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Structure and dynamics of liquid selenium
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First-principles molecular-dynamics simulations of liquid selenium at the temperatures 570, 870, and 1370
K are presented. It is shown that calculations based on the local-density approximation are not satisfactory,
because they seriously overestimate the equilibrium density of the solid and the liquid, and they give only
rough agreement with measured structural data when the liquid is simulated at the experimental density. The
inclusion of gradient corrections mitigates these problems, and most of the results presented are based on the
generalized gradient approximation. The simulations are used to investigate the three-dimensional structure of
the liquid, and results are presented for the bond-angle and dihedral-angle distributions, the concentration and
structure of different Serings, and the temperature-dependent length of chains. The self-diffusion constants
and vibrational spectra are shown to agree satisfactorily with experimental data, and an analysis of the lifetime
of covalent bonds gives insight into the diffusion mechanism. The electronic density of states of the liquid
displays all the features known for the solid, and this indicates that the electronic structure changes little on
melting.[S0163-182608)05613-4

[. INTRODUCTION liquid, but employed approximations that would not be con-
sidered necessary today. In particular, they used an empirical
Liquid selenium ¢-Se is one of the most unusual el- local pseudopotential, which was probably not as accurate as
emental liquids, because of the twofold coordination of thethe fully ab initio pseudopotentials normally used now. This
atoms and the chainlike structure deduced from diffractiormay account for the rather rough agreement they obtained
experiments. This unusual liquid structure is believed to bavith the measured pair-correlation function.
responsible for the very high viscosity just above the melting In fact, pure Se has special features which present a chal-
point (T,,=490 K). The chain structure arises from covalentlenge to DFT. There are strong covalent bonds between
bonding between the atoms, and is closely related to theeighboring atoms in the chains, but only weak bonds be-
existence of a band gap and a low electrical conductivity atween atoms in different chains. DFT should be very reliable
temperatures below the critical point {= 1860 K,p.=380 for strong bonds, but may not be so good for the weak bonds.
ban.! This general picture of -Se has been widely accepted Because of this, the question of the DFT approximation to be
for many years. However, more detailed aspects of the picdsed is a major issue for Se. It is known from previous
ture are still controversial. Questions concerning the distriwork'>*® that the standard local-density approximation
bution of bond angles, the existence of ring structures, théLDA) used in many simulations gives a poor account of the
length of the chains, the lifetime of the bonds, and the relaequilibrium volume of the trigonal Se crystat-§e), pre-
tion of all these to the electronic structure are still not fully cisely because of the weak-bond problem. The inclusion of
resolved. In order to clarify these questions, we have pergradient corrections(GC) using a generalized gradient
formed first-principles molecular-dynami¢6PMD) simula-  approximation’ (GGA) gives a much better description of
tions at three temperatures, and this paper describes the feSel>® We have therefore paid special attention to the
sults. comparison of LDA and GGA in the present work, and we
Our FPMD simulations are based on density-functionalshall show that GC give a substantial improvement.
theory’ (DFT) and the pseudopotential method, following the ~ The average twofold coordination ifrSe has been firmly
methods pioneered by Car and Parrinélibhis approach is established by structural investigations using nedffan
well suited to the present type of problem, since it handlesind x-ray? diffraction and measurements of extended x-ray-
the statistical-mechanical and electronic aspects in a conabsorption fine structuré, and these experiments have
pletely unified way. DFT is generally very accurate for met-shown that the coordination remains close to 2 up to the
als and semiconductors, and many previous FPMD simulaeritical point. However, since these experiments probe only
tions of liquids such as $i,Ge>® Vv, Cu, Li, Na, AlL®®  pair correlations, they cannot give direct information about
Gal® Hgl! etc., have demonstrated very close agreemerthe three-dimensional liquid structure. Some information
with experimental structural data. We have recently reporteébout typical bond angles can be inferred from the peaks in
FPMD simulations of liquid Ga-SéRef. 12 and Ag-Se the pair-correlation function, but a true bond-angle distribu-
(Ref. 13 alloys at different compositions, and in the case oftion cannot be deduced. Information about the dihedral-angle
Ag-Se our comparisons with experimental data for the partiatlistribution in the chains is even harder to glean, and models
pair correlation functions gave evidence for the excellent resuch as the “free-rotating-chain modét*are only weakly
alism of the simulations. There has been a previous FPM2onstrained by experimental data. Controversies about the
