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Structure of amorphous selenium studied by neutron diffraction

F. Yssing Hansen and T. Steen Knudsen

Fysisk-Kemisk Institut, The Technical University of Denmark, DK 2800 Lyngby, Denmark

K. Carneiro*

Danish Atomic Energy Research Establishment, Ris¢, DK 4000 Roskilde, Denmark

(Received 3 July 1974)

Neutron diffraction measurements on amorphous selenium have been performed at 293 and 80 K.
Careful analyses of the instrumental corrections were made to avoid systematic errors in the
measured structure factor S (k) in the wave vector region 0 < k < 12 A~". As a result of the data
treatment, the neutron scattering cross sections of selenium are determined to be o, = 8.4=+0.1 b
and oy, = 0.1+0.1 b. Using the fact that S(k) for large «’s is determined by the short distances
in the sample, a new method for extrapolation of the experimental S (k) until convergence is
proposed. This allows an accurate determination of g(r) showing peaks at distances that agree well
with the previous' x-ray experiment by Kaplow et al. for distances up to 11 A. However, only
partial agreement is obtained when finer details of g(r), e.g., the width of the first peak, are
considered. Finally, we give a brief discussion of the different models for the structure of amorphous
selenium, taking both diffraction measurements and thermodynamic considerations into account.

. INTRODUCTION

In this paper we present the results of neutron diffrac-
tion experiments from amorphous selenium at the tem-
peratures T=293 and 80 K, and discuss the information
gained on the structure of this material. Several dif-
fraction experiments have been published on this mate-
rial, both by means of neutron diffraction? and x-ray
diffraction, »°~% but except for the work by Kaplow efal. *
it seems to us that the data analysis may be seriously
questioned, We consequently examine in detail how in-
sufficiency in the data treatment influences the final re-
sult of a diffraction experiment. The agreement between
the results of Kaplow ef al. and ours indicates that if the
structure of amorphous selenium should be further ii-
luminated, experiments should be performed at larger
wave vectors than in the two experiments.

The relation between the structure factor S(x) mea-
sured by a diffraction experiment and the pair-distribu-
tion function g{(#) is given by the relations

anvpyle(r) 1] = %fx[soc) -1]sin(kr) dx (1)
0

K[S(x) - 1]=f”4m'po[g(7’) —1]sin(kr)dr, 2)
0

for isotropic samples with a random orientation of the
characteristic distances. This includes gases, liquids,
amorphous solids, and polycrystalline materials.

In (1) and (2), p, is the mean density of the sample, »
is the distance from a central atom, and « is the wave
vector transfer of the neutrons. The structure factor is
determined from the intensity of scattered neutrons as a
function of wave vector transfer. It may be obtained
from the scattering law S(x, w) integrated over all fre-
quencies w, and may give information about the dynam-
ics of the sample, when measured at different tempera-
tures.

It is important to remember that the pair-distribution
function in (1) is only an average distribution function,
which does not give the actual distribution of atoms
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around any atom in the sample. If g,.(r,.;)gives the dis-
tribution of atoms around atom !’ and r;.; =r is the dis~
tance between atoms I’ and I, g(r) may be written as

N N

g(r)=1%; ;gu(rm) , (3)
where N is the number of atoms in the sample. The
technique applied as well as the instrumental corrections
used are similar to what has previcusly been used for
the structure determination of liquid neon, ¢ and in Sec.
II we mention the relevant experimental details. Section
IO contains the data corrections necessary to obtain S()
and presents the results for the temperatures 80 and
203 K for 0=k=12 A,

It should be emphasized that the primary experimental
result is the structure factor, but since the atomic struc-
ture is much clearer revealed by g(v), we derive this
function in Sec. IV. However, because of the wave vec-
tor cutoff in the experiment, there is no unique way of
deriving g(7) from Eq. (1), and consequently approxima-
tions must be introduced. We propose a solution to this
problem in terms of a model, which in a natural way al-
lows an extension of the measured structure factor. Our
method differs from that used in Ref. 4. A more satis-
factory solution would be to extend the measurements to
larger « values, if possible.

In Sec. V we discuss the results and compare to the
ones previously reported. We also discuss briefly how
the various proposed models fit the experimental data.
As mentioned in the beginning of this section the radial
distribution function does not yield the atomic structure,
but important characteristics are revealed by a diffrac-
tion experiment. By further taking alternative informa-
tion into account, e.g., calorimetric, we feel that a
good test on proposed models is available.

Il. EXPERIMENTAL DETAILS

The neutron diffraction patterns were obtained on the
two-axis spectrometers at the DR 3 reactor at Risg. In
order to optimize the data collection with regard to in-
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tensity, instrumental resolution, and wave vector trans-
fer range, two different wavelengths have been chosen

to cover the range from 0.8=«k=12.5 f&", insteps of 0.05
A-l, Weuse «=47sin(6)/), where 20 is the total scatter-
ing angle and X is the wavelength. The two regions overlap
each other inorder to match the patterns measured with
different wavelengths. Typical spectrometer parameters
used for the room temperature setup are shownin Table I.
The second order contaminations of the neutron beams
were in both cases negligible. The incident monochro-
matic neutrons were counted by a *He monitor, and the
number of diffracted neutrons was obtained from a BF,
counter for a preset number of monitor counts at every
wave vector transfer.

