceding paper' (hereafter
referred to as I).

In the high-resolution EELS technique, measured
surface-phonon dispersion curves are commonly generat-
ed by determining electron-energy-loss peak positions as
a function of phonon wave vector. The procedure is valid
if the frequency of the surface mode is well separated
from bulk or resonance bands. For surface modes which
are close to bulk bands, the measured energy-loss peaks
are often shifted from their actual frequencies due to the
neighboring bulk and resonance modes. In a complicated
system where a number of surface and resonance modes
appear closely together, the determination of the phonon
dispersion curves directly from the measured electron-
energy-loss spectra becomes difficult and unprecise. A
more precise way is to compare the measured electron-
energy-loss spectra with a calculated spectra. Thus, the
contribution of each mode to the energy-loss cross sec-
tion can be individually determined. The frequency and
dispersion curve of each mode, no matter how close it is
to other modes, can be individually determined and plot-
ted. The dependence of the mode's energy-loss cross sec-
tion to the incident-electron energy, scattering geometry,
and phonon wave vector can be determined and mapped
in detail. In this paper we shall report the results of such
a study for the ordered alloy NiA1(110).

Another reason for carrying out detailed electron-

energy-loss cross-section analysis is that lattice-
dynamical models based on force constants are hardly
unique. Thus, more than one set of force constants may
fit a set of measured dispersion curves satisfactorily.
With cross-section analysis, we further require that the
optimal lattice-dynamical model to produce surface,
bulk, and resonance modes whose calculated electron-
energy-loss cross sections must fit the data at different
wave vectors, scattering geometries, and incident-
electron energies. We have earlier shown that the cross
sections are sensitive functions of the scattering condi-
tions. Thus, we are imposing much more severe con-
straints on the chosen set of force constants. We shall
show in this paper that such constraints to fit the EELS
cross section reveal a striking feature in the Rayleigh
mode of NiA1(110).

We shall also show that the calculated EELS cross sec-
tions are sensitive functions of surface structure. Thus, in
order for the calculated EELS cross sections to fit the
data, we must have (i) a surface lattice-dynamical model
that produces frequencies in good agreement with the
data, (ii) the vibrational displacements and polarizations
of the phonons must be correct (to the extent that they
produce the correct EELS cross sections at different in-
cident energies, phonon wave vectors, and scattering
geometries), and (iii) the surface atomic geometry must be
correct. We shall show how these conditions are
achieved for the NiA1(110) case. Conversely, we can start
with conditions (i) and (ii) and use the comparison of the
EELS cross sections with data to determine surface
geometry. Such a study was done for the Ni(001)-
c (2 X 2)S system.

In Sec. II we shall describe the choice of the optimal
force-constant model used for the (110) surface of NiA1.
Section III contains the analysis of the electron-energy-
1oss cross sections and the comparisons with experiment.
In Sec. IV the sensitivity of the EELS cross sections to
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surface geometry is presented. Section V contains a sum-

mary.

II. SURFACE LATTICE-DYNAMICAL MADEL

NiA1 has the CsC1 crystal structure. The unit cell of
the (110) surface consists of one nickel atom and one
aluminum atom per layer. As discussed in paper I, '

along the [100] (I 1') and [110](I X) directions, all pho-
non modes can be classified as being either odd or even
with respect to the symmetry plane. We characterize
each surface mode by its largest atomic displacement am-
plitude at the high-symmetry points, such as I, X, and Y.
If the phonon modes are dominated by the displacement
of the first-layer Ni (i.e., heavier) atoms, we call these
modes the perpendicular shear mode (SH~) (i.e., the first-
layer nickel atoms vibrate perpendicularly to the surface),
the shear horizontal mode (SHO~~, i.e., the odd mode in
which the first-layer nickel atoms vibrate parallel to the
surface but perpendicular to the wave vector), and the
longitudinal mode (SHE~~, i.e., first-layer nickel atoms vi-

brate along the wave vector parallel to the surface). If
the lighter atoms (i.e., Al), dominate the oscillations, the
corresponding shear vertical, shear horizontal, and longi-
tudinal modes are denoted SL~, SLO~~, and SLE~~, respec-
tively. Under in-plane-scattering conditions, the odd
modes SHO~~ and SLO~~ along the [100] and [110] direc-
tions have a zero inelastic-electron-scattering cross sec-
tion due to selection rules. '

