
PHYSICAL REVIEW B VOLUME 25, NUMBER 10 15 MAY 1982

Compton-scattering study of trigonal, monoclinic, and amorphous phases of Se
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The Compton profiles (CP) and autocorrelation functions (AF) for crystalline trigonal

Se (t-Se), polycrystalline trigonal Se (pct-Se), polycrystalline monoclinic Se (pcm-Se), and

black amorphous Se (ba-Se), have been determined experimentally from inelastic y-ray
scattering. Two different y-ray spectrometers have been used, namely one using the 412-
keV line of ' 'Au and the other using the 59.5-keV line of 'Am. The momentum reso-

lutions were 0.41 and 0.56 a.u. , respectively. The present results for t-Se, pct-Se, and ba-

Se differ significantly from earlier results. The data are analyzed using theoretical results

obtained from atomic restricted Hartree-Fock models, free-electron (FE) models, one-

dimensional potential array studies, and from self-consistent orthogonalized-plane-wave

(SCOPW) calculations based on a local density formalism. Good agreement for t-Se and

pct-Se has been obtained between both sets of experimental data and the SCOPW results.
The FE model, fulfilling the correct translation symmetry and occupation of the higher
Brillouin zones, is shown to explain long-range oscillations of the AF qualitatively but is
inadequate for describing the short-range bonding effects. No significant difference
within the present resolution was detected between the CP and the AF of pct-Se and ba-

Se, contrary to earlier findings. Reasons for this are discussed using the above models.
A significant difference between pct-Se and pcm-Se has not been obtained with the Am

spectrometer.

I. INTRODUCTION

In photon Compton scattering, incident photons
are inelastically scattered from electrons and thus

shifted to a lower energy. The motion of electrons
gives rise to a broadening of the Compton line and
therefore the analysis of the line shape yields infor-
mation on the velocity distribution of the scatter-
ing electrons. In order to facilitate the analysis of
the process, the energy of the incident mono-
chromatic photons is usually limited to the hard x-

or y-ray regimes and the scattering angle close to
180'.' As a consequence the scattered electrons are
promoted into free-particle states and hence, the
scattering cross section only depends on the initial
state of the electrons. This is the impulse approxi-
mation (IA), the validity of which has been as-

sessed for the hydrogen atom, and is currently
used for the analysis of Compton spectra of many
electron systems, i.e., for atoms, molecules, and
solids.

%ithin the IA the scattering cross section is pro-

25 6393 1982 The American Physical Society



6394 P. KRUSIUS et al. 25

portional to the Compton profile (CP),

J-„(q)=I dp I i(p, p)5(q —p k/k),

where k denotes the scattering vector and I
&

the
one-electron density matrix. The CP depends only
on the ground-state momentum density I ~(p, p ) of
the electrons. The Fourier-transformed CP is a
position-space quantity and may be written as

B(t)=Jdr I )(r, r+ t), t ~~k, (2)

the autocorrelation function (AF}. Because of the

direct relation to I'~, or equivalently in the in-

dependent particle model to the one-electron wave

functions, Compton spectroscopy has been widely

used to study various properties of I'& for atoms, "
molecules, and solids. 6

The motivation for the present study is the fol-
lowing. Compton studies of phase differences for
the covalent semiconductor Se (Ref. 7) suggest the
existence of a large difference between the spectra
of polycrystalline trigonal Se (pct-Se) and black
amorphous Se (ba-Se). According to simple atom-
ic and solid-state models, these data were con-
sistent with a more atomiclike momentum density
in the amorphous phase. Subsequent analysis of
AF (Ref. 10}in comparison with crystalline trigo-
nal Se (t-Se} results, obtained from a self-consistent
orthogonalized-plane-wave (OPW) study" based on
the local density formalism, suggested a possible
difference in the electronic ground state between

the ba-Se and pct-Se phases at distances beyond the
nearest neighbor. This was in contrast to both the
radial distribution functions from elastic x-ray
scattering' and to a one-dimensional-model study
of ordered and disordered potential arrays. ' Reex-
amination of the experimental data-processing pro-
cedure led to the discovery of some computational
errors which occurred in the processing of the Se
data. In addition, there were hints of nitrogen
contamination of the amorphous Se sample.
Therefore, we have started a completely new exper-
imental and theoretical investigation in order to
clarify the above discrepancies. New amorphous

samples were used, which were prepared by
quenching in an evacuated quartz tube in order to
avoid contamination problems.

The outline of the paper is the following. In

Sec. II experimental aspects and sample prepara-
tion are described. In Sec. III we give a brief
description of the theoretical models used. The re-

sults for the crystalline polycrystalline and amor-

phous phases are given in Secs. IV —VI. A discus-

sion of the relation between the resolution of the

present Compton spectrometers and chemical
bonding in covalent semiconductors follows with
specific results for Se.

