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Fourier- Transformed Compton Profiles: A. Sensitive Probe
for the Microstructure of Semiconductors

B. Kramer, P. Krusius, f W. Schroder, and W. Schiilke
Institut fur Physik, IInioersitat Dortmund, Dortmund, Federal RePublic of Germany

(Received 1 April 1977)

Fourier-transformed experimentally determined valence Compton profiles of trigonal,
polycrystalline, and amorphous Se are presented. For trigonal and polycrystalline Se,
the experimental results are reproduced quantitatively by a self-consistent orthogonal-
ized-plane-wave calculation. The results are discussed in terms of one- and two-elec-
tron densities. Because of the surpriseinly large differences between the amorphous and
crystalline results we believe that the Fourier-transformed Compton profile is a power-
ful probe for the microstructure of semiconductors.

(2)

where 4„(r) is the Wannier function correspond-
ing to the energy band n.

In this paper, we show that experimentally de-
termined FTCP's are extremely sensitive to
structural changes in a material and are there-
fore very useful in differentiating various struc-
tural phases with respect to their atomic and
electronic structure. As an example, we use the
elemental semiconductor selenium, which can
easily be prepared in various crystalline and
amorphous phases.

In the usual interpretation of Compton profiles
(CP) of solids it is very difficult to separate va-
lence- and core-electron contributions and to es-
timate multiple scattering and the influence of the
resolution function. These problems can be es-
sentially avoided by Fourier transformation of
the measured CP's into ~ space. ' Core electrons
and multiple scattering contribute to the Fourier-
transformed CP (FTCP) only at distances that are
small compared to atomic distances, because the
core states are localized and the multiple-scat-
tering CP is almost constant. " The resolution
function appears in the FTCP only as a multipli-
cative function instead of the convolution in mo-
mentum space.

In the impulse approximation the FTCP can be
written in terms of the one-particle density ma-
trix, y,(rI r'), of the electronic ground state as

B(t) = fl-'J„d'r y, (r I r+ t), (1)

where t is a vector parallel to the direction of
the momentum transfer in the inelastic x-ray
scattering, and 0 is the normalization volume.
For completely occupied bands we have in the
one-electron approximation

B(t) =f1-' Q jd'r C„(r)*C„(r+t),
ft(OCC)

The CP's of trigonal Se were measured with
the same apparatus as was used for polycrystal-
line and amorphous Se.' The trigonal and poly-
crystalline FTCP's are calculated using a self-
consistent orthogonalized-plane-wave (OPW)
procedure without any fitting parameter. ' The
results for the trigonal phase are shown in Fig.
1. Figure 1(a) shows a comparison between ex-
periment and theory, corrected for resolution,
for t parallel to the trigonal axis (t II c) together
with the Fourier-transformed resolution function.
Figure l(b) shows the curves for t&c. Figure 2

exhibits the experimental results for polycrystal-
line and amorphous Se together with a curve for
polycrystalline Se, which was obtained by aver-
aging the trigonal results according to B(t)
= &B ~~(t) +sB~(t). Comparing the curves in Fig.
I, we notice that the agreement between theory
and experiment is quite satisfactory.

A statistical accuracy of 0.6% was achieved at
the center of the total CP measured in the momen-
tum range +10 a.u. , corresponding to a resolu-
tion of 0.3 a.u. on the t axis. The zeros of the
FTCP's up to 10 a.u. were found to be unaffected
by these statistical errors. ' The core states con-
tribute only for t~2 a.u. and do not affect the ze-
ros either. Therefore, any interpretation of B(t)
should start from its zeros. The deviation in the
positions of the zeros up to 10 a.u. in Fig. 1(a) is
explained by the above reasons, and the differ-
ence in the depth of the first minimum at 5.3 a.u.
may be assigned to multiple-scattering effects.
The rather strong deviation in the amplitude of
B, I Fig. 1(b)] between 8 and 12 a.u. may be of sta-
tistical origin, or partly due to an underestima-
tion of the interchain interaction in the theory.
Table I contains the calculated and experimental
zeros of B(t) for flic together with the distances
between the atoms along the chain. The positions

1227



VOLUME 38~ NUMBER 21 PHYSICAL REVIEW LETTERS 2$ Mwv 1977

0.2—

0

-0.2—

I

I

I

NI N

N

fg

9

CQ

-0.3—

NII

Il
I

/' I

l /' lgl
I . I

I I
I

/

l

t
/

8{03=18 a.u.

I

10 12

t [a.u. j

6 10

t [a.u. j

03 —
(b)

02—

I

I

I

I

I

I

I

/
/

/
/

/
/

3 =18 B.u.

FIG. 2. Experimental FTCP s of polycrystalline
(dashed line) and amorphous (full line) Se. The dash-
dotted curve is obtained by directionally averaging the
results for trigonal Se. Arrows labeled by N, N, etc. ,
denote the distances between first, second, et@., neigh-
bors in trigonal Se.

acy.
From Eg. (2) the zeros occurring at lattice dis-

tances are easy to understand. According to the
completeness relation, Wannier functions belong-
ing to different elementary cells are orthogonal.
Therefore B(7e0) = 0 for vectors t of the Bravais
lattice. Hence, we expect zeros at multiples of
the lattice constants c and a for 7 ll c and for t i c,
respectively (Fig. 1 and Table I). The other ze-
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FIG. 1. FTCP's of trigonal Se for (a) tll c and (b) t
II a &c. Dashed lines, experiment; full lines, theory.
The resolution function (dash-dotted line) corresponds
to a full width at half-maximum of 0.56 a.u. in momen-
tun space. Arrows denote (a) distances between first
(N), second (N ), and third (N ) neighbors within a
chain, and (b) first neighbor (N) and interchain {N ) dis-
tances. All curves are normalized to eighteen valence
electrons per unit cell.

