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Longitudinal-acoustic and -optic phonons along the three main symmetry directions in Si were investi-
gated by coherent neutron inelastic scattering. While the determination of phonon frequencies is a rou-
tine task, the complementary information on the phonon eigenvectors contained in the intensities of the
observed phonon groups is exploited only rarely. The main reasons are problems with correct normali-
zation and reliability of the data, caused by frequent occurrence of spurious peaks. In the present study
we addressed this problem by restricting the experiment to scans fulfilling conditions for good resolution
so that most of the observed phonon peaks could be resolved from the spurious ones. The inelastic
structure factors were then extracted from several sets of integrated intensities, observed at different Q
and o values, and fitted by appropriate models with common scale factors in order to obtain detailed in-
formation on eigenvector phases and amplitudes in elliptically polarized modes. The observed eigenvec-
tors and frequencies were found in good agreement with results of ab initio calculations.

1. INTRODUCTION

Usual measurements of dispersion relations of excita-
tions in crystalline solids provide information on the ei-
genvalues of the corresponding dynamical matrix D(q),
whose eigenvectors then can be only inferred from sym-
metry conditions and from model calculations. As
demonstrated by Leigh, Szigeti, and Tewary!, to a given
set of eigenvalues an infinite variety of eigenvectors can
be attributed, resulting each time in a different set of
force constants. A complete experimental study should
thus comprise not only the determination of positions of
observed inelastic peaks but also analysis of their in-
tegrated intensities in terms of inelastic structure factors
containing information on the eigenvectors. This prob-
lem, although recognized since the early days of
inelastic-neutron-scattering studies of lattice dynamics,?*
has proved rather difficult to solve in practice and as a re-
sult only few attempts to interpret the observed inelastic
intensities quantitatively*~’ have been reported.

Both Iizumi® working on CaF, and more recently
Straugh, Mayer, and Dorner working’ on silicon have
found significant departures from sum rules quoting that
the sum of intensities, scattered by the LA and LO modes
at a given point in the Brillouin zone and belonging to the
same irreducible representation, should be constant.
These departures might have originated both from instru-
mental problems—observed profiles contaminated by
spurious peaks and inadequacies in account of resolution
effects—and from violations of the first Born approxima-
tion (kinematic approach) in description of the scattering
process itself. Therefore in the initial stage of the present
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study we have verified the kinematic behavior of the ob-
served inelastic intensities® for perfect silicon samples of
thicknesses up to about 10 mm. Despite the extreme
crystalline perfection of the employed crystals and a rela-
tively large phonon lifetime in silicon, the observed inten-
sities were found proportional to the irradiated crystal
volume and insensitive to changes of the crystal quality
(elastic deformation). In this paper we report the results
obtained in further stages, when integrated intensities
scattered by acoustic phonons along the three main sym-
metry directions in silicon have been measured.

Silicon has been chosen as the object of the present
study for several reasons. On the one hand, samples of
extremely high and well characterized crystalline quality
can be prepared easily in virtually any shape, size, and
orientation. On the other hand, silicon remains an in-
teresting material from the point of view of lattice dy-
namics, a number of phenomenological models has been
designed for its description, and in recent years quite ex-
tensive results of ab initio calculations have become avail-
able.” Moreover silicon has been subject to the above-
mentioned experimental study of the eigenvector phases
of [£€€] LA/LO phonons,’ which despite problems with
the sum rules, provided some reliable results that could
serve as a reference point in the present work. Although
our principal goal was the determination of inelastic
structure factors, the observed frequencies of longitudinal
acoustic and optic phonons form an important part of the
results. Their most “recent” experimental values date
back to the early 60’s (Ref. 10) and exhibit excessive error
bars so that the authors of a recent study of internal
strain in semiconductors with the diamond structure'!
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preferred to replace the Si frequencies by rescaled Ge
values.