II. EXPERIMENT

In the Compton spectrometer operating at the
Hahn-Meitner-Institut (HMI), a ' Au y-ray source
provides incident photons with a strong, isolated
gamma line at 412 keV. The source strength at
the beginning of the measuring period is approxi-
mately 200 Ci, and it has a half-life of 2.7 days.
The measuring time for each profile was about one
week, i.e., two half-lives of the source. A general
review of the experimental technique is available, '

while the present apparatus and data-processing
procedure has been described in detail earlier. ' '
Briefly, the incident, monochromatic radiation
from the y-ray source is scattered by the target
through an angle of 165' into an intrinsic Ge
solid-state detector. The scattered photons have an

energy distribution which peaks around 160 keV
and an initial intensity, in the present experiment,
of about 100 counts/sec. The combined effects of
the detector energy resolution and the beam diver-

gence lead to a full width at half maximum
(FWHM) of 0.41 a.u. of momentum. A total of
about 2&(10 counts were collected for each pro-
file. The ratio of the total Compton-scattered in-

tensity to the total background in the energy range
between 140 and 180 keV was 100:1 in each case.
The number of counts per channel in the peak of
each profile was about 10, corresponding to a sta-
tistical accuracy of 0.3% in J(0) and 0.5% in the
difference profile hJ (0).

The raw data were subjected to a number of
correction procedures. ' ' A measured back-
ground was subtracted, and corrections made for
the detector efficiency, absorption in the sample,
and the transformation from the energy spectrum
to Compton profile. A deconvolution was made to
remove the effects of asymmetry in the experimen-
tal resolution function, which is replaced by a
Gaussian function of the same F%HM. Because
of low-energy contamination of the incident energy
spectrum (due to self-scattering in the gamma
source itself), only the high-energy side of the ex-

perimental profile is compared with the theoretical
results. The profiles were normalized to the num-
ber of electrons in the unit cell (102), which
corresponds to an area of 39.815 in the momentum
range 0—5 a.u. (as derived from the relativistic
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free atom profiles by Biggs et al. ' ). A Monte
Carlo procedure' was employed to remove the ef-
fects of multiple scattering from the experimental
profiles obtained at the HMI. The resulting exper-
imental profiles can then be compared with theory,
provided the effects of the Gaussian resolution are
properly taken into account.

In the spectrometer used at the University of
Dortmund (UDO) (Ref. 19) an annular 'Am

source provides photons with a primary energy of
59.5 keV. The source strength is 1 Ci. The
scattering vector varies on a cone with a mean
aperture of about 2.5' around a scattering angle of
175'. An intrinsic Ge detector (Princeton Gamma
IG 105) was used. The peak-to-background ratio
was 100:1 (for 1 mm Al), the momentum resolu-
tion was 0.56 a.u. FWHM for pct-Se, ba-Se, and
pcm-Se; and 0.65 a.u. FWHM for t-Se. The
momentum resolution was determined from the ex-
perimental data using the FWHM of the elastically
scattered line. The influence of scattering vector
variations on the resolution could be neglected. '

Different values of the FWHM of the resolution
functions are due to small electronic shifts of the
detector system during long-time measurements.
The initial intensity was about 5 counts/sec (for 1

mm Al). Peak count and total count for pct-Se
and ba-Se were 0.6)& 10 and 3.2g 10; and for the
other phases (pcm-Se, t-Se), 0.3 X 10 and 1.6X 10,
respectively. The peak to background ratios were
40:1, 40:1, 50:1, and 25:1 for pct-Se, ba-Se, pcm-Se,
and t-Se, respectively.

As in the procedure of the HMI the raw data
were corrected for background and sample absorp-
tion. A deconvolution was made to account for
the asymmetry of the detector resolution function,
and the data were corrected for the relativistic
cross section. Multiple-scattering effects were re-
moved using a Monte Carlo procedure. ' Normali-
zation was achieved by fitting the area of the ex-
perimental profiles, in the momentum range from
0—5 a.u. of the high-energy side of the profile, to
the free-atom CP with the configuration
2s 2p 3s 3p 3d' 4s 4p, which was calculated us-

ing Clementi wave functions. The 1s electrons
do not contribute to the high-energy side of the
CP. Profiles for all phases have been normalized
to the basic structural unit with three atoms. In
contrast to the HMI experiment the point q =0
has been fixed by the requirement that the AF has
its first zeros symmetrically at t = +t &, where t

&

denotes the first lattice translation in that direc-
tion. As long as we were only interested in profile

differences (pct-Se, ba-Se, pcm-Se) the final profiles
are averages of high- and low-energy sides of the
CP in order to improve the statistics. If one wants
to compare experimental profiles with theoretical
calculations as in the case of t-Se, only the high-

energy side of the experimental CP was used in
order to be less inAuenced by the low-energy con-
tamination of the primary spectrum.