The samples were provided by Professor R, O, Pohl,
Cornell University, and the density was reported to be
4.25 g/ml, giving a particle density of p,=0.0324 atoms
A3, They were cast in cylindrical shape with a diam-
eter of 1.37 ¢cm and a height of 3.50 cm., At liquid ni-
trogen temperature, the sample was mounted in a cryo-
stat, the scattering from which was reduced by masking
of the beam.

I1f. DATA CORRECTIONS

In Fig. 1 we show the diffraction pattern at room tem-
perature obtained as described in Sec. II, and similar
results were found at liquid nitrogen temperature. For
comparison we show a diffraction pattern for a poly-
crystalline sample. After subtraction of background we
get I(x, k). To obtain the structure factor S(x) from
I(, k) we use the following expression, given by de Graaf
etal.®

I, k)= AT, ) {S(K) +£5(2, k)
+ (Oinc/ocoh) [1 +fp()\’ K)] +Um()\)/o'coh} ’ (4)

where A(M) is a normalization constant. Discussed be-
low are the transmission factor T(}, k), the multiple
scattering correction ¢,()\)/0,, the Placzek correction
J»(A, 1), and the incoherent correction crm/ocoh . Typical
values for the corrections are shown in Table II.

A. The transmission factor 7(\ k)

Owing to both scattering and “true” absorption of the
incident neutrons, we have introduced in Eq. (4) the
wavelength- and angular-dependent transmission factor
T(x, k):

0, K)=y [emtiariay, (5)
4 1 4
T(», k) is given in the usual way in Eq. (5), where p is
the sum of the inverse of the scattering length and the

TABLE 1. Spectrometer parameters used for the scans per-
formed as described in the text.

Incident Monochromator Wave vector FWHM
wavelength crystal transfer range  resolution
A4 K[&] 141
1.705 Ge (1,1,1) 0.60— 5.50 0.1

0,852 Be (0,0,2) 4,.50~-12,45 0.3

15657

absorption length. The path length of the neutrons before
arriving to the volume element dV, from which they are
“absorbed, ” and the path length of the scattered neutrons
are denoted L, and L,, respectively. V is the volume of
the sample. Equation (5) has previously’ been evaluated
for samples of cylindrical shape. In Ref. 7 the “absorp-
tion factor” 1/T(x, k) is tabulated.

In the case of selenium, both the scattering and the
absorption cross sections are rather high, Furthermore,
the size of the sample makes the correction significant.
An earlier work! on amorphous selenium with almost the
same sample size revealed two structure factors and
pair-distribution functions measured with 0. 798 and
1.083 A neutrons, respectively, but the absorption cor-
rection was not included in the data treatment. This
may explain the observed differences since the correc-
tion is rather small (order of 1-2%) for the 0.798 A mea-
surements, while it is greater for the 1. 083 A measure-
ments (order of 5-10%).

B. Multiple scattering correction o, (\}/0

The diffraction data contain counts from single scat-
tered neutrons as well as from multiple scattered neu-
trons.

To correct for the multiple scattering we have used
the results calculated for cylindrical samples by Blech
and Averbach.® Their results are exact for an incoher-
ent scatterer, whereas they underestimate the multiple
scattering from strongly coherent scatterers. In our
case, however, S(k) does not deviate much from the in-
coherent value of unity, so we expect the incoherent ap-
proximation to be satisfactory.

C. Placzek correction 7, (X,k)

To obtain the structure factor one has to perform an
integration of the scattering law S(k, w) over all energy
transfers w for constant k according to the equation

S(x):fus(x, w)dw . (6)

By diffraction measurements one performs the inte-
gration of the function (k/%;)S(x, w) at constant angle,
where k is the wave vector of the outgoing neutrons, and
ky=2m/r. The Placzek correction, ® necessary to correct
for this incorrect integration, has been shown to be

ET «®\m [1x® 3x*\/mV
fp(x, K)=(E—;§)M+(‘Z—k—g+§k—g><ﬁ> +oeen, (7
where kj is Boltzmann’s constant, T the temperature,
m the mass of neutrons, and M the mass of the atoms in
the sample. E,=7%(¥,/2m) is the energy of the incident
neutrons. The contribution from the coherent scattering
to the intensity as given in Eq. (4) is

[S() +£o(A, K)o - (8)

D. _Incoherent scattering correction o0;,. /04y

The incoherent structure factor is given as

Sine(K) = Jd Sinc(k, w)dw=1,
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FIG, 1. Diffraction patterns obtained at room temperature from amorphous selenium. Open circles mark background counts, A

diffraction pattern for polycrystalline selenium is inserted.