II. INELASTIC STRUCTURE FACTORS

The lattice vibrations are described in terms of normal
modes obtained by Fourier transformation of the real-
space atomic displacements. In doing so certain ambigui-
ty exists in the choice of the phase factors. If
exp[iq-R(/)], constant within a unit cell, is used, the dis-
placement u(/,k) of the kth atom in the I/th cell can be
written in terms of a sum over all phonon wave vectors q
and modes j as"

u(l,k)=3V'#/2w(q,j )NM,e(k|q,j)
q,j

Xexpliq-R(D](@,;—a ). (1)
Here N and M, are the number of elementary cells per
unit volume and the atomic mass, reSpectivelx, e(klq,j)
denotes the phonon polarization vector and @ ;,8, ; are
the creation/annihilation operators. For non-Bravais lat-
tices the components of e(k|q,j) are generally complex,
as they contain a geometrical phase exp[iq-d(k)] for
each atom. This can be avoided if the Fourier transform
is performed with phase factors exp[iq-r(/,k)], where
r(l,k)=R(l)+d(k), and d(k) is the position vector of the
kth atom with respect to the unit cell origin. In this case

w(l,k)= 3 o(klg,pexpliq-r(l k)@, ;—a’ ;) 2)
q.J

and the polarization vectors o differ from e by the ab-
sence of the phase factor exp[iq-d(k)].

In non-Bravais lattices the mutual positions of atoms
in the unit cell are not fixed by point-group symmetry
operations and hence may change whenever the unit cell
gets deformed. These shifts of atomic positions result in
additional variations of the eigenvector phases. In what
follows we shall denote the phases corresponding to the e
and o conventions by ¢ and P, respectively, with

#(q)=d(q)+q-d(k) . (3)

The use of the e convention is convenient in the context
of lattice dynamics as all the information on the phases of
motion of the individual atoms within the unit cell is kept
in the polarization vectors. On the other hand in the
context of the present work, which we understand as an
extension of the conventional methods of structure
analysis into the time-dependent domain, the use of the o
convention is logical as it permits us to write the inelastic
structure factor as
< Qo b )
flr+q)=3 ——expli(7-d(k)+Di(q))], @
k Q \/mk

where 7 is a reciprocal-lattice vector and the phase ®,
for each atom represents just the departure from the crys-
tallographic phase relevant to the Bragg point at the ori-
gin of the Brillouin zone (BZ). Whatever convention
adopted, it is important to note that the phase term in
Eq. (4) represents the interference between the geometri-
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cal phase 7-d; and the phonon phase ®,. Hence for a
known crystal structure the phonon phases can always be
determined by measuring intensities in appropriately
chosen Brillouin zones.

The inelastic structure factors enter the experimentally
observed integrated intensities of coherent inelastic
scattering. In the case of a three-axis spectrometer,
equipped with a monitor whose efficiency is propor-
tionate to k, !, and for measurements carried out with a
fixed final neutron wave vector,'? the observed intensity
of neutron energy loss scattering is given by

Vin+1)# 0?
Yint )% (—aw
Virwq P D5

where all the symbols have their usual meaning.!>'* In
particular, J(Q) is the Waller-Froman Jacobian

lfQ2, &

Iobs: 0

1 1
J= 14—k
Sk V,0(q) 6)

being equal to v,cosy for the E=const. scans with v,
and Y representing the phonon group velocity and the an-
gle between scan direction and V,w; in our case always
x=0. For the Q =const. scans this Jacobian is equal to
unity.

III. EXPERIMENTS

The silicon samples were prepared from zone-melted,
low-doped, dislocation-free single-crystal ingots grown in
the [100] and [111] directions by Wacker Chemitronic
(FRG). An approximate cylinder of 10 mm diameter
with axis along {110) and several plane-parallel plates of
different thicknesses (1 to 15 mm) and surface orienta-
tions were cut with a diamond saw and the damaged sur-
face layer (=~ 10um) was etched down. In the final stage
of the integrated intensity measurements platelike sam-
ples of about 5 mm thickness and the cylinder were used.

The inelastic-neutron-scattering experiments were
performed at the JRR-3M reactor (20 MW, 3
X 10" ncm™2s7!) at the Japan Atomic Energy Research
Institute JAERI, Tokai, Japan) on the TAS-1 three-axis
spectrometer. A vertically focusing pyrolithic graphite
(PG) (002) monochromator and a flat PG(004) analyzer
were used together with beam  collimations
40'-20'-40'-40’. The final neutron momentum was fixed
throughout most of the experiments at k,=4.482 A™'
(E;=10 THz). Only part of the optic-phonon measure-
ments has been performed with the PG(002) analyzer and
different smaller k f values, fixed through individual
scans. All the experiments were carried out at room tem-
perature (297 K) in the neutron energy-loss regime.

