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Tight-binding model of selenium disordered phases
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Following the parametrization scheme first introduced by Goodwin, Skinner, and Pettifor, we propose here
a model of the empirical tight-binding Hamiltonian for selenium, based on the fitting of cohesive energy curves
obtained from density-functional calculations for solid phases, rings, and chains structures. We have assessed
the model by means of various tight-binding molecular-dynamics calculations performed in liquid and amor-
phous states. Comparisons with initio calculations and experimental results indicate that the model is fairly
accurate for the pair structure at low and medium temperatures, but tend to overestimate bonding at high
temperatures. The number of valence alternation pair defects also seems to be overestimated. On the other
hand, the band structure derived from the tight-binding density of states predicts the occurrence of a
semiconductor-to-metal transition when approaching the critical temperature in good agreemaeiit iwvitio
calculations and experimental evidenf80163-182@9)02333-4

[. INTRODUCTION covalent semiconductor with strongly localized bonds, the
TB approach seems promising, as previous works by Bi-
A great deal of work has been dedicated in recent years téhara, Pelegatti, and Gasp&rtiave shown using a relatively
elucidate the electronic structure of liquid and amorphougimplistic parametrization. A basic parametrization for the
selenium and its interplay with the structural changes occur] B Ham#g:coman of Se was proposed years ago by
fing upon melting and when approaching the critical point. ROPEMSOMT” by simultaneously fittings- and p-band shapes
Together with various neutrdd and x-ray-diffraction obtained in the LDA for trigonal Se and the experimental
: 344 t of th tical K has b optical gap. Follqwmg GSP, this parametrization has to be
_expenment ; alargeé amount of theoretical work has eencomplemented with a series of terms that guarantee the trans-
invested from different levels of approximation ranging from

L e T ; e ferability of the Hamiltonian to various structures, plus a set
pure ablE'ltéo calculations, to simple tight b'”d'”Q(TB)S of parameters that should model the repulsive interactions,
models,” ™ as well as effective potential calculatiofs™®  \yhere core-core and electron-electron interactions are in-
Useful techniques like the reverse Monte CafRMC)  cjuded in an effective way. The fitting parameters should
method® have come to aid the elucidation of the structurethen render cohesive energy curves in agreement alith
obtained from diffraction experiment.However, despite initio calculations for the largest possible set of clusters,
the wealth of data and numerous discussions, a number @hains, and crystalline phases. This is the approach we have
issues remain somewhat unsettled for the following reasongollowed here. Once the model Hamiltonian was defined, our
First, diffraction experiments offer mostly information on the purpose was to put it to a stringent test in the liquid and
pair structure, and although the RMC furnishes a deep inamorphous phases. To this aim, we have carried several
sight into the atomic structure compatible with experimentalmolecular-dynamic$MD) simulations where the dispersive
structure factors, some fine details in the strucflite the  forces have been evaluated via the Hellmann-Feynman theo-
number of valence alternation pai¢AP’s), responsible for rem by means of the full diagonalization of the Hamilto_nian.
the small response of the electronic behavior of Se to dopA representative sample of 162 atoms has been used in most
ing] are too subtle to get an unequivocal answer. On th&aSes. This is obviously too small to give a correct account

other hand, pureab initio calculations have been mostly Of the chain dynamics, but it has proven sufficient to check
done in the local-density approximati¢hDA),1® although the model Hamiltonian which is the central aim of this work.

recently some generalized gradient correctil®@SA) have S Will be shown in the following pages, we can say that the
also been incorporated. The limitations of the LDA are well T'0d€! has passed the test. The agreement with experimental
known (excess of correlation, incorrect gap sizesd it is results for the structure factors is fair over a wide range of

also known that GGA tends to overcorrect the defficiencie temperatures. The same can be said when comparingawith

fthe LDAL | t calculati h h nitio results, except for the tendency in the TB model to
orthe. - 1N any case, recent caiculations | a\_/ess oW”encourage bonding at high temperatures. Diffusion constants
that this type of approach is well suited to treat liquid®s¥,

) . X o T seem to be in relatively good accordance vathinitio cal-
despite the fact that its most important limitation is the re-.jations. and most crucially, this TB model predicts a

striction to small sample sizes, due to the high computationalemiconductor-to-metal transition when approaching the
cost of the calculation. Therefore we have considered worthyitical point due to band crossing. This whole picture agrees
revisiting the empirical tight-binding approximation, follow- remarkably well with experimental results, which illustrates
ing the ideas that Goodwin, Skinner, and Pettif@SP suc-  the usefulness of TB Hamiltonian and the TB-MD technique
cessfully exploited in the case of silicéh.Since Se is a to describe liquid and amorphous covalent semiconductors.
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T_he rest of the paper is sketched as follows. In the next ueP(r)=go(do/r)™exp{m[ — (r/dg)Me+ (do/dg)Me]}.
section we summarize the essential features of the TB mod- 2
eling and present our TB Hamiltonian derived from the fit-
ting to various structures. In Sec. Ill we give a brief sum- S ) )
mary of the simulation details. Then, Secs. IV, V, and VI ggggea;rggtgg?nngaﬁﬂhb:voélelgr?gpr?lsﬁndbg]:le an':IS(N is the
present the core of our results for the atomic structure, dif-

