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Low-energy-electron-diffraction (LEED) intensity profiles are calculated using the phenomeno-
logical s-wave inelastic-collision model for electrons incident on Be(0001) and A1(001). The
predicted intensity profiles are compared both with those obtained in two recent calculations
(performed using “realistic” potentials) and with experimental data. When strong inelastic-
collision damping is included in the model, the correspondence between the two types of calcu-
lations is comparable to that between either of the calculations and the experimental data. This
result remains valid over wide ranges of values of the parameters used in the inelastic-colli-
sion model., It reflects an insensitivity of certain qualitative features of the model predictions
to the values of the “material” parametersused in the calculation. This insensitivity is fortu-
nate because an examination of the realistic potential models suggests that they fail to consider
several surface and many-body phenomena which seem to be of significance in determining the

intensity profiles.

I. INTRODUCTION

As evident from two recent letters on Be(0001)*
and A1(001), 2 model calculations of low-energy-
electron-diffraction (LEED) intensity profiles are
becoming sufficiently refined to permit direct com-
parison with experimental data.*~'? The most ade-
quate models!~%8-1! treat the electron as moving
both in a static periodic potential (which, e.g.,
presumably describes the Fermi surface of a metal
target) and in a complex energy-dependent potential
which simulates the consequences of electron-
electron interactions.!*~*® However, a central is-
sue, currently under discussion, 68 8-10,16-19 j5
whether or not such a model provides an adequate
(i.e., “realistic”) theoretical description of the
phenomenon of LEED. In particular, it is our view
that such models exhibit substantial conceptual dif-
ficulties associated with their neglect of surface
many-body effects® 14171920 apd (high-energy) elec-
tron-electron interaction-induced vertex correc-
tions.'® These difficulties prohibit the models from
providing a realistic description of LEED in the
same sense that they are known to provide an ex-
cellent quantitative description of the bulk low-
temperature properties of metals.? It is our pur-
pose in this paper to consider the extent to which
results comparable to those of the above-mentioned
calculations': % are predicted by the phenomenologi-
cal s-wave inelastic-collision model. % ® % we
also examine, in these two cases, some selected
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aspects of the sensitivity of the predictions of this
model to the values of the parameters character-
izing the electron-solid interactions. By compar-
ing the model calculations, both to each other and
to experimental data, we achieve insight into the
uniqueness of various features of the model predic-
tions and into the adequacy of these models for the
description of the observed phenomena.

We proceed in two steps. In Sec. II we enumerate
and document the conceptual difficulties inherent in
conventional static-potential models which have been
advanced as indicating their inadequacy as the basis
of a quantitative description of LEED. In Sec. III
we present the results of the inelastic-collision-
model calculations. The significance of these re-
sults is discussed in the light of the remarks in
Sec, II. Finally, our main conclusions are sum-
marized in Sec. IV.

II. OBSERVATIONS ABOUT STATIC-POTENTIAL MODELS

As this paper contains the presentation of alter-
native calculations of LEED intensities from
Be(0001) and A1(001), a logical initial task is the
discussion of the issues involved in the construction
of the models which underlie these calculations.
This discussion serves two purposes. First, in
comparing the results of calculations based on dif-
ferent models it is necessary to have some per-
spective, provided in this section, on the signifi-
cance of the distinctions between the models.
Second, in Refs. 1 and 2 the appellation realistic
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is applied to the potential' and calculation, % respec-
tively. As our model and those used by the authors
of these references emphasize different aspects of
the physical process of electron-solid scattering,

it is informative to sharpen our definition of the
ingredients of a model of this process which could
be regarded as realistic in the same sense as sim-
ilar models of the bulk properties of solids.* In-
vestigations of the quantitative consequences for

the predicted LEED intensities of various refine-
ments to the initial model calculations are just be-
ginning, 88-10,16-20.22-% Haweyer, estimates of the
qualitative nature and sometimes the magnitude of
these consequences are available currently. Such
estimates provide a useful guide for comparing the
various calculations to each other, and for assessing
the significance of their points of agreement with
experimental measurements. '

Any model of LEED from solid surfaces must
either explicitly or implicitly deal with three phe-
nomena which are not important for the calculation
of the properties of bulk solids via energy-band
theory: the induction of surface charge on the solid
by the incident electrons, the high energies (relative
to the Fermi energy) of these electrons, and the
sensitivity of the elastic scattering cross sections
to the specifically surface properties of the solid
(caused by the rapid attenuation of the elastic-wave
field in the solid due to inelastic collisions). We
proceed by examining the description of each of the
these phenomena by current static-potential models.