of the theoretical zeros up to 30 a.u. agree within
less than 4% with the atomic distances, although
these enter the first-principles calculation in a
very indirect way via the space group. For 7& c
a similar effect is observed. ' For larger t's the
magnitudes are beyond the computational accur-

t .(exp} t (theory)

4.85
7.40
9.26

4.32
7.02
9.82

12.98
15.48
18.56
21.95
24.20
27.00

4.48
7.02
9.36

12.89
15.93
18.72
22.07
25.17
28.08

TABLE I. Zeros t. of the FTCP of trigonal Se for
t II

c in comparison with atomic distances, a, , within a
chain. Experimental values {first column) above t = 10
a.u. are not reliable because of the experimental statis-
tical error. The atomic distances are determined by
using the lattice constants of Ref. 6. All numbers are
given in atomic units.
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ros are obviously related to other properties of
the Wannier functions apd may indicate changes
in the sign in some of them. ' Surprisingly, these
zeros agree quite weQ with the atomic distances.
%e do not yet have any unique explanation for this
effect.

Comparing the experimental FTCP for the poly-
crystal with the directionally averaged curve
(Fig. 2), we observe good agreement for the posi-
tions of the zeros. However, the depth of the
minimum at 5 a.u. is a factor of 2 smaller in the
averaged curve. This results from the rather
crude averaging procedure, statistics, and resi-
dual multiple-scattering effects originating from
different geometries of the crystalline and poly-
crystalline samples. '

The amplitude of the amorphous FTCP is con-
siderably reduced compared to the polycrystal™
line curve. The first zero is clearly shifted to
larger t, whereas the second zero appears al-
ready at 6.2 a.u. in amorphous Se instead of at
7.8 a.u. as in polycrysta, lline Se. The same zeros
within less than 3% and the same behavior of the
amplitudes, within the statistical accuracy, were
obtained in two independent measurements using
the same sample geometry. '

The connection of the zeros in FTCP with prop-
erties of the ground state can be discussed using
the density matrix. The probability for having
two electrons simultaneously at positions r, and
r, is given by the diagonal part of the two-parti-
cle density operator r, (r,r, Ir,r,). In the Hartree-
Fock approximation

r,(r,r2l rgb) =ri(ri l ri)ri(rul r2)

(3)

For macroscopically homogeneous systems Eqs.
(I) and (3) yield

r, (r,r, l r,r, ) =
l B(0)l' —

l B(r, —r, ) l'.

If r, (r,r, Ir, r, ) = IB(0)l', the two electrons are not
correlated. Therefore, from the QPW results in
Fig. 1, one would conclude that electrons in two
adjacent chains are almost uncorrelated, because
B,=O above t=a, the interchain distance. In the
experiment B~ a,nd Bll are of the same order of
magnitude for these t values, when taking into ac-
count the statistical inaccuracy. This indicates
a correlation interaction beyond the Hartree-
Fock approximation for electrons located at dif-
ferent chains.

At the zeros of FTCP y, has maxima a,nd j,
=B(0)'. At these distances two electrons may be

interpreted as being uncorrelated. This is sinu-
lar to the behavior of the noninteracting Fermi
gas, where the oscillations in r, (Friedel oscil-
lations) are related to the Fermi momentum.
Comparing the decrease with t in the amplitudes
of the measured FTCP's we observe that in
amorphous Se FTCP decreases more rapidly than
in the polycrysta1. Thus, electrons in the amor-
phous phase are less correlated than in the poly-
crystal. It is intuitively clear that this may be
attributed to the lack of long-range order.

At the present stage of our investigations we
understand the features of B(t) only qualitatively.
Also, the experimental technique may be im-
proved to obtain better resolution and statistics.
Nevertheless, even with our present experimen-
tal accuracy, it is evident that the differences
between the FTCP's of amorphous Se and its
polycrystalline and trigonal counterparts are
tremendous. Comparing our results with those
obtained by using other experimental techniques
(radial distribution function, optical absorption,
photoemission, etc.) we must conclude that the
inelastic x-ray scattering technique provides the
most sensitive probe for testing the electronic
and atomic structure of crystalline and amor-
phous systems. This is due to the fact that to a
good approximation, the differential cross sec-
tion is directly related to the nondiagona1 part of
the ground-state density matrix, whereas in oth-
er experiments transition probabilities and en-
ergy differences between the ground state and
excited states play an important role.
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ERRATUM

MUON AND ELECTRON NUMBER NONCONSER-
VATION IN A V- A. GAUGE MODEL. B. W. Lee,
S. Pakvasa, R. E. Shrock, and H. Sugawara [Phys.
Rev. Lett. 38, 937 (1977)].

There is a misprint in the last sentence of p.
937; "m~0 ~12-30 GeV for B= 10 "should read
"m~o ~12 GeV for B=10 '." Also, in Ref. 1,
"J.Ellis, M. M. Gaillard, and D. V. Nanopoulos,
to be published" should read "J.Ellis, M. K.
Gaillard, and D. V. Nanopoulos, Nucl. Phys.
B109, 213 (1976)."
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