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Structural models of amorphous selenium
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Neutron-diffraction experiments were performed on ball-milled amorphous selenium. The structure factor of
the material was interpreted by means of reverse Monte GRNC) modeling. In addition, detailed RMC
studies were carried out on numerous sets of diffraction data previously reported for amorphous Se. Based on
this comparative study, it is suggested that the material, independent of the method of preparation, contains
chain molecules of variable lengths and that the dominance ofiBgs is improbable. However, there are
indications that diffraction data alone are insufficient for determining if the system contains predominantly
chain- or ringlike molecules.

DOI: 10.1103/PhysRevB.67.172201 PACS nunider61.25—-f, 61.43.Bn

[. INTRODUCTION Our main goal here is to provide large structural models
that are consistent with diffraction results to within experi-

Amorphous seleniuma-Se, has been the subject of a mental errors which means that there is a quantitative agree-
number of diffraction studies over the past 60 yeafsin ment between measured and model structure factors. Many
addition to its technological importanca;Se is a frequently ~ Of the published data sets have been examined and since
used light-detecting material; the popularity of this materialthere seemed to be some differences between taéhough
is due to its readiness to form the amorphous phase: castingfrticularly as far as the interpretation of the data was con-
melt quenching %% vapor depositioh and more recently, cerned, we felt it necessary to measure our own diffraction
mechanical amorphizatiotball milling).” All are suitable data for this material.
methods for preparin@-Se. Experimental conditions are Some of the present authors r_]ave recently cond_ucted a
also favorable as diffraction measurements can be madegfverse Monte Carl¢RMC) modeling study of the disor-

ambient temperature and pressure although in some’se ered forms of selenium in the vicinity of the melting point.
low-T experiments have also been performed he main results of that study concerned the densit-8E:

Despite the fact that diffraction data abound, a fundameni—t was sshown that during the_interpretation Qf the prerimen—
tal question—that has been posed in virtually all of thetal data’ that formed the basis of a recent simulation sttfty,

studies—could still not be answered unambiguously. Doe%he value for thg microscopic dteSI([gf the scattering cen-
amorphous selenium consist of ;Seings or longer co- ter9 had been significantlpverestimatedby about 6%. On

valently bonded chains? It is impossible to form a coherenghe other hgndl, in the zzjfor(;n;er}téoaat(ij initio moIecméIar-
view from the information available in the literature. Any ynamics simulation study @-Se, ™ the density wasinder-

statement or conclusion can be found between “vitreous Se@stimatecby more than 10% even though the experimental

lenium consists mainly of Saings”3 and *results show that data they compared their results with were those of Ref. 5. In

amorphous Se consists of disordered chafh’is some- Ref. 9 it was also demonstrated that models based on long
times explicitly suggested that the structureasSe depends chains of about 1000 atoms were consistent with the data of

on the method of sample preparatiowhereas in the latest Ref. '5; however, additional experimental results were not
publication it is accepted as a matter of fact that “diffraction considered.
data can be modeled by using either rings or chathal

though we would be inclined to accept this latter view, it

should be noted that it is based on only qualitative agreement

with diffraction data. Without addressing this problem in de-  Crystalline Se powdef3 g) was ball milled under an ar-
tail, the authors of Ref. 8 mention Refs. 3 and 5 as the basigon atmosphere for 6 h in a Spex mixer/mill. The vial and
for their statement. Kaplowt al? introduced a Monte Carlo balls were made of chrome-steel and the ball to sample mass
type of algorithm which was the predecessor of the one userhtio was 5. The milling procedure consisted of milling for

in this study; however, since only “good” moves were ac- 15 min followed by 45 min of rest to avoid heating and then
cepted there, their calculations may have very easily run intoepeating the cycle until a total milling timef @ h was
local minima. In the study of R. BelliseAtan erroneous reached.(This is to be compared with results of Fukunaga
value of the density was usésee Ref. 9and in addition, no et al.” who found that 25 h were necessary to make all of the
other models but one consisting of chains were examined. Bragg peaks disappear in the sample.

Il. EXPERIMENT
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0.5 shown in the above studies, interpretation of these variations
should be avoided.