Similar to Eq. (8), the incoherent contribution to the in-
tensity becomes

[1 +fP(K)]Uinc . (9)

E. Determination of A(\), 0;, and 0y,

To calculate S{x) from Eq. (4) we need the parameters
A\, 0y,., and 0, . These were determined by making
use of the following analytical properties of S(«x) and

g(ry:

S(k)~ pokTXy, for k=0 (10a)
S(k)=1, fork— (10b)
g(r)~0, forr=R,. (10¢)

In (10a) X r is the isothermal compressibility which in
glasses may be set to zero; (10a) therefore allows us to
extrapolate S(k) for 0=x=<0.8 A"l where reliable data
have not been obtained.

Equation 510b) was used to determine an initial value
of A(0.852 A). In the overlap region a least square fit
was used to determine the corresponding A(1.705 A).

In (10c), R, is of the order of the hard-core diameter
of selenium. We have used Ry=1.5 A, Unfortunately,
the scattering cross section for selenium is rather poor-
Iy known. It is reported!? that both the coherent and the
total scattering cross section is 9+1 b. The incoherent
cross section is not given. The absorption cross sec-
tion, which is directly proportional to the neutron wave-
length, is 7.4 b for A=1.08 A neutrons.® The use of
false cross sections in the calculation of the pair-dis-
tribution function may result in erroneous distribution
functions, so we decided to consider the scattering cross
sections as unknown, within the frame of the uncertain-
ties reported. We then optimized our calculation of the

pair-distribution function in the following way. Using
preliminary values for o, and 0, we calculated the
Fourier transform of the structure factor according to
Eq. (1) in the region ¥ <R;, where g(7) according to
(10c) is zero. The reason for doing so is that normal-
ization errors and errors in the cross section mainly
appear for small 7 values as sharp oscillations, while
they die out for greater ». As g(r)— 0 for small » val-
ues, we have that 477py[g(7) - 1]= - 477p, in this range.
Therefore the criterion for the optimal set of the three
variables is a least square {fit to the line —4mpyr. In
this way, both from the room temperature data and from
the liquid nitrogen temperature data, we found the cross
sections to be

O.n=8.4%0.1Db,
0,.=0.1£0.1b,

As the incoherent cross section is very small, it is ob-
vious that the credibility of the value depends very much
on the other corrections made, some of those being
greater than the incoherent cross section.

A very similar method was used by Kaplow ef al,!! to
determine the x-ray scattering factor of mercury, lead,
and tin.

TABLE II. Parameters of importance for the instrumental
corrections.

A4 1.705 0.852

TR, &) 0.610-0. 642 0.482-0. 508

50, x) 5%1075—(-)2, 2x 1072 (-)6x1073—(~)3. 4x 107
Oine/ Oooh 0. 012 0. 012

O/ Toon 0.21 0.18
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FIG. 2. Structure factor S(x) for amorphous selenium calcu-
lated from the intensity data as stated in the text, Dashed
curve indicates the extended S(x) obtained through the procedure
discussed in Sec. V, using the parameters listed in Table III.

Having applied this procedure, we obtained the S(x)
function shown in Fig. 2 for amorphous selenium at the
two temperatures in the region 0=<xk3$11 A™?,

IV. DETERMINATION OF g{r)

We discuss now the problems involved in obtaining
&(7) through the Fourier transform of Eq. (1), since S(«x)
has only been measured up to a finite x,. This general
truncation problem is severe because x[S(x) - 1] for se-
lenium as it appears in Fig. 2 has not yet converged
towards zero at k,,. We therefore propose an extrap-
olation procedure for S(x) based on the fact that only the
short distances in the sample determine S(x) for great «
values. The procedure does not involve any subjective
judgement of the user, in which respect the method
seems superior to methods proposed by other authors.

Different methods have been used to overcome the
truncation problem. To understand the nature of such
errors, we suppose exact knowledge about the Fourier
transform G(7) of a function F(x), that is

G(r):%L F(x)sin(x7r)dk .
I we do not integrate to infinity, but only to a finite

value k,, it corresponds to an integration to infinity,
not of the function F(x), but of the function F(k)D(«),

where

D(k)=1, for 0=k=k,

D(k)=0 for K,<K< =,
D(k) is called a window function. Instead of G(r) we then
get

G (r)= % f " F(k)D() sin(xr) dx . (11)

0
Using the convolution theorem we get

G’(r):%fQ(r-r')G(f)dr', (12)
0

where @(¥) is the cosine Fourier transform of D(k).
Equation (12) tells us that integration to «,, means that
G'(r) is a weighted average of the exact G(r) with Q(7)

as the weighting function. In the limit, where Q(7) is a
delta function, one gets the exact function G(7) corre-
sponding to x,—~ <. Since @(7) generally will have side
peaks in addition to a central peak, these may introduce
false peaks in G'(¥), especially around the main peaks of
G(r). Simultaneously, fine details of G(7) are smeared
out according to the final width of the central peak in@(7).

Several window functions have been suggested, the aim
being to minimize the two competing errors, the side
peaks and the finite width of @(7).

For selenium we have tried this method by applying
the Hamming window*:

D(x)=0.54+0.46 cos[n(x/x,)], k<K,
D(k)=0, k=K, .