The preparation of Se samples is complicated be-

cause of the existence of many solid phases with
different molecular units. The t-Se material was
obtained using the Bridgeman-Keezer technique. '

A selected t-Se sample had the rectangular dimen-
sions 10&(12&(13mm and the face 10&& 12 mm
cut perpendicular to the c axis or the [001] direc-
tions. The 10)&13 mm face was perpendicular to
the a axis, i.e., [100]. To minimize multiple-
scattering effects two thinner composite samples of
t-Se were prepared from smaller crystals. Both
had a face area of about 1 cm and a thickness of
1.3 mm. For further reference these samples will

be denoted r-Se [001] and r-Se [100] according to
their face normals. pct-Se samples were obtained

by annealing 5% Se powder in an evacuated quartz
tube at 205 C for 19 h and then by using high
pressure to form the material into discs without
any supporting agent. The two prepared samples,
pct-Seq and pct-Seqq, both had a diameter of 32
mm. The sample thicknesses were 2.4 and 1.35
mm, respectively. The structure was checked us-

ing x-ray diffraction. For ba-Se the same starting
material as for pct-Se was used. The powder was
melted in an evacuated quartz tube and then
quenched in liquid nitrogen. Next the material
was pulverized in a mortar and finally pressed into
circular disc form. The dimensions of the samples
ba-Se& and ba-Se» were the same as for pct-Se& and
pct-Seqq, respectively. X-ray diffraction provided a
final check. The density defect with respect to
pct-Se did not exceed 0.3%. pcm-Se was prepared
from a supersaturated solution of ba-Se in CSz via
cooling. The fine-grain polycrystalline material
thus obtained contained the u and P forms of
monoclinic Se roughly in equal proportion. One
circular disc with a diameter of 32 mm and a
thickness of 0.8 mm was pressed. No other phases
could be detected in x-ray diffraction. With pct-Se
as a reference for the density, no defect was detect-
able.

III. THEORY

Most of the theoretical models used for the in-
terpretation have been discussed at length else-
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where and therefore only some essentials are listed
here. The atomic models are based on restricted
Hartree-Fock (RHF) orbitals in the Slater-type or-
bital (STO) basis. The integrals for the momen-
tum density may be done analytically for STO's
and there remains one numerical integral to be per-
formed for the CP over a smooth function. RHF
CP's. and AF's are thus almost of equal quality as
the original RHF solution.

For the crystalline trigonal phases a model" re-
sulting from a symmetrized version of the self-
consistent OPW (Ref. 24) (SCOPW) method based
on the local-density formalism is used. The Xa
exchange-correlation potential has been used in the
effective one-electron equation. No information in
addition to lattice data is taken from the experi-
ment, and the SCOPW models contain no further
adjustable parameters. The convergence properties
of this method, as measured by the convergence of
the Fourier transform of the effective crystal po-
tential, have been discussed elsewhere. For the
CP and the AF the essential factors influencing the
accuracy are the OPW convergence of the state

~

n k ) at a general k point, the cutoff radius of the
momentum space for the valence states in the pro-
jection procedure, and finally the least-squares in-

terpolation technique in the irreducible wedge of
the first Brillouin zone. The associated numerical
integrals are of minor importance because of the
smooth nature of the ground-state quantities in-
volved. The convergence error of the momentum
density for p &p~, where p~ denotes the Fermi
momentum, has been estimated to be smaller than
0.5/o. The inaccuracies of the two other steps are
more difficult to assess, but some estimates of the
overall accuracy (including also the numerical in-

tegrals) may be obtained from the test 8(T)=0,
where T is any nonzero lattice translation. ' The
relative errors of the positions of the first two
zeros along the c and a axes at c, 2c, a, and 2a
were 0.4, 0.8, 0.3, and 2.6%, respectively. Howev-

er, in these directions for t & 2c and t & 2a, we
found [8(t)

~

&0.0038(0) and ~B(t)
~

&Q.QQQ58 (0), respectively. Therefore, the numeri-

cal accuracy of the SCOPW CP's and AF's seems
rather satisfactory.