In the independent electron approximation the valence elec-

fusion constants, and band structure. Finally, some conclu- n
sions and future prospects are presented in Sec. VII. H :E h;, ©)
i
Il. TIGHT-BINDING MODEL where the one-electron Hamiltoniam (for simplicity we

. L , omit the subscript) is
The functional forms of the hopping integrals in the stan-

dard empirical TB Hamiltonians are well known since the
work of Harrison?* Nonetheless, to guarantee transferability, "= > €pay oAp ot > (IR~ Rohap .25

in this work we have subscribed to the approach proposed by P pra.wp @)
Goodwin, Skinner, and Pettiffrto model silicon. These au-

thors formulate functionals for hopping integrals consistentiere,e;=e® are the on-site energies of the valence electrons
with Harrison’s 1/ decay and repulsive pair interactions to in the basis set chosetf?(|R,—Rg|) are the energies asso-
enforce mechanical stability. The priority was set on extend<iated to electron hopping from statein the atom located in
ing the transferability of the Hamiltonian to account for R, to stateg in the atom inR,. a;a (ag,0) are the corre-
properties of close-packed structures within the frameworlsponding creatioitanihilation operators defined in terms of
of the tight-binding approximation. In the case of silicon, aatom-centered basis functions. Following GSP, the radial
rather small number of parameters was enough to reprodudactor of hopping integrals can be parametrized as

its properties over a wide range of physical conditions, rep-

resenting the most probable local coordinations. On the othert®?(r)=t2#(rq/r)" exp{n[ — (r/r‘gﬁ)”gﬁ+ (rolrg‘ﬁ)”g'g]}.

hand, when this approach was applied to carbon by Xu (5)

et al,?? it was necessary to increase the number of params.
eters by a factor of 2, incorporating nonpairwise additive
repulsive forces to correctly account for a few common
structures. This is due to the fact that in the case of carbo
one has to take into account structures from linear chains t

he values ot§” andr, have been taken from the original
parametrization of Robertsbhwhile other parameters in
ﬁqs.(Z) and(5) will be treated in the GSP spirit. However, in
Sontrast with the original GSP treatment each hopping term

close-packed phases, and the former are somewhat hard :fg” be modeled separately, incorpor_ating d“ffe_re”‘ deqays
model with purely pair repulsive interactions. l.e., r¥* and n2f) for each term. This peculiarity has its

The case of selenium is also somewhat delicate since Rf19in in the fact that in contrast with the parametrization for

occurs as twofold coordinated for most of the accesibled'OUPIV elements, Robertson’s treatment of gratpndVIl
physical conditions. Transferability here has to focus mostl;)ndUd?S hc_)perl];g termask to second nel_ghborg. To be consis-
on the hopping to second neighbors since the first-neighbdfnt With this,r¢” andnc™ have to be adjusted independently
shell is essentially constant on most phases. Anyway, it i€r €ach hopping interaction. On the other hand, the GSP
important to take into account close-packed structures in or20PPINg functions do not decay rapidly enough to guarantee
der to guarantee at least that these phases do not interfeft only up to third neighbors are taken into account. There-
with the most stable ones: rings, chains, and trigonal strucfore following Xuet al,?? we introduce extra parameterg’
tures. (larger than the second-neighbor distgncguch that the
Following the TB approach in the treatment of Goodwin, functional formst*#(r) are replaced for5#<r<Rg” (the
Skinner, and Pettifof’ we split the potential energy of the absolute cutoff by polynomial functions
system in a contribution stemming from the valence elec- 3
trons E,, and a repulsive term derived from the screened ()= 2 caByn ©6)
Coulombic repulsion and the exclusion principle between = "

core state€,.,. This term is assumed to be pairwise addi- o ) )
tive. Thus one has where the coefficients”? are calculated by imposing the

following conditions:

E=Eb+Erep1 S I &t”‘ﬁ(r) asaﬂ(r)‘
t*P(ry”) =s""(r3"), or =3 =
Noce raB raf
2 2
Ep=22 e, (D) ,
Is*P(r
s*¥(R¢P)=0, i =0, (7)
or R§B