Mostoller et al. have studied the bulk-phonon disper-
sions for the NiA1 crystal experimentally and theoretical-
ly. They used three-nearest-neighbor and four-nearest-
neighbor Born —von Karman models to interpret the
data. With these models they reproduced the observed
bulk-phonon dispersion curves quite well. They also used

the three-nearest-neighbor force model to study the gap
mode SL~ at the I point for the NiA1(110), NiAI(111),
and NiA1(001) surfaces. We list in Table I the force con-
stants of their third-nearest-neighbor (3NN) model. In
their model the third-nearest-neighbor forces have a non-
central character (i.e., P„„WP„+P„).

In the force-constant models used for NiAl, the first
derivatives of the pair potential (P') are nonzero. This
does not create additional constraints in the bulk, because
all forces acting on an atom at equilibrium must cancel
out, due to the symmetry of the crystal. At the surface,
arbitrary choices of P' could result in nonzero net forces
on surface atoms. The equilibrium conditions require
that the net forces on all atoms due to P' be balanced. It
is more convenient to balance forces in a central-force
model, and this is what we shall use in this paper.

We first construct a 3NN central-force model based on
the bulk force constants of Mostoller et al. To do this,
we retain the identical first- and second-neighbor P &'s as
those of Mostoller et al. We further retain the same P„„
and P„» for third-neighbor Ni-Ni forces. The require-
ment that P„„=P, +P„ in the central-force model yields

P„ for the third-neighbor Ni-Ni interaction. For third-
neighbor Al-Al coupling we retain Mostoller's P„». The
value of P„ is obtained from balancing surface forces (see
next paragraph). The value of P„„ is then obtained from
the condition P„,=P„+P„. A comparison of the force
constants between the model of Mostoller et al. and our
3NN central-force model is presented in Table I. These
two force-constant models produce very similar phonon
frequencies. For example, the frequency of the SL~ mode
at I using a bulk-terminated structure is 6.98 THz, cal-
culated by use of the 3NN central-force model. This
difFers from Mostoller's value of 7.02 THz (Ref. 7) by
only 0.04 THz.

TABLE I. Interatomic force constants (units of dyn/cm) in the bulk for a 3NN non-central-force model and a 3NN central-force
model. These force constants are expressed in both P,p and (P",P') forms. Note that the third-nearest-neighbor forces P,& in the
non-centra1-force model cannot be converted into (P",P') form. Here the notation P' should be understood as the first derivative of

0
the pair potential divided by a (a =2.887 A). The same notation is used in the text.

Pair r(A)

Bulk force constants for NiAl (dyn/cm)
3NN non-central-force model

(Mostoller et al. ')
3NN central-force model

(this study)

Ni-Al

Ni-Ni

Al-Al

Ni-Ni

Al-Al

2.500

2.887

4.083

(111,xx)
( 111,xy)

(200,xx)
(200,zz)

(200,xx)
(200,zz)

(220,xx)
(220,zz)
(220,xy)

(220,xx)
(220, zz)
(220, xy)

11 240
10090

2180
—440

18 380
760

2070
—1370

2690

820
710

2760

Pl l

Pl l

31 420
1150

2180
—440

18 380
760

NA'
NA

NA
NA

(111,xx)
( 111,xy)

(200,xx)
(200,zz)

(200,xx)
(200,zz)

(220,xx)
{220,zz)
(220,xy)

(220,xx)
{220, zz)
(220,xy)

11 240
10090

2180
—440

18 380
760

2070
—620
2690

1276
—1484

2760

pl t

Pl l

31 420
1150

2180
—440

18 380
760

4760
—620

4036
—1484

'NA denotes not available.
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From our 3NN central-force model of Table I, we

proceed to balance the forces on surface atoms for a slab
having the relaxed, rumpled surface geometry as deter-
mined by low-energy electron diffraction (LEED). To
satisfy the equilibrium conditions on the surface, we ob-
tain four equations relating five parameters: P~, N, (first
and second layers), PAt ~,(first and second layers),

PN; N;(first and second layers), P~, At(first and third lay-
ers), and PN;N;(first and third layers). The equilibrium
condition within the 3NN central-force-constant model
requires that PN; N;(first and third layers) equals the bulk
value, i.e., —620 dyn/cm, listed in Table I. We are then
left with four parameters which can be uniquely deter-
mined by the four equations. The values of P" and P' in
this surface-force-balanced model are listed in Table I of
the preceding paper. ' We denote this model MB. As
mentioned in the preceding paragraph, the value of P~, ~,
in the bulk (i.e., —1484 dyn/cm in Table I) has been set
to be the same as P~, ~,(first and third layers) to satisfy
the equilibrium condition.