In order to model pure structural effects in the
CP and AF we use free-electron (FE) models, of
which there are several possibilities. The simplest
is the isotropic FE (IFE}model with the Fermi
momentum pF defined such that the volume of the
Fermi sphere equals the total volume of the occu-
pied Brillouin zones (BZ) in the extended represen-

tation. For the IFE one has simply

sin(pzt)Bt=
(ppt ) (ppt) —cos(ppt)

' (3)

where Qo denotes the unit-cell volume, R; a rota-
tion element of the rotation group of the BZ's, and
m the number of R s. Thus only the contribution
of the irreducible part of nBZ has to be deter-
mined. The integral may always be decomposed
into contributions from triangular pyramids, with
the tip at k =0 and the base on a face of the nBZ,
each of which can be evaluated analytically. Re-
sults for the TIFE model are thus exact, unless an
error in determining the nBZ is made( a task far
from trivial (for t-Se the irreducible» part of
9BZ has 42 faces2~). The relation 8(T)=2n5y 0

provides, however, a useful check.
Neither of the above FE models fulfills the

orthogonality requirement to the core, which is a
serious defect for momentum space quantities,
since orthogonalization introduces high-momentum
components into the CP. The orthogonality may
be achieved by using orthogonalized plane waves
(OPW) instead of PW's. We call the result the
orthogonalized-TIFE (OTIFE) model and discuss
details of it in the appendix. For OTIFE, one ob-
tains three contributions to 8( t ). These are the
PW, the PW core, and the core-core parts. Only
the last contribution has an angular dependence
differing froin that of the PW part and thus af-
fects the anisotropy of 8( t ). For absolute values
all terms are of course important.

Structural disorder effects are discussed using a
one-dimensional potential array model. '3 The po-
tentials are square wells chosen such that each has
only two bound states, one symmetric and the oth-
er antisymmetric, to simulate the behavior of
three-dimensional s and p states. Finite, infinite,

where n denotes the number of filled valence bands
(n =9 for t-Se). If one requires that the FE model
should fulfill the translation symmetry exactly,
eigenstates are still plane waves (PW), but occupa-
tion is defined by the nth BZ (nBZ). This we
call the translationally invariant FE (TIFE}model
and obtain the result

8( t )=2IIO/(2m) f d kcos(k t )~.az

=2QO/(2m. )'g f d kcos(R;k t),
"nsz
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ordered, and disordered arrays may be studied with

the transfer matrix formalism and results are
essentially exact, since most of the calculational
steps are performed analytically.

The CP of r-Se along the c axis from the HMI
and UDO experiments and the SCOP% theory is

listed in Table I. ' The RHF model gives a Is-3d
core contribution to J(0) of 9.189 a.u. The
SCOP% theory was convoluted both with the HMI
resolution (FWHM 0.41 a.u. ) and the UDO resolu-

tion (FWHM 0.65 a.u.), respectively. To be com-

parable with the UDO-profiles the ls core contri-

bution to the SCOPW theory was subtracted from
the theoretical profiles. The Is binding energy of
Se (12.655 keV) is larger than the energy transfer

of 11.2 keV corresponding to the UDO experimen-

tal CP maximum.
In all cases the theoretical CP is by 1.5 —2%

above the experimental CP at the profile max-

imum. A profile too high for small momenta
seems to be typical for all noncorrelated self-

consistent calculations. Taking into account the
resolution effects the experimental profiles of HMI
are in good overall agreement with the UDO re-

sult.
The characteristic anisotropy of the CP (ACP),

as obtained from both the HMI and the UDO ex-

periment, is given in Fig. I, in comparison with

the result of the SCOPW calculation. Experimen-
tal and theoretical data agree within the error bars
except for low momenta (q g0.3 a.u.), where the
SCOPW ACP is significantly outside the statistical
error bars. A possible explanation for this
discrepancy is provided by the exchange-correlation
scaling effect, which for the closely related t-Te
lowers the ACP for small momenta considerably.

TABI E I. Compton profile J „(q) for trigonal Se with k parallel and perpendicular (a axis) to the e axis. J and q

are in a.u. , i.e., ao and ao, respectively, and J is normalized for ( —00, oo ) to 102. Experimental results are from the
Hahn-Meitner-Institut (HMI) and University Dortmund (UDO). They are corrected to multiple scattering and include

momentum resolution effects [full width at half maximum (FWHM) 0.41 a.u. for HMI and FWHM 0.65 a.u. for
UDO]. For the theoretical SCOPW results a RHF core was used (Is 2s 2p 3s 3p 31' for HMI and 2s 2p 3s23p63d

'0

for UDO}. The theoretical results are convoluted with the HMI and the UDO resolution, respectively.

HMI
t-Se

[001]
SCOP%'

HMI resol.
UDO
t-Se

SCOP%'- 1s2

UDO resol.
HMI
t-Se

J-„(q)
[100]

SCOP% UDO SCOP%-1S'
HMI resol. t-Se UDO resol.