E = urep R y . - .
rep 2 (Rip) that guarantee a smooth decay of the interactions at a given

cutoff, which is essential in a MD simulation, as well as an
wheree; are the one-electron eigenvalues of the TB Hamil-adequate connection of the polynomial to the corresponding
tonian,n, is the occupation number, and hopping function.
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FIG. 1. Electronic density of states of the trigonal phase. With
solid line, the tight-binding curve, calculated by integration over the  FIG. 2. Tight-binding fitting of twofold coordinated phadést-
reciprocal space using randomly chosen 10 B0®ectors of the  tom and centérand cubic phasegabove. Cohesive energy per
reciprocal unit cell. With dashed line, DOS calculated by LDA atom vs nearest-neighbor distance. Curves calculated by LDA
+GGA taken from Ref. Atop). In the supercooled statbottom)  +GGA are denoted with solid lines and with dashed lines, the TB
the DOS is plotted together with the participation rap¢E) (dot- fit.
ted line and ordinates on the right

This procedure was carried out paying special attention g rves calculated by means of density-functional theory,

theab initio electronic density of staté®OS) in the trigonal  With the second-neighbor hopping vgluetg'ﬂ( at 3"24 A
phas€, in particular to the shape of the bonding-and ad]ustgd to f_|t thab |r_1|t|o DOS in the trigonal phase?® The _
nonbondings valence bands. In order to keep a good agree[epu!3|ye pair potential pargmeters are alsq calculgted during
ment with theab initio DOS, the second-neighbor hoppings the fitting, with fewer restrictions than their hopping coun-
(t¢#) have been modified with respect to Robertson’s origi-t€"Parts. .

nal values. Note that once the value of the hopping is also set 1€ ab initio cohesive energy curves were calculated by
at the second-neighbor distanag ), the parameters of the the Viennaab initio Simulation PackagéVASP) (Ref. 24

GSP functional form have to verify the following equations: @nd all corrections needed to give a good account of the
peculiarities of selenium were included. More details can be

t*B(rg)=t3F,  t*F(r,)=tF, (8 found in Ref. 7. As seen in Fig. 2, we have represented
cohesive energies vs nearest-neighbor distance. However, the
reducing in this way the number of free parameters duringzolume expansion of the different structures is carried out in
the cohesive energy fitting. various ways depending on the structure considered, in order
Finally, we have to mention that in the Robertson’sto avoid the imposition of artificial structural trends in the
parametrizatior? there is a splitting in the site energiesmf model. Therefore in addition to the nearest-neighbor dis-
orbitals depending on the or 7 nature of the bonding. This tance, some structures need extra parameters to be com-
splitting cannot be incorporated on a TB treatment based opletely defined. The volume variation of six- and eight-atom
Hamiltonian diagonalization. Thus, whereas we manage toings, the eight-atom chain, and the trigonal phase consists
reproduce satisfactorily thab initio DOS (see Fig. 1, re-  justin a uniform expansion of the minimum energy configu-
sults for the size of the gap in the trigonal phase are someations. On the other hand, the infinite chain is created by
what worse than those of Robertson. distortion of the hexagonal cell in the trigonal phase, where
Then, as mentioned above, we take from Robeftste  the separation between chains has been doubled. The volume
values of hopping at 2.37 Afirst-neighbor distangeand  expansion here affects only tieaxis of the trigonal cell
obtain the remaining parameters by fitting to cohesive energyparallel to the chainand consequently bond angles are dis-
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TABLE I. Set of TB parameters for selenium used in the model proposed in this work.

t5° (eV) t3° (eV) nss ngs rs? (A) rg’ (A)
—-1.11 -0.20 2.0 1.000 2.2093 2.37
r3°(A) css ;s css css R3®(A)
3.4437 0.179197 —0.266293 —2.739557 5.824826 3.8
t3" (eV) ti” (ev) neP ne” re” (A) ra” (A)
2.10 0.05 2.0 1.700 1.7391 2.37
r3P (A) cy? c3P csP c3? RP (A)
3.5536 0.015531 —0.058817 —0.290135 1.108101 3.8
57 (eV) ttP7 (eV) nPPe npP” P (A) roP” (A)
3.37 0.61 2.0 1.160 2.6168 2.37
5" (A) chP” chP” chP” c5P” REP7 (R)
3.5850 0.145638 —0.217066 —1.491211 2.815979 4.0
" (V) " (eV) PP g 2P (A) 8™ (A)
-0.92 -0.35 2.0 10.00 4.2767 2.37
57 (A) chPm chPm chPm cBP” RPPT (R)
3.4405 0.380214 —0.471939 —1.956430 2.833510 4.0
®o (eV) m me dc (A) do (A) ReP (A)
3.2830 4.6085 1.6358 3.5993 2.44 3.8
d, (R) cyP? cP cyP cyP
3.4000 0.122608 —0.413844 —0.229670 1.244951
e (V) €, (V)
—12.41 —1.50

torted, contrary to the expansion of the eight-atom chain. IIl. SIMULATION DETAILS