investigation of/-Sel* which was made at the temperature existence or absence of ring structi#fes® are equally diffi-
720 K. This gave useful new insights into the structure of thecult to settle. The simulation results presented here give di-
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rect information about these questions of three-dimensionaher details of the computational method can be found in
structure. Refs. 32,33. In the dynamical simulations, convergence to
The high viscosity of/-Se at just abovd,, (Ref. 27 is  the ground state at each time step is accelerated by extrapo-
one of the important pieces of evidence for the existence ofating the wave functions and the charge density from previ-
long chains in the liquid. The viscosity drops rapidly with ous steps, as described in Ref. 6. This extrapolation guaran-
increasingT, and afT=1000 K it is similar to that of normal tees that only about three or four electronic iterations are
liquid metals like N’ this suggests that the chain length needed to determine the electronic ground state to an accu-
also drops rapidly. Our simulations give direct evidence forracy of 10°° eV/atom.
this decrease of chain length, but we shall emphasize that As usual in the DFT-pseudopotential method, the valence
estimates of chain length depend heavily on how the lengtlrbitals are expanded in a plane-wave basis characterized by
is defined. This question is related to the existence of defecig plane-wave cutoff enerdy,,,. We use pseudopotentials of
in the liquid, as shown for example by the experimental workthe ultrasoft Vanderbilt typg’-3® which have the advantage
of Warren and Dupre& who used nuclear magnetic reso- that very high accuracy is achieved with rather modest val-
nance to determine the concentration of chain ends. Thges of E., (i.e., rather small basis sg¢tsThe ultrasoft
analysis of the present FPMD calculations to study the naturgseudopotentials for Se were constructed with a scffeme
of the defects in the liquid will be presented in a separateimilar to the one proposed by Rappeal® Two energy
paper?® The calculations described here have been used tghannels were used for tiseand p wave functions, and the
study the self-diffusion constam?, which is indirectly re-  cutoff radii for the wave functions and the augmentation
lated to the viscosity. We shall show that dhivalues agree charge® were set to 2.5 and 2.2 a.u., respectively. A norm-
semiquantitatively with experimental data, and that they inconserving d pseudopotential was chosen as the local
crease rapidly with temperature, as would be expected frorpseudopotential. Nonlinear partial-core corrections were in-
the decrease of viscosity. We also investigate the bond lifecluded in the pseudopotentidfSThis construction scheme
time, and show that its relation © sheds light on the dif- results in an excellent description of the scattering proper-
fusion mechanism. Further information about the dynamicsies: logarithmic derivatives for all-electron and pseudowave
of the atoms is given by the vibrational spectrum, and wefunctions are virtually indistinguishable over an energy range
shall see that the spectrum of the simulated system agrees 4 Ry.
closely with that obtained by neutron scattering. An important feature of the present work is that we have
Finally, our simulations will be used to study the elec- employed both the local-density approximatirDA) and
tronic density of state(DOS) of /-Se. This will give strong  the generalized gradient approximatiéBGA). Our LDA
evidence that the electronic structure of the liquid is essenealculations use the exchange-correlation function of Ceper-
tially the same as that of the solid, at least in the temperaturgy and Alder’* and our GGA calculations use the PW91
range we have covered. However, there are difficulties ifunctional due to Perdew and WahgThe GGA was used
comparing the DOS directly with experimental data, becauseonsistently for the generation of the pseudopotential and the
our present calculations yield only Kohn-Sham single-calculations on solid and liquid Se.
particle energies, rather than the quasiparticle energies Our dynamical simulations of the liquid uepoint sam-
probed experimentally. pling and a plane-wave cutoff of 150 eV. With the ultrasoft
The plan of the paper is as follows. Section Il outlines thepseudopotentials we use, this cutoff gives an error in the total
methodology of the simulations. A detailed comparison be-energy of less than 10 meV/atom, so that all results are very
tween calculations based on LDA and GGA, both féBe  well converged with respect to the size of basis set. The
and for/-Se at 870 K, is presented in Sec. lll. The compari-dynamical simulations were all done on a system of 69 at-
son of our calculated structural data with experiment, andms in the canonical ensemble using a Ndsermostaf?
our analysis of the three-dimensional structure are presentegiith a time step of 3 fs. The energy conservation was excel-
in Sec. 1V, and our results for the self-diffusion constants,lent for all runs: as an example, we found that at 870 K the
the vibrational spectra, and the bond lifetime are given indrift was smaller then 0.5 meV/atom/ps. The density of the
Sec. V. In Sec. VI, we report our results for the electronicliquid was set equal to the experimental value.
structure. The paper concludes with a summary of our con-
clusions(Sec. VII). We note that a Brief Report of some of