We define a “static-potential model” to be one in
which the electronic eigenstates are obtained via a
self-consistent solution to the Hartree-Fock approx-
imation to the Schrodinger equation for the motion
of electrons in the Coulomb field of a fixed array of
ion cores. As the actual calculations*~*2 have not
thus far achieved this ideal, one must distinguish
between the consequences of their failure to be truly
self-consistent solutions to the Hartree-Fock equa-~
tions and the consequences of the use of the Hartree-
Fock approximation per se.

In existing model calculations, !
evaluation of the LEED intensity profile is decom-
posed into two steps. First, a model one-electron
potential is determined by an appropriate approxi-
mate solution to the Hartree-Fock equations in a
bulk solid. Next, the LEED boundary-value prob-
lem is solved either by using directly a truncated
version of this potential or by joining the wave func-
tions outside a planar crystal face to appropriate
linear combinations of the Hartree-Fock wave func-
tions inside via continuity of the wave function and
its derivative at the planar interface. In these cal-
culations, electron-electron-induced damping of
the elastic-wave field is either ignored®"!% or taken
into consideration by the addition of a complex op-
tical potential to the crystalline potential inside the

-5,7,8,12,26-30 the
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solid, 1'3=8:8=11,13-15 Therefore all these models
exhibit three important features: (i) Vibrational
motion of the ion cores is neglected; (ii) the poten-
tial is that characteristic of a truncated but other-
wise periodic bulk solid; (iii) the potential is eval-
uated, at best, in the Hartree-Fock approximation
or a further approximation thereto.

From the considerations of the previous para-
graph we see that none of the static-potential calcu-
lations are based on models which describe the
consequences either of the induced surface
charge®~% or of the vertex corrections to the elas-
tic electron—ion-core scattering amplitudes caused
by the electron-electron interactions (in particular
by plasmon emission and reabsorption!®). Only a-
few calculations®22-24%" consider the effects of the
geometrical inequivalence of the surface and bulk
layers, afew® % 10 37the effects of their electronicin-
equivalence, and only one'”'!® the effects of their
vibronic inequivalence. Therefore two questions
arise naturally. How substantial are the conse-
quences of these phenomena? To what extent do
the model calculations described herein constitute
an improved treatment of them?

Estimates of the magnitude of the effects of the
various phenomena as found in the literature may
be summarized as follows. Considering first the
consequences of induced surface charge, compari-
son of LEED intensities calculated using a truncated
image potential with those calculated using a step-
well potential to describe the inner potential in a
one-dimensional model indicates that even for en-
ergies ten times higher than the inner-potential
shift the predicted intensities from the truncated
image potential are between a factor of 2 and 10
lower than those from the step well. ?® This result
is in agreement with the assertion of Strozier and
Jones' that the absolute intensities are Sensitive
functions of the potential, but does not promote con-
fidence in the ability of existing static-potential
models to predict these intensities accurately.
However, the influence of induced surface charge
may not be so severe at high electron energies
(i.e., energies well above the surface-plasmon en-
ergy) because the image potential is the low-energy
limit of virtual surface-plasmon creation.*® For
electron energies above the surface-plasmon thresh-
old, the electron fluid in the solid cannot respond as
effectively to the incident electron and the real part
of the (“image ) potential due to the induced surface
charge is reduced substantially. 38 The plasmon-
exchange vertex corrections to the electron—ion-
core elastic-scattering amplitudes have been esti-
mated by Duke and Laramore, 1% who found them to
be comparable to the bare scattering amplitudes
and sensitive to the values of the parameters of the
incident beam. Calculations®~% of the consequences
of a rigid expansion of the outer layer indicate that
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reasonable values of the expansion (i.e., 5-10%)
cause only a small effect on the lower-energy
(E5100 eV) intensity profiles for normal incidence.
However, such an expression exerts a marked in-
fluence on the dependence of the structure near a
kinematical Bragg peak on the angle of incidence
of the electron beam and, at low temperatures, on
the intensity of this structure near normal incidence
at high energies.®” An analysis!® of the influence of
the vibronic inequivalence of the surface and bulk
layers led to the conclusions that this inequivalence
reduces the effective scattering amplitude from the
surface layer (usually making the intensity profiles
more kinematical in appearance)®® %1837 apnq
causes the magnitude of the peak(s) near the kine-
matical Bragg energies to diminish more rapidly
with increasing temperature.®%” Finally,
studies® 1% 18,37 of the consequences of the elec-
tronic inequivalence of the surface and bulk layers
indicate that the predicted intensity profiles are
sensitive to this inequivalence primarily when it is
small. If the surface layer(s) scatters much less
strongly than the bulk, the intensity profiles become
kinematic in appearance. If it scatters more
strongly than the bulk, complicated profiles result
which, however, are relatively insensitive to fur-
ther minor variations in the model parameters.