IIl. REVERSE MONTE CARLO MODELING

In an attempt to answer the “chains or rings” question,
we have decided to carry out detailed structural modeling
studies, using reverse Monte Carl®@MC) simulation®*
RMC is a tool for constructing large atomic configurations
for structural models that are consisténithin the experi-
mental errorswith experimental structure factors. It is then
possible to calculate the pair-correlation functig(r) di-
rectly from the particle coordinates, and also, to calculate
other quantities that can characterize the microscopic struc-
ture of a material{for a description of the simplest tools, see,
FIG. 1. Experimental structure factors of amorphous seleniumggf'é_Rig taﬁslzhﬁwgaay Senlé?g%;f ?/)z;?urzpliﬁﬁe' e[.)?i.i,r-

Solid line: from Ref. 3; dashed line: from Re. 4; dots: from Ref. 5; correlation function is calculated directly from the particle
markers: present neutron-diffraction measurement. The inset shows y P

the environment of the first maximum. between 1.5 and 2.8 A coordinates and not via the usual direct Fourier transforma-

(Note that the small fluctuations on the curve corresponding to thé'on' (For a recent review on RMC, see Ref. 115,

present study are characteristic to the statistical errors of the mea- The featur? that _makes RMC e_XtremEIy us_eful in the
suremen. present case is that it is possible to inclugsmetrical con-

straints (see, e.g., Ref. 20so that chains and rings of dif-
) ) ferent lengths can be introduced into the calculations. Chain
Neutron-diffraction measurements have been performedimyjations were usually started from a box containing eight
on the SLAD instrument at Studsvik NF£.The amorphous  repjicas of a 1372-atom chain generated by a random-walk
Se powder was contained in a thin walled vanadium conprocedure. Crystalline starting configurations withx22D
tainer. Additional measurements were made for backgroundy 10 unit cells (three atoms/unit cellwere also used. No
an empty container, and a solid vanadium rod for normalizasignificant difference in the final calculated results could be
tion purposes. Processing of raw data was carried out bgbserved which showed that there was no dependence on the
using thecORRECT program packagdé which utilizes stan-  starting configuration. Simulation boxes containing Begs
dard procedures for neutron-diffraction data correction. Thavere obtained by preliminary soft-sphere molecular-
resulting structure factor was then examined with the prodynamics simulations using 1372 eight-membered rings.
gramMcGR,*® which is an inverse method for obtaining the Details of this type of calculation can be found in Refs. 21
pair-correlation functionMCGR can refine simultaneously in- and 22.
elastic scattering corrections and normalize the data. Applying the latest form of coordination constraiftsit
Figure 1 compares the static structure fac®@) with  was possible to keep pre-generated flexible polymeric
some of the diffraction results published earlier. In Ref. 9, achains, as well as ge&ings, intact during the course of the
nonstandard method, exploiting RMC modeling, was sugentire run. Intramolecular Se-Se bond lengths were allowed
gested for the estimation of experimental uncertainties; acto vary between 2.16 and 2.46 @he upper boundary was
cording to that procedure, the error levels of the current dataxtended to 2.52 A in some cases—without noticeable ef-
are below 1%(Note that the relative importance of statistical fects. “Unconstrained” calculations using only hard-sphere
uncertainties can be neglected as compared to that of systemenstraints have also been performed, primarily for checking
atic errors which cannot be calculated accuratdtyhas to  if a particular set of data can be related to physically realiz-
be stressed that other data shown in Fig. 1 will not necessaable structures. The number of particles in our models ranged
ily satisfy the same requirements concerning error levels. between 8000 and 12000, depending on the actual set of
The agreement between new and older data in general monstraints. In order to investigate system size dependence, a
surprisingly good. The largest discrepancies are foundew calculations have been carried out with 4000 and 16 000
around the first maximum. The data of Ref. 4 show the larg{articles; these calculations showed that system size here has
est deviation from the the “ribbon” of values formed by the no effect on the final structures formed. Another test con-
various data sets, especially around the first two minima. Iterned the possible effects of the different scattering vector
should be noted that although Refs. 4 and 5 both report meaanges covered in the experiments considered here; calcula-
surements on melt-quenched samples by neutron diffractiotions were carried out on “shortene®{Q)’s (in the fashion
differences between these two are at least of the same orddescribed in Ref. 19 as well. It appears that setting the
as the differences found in Ref. 6 between x-ray and neutronpper limit of theQ range to about 10 Al, which is the
S(Q)’s and also to differences found in Ref. 7 between melt-upper limit of our experiment, does not effect the results in
guenched and ball-milled samples. Based on this observaticdhe particular case od-Se. A distance of closest approach
it is suggested that until definite confirmation from new ex-(between nonbonded Se atoms to account for excluded vol-
periments is presented for investigating the subtle variationame effecty has been set to be between 2.1 and 2.2 A. In