the present results has already been publlgﬂed IIl. THE EFFECT OF THE GRADIENT CORRECTIONS

A. The trigonal Se crystal

Il. METHODOLOGY We investigated the effect of GC on crystalline Se in

The general principles of the DFT-pseudopotential methpreparation for our work on the liquid. The question of GC
ods used in our static and dynamical calculations have beegffects in solid Se has been discussed bef@®e Refs.
thoroughly described in reviews,and we mention here only 15,16, but we needed to reexamine it because the pseudo-
the features relevant to the present work. All the calculationgotentials used here differ from those used before.
were done with vasp (Vienna ab initio simulation The most stable structure of crystalline Se is the trigonal
package®223In vasp, the ground state for each set of ionic phaset-Se. This structure has a hexagonal Bravais lattice
positions is calculated using an efficient iterative matrix-with three atoms per unit cell, and is characterized by infinite
diagonalization scheme and a Pulay miXeA smearing helical chains parallel to the axis, with three atoms per
method is used to avoid problems with level crossig, turn. In addition toa andc, one usually defines a third struc-
and the free energy is used as the variational quantity. Futural parameteu, which is the radius of the helix in units of
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TABLE I. Calculated equilibrium structural parametévslume per atonf}, c/a ratio, internal parameter
u, bond angled, intrachain distancd,, interchain distance,, second-nearest-neighbor intrachain distance
d;, and bulk modulusB) of t-Se compared to experiment and to previous calculations. LDA refers to
local-density calculations, GGA to calculations with the generalized gradient approximation, NC to calcula-
tions using norm-conserving pseudopotentials, and US to calculations using ultrasoft pseudopotentials.

Q R3%  ca u ® (deg d; A dy A) ds (A) B (GPa

LDA-US? 23.24 1.30 0.258 103.1 2.46 3.10 30.5
LDA-NC® 22.94 1.30 0.256 103.4 2.44 3.09
LDA-NC*® 24.79 121 0.243 103.2 2.42 3.23 16.8
LDA-NC¢ 22.43 1.24 0.248 102.8 2.37 3.10
GGA-Us? 28.77 1.16 0.226 103.8 2.43 3.49 3.82 7.1
GGA-NCP 28.63 1.18 0.224 105.7 2.42 3.49
Expt.© 27.26 1.136 0.2246 103.3 2.37 3.44 3.72 14.9

3Present work.
bReference 15.
‘Reference 44.
dReference 45.
®Reference 43.

a. The internal parameter defines the position of the atoms bonding properties for a fixed volume. The overall agree-

in the unit cell as ¢,0,0), (0u,1/3), U,u,2/3) in units of the  Ment of the GGA results with experiment is satisfactory,
lattice vectors. whereas LDA results at the theoretical LDA volume are