The literature survey sketched above reminds us
of one central fact. All static-potential models,
no matter how refined, tend to describe only one
aspect of the electron-solid scattering problem,
the construction of the electron-ion-core scattering
amplitude for “bulk” ion cores, very accurately.
However, they either neglect or describe crudely
the effects of induced surface charge, electron-
electron vertex renormalization, electron-phonon
vertex renormalization, and the specifically surface
aspects of the electron-ion interactions. The model
calculations presented in Sec. III are in no essential
way any more refined than others in the litera-
ture, 1=1%18,:26=30 5y the contrary, they are based on
amuch less-refined model of thebare electron-ion-
core potential than that which underlies either of
the calculations to which they are compared. !'2
The result which we wish to establish herein is the
existence of certain “universal” qualitative features
of all model calculations with strong electron-ion-
core scattering and strong inelastic-collision
clamping. This conclusion originally was reached
and documented in a long paper submitted some
time ago. ! However, the subsequent appearance
of Refs. 1 and 2 led us to analyze Be(0001) and
A1(001) in detail. Our main task in Sec. III is to
demonstrate that measured in terms of describing
the qualitative features of experimental LEED in-
tensity profiles, a variety of model calculations
provide comparable results in these cases also.
Viewed in the light of the considerations given
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above, this result has two nontrivial consequences.
First, itprovidesa sound basis for the hope® 10:1%39-41
that despite the host of difficulties inherent in the
construction of a completely satisfactory micro-
scopic theory of LEED, model calculations of the
type described both herein and in Ref. 1 can achieve
the more modest goal of the extraction of geomet-
ric-structure information from experimentally mea-
sured LEED intensities. Second, it suggests that
as for the purpose of structure analysis a detailed
model of the electron-solid potential seems to be
unnecessary. Therefore, simple empirical mod-
els, like the one described herein, may suffice for
this application. This is an important conclusion
because the construction of an accurate description
of the electron-solid interaction appears rather
hopeless in most cases of practical interest from
the point of view of structure determination®®~#
(e.g., the surface crystallography of chemisorbed
monolayers and multilayers).

Summarizing, semiquantitative or quantitative
descriptions of the intensity profiles over wide ranges
of the energy and direction of the incident beam
undoubtedly cannot be achieved without an accurate
description of the electron-solid interaction. Ref-
erences 1 and 2 are attempts to provide such a de-
scription of the short-range low-energy part of this
interaction. The major result of our consideration
in this section is the recognition that a realistic
determination of this part of the interaction alone
need not suffice to provide a realistic (i.e., semi-
quantitative) description of experimental LEED in-
tensities. The main result of our considerations
in Sec. III is the demonstration that for Be(0001)
and A1(001) a detailed knowledge of this short-range
part of the interaction is sufficient but not necessary
to achieve a qualitative description of the intensity
profiles. This demonstration is significant because
it implies that crude models of the electron-solid
interaction may suffice for the purpose of geomet-
ric-structure determination in cases for which an
accurate description of the interaction is either
impractical or impossible. '