0.0
0.2
04
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8
3.0
3.4
3.8
4.2
4.6
5.0

20.12+0.06
19.64
18.47
16,50
14.00
11.74+0.05
10.08
9.091
8.345
7.834
7.395+0.04
6.927
6.558
6.120
5.758
5.376+0.03-
4.655
3.966
3.409
2.947
2.566+0.025

20.55
20.11
18.72
16.58
14.09
11,67
9.86
8.85
8.28
7.85
7.44
7.03
6.60
6.18
5.75
533
4.58
3.93
3.38
2.91
2.52

19.54+0. 1

19.12
18.08
16.29
14.29
12.32
10.57
9.43
8.54
7.85
7.22+0.06
6.79
6.42
6.05
5.75
5.31
4.50
3.76
3.21
2.80
2.50+0.04

19.88
19.44
18.16
16.23
13.98
11.83
10.11
8.95
8.23
7.72
7.29
6.87
6.45
6.03
5.61
5.20
4.45
3.80
3.25
2.77
2.40

19.89
19.42
18.36
16.48
13.92
11.81
10.20
9.296
8.425
7.879
7.395
6.917

20.16
19.78
18.59
16.56
14.04
11.71
10.06
9.06
8.40
7.89
7.45
7.03

19.25
18.94
17.86
16.20
14.21
12.32
10.72
9.46
8.52
7.86
7.20
6.86

19.60
19.21
18.04
16.18
13.97
11.86
10.21
9.10
8,33
7.78
7.31
6.88



639S P. KRUSIUS et ul. 25

~ 9ezt100]
0.2

~ I

0.2

98Z
t-Se
c-a

0.1—
SCOPW:R

t- Se [001I

A J(eau)

-0.2

HMI
++

b, +

UDO

-01—

8(t)(au)

-0.2—

9ezt001] 0.01 J(0)

-0.3—

1

q(au) -0,4—
.001 B(0)

FIG. 1. Anisotropy of the Compton profile 5 J (q) for
t-Se between the c and a axis. Units and normalization
is as in Table I. 9BZ [001],9BZ [100], and 9BZ denote
the extent of the 9BZ in the directions [001], [100],and
the direction of maximum extent, respectively. The con-
voluted SCOPW result (SCOPW:R) (q =0.41 a.u.) is
given by the full line and the experimental result from
HMI by the crosses, and from UDO by. the triangles.
Bars denote the statistical accuracy and the size of the
plot. Samples t-Se [001] and t-Se [100] were used.

The long-range part of the AF for t Se along-the c
and a axes is given in Figs. 2 and 3, respectively.
The experimental result (HMI) (Ref. 31) is well

reproduced by the SCOPW AF within statistical
accuracy and is in reasonable agreement within the
approximate relationship between the crystal struc-
ture and the zeros of B( t ) (other than translation
zeros) as discussed earlier. '0 With the currently
achievable momentum resolution of y'-ray Comp-
ton spectrometers and the small sample size, which
limits the statistical accuracy, essentially no infor-
mation may be obtained from the region beyond c
(or a). The TIFE model is also seen to reproduce
the structure of the experimental 8 ( t } qualitative-

ly in the range 5 (t (15 a.u. , but the quantitative
differences in the amplitudes and positions of the
zeros are large. The first minimum is in both
directions too deep by a factor of 2. At distances
at about a the difference between the TIFE and ex-

-05
0

e il ~

)0.783

5

ttau. )

I

10
I

15 17

FIG. 2. Autocorrelation function B(t) of the one-.
electron density matrix for t-Se along the c axis. B and
t are in a.u. , i.e., 1 denotes the Bohr radius. The norm
is B(0)=102. N denotes the nearest-neighbor separa-
tion and c the lattice translation. The experimental re-
sult (HMI) is given by the crosses, the convoluted
SCOPW result by full line, and the convoluted TIFE re-
sult by the dotted curve. The arrow and 0.783 show the
location and depth of the TIFE minimum. Bars indi-

cate the size of the statistical accuracy and the size of
the plot with respect to 8(0). The sample t-Se [001]
was used.

periment is of the order of twice the statistical er-
ror bar. Recently it has been concluded for the
tetrahedral semiconductors, that the zeros of 8 ( t }
are mainly the property of the Bravais lattice and
the number of occupied bands. This does not ap-

ply to the anisotropic t-Se (Table II). The first
zero in the TIFE results is about 0.3 a.u. shifted to
higher distances as compared to the experiment
(HMI) as well as the SCOPW result. The
discrepancy of the positions of the second zeros in

the [001] direction is still larger. (In the [100]
direction the second zero is a lattice zero, and this
is built in to the TIFE and the SCOPW results,
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SCOPW: R ~ t-Se F00)

o+++» + +
+ +

0.001 Bio)

0

0
I! ~

'( 0.918 '
5 10

FIG. 3. Autocorrelation function 8 (t) for t-Se along
the a axis. For additional information see caption of
Fig. 2. The sample used is t-Se [100] (HMI}.