In Table | we report our results for the equilibrium struc- Wrong by more than 20%.
tural parameters of-Se, together with a comparison with
experimerft® and other theoretical studf¥¢® (calculation B. Liquid Se at 870 K
details likek-point samplings are the same as in Ref). 16 ) ) ) )
spite of the difference of pseudopotentials, our calculated The calculations presented in the previous section demon-
structural properties are virtually identical to those of Ref.Strate that the equilibrium volume of trigonal selenium can
16, and the latter results are not shown. It can be seen th8€ improved substantially by the addition of GC to the LDA.
LDA underestimates the volume by almost 15%, wherea¥Ve Will now show that inclusion of GC is even more impor-
GGA gives much better agreement with experiment. As offantin the liquid phase. We _have done FPMD simulations at
ten happens, the GC have a tendency to over correct, but fép€ temperature 870 K using both LDA and GGA, both
Se the overestimation of volume is a fairly modest 5%.  Simulations being performed at the experimental derfSity.

It might seem at first sight that GGA also improves the Details of t.hese sn_nulatlons are given m_TabIed]Hhe table
overall agreement of other structural parametersdikeand also c_ontalr_ls deta_lls of our (_)ther simulations at 570 and 1370
u, but this is in fact not the case. The GC change neither th&: Which will be discussed in Sec. IV. _
electronic density of statd®0OS) nor the bonding properties " Figs. 1 and 2 we show our results for the static struc-
significantly for afixed volume. This was demonstrated in tUre factorS(k) and the pair-correlation functicg(r) for the
Ref. 16 by showing that the structures predicted by LDA and-DA and the GGA simulations at 870 K, and compare them
the gradient corrected schemes for a set of fixed volumes aiith experimental data. The most direct comparison between
virtually identical. To further confirm this point, and to probe theory and experiment is via the static structure factor de-
the nature of the local bonding, we calculated two zonefined as
center phonon frequencies. The(A;) phonon corresponds
to a breathing mode of the chains, i.e., to a mode in which TABLE Il. Frequencies(in units of cm*) of the I';(A;) and
the radius of the chains varies. Both the strong intra- and 2(A2) zone-center phonons 6fSe compared to experimental val-
weak interchain bonds contribute to this mode. To probe th&es- The frequencies have been calculated for the theoretical LDA,
weak interchain bonding alone, we considered a second phé_espectively, G(_BA lattice parameters and for the experimental lat-
non model",(A,), in which the chains rotatégidly leaving tice parametersgin parenthesesWe also show the LDA result of
the intrachain bonds inert. The phonon frequencies were calR€' 42 for comparison.
culated using a simple frozen-phonon approach, in which the

total energy was calculated for a series of displacements. A (A T2(A2)
cubic fit to these results was performed to give the secondpa-us 177.8(217.5 136.0(93.3
derivatives of the energy with respect to the displacementssca-us 217.6(213.9 94.5(91.8
We calculated the phonon frequencies for both the theoretipa-nca 206

cal and the experimental lattice constants; the final resultgxpt. 237 102°

with a comparison to experiméfi¢’ are shown in Table II.
At the experimental lattice constants the phonon frequencie’Reference 45.
calculated with the LDA and GGA are only marginally dif- PReference 46.
ferent, which confirms that the GC do not change the locafReference 47.
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TABLE Ill. TemperatureT, densityp, and number density at

which simulations were donéxperimental densities were taken

from Refs. 48,48 Also shown is the experimental pressitgy,

the length of the equilibratiot,,, and the length of the simulation

t over which properties were sampled.