1IV. EXPERIMENTAL RESULTS

A. Phonon frequencies

The [00£], [££0], and [£££] phonons were measured in
order to determine both their frequencies and polariza-
tion vectors. The data were collected in the course of
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TABLE I. Phonon frequencies in Si observed in the present work.

[£00] [600]
£ W(LA) [THz] £ W(LA) [THz]
0.180 3.000.04 0.345 9.00:£0.02
0.250 4.00:£0.03 0.396 10.00+0.02
0.319 5.00+0.03 0.425 10.500.02
0.393 6.002:0.01 0.480 11.33£0.01
0.475 7.000.03 0.500 11.420.08
0.559 8.0040.02
0.647 9.00:£0.02
0.739 10.00+0.02 [£00]
£ WLO) [THz]  w(TO) [THz]
[£50] . 15.69+0.07
£ v2,) [THz] § vZ) [THz] g.(z)g 15.550.04 15.39+0.05
0.079 2.00:£0.05 0.207 3.00£002 040 15.220.02 24.58+0.04
0.121 3.00+0.01 0.408 5.20+0.02 0.60 14.611+0.04 14.34+0.02
0.170 4.000.01 0.499 6.00£0.02  0.80 13.77+0.06 13.59:+0.04
0.225 5.000.01 0.599 6.73:002 100 12.450.02 13.69+0.13
0.238 5.2040.01 0.699 6.99:+0.02
0.287 6.000.01 0.817 6.00£0.02
0.358 7.0010.02 0.894 5.20+0.01  [£60]
0.400 7.50+0.01 § v(2,) [THz] v(3;) [THz]
0.445 8.00:£0.01 0.20 14.96::0.04 15.05£0.02
0.539 9.00:£0.01 0.40 14.820.08 13.63+0.01
0.640 10.00£0.01 0.60 14.360.11 11.840.02
0.691 10.50:£0.02 0.80 14.440.05 11.39+0.02
0.798 11.43+0.01 1.00 13.89:0.06 12.33+0.01
0.899 12.08+0.02
313
[£€€] £ v(LO) [THz]  wTO) [THz]
5 WLA) [THE] 0.10 15.26+0.06 15.58+0.05
0.095 3.0040.01 0.20 14.8920.01 15.530.08
0.132 4.00£0.01 0.30 14.3240.02 14.980.04
0.171 5.00£0.01 0.40 13.41£0.02 14.91:0.02
0.211 6.00£0.01 0.45 12.78+0.01
0.253 7.000.01 0.48 12.500.01
0.297 8.00£0.02 0.50 12.330.01 14.6210.28

three independent experiments using the same spectrome-
ter setup but different Si samples. In all cases the in-
cident wavelength was calibrated using an ASTM silicon
powder standard, and the samples were carefully aligned
so that the observed positions of the various 440 and 004
Bragg peaks did not differ by more than 2X 1073 r.Lu.
from the calculated ones in any direction. As a result the
frequencies measured for the same phonon in different ex-
periments in most cases coincided within the error bars
of the order of 0.01 THz. The final results are given in
Table I and in Fig. 1, for acoustic phonons each frequen-
cy represents a mean of several values, observed in
different BZ’s and/or on different samples, so that the er-
rors are estimated from the variances of these miniensem-
bles.

In addition to the acoustic phonons we have also
remeasured the frequencies of the optic phonons with po-
larization vectors lying in the (110) plane. Up to a few
exceptions the new frequencies lie within the error bar

band of the previously reported ones.”'®!> The only
significant deviation was found for the [£££] TO phonons
near to the zone boundary, where the actual results did
not confirm the dip observed by Dolling at £~=~0.4.

B. Inelastic-scattering intensities

For methodical reasons two different procedures for
the measurement of integrated intensities were tested.
Initially, we have used E =const scans which permitted
to keep the resolution volume of the spectrometer con-
stant and thus to facilitate the normalization of the ob-
served intensities, which were only compared within data
sets collected at a given energy transfer. In these runs
samples in the form of plane-parallel plates 5 mm thick,
covering the whole incident-beam cross section, were
used. In such a way the data for the LA phonons along
[00&] and [£EE] were collected. The integrated intensi-
ties were determined by fitting a (multi-)Gaussian profile
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to the observed peaks, in most cases they corresponded to
500-1000 counts. Next the structure factors were ex-
tracted from the integrated intensities with the help of
Eq. (5). Absorption correction based on the energy-
dependent total cross section reported by Freund'® has
been tested, but its effect (1-2 %) remained within the
data error bars.