III. PRESENTATION OF RESULTS
A. Definition of Model

All of the results presented in this paper were
obtained using the matrix-inversion analysis of the
phenomenological s-wave inelastic-collision model
as described by Tucker and Duke. 10 This model is
characterized by four parameters. The average
real electron-electron—induced electronic self-en-
ergy (inner potential) is taken to be a constant de-
noted by -V, The inelastic-collision-model damp-
ing is described by an electronic mean free path
. which is predicted®!* to be nearly constant,
452,58 f\, for incident-electron energies in the
range 505 E S$200 eV. Our values of A,, at lower
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energies are less realistic than those used by
Strozier and Jones! but, as noted in Sec. II, suffice
for our present purposes. Finally, the electron—
ion-core scattering is expressed in terms of a
(single) s-wave phase shift 6 for electron—ion-core
scattering. We consider the surface layer of scat-
terers to be characterized by a phase shift 83 which
need not be identical with that, 85, of the other
“bulk” ion cores. In any direct analog of both of
the calculations®? to which we compare our results,
0g= 0y by construction. For simplicity we take both
8¢ and 0p to be independent of energy: an approxi-
mation which, like the s-wave .nodel itself, is “un-
realistic” but is useful in permitting us to examine
the sensitivity of the predicted intensity profiles to
the values of the model parameters.

B. Be(0001)

Our discussion of this case is based on an investi-
gation of the extent to whichthe extremely simplified
phenomenological s-wave inelastic-collision model
reproduces the results of the microscopic (second-
order perturbation-theory) calculations of Strozier
and Jones.! As these authors (arbitrarily) set the
real part of the proper self-energy equal to zero,
we take V,=0. In their calculation the use of the
“bulk-scatterer” potential form factors requires
0g=05=0. In Fig. 1 we show the inelastic-collision-
model predictions for strong (6=37) and moderate
(6=%m) scattering. Note the prominence of struc-
ture near the kinematical Bragg positions in all of
the calculations. Results for both A,,=4 and 6 A
are shown because comparison of the scale of the
fine structure in the model predictions with the data
of Baker?? as quoted by Strozier and Jones! indicates
that, as expected, °** this is the range of values of
A,. which is appropriate to describe the data. Com-
parison of Fig. 1 with Baker’s data indicates that
the structure in it near 80 eV is associated with the
interlayer multiple-scattering peaks (ILMSP’s) near

Bragg maxima.

the n=3 Bragg energy whereas that between 160-180
eV is associated with the ILMSP’s near the n=4
Bragg energy. This observation is also consistent
with Strozier and Jones’s calculations,

In order to examine the sensitivity of the model
predictions to the relative strengths of the surface
and bulk electron—ion-core scattering potential, we
calculated the intensity profiles associated with
various values of 6 and 065 as discussed by Duke
and Tucker. %! Some typical results are shown in
Fig. 2. As described earlier, ®1° gtructure near
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FIG. 2. Intensity profiles for the (00) beam of electrons
scattered from Be(0001) for a 10° angle of incidence. The
plane of incidence and lattice parameters of Be are identi-
cal to those used in determining Fig. 1. The calculations
were performed using the matrix-inversion analysis (Ref.
10) for the parameters indicated in the figure. Arrows
designate the energies of the kinematic primary Bragg
maxima.
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FIG. 3. Intensity profiles for the (00) beam of elec-
trons scattered from Be(0001) at various angles of inci-
dence. The plane of incidence and lattice parameters of
Be are identical to those used in determining Fig. 1. The
calculations were performed using the matrix-inversion
analysis (Ref. 10) for the parameters indicated in the
figure. Arrows designate the energies of the kinematic
primary Bragg maxima,

the Bragg energies remains prominent, but setting
05 <0 g causes a substantial enhancement of the
ILMSP’s between the Bragg energies. This is par-
ticularly evident from curve 4 in Fig. 2 for which
the ILMSP at 76 eV is comparable in intensity to
the n= 2 Bragg resonance and more intense than the
ILMSP structure at the =3 Bragg energy. This
behavior contrasts sharply to that shown in curves
1 and 2 in the figure for which 65 =65. Correspon-
dence with Baker’s results suggests that the 80-eV
ILSMP is associated with the peak in his (6= 30°)
data near 50 eV. Strozier and Jones also get a
strong peak at this energy with their bulk potential.
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In fact, curves 3 and 4 in Fig. 2 compare as favor-
ably to Baker’s data as do Strozier and Jones’s re-
sults. This fact becomes even more evident if we
use A, =6 f\, the consequences of which are shown
in Fig. 3, in order to enhance the appearance of
fine structure in the predicted profile. Indeed, if,
following Fig. 2 in Strozier and Jones, 3 we choose
Vo= 28 eV to line up the resonances near the n=4
Bragg energy, then we obtain a one-to-one corre-
spondence between all of the fine structure in curve
2 in Fig. 3 and that in Baker’s data. This result