T(K)  p(glem®) n (A73)  Pgy, (barg  teg, (Pt (pS
570 3.91 0.0298 1 5 10
870 3.57 0.0272 10 5 18
1370 3.08 0.0238 100 3 7

S(k)={|pxl?), (1)

wherep, is the dynamical variable representing the density

of atoms at wave vectd:

N
5k=N—1/221 explik-R;). )

Here, the sum goes over &l atoms in the system. We have
calculatedS(k) directly from this formula fokk vectors com-
mensurate with the periodic boundary conditions. The over-
all agreement o8(k) with experiment is reasonable for both
LDA and GGA, but the GGA shows much better agreement, 0
especially in the range of the first peak. In the experimental

structure factor, one sees that the first peak at 4 Ras a

distinct shoulder around 2 &, which is well reproduced by

10485
3_
= 27
S
1_
0
3_
= 27
=3
1_
0
6_
o 47
=1
2_

FIG. 2. The pair-correlation functiog(r) of liquid Se at 870 K

the GGA calculation. The LDA calculation shows only a from LDA (a) and GGA(b) simulations(continuous curvés com-
broad maximum around 3 &. Even more worrying is the pared with experimental results from neutron scattefiRgf. 21
behavior of the LDA structure factor at low wave vectors, (dashed curvesand x-ray diffraction(Ref. 22 (dotted curvep

where it appears to be tending to a large valuekasO,

Panel(c) shows the functiom(r) characterizing the difference be-

whereas the GG/S(k) remains in good agreement with ex- tween simulated and experimeng(r) (see text for LDA (con-

periment in this region.

1.5 v T T T T T T T T

@)

0 2 4.§_1 8 10 12
k(A )

0.0

FIG. 1. The static structure fact@(k) of liquid Se at 870 K
from LDA (a) and GGA(b) simulations(continuous curves com-
pared with experimental results from neutron scattefiRgf. 2]
(filled squaresand x-ray diffraction(Ref. 22 (open circles

tinuous curveé and GGA(dotted curve

In order to understand the anomalous behavior of the
LDA S(k) at smallk, we need to note thab(k—0) is re-
lated to the isothermal compressibiligt by the equatiori®

lim S(k):nkBTKT, (3)

k—0

wheren is the number density ankl is Boltzmann'’s con-
stant. A large value 0§(k—0) therefore indicates a highly
compressible liquid. It seems fairly clear that this is closely
related to the serious underestimation of the equilibrium vol-
ume by LDA int-Se. Since the liquid simulations were per-
formed at the experimental density, we would expect LDA to
give a pressure that is too low. To check this, we have cal-
culated the pressure over a short part of the simulation, and
we find a value of—3 kbars, so that the liquid is actually
under tension. We would expect the liquid to be more com-
pressible under tension, and this would explain the high
LDA value of S(k—0).

There are signs that the liquid simulated with LDA may
be verging on instability. If a liquid is expanded, the com-
pressibility diverges on the spinodal line, the intensity of
long-wavelength density fluctuations becomes unbounded,
and internal surfaces are created. We have found that snap-
shots of instantaneous configurations do indeed show large
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TABLE IV. The positionsr (&), r(¥., andr 2, of the first maxi- 15 . —