Curves for other solid phasésc, bec, and fog as well as the
dimer (see Fig. 2 have also been calculated and although In order to thoroughly check the model proposed here, we
they correspond to energetically unfavored structures, thefilave performed simulations in the liquid and amorphous
still have to be taken into account to a certain extent duringphases for the set of thermodynamic states listed in Table II.
the fitting, as will be seen in more detail below. For most of these conditions both experimental abdnitio

The fitting procedure was performed by a random mini-results are available in the literature. As previously men-
mization methodsimplex of the mean-square deviation be- tioned, the simulation technique is tight-binding molecular-
tweenab initio and tight-binding energies. Energies of the dynamics(TB-MD). Following Wang, Chan, and Hdand
solid phases have been calculated from the repulsive energi®$rkunnen, Laasonen, and Nieminéhfor each configura-
plus the band energies evaluated using sp&gints suited  tion the TB Hamiltonian is diagonalized and the forces on
to each solid structur®.In a multiparameter fitting like this, each particle are evaluated via the Hellmann-Feynman theo-
it is extremely easy to hit local minima and unphysical re-rem to yield
sults, therefore we have been particularly careful to impose
certain constraints so as to guide the minimization procedure

The most obvious conditions should force the precise Ioca-TN'D’LE Il. Conditions of TB-MD simulation runs in this work.

tion of the minima and preserve the relative energetic order- -3

ing of the most likely s?ructures, in order to avoig undesir- T plglom) A teadPs) Ly
able transitions. All this constraining was achieved by 300 4.27 0.0326 13.91 10
imposing various weighting factors to each structure and 570 3.9 0.0297 5.54 10
overweighting the regions around the energy minima. The 870 3.69 0.0281 5.21 8
parameters finally obtained are summarized in Table | and 1370 3.29 0.0251 5.50 7
the cohesive energy curves compared vaithinitio calcula- 1770 3.11 0.0237 5.71 9

tions can be seen in Fig. 2.
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TABLE Ill. CPU times per stefProcessor Intel Pentium Il at 4 T T
450 MHz). Notice that the dimension of the matrix to be diagonal-
ized is four times the number of particles, since we are working s L
with ansp® basis.
1370 K
No. atoms CPU time/stefs) E2t
48 0.343
162 16.070 Lr
400 265.248
0
AUCP(R;;)  ese (at“B(R--)) i
j aMm_ M ij 3 870K
F=2, ————+ ¢’ ¢ | ——=—
' 121 IRj zn: Jaﬁ%,ﬁ b IR;
©) 2t
—— TBMD
. — -~ abinitio
W|th 1F O exp.
v(r=2 cfp*(r=R) (10 0
a,l
) ] ) _ ) 3r 570K
being the one-electron eigenfunction. Equations of motion
are then solved using a standard predictor-corrector algo- 2,1
rithm with a time step of 1 fs. As seen in E() when 0
evaluating the forces, sampling &rspace for the disordered
system reduces to tHé point. The simulations were done on 1F
systems of 162 atoms in the microcanonical ensemble start-
ing from a cubic simulation cell. The diagonalization has