We now show phonon frequencies and dispersions cal-
culated from these force-constant models. We use a slab
of 15 layers with the relaxed structure as determined by
LEED, i.e., the first-layer Al is relaxed outwards by
4.6% and the first-layer Ni inwards by 6%, for the
phonon-frequency calculations. As a comparison, the
phonon frequencies at points I, X, and Y using the 3NN
central-force model (Table I) and the 3NN surface-force-
balanced model (model MB in Table I, preceding paper)
are listed in Table II. We note that simply balancing sur-
face forces produces rather insignificant differences in the
phonon frequencies (only -0.1 THz) at the high-
symmetry points. The calculated dispersion curves along
I X and I Y using the MB model are shown in Figs. 7
and 8 of paper I.' The large discrepancies between the
calculated dispersions and the data have been pointed out
in the preceding paper. We shall show in the next section
that the electron-energy-loss cross sections calculated
from the MB model also are in marked disagreement
with the data. It is clear that the bulk-derived force-
constant model needs significant adjustments besides
balancing the surface forces.
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FIG. l. Calculated phonon dispersion curves for the [100]
(I Y) direction using the 3NN central-force surface lattice-
dynamical model {the MS model). The surface-layer relaxation
and rumpling based on the LEED analysis is assumed for the
surface structure. 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 tem-
perature are indicated as dots.

TABLE II. Phonon frequencies of surface modes at high-symmetry points calculated by various
lattice-dynamical models, together with the values measured by use of high-resolution electron-energy-
loss spectroscopy. The unit for these frequencies is THz (1 THz =33.336 cm ' =4.136 meV).

Surface-phonon model
3NN

central-bulk-force
model

Surface-phonon frequency (THz)
MB model MS model

(surface-force (surface-force
balanced) constants) Expt.

SH,
SHE
SL,

SHi
SL,

SLE

SHi
SLi

2.4
5 ' 3
6.6

3.5
6.6
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7.1

2.4
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6.6
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FIG. 2. Same as Fig. 1, but for the [110]( I X) direction.
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FIG. 3. Calculated (solid line) and measured (dashed line)
electron-energy-loss cross-section spectra for incident-electron
energy E=45 eV and /=0. 64 along the I Y direction. Each
vertical line represents an individual mode scattering intensity.
The atomic-displacernent amplitudes and phonon frequencies
based on the bulk-force-constant lattice-dynamical model MB
are used for the EELS cross-section calculations. The surface-
layer relaxation based on LEED analysis is included in the sur-
face structure. The elastic peak at 0 THz is not included in the
figure. The calculated (solid) curve is obtained by adding indivi-
dual mode intensities that are Gaussian broadened; see text.
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FIG. 5. Same as Fig. 3, but for E =75 eV and /=1. 0 (the Y
point).

As discussed in paper I, a surface lattice-dynamical
model that produces good fits to the measured phonon
dispersion curves as mell as the electron-energy-loss cross
sections (see next section) involves a 20% softening of
P"(first-layer Al —second-layer Ni), a 50% increase of
II/I"(first-layer Ni-second-layer Al), a 40% increase of
tt "(first-layer Ni —second-layer Ni), and a 40% increase of
P"(first-layer Ni —third-layer Ni). The signs of these
changes are consistent with the relaxed, rumpled surface
geometry determined by LEED (Ref. 8) and medium-
energy ion scattering (MEIS). In addition to the above
changes, we found it is necessary to adjust the intralayer
Ni-Ni tangential force constants ttl' between 2NN to 2000
dyn/cm and 3NN to —2000 dyn/cm. These changes are
introduced for the surface-layer Ni only. The adjustment
of the intralayer PN; N;(2NN) is responsible for the
switching in the polarization of the lowest two surface
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line up with a particular phonon mode; instead, it is the
result of a number of closely spaced surface, bulk, and
resonance modes.