Figure 2 displays the inelastic structure factors as
refined from sets of intensity data collected at the given
energy transfers in four different BZ’s: 224, 115, 333, and
335. Each set of eight structure factors observed at a
given energy transfer between 3 and 10 THz was then
fitted by a model corresponding to Eq. (4) with the phase
®(&) as a free parameter. At energy transfers below 6
THz it proved necessary to include a separate scale factor
for the [£££] phonons being up to 13% higher than that
for the [00£] branch. Taking into account this increase
in intensity (most probably due to differences in scatter-
ing surface curvature) had, anyway, only negligible
influence on the refined phase values ®(£) given in Fig.
3(b) in the form of ¢(£)=P(&)+ 37& [cf. also Eq. (3)].

Encouraged by these results, in a subsequent stage we
turned towards a more straightforward procedure: for
the [££0] =, and X, acoustic branches we employed a cy-
lindrical sample having its vertical axis along [110] and a
diameter of about 10 mm, so that it was completely and
uniformly bathed in the incident beam throughout all of
the scans. The incident (monochromatic) beam monitor
was calibrated to give proper measure of the flux incident
on the sample. Under these conditions both E =const
and Q=const scans were used in dependence on the slope
of the phonon-dispersion curve. Data for a total of 63
points in six different BZ’s have been collected. As in the
preceding case, integrated intensities of the observed pho-
non peaks were determined by fitting (multi-)Gaussian
profiles and contributions from spurious peaks were dis-
carded. In three cases it proved impossible to resolve the
observed phonon peak from a spurious one, these points
were discarded from further treatment. In a subsequent
step all the experimental intensities belonging to the
[££0] 2, and X, branches were fitted by a model based on
the theoretical (ab initio) eigenvectors and containing a
single, common scale factor. As this procedure is in
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direct analogy to the structure refinement procedures
used in crystallography, we used the agreement factor,
defined as

1 f obs =f calc
R = -
1 N 2 calc
to measure the quality of the fit. The resulting value was
R,=4.8%, comparable to the accuracy obtained with
Bragg scattering. Several examples of the inelastic struc-
ture factors observed in different BZ’s are given in Figs.
4, 5(a), and 6(a).

V. OBSERVED PHONON EIGENVECTORS
ALONG [100] AND [111]

The diamond lattice consists of two fcc sublattices mu-
tually shifted by I of the space diagonal of the cubic unit
cell. As a result all of the atoms of one sublattice can be
considered as sitting in the centers of regular tetrahedra
having in vertices the atoms of the second sublattice.
This position, although apparently symmetric, does not
contain all the point-group symmetry of the fcc lattice—
namely the center of symmetry is absent. As a result, un-
der stress applied to the unit cell, the atoms may get dis-
placed from the center of the tetrahedron depending on
the modified equilibrium of the bonding forces. This
effect—the internal strain—appears already under static
applied stress and has been studied by x-ray diffraction.'’
In the case of the LA phonons the deformation of the
unit cell is much stronger and the displacements Au of
the central atom become translated into an additional
phase shift ®=q-Au entering the structure factors in
different zones as

fQ)=fo{1+exp[—il(h +k +Dm/2+®)]} . 7
Obviously, a given ®(£) dependence produces different
variations of the structure factor magnitudes in Brillouin
zones having different sums of the Miller indices.

In the [100] (A) direction the stress due the longitudi-
nal phonons is symmetric, as on each side of any (100)
plane there remain two bonds at the same angles (twisted
around [100] by 90° with respect to the other pair). As a