been carried out using a standard divide and conquer 0 )
algorithnf® which has proven to be extremely efficient for r(A)
this type .Of problem. Information about CPU. timéa an FIG. 3. Pair-correlation functions at 570 tbottom), 870 K
Intel Pentium Il processor at 450 Miis shown in Ta_ble I,”' (middle), and 1370 K(top). Results from inversion of neutron-
A standard run then reduces to 70 h of CPU time in ancaytering data from Ref. 1 are denoted by hollow circisinitio
inexpensive desktop computer, well below the demands of;icylations from Ref. 8 by dashed curves, and TB-MD simulations
the simplest DFT calculations. One finds that CPU timingare denoted by solid curves. The inset illustrates the long-range
scales a?N®, which obviously depend directly on the diago- pehavior of the PCF, where the crosses correspond to the bare
nalization strategy to be followed. As in the caseabfinitio  TB-MD results and the solid line is the result of their extension via
calculations, ordeN methods will provide an alternative to Verlet's procedure.
cope with large systeni.Samples were equilibrated for 5
ps and then evolved freely during 10 ps. For the supercooled
regime the sample had to be prepared more carefully, first
equilibrating the system at 600 K during 3 ps and, second, In this section, we compare our results in the liquid and
cooling down and equilibrating to 300 K for 10 ps. The supercooled states witib initio and experimental data when
production run was then continued for 10 ps more. Nonetheavailable. In Fig. 3, the pair-correlation functioflBCH of
less, the state obtained is not really amorphous, given itkquid selenium are compared withb initio® (at 570, 870,
small but nonzero diffusion constant and one should mor@nd 1370 K and experimental resuftsvhen available. The
properly speak of a subcooled liquid. The energy drift of thestructure factors are shown in Fig(at 300 and 570 Kand
simulations is around 0.003% over the whole run and flucin Fig. 5 (at 870, 1370, and 1770)Kcompared with neutron
tuations in temperature were below 5%. scattering? x-ray diffraction® and ab initio data® In the
latter case, structure factors have been obtained by extension
of the simulated pair distribution functions using the proce-
IV. STRUCTURE dure described below.
First, if we focus on the PCF's, it can be easily appreci-
As a first test of our model we have analyzed its structurahted that the accordance wistb initio and experimental re-
predictions, focusing both on the pair structure, angular corsults is rather good. The TB-MD data for the first-neighbor
relations, and clustering. It will be shown here that the pro-shell agrees remarkably well witib initio calculations at all
posed model is particularly suitable to describe the regions afonditions, what can be understood as a consequence of the
phase space corresponding to low and medium temperatures;curacy of the TB fitting in the neighborhood of the poten-
exhibiting the most apparent discrepancies at high temperdial minima. The only deficiency of our model in this region
tures due to a tendency to overestimate bonding. can be observed in a small shift in the position of the

A. Pair structure
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FIG. 4. Static structure factors at 300 (kop) and 570 K(bot- 0.0 . . : :
tom). Neutron-scattering experiments data from Ref. 2 are plotted 0.0 20 40 60 8.0 100
with hollow circles. The x-ray diffraction data are taken from Ref. 3 atds)

(black circles. The ab initio structure factors are from Ref. 8 and FIG. 5. Static structure factors at 870(top), 1370 K (centey,

are represented by dashed lines. Finally, TB-MD simulation result%md 1770 K (bottom) from neutron-scattering experiments from

are denoted by solid lines. Ref. 1 (hollow circleg, from x-ray diffraction experiments from
Ref. 3 (black circleg, and from TB-MD simulationgsolid lines.

maxima resulting from a corresponding shift in the mlnlmaAb initio results from Ref. 8 are denoted by dashed lines.

of the energy curves that can be seen in Fig. 2.

When we concentrate on the second-neighbor shell tht(i‘\essively long chains. We believe that the inclusion of a

TB nature of our model becomes particularly patent. TheHubbard-Iike term will favor the chain shortening and reduce

Eéﬁe:r? doIhbeogg::rl)%:jrlsmglthi g?gg; ?;‘;?(gcgfruhé?uhriglc;%ﬂ'(Z:‘Zih_e threefold coordination improving the structural predic-
Hons. This will be the subject of future work. At this point,

strained to a smaller range. When integrated up to its secon e have to stress the importance of these long-range corre-

minimum, the P.CF yields a coordination number for the.seclatlons to get accurately the decay of structure factors at
ond neighbor distance somewhat larger than the experimen- . : :

; S : low-k vector. In our simulations the sample size was large
tal estimates. This is particularly patent for the supercoole

. . X -enough to guarantee the reliability of the results. In any case,
system for Wh.'Ch we obtain 7.8 neighbors vs 6.8, the €XPEMve have extended the simulated PCF by means of Verlet's
mental value in an amorphous statenfortunately, we ig-

) ; . procedure? which implies the solution of the Orstein-

nore the way in which the experimental value has been calk " .
. o Zernike equation

culated and so comparisons are only qualitative. In any casg,

we will see that this is the result of an excess of threefold

coordination which is not reflected in the first-neighbor shell h(rlz)zc(r12)+pf c(riz)h(ray)drs (11

due to averaging with onefold coordinatidie., formation

of VAP’s). However, when compared to experimentalith h(r)=g(r)—1 and the direct correlation function given

PCF’s, the peak positions are reproduced more accurate

than byab initio calculations, which is somewhat fortuitous.

Finally, in the long range we can still see oscillations c(r)=g"P(r)—1—-[h(r)—c(r)], r=<R.,
which extend over several coordination shells at all tempera-
tures. That is a certain sign of the existence of highly corre- c(r)=f(r), r>R., (12)

lated quasimolecular structures, with atoms strongly bonded.
Particularly at high temperatures, this tendency seems to b&hereR.=L/2 with L being the side of simulation box and
overestimated by our model, which supports a picture of exg"P(r) the PCF extracted from the simulation resuftg:)
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can be set to zero, or to somalecaying function. Here we 1 - - -
have just used(r)=c(R.) RS/rG, which provided a smooth
transition at the discontinuity, affecting only tke=0 behav-

ior of the structure factor, which has been removed from the
figures.