respectively. ) The behavior of the free-electron gas
traces back to the already rather spherical 9BZ, for
which all 141 corners of the irreducible wedge
fall into the range 0.909 & q & 1.112 a.u. There-
fore, the zero positions of 8( t ) are in general, ex-
cept for the lattice zeros of course, influenced by
ion-ion, electron-ion, and electron-electron interac-
tions as described by an effective crystal potential,
and not only an expression of the translation sym-
metry and the occupation of the Brillouin zones.
Expressed in terms of a more chemical language

coordination, type of orbitals, and orthogonaliza-
tion are the important factors here. Evidently the
rather high-symmetry constraints on the AF to-
gether with the low number of atoms per unit cell

play an important role in the case of the
tetrahedral crystals Si and Ge.

The anisotropy of 8( t ) is displayed in Fig. 4.
The experimental result (HMI) and the SCOPW
model again agree well within the resolution and
the statistical accuracy. The theoretical model

shows, however, a consistently slightly larger an-

isotropy, an effect which has been found also in

other first-principles calculations for covalent semi-

conductors. ' The TIFE model provides a sim-

ple interpretation of some of the structure of this
anisotropy. The two broad peaks in the range
5 g t g 13 a.u. , also present in the TIFE result, are
basically determined by structural effects, i.e.,
translation symmetry and BZ occupation, although
crystal potential effects tend to reduce the anisotro-

py. However, for t & 5 a.u. there is a drastic
discrepancy between the TIFE model and both the
experiments and the SCQP% result. Corrections
to the TIFE model from core orthogonalization
may be discussed using the OTIFE variant. The
analysis given in the Appendix indicates that core
orthogonalization does not change the sign of the
anisotropy of 8( t ) for small values of t and the
core orthogonalization effect may thus be ruled out
for the explanation of this discrepancy. It is in-

structive to decompose the TIFE result into triplet
contributions in order to trace back the origin of
the anisotropy of 8 (t) at t =3 a.u. Figure 5

displays the cumulative triplet contributions to the
AF anisotropy from the 3BZ, 6BZ, and 9BZ. In
this picture 1BZ—3BZ corresponds to the s-like
triplet, 4BZ—6BZ to the bonding p-like triplet, and
7BZ—9BZ to the nonbonding lone-pair triplet in
the band structure of Se."s Evidently the
4BZ—6BZ, corresponding to the intrachain bond-

ing triplet, is responsible for the large negative

TABLE II. Distances between nth neighbors in trigonal Se, d„, as compared to the posi-
tions of the zeros in 8(t), t„, parallel [001] and perpendicular [100] to the chains in a.u.

HMI
t„[001]
SCOP% TIFE HMI

t„[100]
SCOP% TIFE

4.48
7.02
8.25
9.36

4.40
7.35

9.0

4.32
7.02

4.54
8.17

9.35

4.33

8.28

4.60

8.25
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0 &q & 1.2 a.u. by Fourier transforming the differ-
ence curve of Fig. 7 gives a strong indication for
differences in multiple scattering (differences in the
AF for 0 & t &0.5 a.u. ), which can arise from dif-
ferent sample thickness. Therefore, no further
theoretical analysis has been performed.

FIG. 6. Autocorrelation function B(t) for pct-Se.
Units, norm, statistical accuracy, and size of plot are
given as in Fig. 2. N denotes the nearest-neighbor
separation and NN the average next-nearest-neighbor
separation. The experimental result for sample pct-Se~~

(HMI) is given by the crosses, the convoluted SCOPW
result by the full line, the convoluted TIFE AF by the
dotted line, and the convoluted RHF profile by the
dashed line. The TIFE minimum outside the plot area
is given earlier.

al parameters influencing the chemical bond are,
however, very similar for t-Se and m-Se (Ref. 36):
the average nearest-neighbor separations, the aver-

age next-nearest-neighbor separations (within the
same chain or ring), and the interchain and inter-

ring nearest-neighbor separations are 4.48, 7.02,
and 6.49 a.u. for t-Se; 4.42, 7.03, and 6.67 a.u. for
m~-Se; and 4.42, 7.04, and 6.58 a.u. for m)0-Se,
respectively. Also the mean density, as expressed

by the Fermi momentum pF with values 0.988,
0.960, and 0.956 a.u. for t-Se, m -Se and m)0-Se,
respectively, is almost the same. Thus, any differ-
ences that may be present in the AF result, mainly
can arise from differences in the int:er-ring and in-

terchain or the intraring and intrachain second-
neighbor interactions. The experimental result is
given in Fig. 7. There is no phase difference sub-

stantially larger than the statistical error. The
analysis of the small difference in the range