FIG. 1. The phonon frequen-
cies in silicon: the full symbols
(M,®) represent the results of
the present work, while the open
ones correspond to the previous
results of Dolling (Ref. 10)
(3,0), Nilsson and Nelin (Ref.
15) (A) and Strauch, Mayer, and
Dorner (Ref. 7) () (error bars
—unless plotted— are smaller
than symbol size).
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FIG. 2. The normalized inelastic structure factors f(Q)/f,
for the LA phonons along [£00] (a) and [£££] (b) observed in
four different Brillouin zones. The solid lines connect values
corresponding to the refined phases (cf. Fig. 3).
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FIG. 3. The phase ¢ of the polarization vectors of [£00] LA
(a) and [£6£] LA (b) phonons: present results (@) in comparison
with those of Strauch, Mayer, and Dorner (O) and the predic-
tion of the ab initio calculations (solid line).
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FIG. 4. The normalized inelastic structure factors f(Q)/f,
for the [££0] 3, elliptically polarized phones (@) as observed in
the 335 Brillouin zone. The solid curve corresponds to polariza-
tion vectors from ab initio calculations; the dashed curve corre-
sponds to the inverted sense of rotation.
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FIG. 5. Coupling of the =, phonon branches in silicon: fre-
quencies (a) (error bars are smaller than symbol size), structure
factors in selected BZ’s (b), projection angle a of the polariza-
tion vector on the [110] direction (c) and the coupling term A?
(d); the smooth curves represent the results of ab initio calcula-
tions.
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result, the mutual position of the two atoms of the basis
remains preserved in the distorted unit cell and no appre-
ciable eigenvector phase ® should be observed. This is in
accord with the measured inelastic structure factors for
the [100] LA phonons displayed in Fig. 2(a), whose values
remain approximately constant throughout the Brillouin
zone. The small nonzero phase displayed in Fig. 3(a), re-
sulting in the ab initio calculations, lies below the detec-
tion limit in the present experiments.

Unlike the [100] (A) direction, for LA phonons along
(111] the asymmetry of the tetrahedral bonding is fully
manifested: on one side of each (111) plane there remains
a single bond parallel to [111] and strained purely radial-
ly, while on the opposite side of the plane there are three
bonds (along [111], etc.) inclined at an angle of 70.5° and

20 —

a: dispersion relations

v [THz)

0 2 L e

b: structure factors 442
15 004
9 u
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04 |
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d: coupling term
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FIG. 6. Coupling of the 2, phonon branches in silicon: fre-
quencies (a) (error bars are smaller than symbol size), structure
factors in selected BZ’s (b), projection angle B of the polariza-
tion vector on the [110] direction (c) and the coupling term A2
(d); the smooth curves represent the results of ab initio calcula-
tions.
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hence strained predominantly in tangential direction.
The displacement of atoms from the central position in
the tetrahedron, observable via the eigenvector phase
®(&) in Eq. (7), becomes a direct measure of the balance
between the radial and tangential bond strengths. In Fig.
2(b) we present the data observed in the four BZ’s, 224,
333, 115, and 335, used to determine the phase function
®(§). In particular, from the general trends of the data
observed in BZ’s with odd indices, A +k +1=4n=*1, a
negative sign of ®(£) can be concluded. In order to facil-
itate comparison with the previously published result, we
give in Fig. 3(b) the function ¢(&)=d(§)+37E (cf. also
Eq. 3). Both the absolute values and the sign agree with
the previous results obtained on silicon’ as well as with
the results of our ab initio calculations. In more qualita-
tive terms, the observed ®(&) <0 implies that the radial
strength of the covalent bond in Si (similarly to Ge) is
larger than the tangential one as opposed to the case of
diamond, where the ab initio calculations’ predict
¢(£)> 37 /2 equivalent to P(£) > 0.

VI. COUPLED BRANCHES ALONG [110]

Similarly to the A direction, in the [110] () direction
the phase of the displacement of each atom is given by
just exp[ —iq-d(k)] so that the phase ® of Eq. (7) is zero
throughout the BZ. On the other hand, the polarization
of the X, and =; modes is elliptic, varying from longitudi-
nal at zone origin to transverse at zone boundary and vice
versa. At the same time also the character of these
branches changes, e.g., the low-energy branches are
acoustic at zone origin and optic at zone boundary.
Their eigenvectors can be written as

0, =0qsin(a)+io gcos(a)
—[ogsin(a) —io ycos(a)lexp( —imé) (8)
in the case of 2, and as
03=0(;,c08(B) —i0o sin(B)
+ o co8(B)+iogsin(B)lexp(—imE) 9

in the case of 2;. Obviously, the eigenvectors of the cor-
responding high-energy branches (optic at zone origin)
can be obtained by replacing cos— —sin and sin—cos in
Eqgs. (8) and (9). All these features are reflected in the in-
elastic structure factors. Inserting these polarization vec-
tors into Eq. (4), we see that in Brillouin zones with even
indices we have

£(Q)~2Q-0,sin(a) (10)
in the case of A +k +1=4n and
f(Q)=2Q-0 ycos(a) (1n

in the case of h +k +I =4n +2 permitting to determine
directly the polarization vector projections on the two
symmetry directions.