172201-2



BRIEF REPORTS PHYSICAL REVIEW B57, 172201 (2003

0.5 4 3 -
0.0 4 2
&) -
(7)) [e)]
-0.5 - 1 4
1.0 A 7
Y 0 d T T T T T 1

4

_ r(A)
FIG. 2. Structure factors obtained from reverse Monte Carlo . . . .
FIG. 3. Pair-correlation functions of amorphous selenium, as

modeling of the experimental structure factoraeSe determined in determined P trained’ RMC calculati Solid line:
this study (markers. Solid line: hard-sphere constraints only; etermined from(*unconstrained’) cajcufations. Solid fine:

dashed line: long chains; dots:g3&gs. The inset shows the region modeling the structure factor of Ref. 3; dots: modeling $Q) of
where differences between experiment and models are the greategt'.ef' 5; markers: modeling the present data.

Note that structure factors for the RMC models run practically . . .
together. straints. Similar patterns were obtained for data taken from

the literature. Since no strange or unphysical features appear

some calculations, values up to 2.7 A have also been trie®n any of theg(r)’s [unlike what happened in the case of
with no effect on the quality of the fitThis means that for liquid Se(Ref. 9], it is not possible to exclude any models
quantitative reproduction of diffraction data, the presence oPn the basis of their respective pair-correlation functions. It

threefold-coordinated covalently bonded Se atoms is not ne&an now be concluded that amorphous Se is one ofuthe
essary. fortunately, not very fewcases where diffraction data alone

simply do not contain the information needed for determin-
V. RESULTS OF STRUCTURAL MODELING ing the difference between two or more possibilities concern-
ing the microscopic structure. It should be stressed that up to
As input for the RMC modeling, we have used the struc-now, as far as the authors are aware, this statement could not
ture factors given in Refs. 3-5, as well as our own data. Albe made on the basis of quantitative agreement with experi-
of these could be modeled by unconstrained RMC calculamental data.
tions reasonably well, the worst case being data from Ref. 4. Nevertheless, it still seems to be possible to go beyond
The RMC fit of this latter data set was closer to the othersuch a negative statement, making use of the fact that no
S(Q)’s than to the fitted data, which is a clear indication thatsignificant differences were found between the various sets
this S(Q) contains significant systematic errors, as comparediffraction data fora-Se. It is known that our sample was
to the other sets of data considered here. This structure factprepared from the crystalline phase that consists of long
was therefore not included in our further investigations.  chains and that the powder was not subjected to large tem-
To give an idea about the “goodness of fit,” in Fig. 2, we perature change&@nd/or phase transitionslt follows di-
compare the RMC simulated structure factor with only hard-
sphere constraints to our experimer6Q) reported in Sec. 3 5
[I. Figure 2 also displays RMC structure factors for configu-
rations of chains and rings as well. Note that RN(Q)’s
are in full agreement with each other which makes it impos-

sible to exclude any of the models at this stage of the analy- 2
Sis.