The resulting g(r) is shown on Fig. 3(b). This is to be
compared with Fig. 3(a), where no truncation correc-

~

[N}
T
|

0 Fa¥ /\ /J\ PaN

)
~N
T

I

t
£~
T

1

~
T
1

4Tr2p,(g(r)-1) [Atoms/ I.\Z]
N
T

S
|

1 1 i i i ] L 1 i 1 1
1 2 3 4 5 6 7 8 9 w0 un 12

Radius r [A]

o

1
~N
I

~
I
1

FIG. 3. 4m’pglg(r)—1] for amorphous selenium at 7=293 K,
shown with unsatisfactory treatment of truncation errors. (a)
No truncation correction applied. () The Hamming window ap-
plied to eliminate truncation errors.
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tions were applied. It is seen that the Hamming window
removes symmetrically situated side peaks around the
first peak of g(#), but at the same time this peak is
broadened considerably, implying that details of the cor-
rect g(») may be hidden by this method. These charac-
teristics seem to be rather independent of the type of
window function applied. Thus the application of this
method should not be used to calculate g(») quantitative -
ly, but only as a qualitative indicator of which peaks
might be false.

An alternative way, originally proposed by Kaplow
et al.,*is to make an educated guess on S(k) for k >«,,,
so that the transform of Eq. (1) can be done correctly.
Kaplow ef al. suggested a self-consistent iterative pro-
cedure, where the idea is to study the effect of trunca-
tion of the g(7) function as one truncates the structure
factor data at different ¥ values less than «,,. From the
trend in g(») one makes a guess g '(#) of the form of the
final g(#). This guess is then transformed to S’(x),
through Eq. (2), now obtained also for « >k, . If the ex-
perimental S(x) and the calculated S'(x) differ, g'(r) is
modified until satisfactory accordance between S'(k) and
S(k) is obtained. Finally, one uses the calculated S'(x)
to give the final g(#), free from truncation errors. This
is not a unique mathematical procedure, as also pointed
out by Kaplow. By applying this method to our data, we
always obtained convergence, but the final result was
dependent of the way we started the iteration.

Consequently we looked for another method to extend
S(k) based on a better understanding of which part of g(v)
plays a role for large k’s in S(k). It appears from Fig.

3 that the dominant feature of g(#) is the two peaks at 7,
=2.32 A and ¥5=3.69 f\, and it may be argued from the
form of Eq. (1) that S(x) for large «’s is mainly deter-
mined by g(7) at these distances. Accordingly, we sup-
pose a model for g(7), where the structural elementcon-
sists of two discrete Gaussian-like distributions cen-
tered around 7; and 7,:

7 (r —7)?
T e -
7 20%

N
2 M
47r *pa g™(7¥)= 36T

N, 7 (v —7,)°
+\/27r<7§ 7y exp 20%

(13)

N, and N, are the numbers of nearest and next nearest
neighbors to an atom, and o2 and o are the variances

in the respective distances. The reason for not choosing
a simple Gaussian distribution is purely a matter of
mathematical convenience, which enables us to obtain

an analytical expression for the structure factor. Out-
side the range of this structural element we set g™(r)

=1, which again means that the upper limit of integra-
tion in Eq. (2) may be replaced by the range of the struc-
tural element. The integration in Eq. (2) may therefore
be split into two parts, one which involves the integra-
tion over the structural element Eq. (13), and one over
the “hole” in which the structural element is embedded.
Whence

S™k) —1=N, E}%—Cﬁl exp(- 70 2k%)
1

: Structure of amorphous selenium

sin(k7,)

L o2.2
exp(— 205K
K7, p(— z03K%)

+N,

+é—:—§1Q[m’2 cos(kv,) - sin(k7,) exp(— 20 3«%), (14)
where the two first terms are recognized from Eq. (13).
The third term is the contribution from the hole in which
the structural element was embedded. It depends on x™3
and is negligible for the large k’s. The factor

exp(— 20 «?) in the last term was included to ensure that
£™(7) goes smoothly to unity outside the range of the
structural element. As the contribution from such a
term dies out in a similar way as the contribution from
the hole, it is not important for our purpose.

Values for Ny, N,, o,, and 0, were then found through
a least square fit between our model and the measured
data. In order to avoid influence of truncation effects
on the comparison, one must fit the Fourier transform
of S™(k) to that of the measured S(x), both truncated at
K, . The reliability of this treatment is illustrated in
Fig. 4, where we show the resulting Fourier transforms.
The feature of importance for the fit is the first peak and
the left part of the second peak, which seems to be well
separated from other features. The fit proved to be
sensitive to the values of the parameters of the model
and in this way we obtained the values as shown in Table
II. The dashed curves on Fig. 2 show how smoothly
S™(k) extends the measured curve. According to S™(k)
the structure factor would show significant structure up
to k=30 AL, Using our measured data for S(k) for k< «,,
and our model for « >k, , we obtain through Eq. (1) the
pair distribution function g(7) for amorphous selenium
at 80 and 293 K. The two functions are shown in Fig. 5.
For comparison, we also show schematically in Fig. 5
the number of neighboring atoms for the three crystal-
line phases of selenium.