is evident from Fig. 4 in which we compare our
calculated values to Baker’s data at all three angles
6=4°, 10°, and 16°. The only discrepancy at 6 =10°
is our failure to predict any fine structure near 90
eV. A similar remark holds for the 6 =4° data
using V=20 eV. (In this case we fail to predict
the observed fine structure only near 150 eV.) The
6=16° case is our worst one. In order to get the
ILMSP near 112 eV to line up with the experimental
peak near 80 eV we need an inner potential of V)
=32-34 eV. The structure below 80 eV correlates
well with Baker’s data but the intensities above this
energy are predicted to be too large for the values
of the model parameters used in constructing Figs.
3 and 4. The least satisfactory aspect of the re-
sults shown in Fig. 4 is our use of an angular-
dependent inner -potential shift. Even in Strozier
and Jones’s analysis the details of this feature of
the calculation are unclear.® Baker?? indexed his
data using an average inner potential of 22 eV.

Both model calculations clearly display the pre-
dominance of structure near the kinematical Bragg
energies (i.e., £~ 5eV) in agreement with the data
for an inner potential V,~ 25 eV.

In summary, we have devoted essentially no ef-
fort to optimizing the parameter choice in our mod-
el calculation. Yet our model description of
Baker’s data is comparable to that achieved by

. Strozier and Jones, after considerably more labor

expended to evaluate the electron—-ion-core potential
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in their microscopic realistic model. (For exam-
ple, our predictions of the peak positions are visibly
better at 6 =4°, the two are comparable at §=10°,
and theirs is visibly better at 6=16°.) Both model
calculations contain adjustable inner -potential cor-
rections. Our analysis is not particularly sensitive
to the damping parameter if we use values in the
physically sensible range.®!*! By making the
damping increase with increasing energy according
to the jellium model® we can describe the drop in
intensity at low voltages better than the single-pa-
rameter results shown in the figures.® The sensi-
tivity of the results to the phase shifts is displayed
explicitly in Figs. 1 and 2. One finds satisfying
Strozier and Jones’s result that an approximate
analysis based on a reasonable microscopic model
gives a description of most of the main features of
Baker’s data. However, a qualitative description
of these features is clearly not unique. Doubtless
the microscopic model calculations will be improved
still further.* Possibly the difficulties noted in
Sec. II can be overcome. However, we think our
analysis reveals that the predominance of structure
near the kinematical Bragg energies is a reliable
systematic prediction of a variety of models, and
consequently provides a suitable abstraction from
these models for use in surface crystallography. 1% 16
It also reveals that qualitative descriptions of
Baker’s data, comparable to that achieved by
Strozier and Jones,! are not too difficult to achieve.
Therefore, this accomplishment does not constitute
an adequate figure of merit for the precision of
microscopic model. A realistic model in the sense
discussed in Sec. II must predict both the absolute
magnitude and the fine details of the intensity pro-
files with no adjustable parameters (especially in-
ner potential shifts) at all. The phenomena involved
can be subtle surface and many-electron effects.
Therefore, we regard the construction of such a
model to be more difficult than that of the conven-
tional static-potential models.

C. A1(001)

As detailed inelastic-collision-model analyses of
elastic scattering from A1(001) have been performed
using both perturbation theory®”s % %5 and matrix
inversion, *7’ # %6 we confine our attention to com-
parison of some of the salient features of a matrix-
inversion calculation with those of the calculation
performed by Hoffstein and Boudreaux.

The essential feature of elastic scattering from
Al1(001) is that for bombarding energies above about
30 eV, the main features of the intensity profiles
are predicted by the kinematical model. This fact
is true both experimentally™*"'*® and theoretical-
ly.©:10:40:45,48 Thig result is predicted by the s-wave
inelastic-collision model for a wide variety of values
for both 64 and 65. Taking 6g=0z= 0 for compati-
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bility with Hoffstein and Boudreaux’s “bulk” poten-
tial, our model predictions for intermediate-strength
scatters (6=%m) are compared with theirs and with
the experimental data in Figs. 5 and 6 for the (00)
and (11) beams, respectively [Jona®® labels our (11)
beam'? as the “20” beam due to his use of a non-
primitive surface unit cell]. These figures illus-
trate the excellent description of the qualitative
features of experimental data afforded by the s-wave
inelastic-collision model using the intuitively ob-
vious parameters Vy={ +¢ =16.7 eV and 432,