All the features observed in the PCF’s have their counter- z 06
part in the structure factor. The main deviations appear in the =,
low-k region at medium and high temperatures, where cor- ;

0.4

relations with a large spatial periodicity are clearly overesti-
mated. That means that our model will be unable to mimic
the critical behavior and that is also why we emphasize the
importance of including a charge-charge repulsion term to
reduce these correlations. The rest of the structure factor is in
very good agreement with experimental results at all tem- 0
peratures, except for little shifts in its phase, which result
from the somewhat incorrect estimation of the bond length
by both TB andab initio calculations in liquid and super-
cooled states.

0.2

B. Clustering and coordination analysis

<N(N,)>/N

With the aim of going beyond the pair structure, we have
performed clustering and coordination analysis on the simu-
lation configurations. Results here are merely qualitative,
since we have disregarded the distortion introduced by ther-
mal vibrations on the structufé.We have defined the bond
length at every temperature in terms of the location of the
first minimum in the respective PCF. Paying attention to the
coordination number, one can split it in four contributions,

corresponding to isolated (9, onefold (IF), twofold (2F), FIG. 6. Coordination analysis of selenium atoms in the super-

and threefold (&) coordinated sites. In order to give @ more cooled phase at 300 K and in the liquid phases at 570, 870, 1370,
precise idea of what is going on at each temperature, we hawgd 1770 K. Distribution of atoms with a given average coordina-

performed two different types of analysis of the history oftion number is plotted at top. At bottom, the bar chart represents the
every simulation. In Fig. 6top), we can observe the normal- average distribution of atons-fold-coordinated.

ized distribution of the average coordination number

N({Nc))/N. This quantity is obtained calculating the aver- model disregards electron-electron correlatitasa result of
age coordination numbexNc)) of each and every particle the independent electron approximaticand consequently
in the sample along the simulation and then sorting the parinduces an excess of charge transfer. All threefold coordi-
ticles according to the value ofNc)), thus getting nated atoms are positively charged and onefold coordinated
N({Nc))/N. On the other hand, in Fig. @ottom, we have atoms have an excess of electrons in lone pairs. Since
plotted the average coordination distributiofN(Nc))/N)  electron-electron repulsions are neglected, the weight of
that accounts for the distribution of atori fold coordi-  these configurations might be overestimated in comparison
nated at every time step, on the average. As can be seen, théth neutral twofold coordinated chains. These latter struc-
differences between both charts increase with temperatur@ures are absolutely dominant in thab initio results, in
Somehow, this provides an intuitive estimation of the bondwhich electron-electron correlation are in fact included. In a
lifetime. At low temperatures, similarities between both dia-forthcoming work, the influence of a Hubbard-like term to
grams indicate the existence of well defined defects with aninimize charge transfers will be studied.
long lifetime. On the other hand, at high temperatures, dis- Nonetheless, since very divergent microscopic descrip-
crepancies imply a picture of bonds breaking and being cretions are able to give the same pair structure, it would be
ated rapidly so that each atom, on the average, appears to Hesirable to get some further experimental information on
twofold coordinated, whereas the average of the instantahe nature of bonding and the microscopic structure atTow
neous distribution indicates that the sample will be formedn this regard, reverse Monte Carlo calculations carried out
by short-lived three-dimensional entanglements of atomspy Petkov and Yunchol” seem to produce a microscopic
Another important point is the considerable number of depicture in better agreement with the percolating three-
fects (IF and & atomg at all temperatures, seemingly more dimensional network predicted by our TB model.
stable at low and medium temperatures, where most of the
3F and 1F sites occur in VAP’s. These data are in contrast
to ab initio results, where the number of2atoms is around
90% at 570 K° Bond angle distribution§BAD) in the liquid state are
The cause of this disagreement might be traced back tehown in Fig. 7. The criterion to define the bond length is
the TB nature of our model. As we explained before, the TBexactly the same as used before. The values obtained here