2 —{
f_|1 I~ -
<
n
E L _
o
k)

. " e e
)

= ~N

CREATAS ° .
%O

B

T 4L M B

-2 ] 1 | ] ! 1 1
1 2 3 4 5 6 7
Radius r |

|
8 9
A]

FIG. 4. 4mrpylg@) —1] shown for direct Fourier transform of
the measured S{k) (solid line), and for proposed model (open
circles),
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TABLE III. Final data used for extension of the structure
factors.

TIK]  n4) rlA] aldl  old) Ny N,

293 2.32 3.69 0.068  0.257 1.95 6.
80 2,32 3.69 0,096 0.235 1.95 7,

V. DISCUSSION

As a result of our measurements we get the structure
factor S(x) for amorphous selenium at room temperature
and at liquid nitrogen temperatures, as well as the two
neutron scattering cross sections o, and oy, S(x) is
shown in Fig. 2, and tabulated in Table V. Concerning
the accuracy of the measured S(x), the statistical rms
uncertainty is ~ 0, 5% after smoothing. The absorption
and the Placzek corrections are both well determined,
and we estimate them to contribute the uncertainty of
S(x), each within 0, 5%. Although our treatment of the
multiple scattering is not fully satisfactory, the applied
incoherent approximation should hold relatively well be-
cause S(x) does not deviate much from unity. The mag-
nitude of the incoherent cross section o,, which enters
Eq. (4) in the same way as o0, indicates that (o, + 0y,.)/
Ocon 1S accurate within 1%. We therefore estimate o,

and the structure factors to be determined within £ 1. 5%,

Considering the structure factor, when the tempera-
ture is lowered from 293 K, which is only 30 K below
the glass-transition temperature, to 80 K, close to the.
Debye temperature of 75 K, only small qualitative
changes occur. The only feature of importance, in
agreement with Kaplow ef al., seems to be a slight
sharpening of the two first peaks in S(x) when the tem-
perature is lowered. The consequent changes in the
structure will be discussed below,

The obtained values of the cross sections in Sec. III
fall within previously reported values, and we find this
method interesting since it involves no absolute scatter-
ing measurement, but rather the use of analytical prop-
erties of g(»). As mentioned above, o,,, appears in Eq.
(4) similarly to o,,, which is dominant. The value of
0Oy,c 1S consequently rather poorly determined, but the
fact that it is small serves as a consistency check on
the applied method.

The obtained g(r)’s, shown in Fig. 5 (see Table VI)
are characterized by position and shape of the two first
peaks and a number of peak positions, shown in Table
IV. The natural widths of the two first peaks have to be
compared with the resolution broadening discussed in
Sec. IV owing to the finite x,. By our method we have
corrected for this instrumental effect, which may be
described as aneffective instrumental widtha,,, =0, 51/x,,,
i.e., 0.041 and 0, 054 for 293 and 80 K, respectively.
In both cases the measured natural width of the first
peak is more than 50% larger than the resolution.

However, the residual wiggles in g() after the cor-
rections show that still some uncertainty is left.

Mountain'® has pointed out that one cannot in an easy
way relate the uncertainties in S(x) and g(»), but g(7) is

extremely sensitive tosystematic errors in S(x). In this
respect the work of Kaplow efal. and our work seem satis -
factory, and it is therefore of interest to compare the de-
tails of the pair-distribution functions. Kaplow ef al. used
x-ray measurements and a different method of extending
the structure factor data to eliminate truncation errors.
From Table I it is seen that the numbers of nearest and
next nearest neighborsarethe sameforboth coldand warm.
selenium. It is also seen that the width of the first peak
isincreased withdecreasing temperatures, which is sur-
prising. The room temperature data agree with those

of Kaplow, but he did not observe the broadening of the
first peak for cold selenium. The width of the peaks is
due to structural disorder as well as to thermal motion
of the atoms, and one would expect the first peak es-
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FIG. 5. 47mr?0ylg{) —1] for amorphous selenium at 80 and 293
K. Final result. Also shown schematically, the number of
surrounding atoms in the three crystalline phases,
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TABLE IV. Peak positions in the pair-distribution functions obtained by different authors through x~ray and neutron diffraction at

different temperatures.

Richter (Ref. 3) Henninger et al. (Ref. 1) Kaplow ef al . (Ref. 4) This work
Se(l) Se (II) Se (II1) X-ray x-ray Neutron Neutron x-Tay x-ray Neutron Neutron
liq. air temp. T=293 K T=293 K T=293 K T=293 K T=293 K T=293 K T=293 K T=79 K T=293 K T=80 K
A =1.54[3) A =1.54{A] A =0.56[A] A =0.56{&] A =0.56[A] X =1.083[] A =0.797[A] A =1.792]A] A =1.792{4] X =1,705[A] A =1.7116[4}
. i X =0.61[3] A =0.61{A}] A =0.852[A) A =0 9563(A]

K= 7. 91A1] kp=T 9041}k, =7.818Y  k,=18IA"] kg, =13[AY) =134 K= 13[A"1] Kp=15[A1 k= 150471 Km =12 5131 k,=9.9(A)
2.35 2.35 2.35 2.33 2.33 2.31 2,33 2,44 2 34 2,32 2.32