VI. AMORPHOUS Se

At least two amorphous phases of Se are known
to exist, namely black amorphous Se (ba-Se) and
red amorphous Se (ra-Se). The latter undergoes a
slow phase transition below 303 K into m-Se and
above 303 K into t-Se. Since Se is twofold coor-
dinated, the short-range order (SRO) in the amor-
phous phases of Se must be based on rings and
chains of atoms in varying proportions. Diffrac-
tion studies3 and photoemission ' suggest

0.2-
Se

bo-pet
Ol- ~

~ ~ ~~~ ~o" W ~
aJ(q)(a, u.) ci~ + + C"

- 0.1-
0.002 J(0) I

-0.2
O

q(a.u.)

FIG. 8. Difference of Compton profiles EJ(q) of
black amorphous and polycrystalline trigonal Se in that
order. J and q are in a.u. Norm is B(0)=102. The
samples ba-Se~~ and pct-Se~& have been used. The dots
are the results from the HMI spectrometer, the triangles
from UDO. The statistical accuracy of the HMI results
is indicated by the bars. The UDO error bars are about
1.5 larger.
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that the network topology depends on sample
preparation. Extended x-ray absorption fine struc-
ture (EXAFS) gives no information on the SRO.
beyond nearest neighbors. Infrared (ir) and Ra-
man results are currently also interpretated such
that the SRO alternates locally between chainlike
(cis) and ringlike (trans) configurations. ~

The experimental result for the difference of the
CP's of ba- and pct-Se is given in Fig. 8. Neither
the HMI nor the UDO spectrometer detected any
statistically significant difference in rD(q). Ac-
cording to our model studies no difference is seen
in the CP if the SRO averages in the ordered and
disordered phases are the same. ' This condition
should be fulfilled for Se, since chain- and ringlike
regions differ from each other only beyond the
second neighbors, when measured with their SRO
averages. The present experimental result is fully
compatible with previous information on the SRO
in ba-Se. In order to see effects up to third neigh-
bors the momentum resolution must be improved.

VII. DISCUSSION

The three characteristic quantities describing the

quality of a Compton experiment are the width

(FWHM), hq of the momentum resolution func-

tion 8 (q), the statistical accuracy o(q) of the

counting process, and the ratio of the number of
valence electrons n„, to the total number of elec-

trons n, . Via the convolution theorem the momen-

tum resolution hq corresponds to the position reso-

lution (FWHM) ht =81n2/hq of the associated

multiplicative resolution function R (t).
The present values for hq =0.41 and 0.56 a,u.

for HMI and UDO, respectively (Sec. II), have to
be compared with pp, which for all phases of Se
has a value of about 1 a.u. The relation to struc-

tural details is more evident in position space,
where the effect of R (t) is to reduce the signal by

a factor of 2 at 6.7 and 4.9 a.u. , respectively. The
relative statistical accuracy for the HMI spectrom-

eter and Se is about 0'(0)/J(0)=0. 003 for the CP
or o(0)/8 (0)=0.0003 for the AF. For anisotro-

ples and phase differences one is studying dlffer-

cllccs 111 thc Il„/III tll part of tllc totRl slgflal. Fol'

Se this means, unfavorably, n„/n, -0.2. The com-

bined effect of these factors is such that for Se ab-

solute profiles for 8(t) may be measured approxi-

mately in the range 0 & t & 9 a.u. with relative sta-

tistical error bars of the order of 2o/8 (0)=0 0006.
For difference profiles no universal relative accura-

cy may be given, because there is no a @non refer-
ence quantity. For the anisotropy of, e.g., t-Se, we
have 2a /max (M)=0.2.