<8 A. The quantity ¢ is the Fermi energy for a
free-electron gas of the density of aluminum and ¢
is the work function of A1(100). As we have em-
phasized earlier, 40 3 kinematical indexing procedure
works flawlessly for large peaks in all of the beams
associated with A1(001). Thus we see that as antic-
ipated, ' the strong inelastic-collision damping has
restored the validity of the kinematical indexing of
the major peaks in the data despite the dynamic
character of the peaks as clusters of ILMSP’s near
the Bragg energies.'® Indeed the nature of these
peaks as broadened clusters of ILMSP’s is evident
immediately from Hoffstein and Boudreaux’s anal-
yses as well as those of Morse® and ourselves. !

IV. CONCLUSIONS

From the discussion given in Sec. II, we conclude
that an adequate model for a quantitative description
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parameters indicated in
the figure. Arrows desig-
nate the energies of the
kinematical primary Bragg
maxima. The magnitude
of the maximum reflection
coefficient (of 0.6%) is in-
dicated in the figure for
comparison with the calcu-
lations of Hoffstein and
Boudreaux (Ref. 2) shown
in the bottom panel.
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of LEED intensity profiles either must incorporate
treatments of theinduced “image” charge, modified
ion-core screening at the surface, surface lattice-
parameter changes, zero-point vibrational motion
of the ion cores, off-diagonal contributions to the
electron inner potential (i.e., a nonlocal propagator
renormalization), and dynamic electron-electron-
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 features of the data.
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induced vertex corrections to both the electron-
electron and electron-ion-core interactions, or
demonstrate that their consequences are negligible.
As the existing (static-potential) model calculations
do not deal with these topics, we reexamined the
description of experimental data by two recently
published calculations.!’ 2 We found that without
any effort at parameter optimization, the phenom-
enological s-wave inelastic-collision model® ®~!!
provides a comparable description of the qualitative
From this result we conclude
that in the strong-damping moderate-scattering
limit, the geometry of the lattice rather than the
dynamic nature of the electron-solid potential dom-
inates the qualitative features (as opposed to quan-
titative details) of the intensity profiles. As an-
ticipated from the discussion in Sec. II, none of
the calculations describe adequately the detailed
structure in the experimental intensity profiles.
However, as described earlier in other cases'®*
for A1(001) and Be(0001), the s-wave inelastic-col-
lision model describes the data with sufficient ac-
curacy to extract the gross geometric structure
of the target.
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Additional calculations of the one-phonon spectral function in aluminum are presented. Re-
sults are given in the temperature range 300 <75 900 K for phonons propagating along the
symmetry directions [100], [110], [111], and [810]. The frequency shifts and linewidths of the
[310] phonons are compared with the high-temperature neutron scattering data of Larsson et al.
In addition, for those phonons whose resonance shapes develop prominent structure, the spec~
tral functions are explicitly displayed and discussed.

I. INTRODUCTION

In a previous paper' anharmonic linewidths and
frequency shifts were calculated for aluminum at
the two temperatures 80 and 300 K for phonons prop-
agating along the [100], [110], and [111] symmetry
directions. Agreement with the available experi-
mental neutron scattering data was satisfactory.
The calculation was based on a model pseudopoten-
tial whose parameters were determined so as to re-
produce the experimental phonon dispersion curves
in aluminum at 80 K.

The present work extends the calculations of Ito
higher temperatures. The approximations involved
are the same as were discussed previously. In the
treatment of I, only the lowest-order anharmonic

corrections to the phonon self-energy were in-
cluded, i.e., the quartic interaction to first order
and the cubic interaction to second order. Since the
Debye temperature of aluminum is ~ 400 K, we
might expect that the neglect of anharmonic interac-
tions of higher order (e.g., four-phonon decay pro-
cesses) would introduce quantitative errors for

T> ®p. In order to obtain a partial assessment of
the importance of the higher-order anharmonic cor-
rections, calculations of frequency shifts and line-
widths were carried out for selected [310] phonons
and comparison made with the high-temperature
neutron data of Larsson et al.2 Satisfactory agree-
ment was found for the over-all trends with temper-
ature of the frequency shifts and linewidths over the
range of temperatures considered. The large ex-