Figure 3 shows pair-correlation functions obtained from T
unconstrained reverse Monte Carlo modeling of data from ;
Refs. 3 and 5, in comparison with tig€r) obtained for our 19
measurement. Again this comparison shows close agreement

between data of Refs. 3 and 5 and the present measurement.
The g(r) from the present experiment follows somewhat
closer the one from Ref. 5 but the difference is not signifi- Y
cant. It appears that deviations between dfie)’s are actu-
ally characteristic of present day experimental uncertainties r (A )
rather than of any real differences between samples or tech- F|G. 4. Pair-correlation functions obtained from reverse Monte
niques. Carlo modeling of the experimental structure factorae$e deter-

In Fig. 4, pair-correlation functions for the present resultsmined in this study. Solid line: hard-sphere constraints only; dashed
for a-Se are given, applying different geometrical con-line: long chains; dots: Qaings.
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rectly that the dominance of long chains is sufficient for ex- V. SUMMARY

plaining all existing diffraction data measured fSe. . .
. . . It has been shown that diffraction data measured for
Detailed thermodynamic measurements are reported in . e
. . : - . amorphous selenium over three decades agree to within the
Ref. 7, which—together with minute variations found in the stimated uncertainties of the individual experiments regard
structure factors—serve as a basis for concluding that th P 9

structure of melt-quencheatSe is different from that of the ess of the type of diffraction applietheutron or x-ray and

mechanically alloyed sample. We would like to point out thatf)f the method of preparatiowapor deposition, melt quench-

the difference seen in the published differential scannin jng, or mechanical milling It is t_heref_ore suggested that,
: . i . . iven the present standards of diffraction data, no far reach-
calorimetry signals can be interpreted simply by noting tha

. ; .ing conclusions should be drawn from differences between
melt quenching most probably leads to a chain structure in = = : . .

. o . existing neutron- and x-ray-diffraction data or from differ-
which chains interlock to a much higher extent then they do

after ball milling. For the formation of théchainlike crys- ences between data measured for samples prepared differ-

; ! ently, where these differences are of the order of magnitude
talline structure, therefore a more powerful relaxation pro-

; . is shown in Fig. 1.
cess would be needed. Thus the presence of rings is no . . . L
- ) Based solely on diffraction datséhe present investigation
necessary for explaining the thermodynamic data.

Selenium has two monoclinic crystalline forms that areand taken from the literatuygit is not possible to determine

made of Sgrings: «- and B-Se. It would be of great interest if amorphous selenium consists of long chains, Begs, or

) : . a mixture of both. Models of both could easily be con-
if mechanical alloying could lead to an amorphous sample

.. Tstructed for each data set whose structure factors agreed
from (at least one 9fthese crystals—unfortunately, this in- ~ . " : S X
o . ._.within the experimental uncertaintiéthat is, all of our mod-
vestigation has not been made before. A reason for this fail-

ure may be given on the basis of structural studies o Is agreed quantitatively with measured datdowever,

B-Se2*%5it was found that even at room temperatyfeSe knowing that our sample was made from crystalline Se con-

transforms spontaneously inte-Se quite rapidly and then sisting of long chains, it is suggested that @uEe sample
althouah at pa smaller )r/ate hexg onal ?:r )s/talline Se, icontained primarily chain molecules. Note also that other
formeé;l It was also noted thallt the rgte of tra}r/13formation in-%ata we considered were within experimental error levels
) ; . when comparing to the present set and that there was no
creases very rapldly with temperature. From these ObserVarfecessity for the presence ofgSings. These results imply
tions it can be conjectured that during the process of me; - .
: ; . L ' that, for the samples that have been investigated so far, the
chanical alloying of either monoclinic form of Se, first

. ' dominance of chainlike molecules should be considered
hexagonal Se would be formed which would then underga . .
more probable than rings in amorphous Se.

amorphization the same way as our sample.

From these early studies gf-Se?*2° another thought is
worth mentioning which concerns the formation of phases
containing Sgrings. In order to be able to avoid forming the  L.P. acknowledges the Hungarian Ministry of Education
chain structure, Se fragments have to be sufficiently isolatedor financial support. This work was supported by the Hun-
For this, rather special conditions are necessary while prepagarian National Fund for Scientific ReseafTKA), Grant
ing - and B-Se (see Refs. 24 and 25We note that such No. T32308, and by EU Grant EU-ICAI-CT-2000-70029. We
conditions cannot be maintainedafSe is prepared from the thank Jytte Eriksen for her skillful technical assistance in
hexagonal crystalline form, or from the liquid phase of Se. preparing the sample for this investigation.
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