- - 3.0 - - - 3.0 - - - -
3.68 3.78 3.55 3.73 3.73 3.12 3.71 3.75 3.5 3.69 3.69
4.3 - 4.5 4.65 4.62 4,58 4.5 4.3 4.3 4.3 4.4
4.7 4.8 5.0 - - - 5.0 4.7 4.7 4.7 4.9
5.25 - - - - - - 5.1 5.1 - -
5.75 5.75 5.6 5.80 5.8 5.9 5.75 5.8 5.8 5.75 5.75
6.2 6.5 6.1 - - - 6.3 6.4 - 6.3 -
7.1 7.4 7.0 6.7 7.0 6.8 6.9 7.0 - 6.8 -

- - - 7.3 7.4 7.2 7.4 7.5 7.3 7.35 7.1

- - - 7.9 7.9 7.9 8.1 7.9 - 7.9 -

8.2 - - - - - - 8.5 8.5 8.4 8.2

9.1 9.2 - - - - - 9.2 9.2 9.0 8.9

- - - - - - - 9.6 - 9.5 9.4

- - - - - - - - 10. 10.1 10.1

- - - - - - - 10.6 10. 10.7 10.8

pecially to be narrow on cooling since it mainly corre-
sponds to a covalent bond. This simple dynamical in-
terpretation does not seem to be adequate since we ob-
serve the opposite effect. We must conclude that both
structural and dynamical disorder contributes to the
width of the first peak in g(¥). Since the major changes
in S(x) on cooling seem to be the same in both measure-
ments, the difference may be because of defects in the
data treatment. Further, our measurements were per-
formed with the same sample at both temperatures,
whereas Kaplow used two samples; the one at low tem-~
perature was vapor-deposited, and this may have intro-
duced some surface effects which can also be responsible
for the discrepancy.

The difference between our results and those of Ref.
1 at room temperature may be a result of differences in
the correction procedures of the intensity data (absorp-
tion—correction) and to differences in the treatment of
the truncation errors. Thus, they found that the first
peak in the 47mpy7 ¥ g(7) - 1] curve was lower than the sec-
ond peak at room temperature, a result we would get if
we completely neglected truncation errors [Fig. 3(a)].

The x-ray results of Richter® differ in two important
ways from our results. Firstly, the second peak in the
47p,r2{g(7) - 1] curve is much higher than the first peak,
and the peaks are broader than we found them. This is
probably because of large truncation errors, as «, in
these measurements is only 7.9 A, Secondly, Richter
distinguishes between three different types of selenium,
corresponding to three slightly different positions of the
second peak in the pair-distribution function (see Table
IV). To our knowledge no other authors have observed
these three different forms of selenium.

From the above discussions we have seen that it is
important to know the experimental x,, values when one
compares different pair-distribution functions, which
have not been corrected for truncation errors. If one
compares the distribution functions obtained from dif~

ferent measurements with different «,, values, it is val~
uable to have a general procedure, e.g., the one sug-
gested here, to make the functions comparable. Other-
wise one may easily draw conclusions which are not
physically based.

Besides the two first peaks in g(#), structure persists
up to the largest distances shown in Fig. 5. Further
it is seen from Fig. 3 that in the region 4 A< » <11 A
the gross features of g(#) are relatively independent of
the way in which truncation errors are treated. This
indicates the significance of the peak positions in the
measured g(#). By comparison to other published re-
sults it is therefore instructive to notice the agreement
between the peak positions also for larger distances. In
Table IV are shown the peak positions reported from
earlier diffraction experiments on amorphous selenium
both at 298 and 80 K. It seems to us that if one uses
either our method or the one proposed by Kaplow, one
can resolve peaks as far as 11 A from experiment. This
immediately calls for more sophisticated ways of obtain-
ing models, both of the type based on a random genera-
tion or based on hand built models, since none of those
has so far been able to produce reliable data for so large
distances.

Finally, we will make a short discussion of the atomic
arrangements in amorphous selenium. Recently, Rich-
ter® suggested a model for amorphous selenium, which
is in accordance with the distances found in their pair-
distribution function, It is suggested that amorphous
selenium consists of planar zigzag chains joined to lay~
ers in the distance of approximately 3.69 A. The struc-
tural element of the chains is the same isosceles tri-
angle as is found for the screw chain in hexagonal crys~
talline selenium.

One may now ask if this model is reasonable also from
an energetic point of view. The heat of crystallization
of amorphous selenium has been determined by differ-
ential thermal analysis to be ~1 kcal/g atom. 14 7o make
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TABLE V. Values of the structure factor S («) for selenium at the temperatures T=293 and 80 K,

as a function of the wave vector transfer.