Consider then the crystaBine and polycrystaBine
pllRscs of Sc fll'sf, . IIl Rll cases bofll tllc SRO Rnd

the long-range order (LRO) are well known from
elastic scattering and hence electronic effects may
be separated. For t-Se the relation between the
structural and electronic contributions is best un-

derstood using the SCOP% model. SRO and LRO
effects influence the behavior of absolute and
difference CP's for all values of q, whereas a
separation is possible in position space. A modest
qualitative representation of the absolute AF's may
well be obtained by any free-electron-like model

fulfilling only LRO requirements, but especiaBy
for correlation lengths not larger than the second-
neighbor separation, the induced errors are as large
as one order of magnitude. Quantitatively correct
anisotropies, on the other hand, require both bond-

ing and LRO information, whereas for qualitative-

ly correct anisotropies, hybridization and ortho-
gonality of the bond orbitals up to nearest-neighbor
interaction may be sufficient. Generally, for dis-

tances below second neighbors of the same struc-
tural unit, bonding effects are dominant for co-
valent solids, and beyond the second neighbor, the
LRO ls tllc slgnlflcant fRctol'. Tllc polycrystalllllc
averages for pct-Se and pcm-Se obey essentially the
same rules. Since the SRO averages in both cases
are very close to each other up to second neighbois
(Scc. V), differences between different crystal
phases must be extremely small quantitative ef-
fects. '3 This is exactly what has been seen in the
present experiments.

It was shown that ba-Se and pct-Se have almost
the same 8 (t) up to second-neighbor distances. It
may be concluded from the model studies per-
formed for ordered and disordered one-dimensional
chains' that the corresponding SRQ averages and
electron states in this range are very much similar
indeed. The quantitative features of 8(t) also

depend on interactions from farther neighbors.
Tllcfcfoi'c, Rll RdIIllxfurc of, fol' lllstallcc fcglolls ill
ba-Se with Se-ring molecules might be expected to
be detectable (also the nearest-neighbor separation
is slightly smaller for the ringlike structures). This
would be equivalent to difference~ in the average
SRO above third-neighbor distances. Since, within

the present experimental accuracy, it is not possible
to detlx:t differences in 8(t) between the various
phases for t & 9 a.u., we cannot conclude anything
about structural properties and the features of the
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electronic states beyond the second-neighbor dis-
tance. Thus, Compton spectroscopy yields infor-
mation on the SRO and the chemical bond in the
various phases of Se which is consistent within the
results of x-ray diffraction, photoemission,
EXAFS, and ir and Raman spectroscopy. Howev-

er, at present only instrumental and not fundamen-
tal factors limit the resolution. A better perfor-
mance, in order to widen the range for probing the
SRO, the electronic wave functions, and correla-
tion effects, is, at least in principle, achievable.

jector Q k,

=(1—g ~qnlmk)(qnlmk
~

)
~
k),

qn1m

(A 1)
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APPENDIX: THE ORTHOGONALIZED
TIFE MODEL

The orthogonalized plane wave (OPW)
~

X k ) is
obtained from the PW

~

k ) using the valence pro-

where the core state
~
qnlm k ) is labeled with a

unit-cell atom index q, and the standard set of
quantum numbers n, I, and m.

Since, however, (X-„+o ~
Xp, + o, ) =0, where

G and G' denote reciprocal lattice vectors, only if
the reduced wave vectors k and k ' are unequal,
one has to orthogonalize for each reduced wave
vector k all

~

X k
)'s belonging to the nBZ's. We

do not want to elaborate on this further here, but
consider instead for qualitative purpose the orthog-
onalized TIFE (OTIFE) model, which fulfills this
latter requirement only approximately. The rela-
tion B(T)=2n5 T o is not violated by this. Instead
of Eq. (4) we then obtain

B( t )=2 I d k 1 — g(21+1)(b„»,)
(2n )»z IIO qnt

x e '"''
1 — g(21+1)(bq, )'

o qn1

(4n )+ g e ' '
~ ~ ~t ((}k 4k)*~) (Ok,gk )b», b„nSq„( pq, „,i. , k ( t )

qn1m
q'n'1'm'

(A2)

where the orthogonalization coefficient is defined
as

b„ik = drj I(kr)R„~(r)r
0

and the core state
~

qnlm k ) AF as

(A3)

All other notation has the usual meaning. For

~qn&m 7,q'~em P( t )

=J d r(r ~qnlmk)(q'n'1'rn'k
~
r+ t ) .

(A4)

I

b~~ =0, Eq. (A2) reduces to Eq. (5).
Corrections to the TIFE model from orthogonal-

ization may be discussed with reference to Eq.
(A2), which contains valence-valence, valence-core,
and core-core terms in the square brackets, respec-
tively. Since the first two contributions (in large
parentheses) have the same angular dependence,
only the core-core terms may affect the sign of the
anisotropy. For the core state AF one finds for
t=T
~ nim s,q n v P(Tm) =5qq'S-'~»'5mm' '
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Here I is a lattice translation. The associated m

sum can then be carried opt and the whole in-

tegrand reduces to e '"' . Since the core func-
tion AF is a smooth function for small t for all

~
qnlrnk ), we conclude that core orthogonalization

effects do not change the sign of the anisotropy of
the TIFE model for small t.
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