C. Bond angle structure
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0.1 . TABLE IV. Self-diffusion constantgunits of 10°° m?/s) in the
TB-MD of selenium compared witlab initio results from Ref. 8
0.08 0K v ] and experimental results from Refs. 34 and 35.
0.06 1 1 T(K) Thiswork Abinitio Exp.(Ref. 39 Exp. (Ref. 35
0.04 ] 300 0.20
570 1.21 0.5 0.4 0.2
00z T ] 870 4.11 3.5 1.9 22.0
0 ; : 1370  16.02 17.5 5.4
§ 008 v -
E 870K to viscosity will also be the subject of a future work. In this
£ 006 | 2 _ section we will just discuss the diffusion and the influence of
° AN the finite size on that calculation. Self-diffusion constant is
Zood} / \ ] evaluated here through the Einstein equation which governs
E v N the time evolution of the mean-square displaceni®$D)
@ 0021 4 \ 1 per particle in the infinite time limit, which follows:
0 (r2(t))—(r?(t=0)) =6yt +const, (13
0.08 | v ] where 7 is the diffusion constant and is the time. The
1370 K calculated values for all states considered are reported in
006 l Table IV and in Fig. 8 we have plotted the evolution in time
004 b of the MSD. Here the TB-MD seems to agree reasonably
well with the ab initio calculations. However, the results at
002 | 570 K suffer from a certain lack of statistics since, in ten
picoseconds, atoms hardly move the equivalent to a nearest-
0 ‘ ‘ neighbor distance, and the same can be said aboualihe
30 60 90 120 150 180

initio results. The fact that at 1370 K one gets a TB diffusion
constant smaller than theb initio value in contrast with the
low-temperature situation, is probably due to the persistence
of long chains in the TB high-temperature sample, which
gtgnd to break in smaller units in thab initio calculation. We
note in passing that the value obtained here at 570 K
(1.21x10°° cm?/s) is in better accordance with tiad ini-

tio value obtained via the velocity autocorrelation functfon.
_To evaluate the importance of the sample size in the self-
éjiffusion constant calculation, we performed a simulation
ith 48 atoms at 1370 K. Despite the remarkable decrease in
ple sizdand hence in absolute chain lengtHiffusion

o (deg)

FIG. 7. Bond angle distributions at 570, 870, and 1370 K.
TB-MD results are denoted by solid lindb initio BAD's for
twofold-coordinated atoms are plotted in dashed lines. The avera
bond angles extracted from x rdRRef. 4 and neutron scattering
(Ref. 1) are shown as hollow and black triangles, respectively.

are in good agreement with diffraction experiments. How
ever, it should be born in mind that experimental values hav
been estimated under the very rough assumption that the fird}
and second peaks in the PCF are associated with the averaﬁ%m

first and second intrachain neighbor distances, respectively.

This introduces some uncertainty as regards the accuracy of ' o /
the experimental estimates. Additionallgth initio BAD’s D= 1502 /../ Selatoson ot
(Ref. 8 have been calculated separately féf and F at- w0l s

oms, in contrast with our distribution, averaged over the
whole sample, which might account to a certain extent for
the observed deviations. In any case these departures are wel 30|

within the uncertainties of the simulation. Zosl
E

V. DYNAMICAL PROPERTIES

Dynamics is perhaps one of the most interesting physical ;|
aspects of liquid and amorphous Se, being markedly deter-
mined by the existence of long chains. It is here where a
good TB model can have a larger impact, due to the advan- o Y — . 5
tages in computation time and storage of this kind of simu- Time (ps)
lation with respect to pureb initio calculations. At this
stage, we will only concentrate on one of its simplest as- F|G. 8. Mean-square displacement curves from TB-MD simula-
pects, i.e., the diffusion phenomena, in order to compar@ons at 300, 570, 870, and 1370 K. Diffusion constants calculated
with availableab initio data. A full study of the dynamics of by a least-squares fittingvith dashed linesare also collected and
this TB model of seleniuntfrom phonon dispersion curves compared withab initio results in Table IV.

© g7
(&)
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constants only diminish 10%. As to the 300-K state, some 08 - - - - - 100
diffusion is still observed and consequently it should be con- {30
. . . . . .6 I 570K
sidered as a supercooled liquid, though as a first approxima-
tion might well be compared with experimental results fora @ ¢4 | 1% )
really amorphous state. The analysis of diffusion constants = {40 =
stresses again how rather different microscopic pictures are 02 2
able to reproduce in good agreement several physical prop-
erties, especially those that could be more sensitive to the 0
microscopic differences between both descriptions, which 41 80
somehow indicates that the leading influence of the pair _ loo
structure and thermal effects tend to average out the influ- g 04 ¢ =1
ence of the excess of defects. Experimental data from quasi- 1%
elastic neutron-scattering experimefitS are also included | 20
in Table IV. However, it is important to note that only the 0 0
values at 570 K are a direct experimental measurement. At
higher temperatures diffusion constants have been calculated o6 1370K 80
using an empirical Arrhenius equation fitted to measured val- 5 1% 5
ues within a limited range of temperaturés23—-723 K in &4 40 =
Ref. 34 and 500-600 K in Ref. 35Therefore comparisons o2 ,
with experimental values can only be semiquantitative, and it \ 0
is somewhat difficult to assess the discrepancies between © s 0
simulation and experiment. ]z
06 1770K
VI. ELECTRONIC DENSITY OF STATES ‘;3 04 | jz @E