S(k) S(k) S(x) S(k) S(k) S(k)
k&1 (T=203K) (T=80K) kA1 (T=283K) (T=80K) kAt (T=293K) (T=80K)
0.05 0.009 0.009 4.25 0.870 0.957 8.45 1.041 1.028
0.15  0.010 0.015 4.35 0.802 0.881 8.55 1,055 1.045
0.25 0.015 0.030 4.45 0.736 0.824 8.65 1.072 1.071
0.35 0.030 0.041 4.55 0.709 0.771 8.75 1.096 1.090
0.45 0.040 0.046 4.65 0.695 0.731 §.85 1.100 1.113
0.55 0.070 0.060 4.75 0.705 0.700 8.95 1.091 1.104
0.65 0.100 0.070 4.85 0.710 0.705 9.05 1.096 1.091
0.75 0.160 0.081 4.95 0.744 0.731 9.15 1.071 1.082
0.85 0.230 0.094 5.05 0.796 0.779 9.25 1.055 1.064
0.95 0.310 0.111 5.15 0.874 0.868 9.35 1.027 1.038
1.05 0.360 0.131 5.25 0.928 0.951 9.45 1.004 1.012
1.15 0.411 0.167 5.35 1.021 1.061 9.55 0.990 0. 990
1.25 0.483 0.251 5.45 1.088 1.158 9.65 0.946 0.960
1.35 0.609 0.411 5.55 1.145 1.210 9.75 0.944 0.930
1.45 0.695 0.579 5.65 1.181 1.219 9.85 0.928 0.912
1.55 0.826 0.710 5.75 1.196 1.197 9.95 0.917
1.65 0.938 0.854 5.85 1.160 1.144 10.05 0.924
1.75 1.053 0.981 5.95 1.156 1.095 10.15  0.913
1.85 1,161 1.132 6.05 1.119 1.060 10.25 0.929
1.95 1.192 1.260 6.15 1.067 1.011 10.35 0.941
2.05 1.168 1.247 6.25 1.033 0.989 10.45 0.941
2.15 1.082 1.135 6.35 1.003 0.967 10.55  0.963
2,25 0.974 1.042 6.45 0.981 0.958 10.65 0.995
2.35 0.892 0.957 6.55 0.977 0.949 10.75 0.993
2.45  0.827 0.899 6.65 0.968 0.947 10.85 0.991
2.55 0.789 0.851 6.75 0.964 0.945 10.95 1.030
2,65 0.768 0.820 6.85 0.945 0.945 11.05 1,024
2.75  0.762 0.789 6.95 0.972 0.944 11.15 1.051
2.85 0.769 0.789 7.05 0,957 0.944 11.25 1.053
2.95 0.797 0.851 7.15 0.974 0.943 11.35 1.061
3.05 0.847 0.913 7.25 0.941 0.943 11.45 1,053
3.15  0.903 0.997 7.35  0.943 0.939 11.55 1,041
3.25 1.013 1,072 7.45 0.934 0.939 11.65 1.047
3.35 1.136 1,192 7.55 0.920 0.935 11.75 1.037
3.45 1.239 1.320 7.65 0.927 0.930 11.85 1.039
3.55 1.312 1.399 7.75  0.928 0.930 11.95 1.027
3.65 1.323 1.435 7.85 0.938 0.938 12.05 1.029
3.75 1.284 1.470 7.95 0.957 0.947 12.15 1.010
3.85 1.217 1.364 8.05 0.968 0.960 12.25 1,000
3.95 1.108 1.235 8.15 0.964 0.972 12.35  0.992
4.05 1.026 1.116 8.25 0.998 0.985 12.45  0.987
4.15 0.938 1.036 8.35 1.023 1.007

the hexagonal screw chain planar, one has to change the
dihedral angle in the chain, The barrier for this rota-
tion is estimated®® to be of the order 10 kcal/g atom to
be compared with the above measured value, We there-
fore suggest that at least the whole sample cannot be
built by planar chains, although parts of the sample may
contain planar chains,

Kaplow ef al.* have made a Monte Carlo calculation of
the structure of amorphous selenium making a fit to the
experimental g(r). They considered a model based on
modifications of the crystalline phases, schematically
characterized in Fig. 5, and from energetic arguments
they selected the ones which showed a minimum spread
in the angle between an atom and its nearest neighbors.
This spread corresponds closely to the o; in our model.
They did not take the dihedral angle into account, and as
the energy associated with a rotation in this angle is

rather high, it may change their results, when included
in the calculations. They concluded that the structure
consisted mainly of slightly distorted Seg rings, along
with an occasional ring which is opened sufficiently to
develop a weak localized trigonal symmetry or a few
greatly deformed chains. Although they are able to re-
produce the measured g(r) for smaller distances, further
refinements may be obtained considering the significance
of the larger distances, which is indicated by comparison
with our results.

Vi. CONCLUSION

Accurate structure factors and pair-distribution func-
tions for amorphous selenium at 293 and 80 K have been
obtained using neutron diffraction. (See Tables V and
V1.) The systematic errors have been treated carefully
and a new method to avoid truncation errors has been
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TABLE VI. Values of f= 4m*2p0[g('r) —1] for amorphous selenium at the temperatures 7=293 and 80 K, as

function of the distance ».