The same operation in zones with odd Miller indices
yields

F(Q)=(1%£i)[Q 0 sin(a) F Q-0 ygcos(a)] (12)
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for h +k +1=4n=*1. As a result the absolute value of
the structure factor in BZ’s with odd indices is sensitive
to the mutual sign of the [110] and [001] components of
the polarization vectors in Eqgs. (8) and (9), which means
that we are able to detect the sense of rotation in the case
of elliptical polarization. This is demonstrated in Fig. 4
displaying the structure factors observed in the 335 zone
and corresponding to the =, acoustic branch; a dotted
line represents f(£)/f, calculated with the ab initio
eigenvectors, but having the reversed sense of rotation.

Figures 5(a), 5(b), 6(a), and 6(b) display the observed
frequencies and structure factors for the pairs of the =,
(LA/TOL1) and 2, (LO/TA1) branches, respectively. In
analogy to the conventional quantum-mechanical treat-
ment of band crossings,'® we may describe the coupling
of each pair by an eigenvalue equation with a reduced,
2X2 dynamical matrix

e A?

2 2
A° g

w; wy

’ (13)

W,y W,y

where €, , are the original unperturbed frequencies, A is
the coupling constant, and w, , are the coefficients of the
two polarization components. The modified eigenfre-
quencies, observed in the experiment, are then given by

Vv o=[e+edtV (2 —e22+4A%)/2 . (14)

The corresponding pair of hybridized eigenfunctions can
be written as

Y =@, cosy +@,siny ,

¥,= —@;siny +@,cosy , (15)
where the projection angle Y is defined through

tan2y =2A%/(e3—¢?) (16)

and ¢,,¢, are the wave functions of the unperturbed
states. In our case they correspond to the acoustic- and
optic-phonon modes with pure longitudinal or transverse
polarizations entering the right-hand sides of Egs. (8) and
(9). The projection angle y equal to one of the angles a, 8
whose experimental values are displayed in Figs. 5(c) and
6(c).

The fact that we have experimentally determined not
only the frequencies of the [££0] 2, and 2, branches but
also the projection angles «, B of the polarization com-
ponents permits us now to reconstruct the complete
dynamical matrix in the left-hand side of Eq. (13). We
only need to establish the relation between the observed
quantities and the coupling term A% Combining Eqgs.
(14) and (16) we find after some algebraic manipulations
of the sum and of the difference of Eq. (14) that

,_ 9

sin2y (17)
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and

2 =ﬂ:|:Azcot2 (18)
1,2 2 X -

The unperturbed frequencies €, , are plotted in Figs. 5(a)
and 6(a) together with the observed frequencies v, ,,
while Figs. 5(d) and 6(d) display the resulting values of
the coupling parameter A? for the =, and =; branches.
The fact that the coupling between, e.g., the X,
(LA/TO1) modes extends over the whole BZ is consistent
with the previous conclusion about the dominant role of
the bond bending in deformation of the tetrahedral cell of
silicon. In such a case the longitudinal deformation
along [110] implies a transversal movement of the central
atom along [001] which in turn provokes bending of its
bonds in the (111) plane. In this way the longitudinal-
acoustic mode is always accompanied by a movement
corresponding to a transverse-optic mode.

VII. CONCLUDING REMARKS

The present results demonstrate the feasibility of ex-
ploitation of the information contained in intensities of
coherent inelastic scattering. Unlike analogous preceding
experiments we were able to utilize practically all of the
experimental intensity data, as from the complete set of
the 117 observed structure factors only a few (5) values
had to be discarded because of large departures from
those predicted by the ensemble average. The overall
agreement factor between calculated and observed struc-
ture factors stayed well around 5% —a situation which is
not very different from that met in crystallography.
Within this accuracy and for the chosen phonon
branches the present experimental results provide ex-
haustive information on the lattice dynamics of silicon,
equivalent to a reconstruction of the dynamical matrix.

Comparing the obtained experimental results with pre-
dictions from the ab initio calculations we find that the
phonon eigenvectors agree within error bars with the
computed ones, while there are observed some significant
departures for the frequencies. It should, however, be
noted that the calculations are performed in fact for a
purely harmonic crystal at 0 K, while the experiment has
been performed at room temperature and, of course, the
error bar margins for the frequencies are much narrower.
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