In this section, we present a detailed study of the total o2} y . "
electronic density of statd®0S), as well as the localization //M.;’ A . \\ -
of the eigenstates measured in terms of the participation ra- 0 === ——"—" S 0"
tio, which is usually defined as Energy (eV)

2 FIG. 9. TB-MD electronic density of states at various tempera-
E 2 (cn )2 tures. Solid lines correspond to the DOS and participation ratios are
@ e (14 denoted by dotted lines with their ordinates on the right.
2

> (ch)?

lated in the LDA(Ref. 8 can be observed. Notice the good

where the numerator is simply the squared norm of the eiagreement obtained, which, as mentioned before, has proven
genvector corresponding to the eigenvadye Thus the val-  to be a crucial condition to achieve a good fitting. Though
ues ofp, defined in Eq.(14) are stored in discretized bins the width of thep band is slightly overestimated, its shape is
[€n,€n+ €] for a given configuration, normalized according correct, which is much more important when temperature
to the number of states present in the pey e+ Je] and  rises and the system melts. When this happens, van Hove
averaged over the simulation run. The DOS of solid trigonakingularities are smoothed out by topological disorder and
and supercooled selenium are represented in Fig. 1. Calcyzng gaps shrink. Also, one observes an asymmetric defor-
lated DOS for various states in the liquid phase are shown if5tion of thes band, as a consequence of chain distortion,
Fig. 9 Th_e state at 17_70 K s_hould correspond to an inslﬂlato'iogether with a slight shift of the upper limit of tipeband to

and in this case, our intention was to explore the ability ofj; o anergies. Another important effect is the narrowing of

th'.s simple TB model to reproduce the metal/no.nmetal tranfhe central peak in thp band, associated to the nonbonding
sition that occurs in Se when the temperature is further N orbitals, i.e., lone electron pairs. Nonetheless, the overall
creased once the system has reached the metallic state. It has IR pars. '

to be stressed that the DOS curves in disordered states ha@@peCt. of the .DOS Is preserved, V.VhiCh indi§ates that short-
to be analyzed together with the participation rai¢E), range interactions, mostly due to highly localizedcovalent

since the latter provides a qualitative notion of the localiza-PONds between intrachain atoms, are largely preserved in the

tion of eigenstates at given energies, and localization migh{auid. Our model reproduces reasonably well the semicon-
alter the conducting character of the band structure. Firsgducting behavior and it predicts a smooth transition to a dirty
when we focus on the DOS of the trigonal phase, the maimnetallic state, like the one at 1370 K. We have considered
features we can observe concern the symmetry of the band&le system to be metallic when the participation rai&) is

as well as marked gaps, sharp edges, and narrow fgeaks larger than 15 at the Fermi energy.

Hove singularitiey typical patterns of crystalline structures.  Note thatp(E) essentially follows the DOS since it is
The symmetry of thes band is associated to the presence ofconstrained by the fact that the states near the band edges are
infinite chains and it is a well-known result of the momentsusually localized, i.e.p(E)—0 near edges and pseudogaps.
theorem. In the same figure the local density of states calctAside from this, one can see in Fig. 9 that the states near the
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s andp orbital energies tend to be more localized, probablyto metal transition when approaching the critical point, ap-
due to their nonbonding nature, a tendency that increasgsarently induced by the breaking of the connected structures
with temperature. into relatively shorter chains, and very likely to the short

Finally, at 1770 K, we see that the system remains metalbond lifetimes in the high-temperature states. In view of
lic, though the increase in temperature induces certain locathese results, future works should try to correct the devia-
ization. In order to reproduce the metal/nonmetal transitiortions found for local coordinations in the amorphous and
the dimerization has to be correctly accounted for, which idow-temperature liquid states, and this might be achieved by
not the case in our model. A proper representation of seleincluding terms in the Hamiltonian that minimize charge
nium under these physical conditions should includetransfer, like the Hubbard Hamiltonian. As to the dynamic
electron-electron correlations, both Coulombic andproperties, a more detailed study of the chain dynamics, vis-
exchange-correlation terms, together with spin-spin interaceosities, and the vibrational spectrum will clearly need more
tions, which are expected to have a crucial role in stabilizingepresentative samples and will be the subject of a forthcom-
the dimers in the fluid at low densities. ing work.
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