f S f S f J
vA! (T=293 K) (T=80K) Al (T=293 K) (T=80K) A"l (T=293 K) (T=80 K)
0.05 —0.005 —0.058 5.06 —1.119 -0.190 10.05 —0.085 0.415
0.15 =0.042 -0.141 5.15 ~—1.075 —0.991 10.15 0.084 0.811
0.25 =0.107 —0.048 5.25 —0.901 -1.679 10.25 0.016 0.803
0.35 —0.171 —0.059 5.35 —0.645 ~1.760 10.35 =0.258 0.604
0.45 =—0.198 —0.049 5.45 —0.311 —1.146 10.45 —0.370 0.469
0.55 =—0.184 —-0.014 5.55  0.261 ~0.112 10.55 0.023 0.580
0.65 —0.166 0.008 5.65  0.858 0.776 10.65 0.591 0.762
0.75 —0.167 ~0.019 5.75  0.987 1.178 10.75 0.799 0.765
0.85 —0.171 —-0.146 5.85  0.548 1.001 10.85 0.456 0.398
0.95 ~—0.150 —-0.374 5.95 —0.214 0.537 10.95 —0.190 -0.182
1.05 ~—0.106 ~0.663 6.05 —0.798 0.013 11.05 —0.511 —0.668
1.15 ~0.132 —-0.925 6.15 —0.873 -0.401 11.15 —0.293 —0.782
1.25 =—0.283 —-1.062 6.25 —0.747 —0.803 11.25 0,058 —0.554
1.35 ~0.477 —~1.049 6.35 —0.740 —1.197 11.35 0.182 —0.248
1.45 —0.630 —-0.918 6.45 =—0.833 —1.537 11.45 —0.030 -0.155
1.55 ~0.691 —0.825 6.55 —0.840 —-1.570 11.55 —0.315 —0.343
1.65 ~0.741 —~0.852 6.65 —0.503 —1.161 11.65 —0.317 —0.608
1.75 —0.995 ~1.110 6.75  0.013 —0.340 11.75 —0.169 —0.698
1.85 —1.396 —-1.452 6.85  0.308 0.587 11.85 -0.104 —0.493
1.95 ~—1.759 -1.835 6.95  0.387 1.288 11.95 —-0.167 -0.176
2.05 ~—2.045 —1.889 7.05  0.440 1.564 12.05 =—0.314 0.025
2.15 ~—1.638 —0.594 7.15  0.661 1.463 12.15 —0.326 —~0.058
2,25 4.520 4.004 7.25  1.024 1.181 12.25 —0.192 —0.275
2,35 8.363 5.765 7.35  1.109 0.855 12.35 —0.105 —0.415
2.45 —0.448 1.135 7.45  0.780 0.525 12.45 —0.027 -0.274
2.55 ~—3.389 —~2.054 7.55  0.325 0.119 12.55 0.056 0.039
2.65 —2.600 —-2.749 7.65  0.041 —0.312 12.65 0.125 0.334
2.75 —2.774 -~3.006 7.75  0.123 —0.665 12.75 0.190 0.374
2.85 —2.873 —3.167 7.85  0.334 —0.735 12.85 0.092 0.205
2.95 —3.124 —3.359 7.95  0.278 —0.533 12.95 —0.097 —-0.016
3.05 -—3.293 —3.455 8.05 =0.018 —0.188 13.05 —~0.199 —0.065
3.15 -—3.115 ~3.304 8.15 —0.369 —-0.011 13.15 —0.248 0.061
3.25 —2.412 -2.440 8.25 =—0.562 —0.100 13.25 —0.230 0.248
3.35 —0.773 ~0.635 8.35 —0.500 —0.394 13.35 =0.128 0.323
3.45 1.608 2.079 8.45 —0.441 -0.577 13.45 0.075 0.278
3.55 3.880 4.807 8.55 —0.501 —0.473 13.55 0.483 0.230
3.65 5,140 6.423 8.65 —0.551 ~0.086 13.65 0.839 0.305
3.75 4.716 6.014 8.75 =—0.485 0.283 13.75 0.768 0.488
3.85 2.986 3.948 8.85 —0.154 0.389 13.85 0.277 0.590
3.95 1.148 1.374 8.95  0.292 0.170 13.95 —0.353 0.455
4.05 —0.004 —0.363 9.05  0.489 ~0.128 14.05 ~—0.633 0.071
4.15 -0.300 —0.900 9.15  0.375 —0.213 14.15 —0.374 —0.320
4.25 -0.169 -0.611 9.25  0.069 0.019 14.25 0.004 —0.491
4.35 —0.157 -0.276 9.35 —0.128 0.369 14.35 0.158 —0.337
4.45 —0.197 —0.228 9.45  0.054 0.487 14.45 0. 069 —~0.075
4.55 ~—0.133 —0.398 9.55  0.0375 0.206 14.55 —0.065 0.051
4.65 —0.066 —0.420 9.65  0.492 —0.342 14.65 0.029 —-0.121
4.75 =0.115 —0.163 9.75  0.291 —0.742 14.75 0.183 —0.395
4.85 —0.455 0.194 9.85 —0.103 —0.707 14.85 0.122 —0.500
4.95 =0.918 0.263 9.95 —0.265 —0.203 14.95 =0.036 —0.214

introduced. Good agreement with earlier measurements
on the peak positions for distances less than 11 A is ob-
tained, but some finer details as the width of the first
peak at small temperatures disagree.

The experimental data have been used to find values
for the coherent and the incoherent scattering cross sec-
tion.
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