For completeness, we show in Figs. 12 and 13 the corn-
parison between calculated EELS cro - t'cross-section spectra
using the lattice-dynamical model MS and the data for
wave vectors along the I X direction. Again, there is

eatures between the calculated and measured spectra In

model MS rodp duced dispersion curves in good agreement
with the data. It also produced eigendisplacements
whose calculated EELS cross sections are in good agree-
ment with the measured spectra taken under different
scat tering conditions.

IV. SENSITIVITY OF EELS SPECTRA
TO SURFACE GEOMETRY
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As the data in the preceding paper' show, the EELS
cross sections are sensitive functions of scattering condi-
tions. This is because for a given phonon at wave vector

qual,
while the layer-by-layer eigendisplacements are fixed,

the coherent contributions of the loss amplitudes from
each layer are sensitive functions of the electron wave-
length and incident and exit angles, as well as the surface
spacings. In the calculations of the preceding section the
relaxed, rumpled surface geometry was used. We show
in this section that if we use the wrong surface geometry,
we shall no longer obtain good agreement between theory
and experiment in the EELS cross sections, eUen when we
use the correct surface lattice-dynamical model.

In Figs. 14 and 15 we show the calculated EELS cross
sections wherein the surface relaxation is neglected (i.e.,
an ideal bulk-terminated surface structure is used). All
other parameters are kept the same as those used to gen-
erate the calculated results of Figs. 6—13. Upon compar-
ison with experiment, we see a distinct, qualitative

eterioration in the agreement. These figures demon-

FIG. 15. Same as Fig. 14, but for E=55 eV and =0.74
along line I X.

str ate the importance of using the correct surface
geometry in the comparison of EELS cross sections be-
tween theory and experiments. Conversely, it is clear
that EELS cross sections can be used to determine the
correct surface geometry. Such usage has been demon-
strated for the Ni(001)-c (2 X 2)S system.

On the NiA1(110) surface the lateral distance between
coplanar Ni and Al atoms is shorter along the [100]
direction. We found that calculated EELS cross sections
with a scattering plane perpendicular to this closer-
packed azimuth are more sensitive to the surface rum-

p ing (i.e. , Ni inward displacement and Al outward dis-
placement) than the [110]azimuth. This phenomenon is
re ated to thed he larger forward-scattering versus other-
angle-scattering process. Such directional sensitivity has
also been found i'n reflection high-energy electron

~ ~

diffraction (RHEED), for example. ' '"

= 044 (l Y)
E =45eV
6 = 40.45-'

O~ = 52 00"
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ENERGY LOSS (crn-')

FIG. 14. Same as Fi .g. 7, but the surface structure is assumed
to be bulklike.

V. SUMMARY

We have shown that on the NiA1(110) surface
significant surface force-constant adjustments are needed
in the lattice-dynamical model. We presented results of a
surface-adjusted force-constant mod 1 h' he w ic produced
phonon dispersion curves and EELS cross sections in
good agreement with experiment. The surface-adjusted
orce-constant model produced a Rayleigh mode whose
rst-layer Ni polarization switched to pure longitudinal

at point Y. This behavior is supported by the data, and
suc a switch is not present in the Rayleigh mode calcu-
lated from bulk force constants.

EELS
The comparison between theory and experiment of th

cross sections allows detailed analysis of the polar-
n o e

izations of individual surface, bulk, and resonance modes.
The contribution of a given mode to the measured spec-
tra can be clearly identified. It also allows precise ma-
p g e dispersion curves, even for modes that

map-

close1 s
es a are

e y spaced in frequency. In principle, if there is a
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sufficiently large database, it is possible to uniquely deter-
mine an optimal lattice-dynamical model that fits both
the phonon dispersion curves and the inelastic-electron-
scattering cross sections. In practice, one always works
with a finite database. Then, the validity of the physical
quantities obtained depends on the size of the database.
For the present case of NiA1(110), the dispersion and
EELS cross-section data are quite extensive. We believe
that the physical quantities obtained, such as the layer-
dependent mean-square atomic-displacement amplitudes
and the phonon frequencies, should be rather reliable.

We have also shown that the EELS cross-section analyses
confirm the relaxed surface geometry found by LEED
(Ref. 8) and MEIS.
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