mum, first minimum, and second maximu@ units) of the pair-

correlation functiorg(r), and the values of(r) at these positions, 10

obtained from the present LDA and GGA simulations, compared =

with experimental data from neutrgRef. 21 and x-ray(Ref. 22 D

diffraction. 05
o ran r@e 9rfh)  arGh) g 0.0

LDA 237 288 371 2.9 0.6 1.3

GGA 237 288 3.83 3.1 0.3 1.35 10

Neutron 236 295 3.74 3.1 0.0 1.4 %

X-ray 232 28 3.60 2.7 0.0 15 05

0.0

density fluctuations and suggest the incipient formation of
internal surfaces. Clearly, simulations at the experimental
volume can be dangerous and misleading if the approxima- 1.0
tions being used fail to describe the experimental equilibrium
volume correctly. In concluding this discussion &(k), we
stress again that the GGA gives a good accourg(&) and
does not suffer from the serious problems encountered by the
LDA. %00 2 4 6 8 10
In Fig. 2 the pair-correlation functiong(r) from our k(A'1)
LDA and GGA simulations are compared with experimental
data. To provide more quantitative information, we give in  FIG. 3. The static structure factd(k) of /-Se from GGA
Table IV numerical values for the position§), andr(?) of  simulations(continuous curvesat 570(top), 870(middle), and 1370
the first and second maxima and the posiﬁi{:ﬂg’l] of the first K (_bottom) compared with experimental results from neutr_on scat-
minimum, and values aj(r) at these positions. We note that tering (Ref. 21 at 870 K 15 bars and 1373 K, 75 baffiled
comparison of the pair-correlation function with experimentsquam:’ﬁp‘anOI x-ray diffractior(Ref. 2.3 at573 K, 12 bars, 873 K, 16
can be problematic, because of the well-known difficulties otbars’ and 1473 K, 120 bafepen circles

Fourier transforming the experimentally determined structure . . .
. identical forr values up to the first maximum. However, for
factor. The experimentab(r) data from neutroft and

5 . . A larger r values, and particularly in the region of the first
x-ray?? diffraction differ significantly from one another, inimum, GGA produces a very marked reductiondifr)
whereas the corresponding structure factors agree well. THS ' P y

comparisons presented in Fig. 2 and Table IV show that thgompared with LDA, and this demonstrates the quantitative

LDA and GGA simulations reproduce rather well the posi_superlorlty of GGA.

tion and height of the first maximum. Both LDA and GGA

also give fairly good accord with experiment for the position V. STATIC STRUCTURAL PROPERTIES OF /-Se

a,n,d height of the second maximum, though we note the sig- A. Structure factor and pair-correlation function

nificant disagreement between the x-ray and neutron results ]

in this region. However, there is a substantial difference be- We now move on to the comparison of the structural

tween LDA and GGA around the first minimum. The main Properties of /-Se at the three simulated temperatures.

shortcoming of our LDA calculations is that the depth of the From now on, we will be concerned only with simulations

first minimum ing(r) is seriously underestimated—a prob- Pased on GGA, and a summary of our simulati@nsluding

lem also encountered by Holet al'* in their LDA-based the one at 870 K already discusgesd given in Table IIl.

FPMD simulations. Our GGA calculations, by contrast, giveResults for the static structure factor and a comparison with

a first minimum in much better agreement with experiment@vailable experimental data are shown in Fig. 3. At the two

though there is still some discrepancy. higher temperatures the agreement with experiment is good,
In order to provide a quantitative measure of the structuraPut the agreement is less good at the lowest temperature. For

improvement given by GGA, we have calculated the follow-2@ll three temperatures, both the ladgesehavior and the

ing quantity characterizing the difference between the simusmallk behavior are almost perfect, though for laigene

S(k)

0.5

lated and experimentaj(r): can see a small inward shift of the theoretical results com-
pared with experiment. The agreement in the intermediate
R, ) o 172 regime is less satisfactory. For all three temperatures, the
d(r)= 477nf0dr 49sim(T) = Gexdr)I*| - (4 minimum in S(k) around 5 A is shifted inward. For the

lowest temperature, the first pe&kk) is more pronounced
The bottom panel of Fig. 2 compares thér) calculated than in the experiment and it is also shifted towards smaller
with the simulated pair-correlation functiorg(r) ob-  k values.

tained from LDA and GGA; the experimental function  The pair-correlation functiog(r) is compared with ex-
Jexg(I) is taken from the neutron-diffraction dataThed(r) perimental results in Fig. 4, and the positiong, andr y, of
values demonstrate that the LDA and G@#) are almost the first maximum and first minimum ajf(r) according to
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4 - two lower temperatures, all experimental curves drop almost
to zero around the first minimum. The gradient corrections
3t improve the behavior around,,, but some discrepancies
=5l remain. In addition, the second peak seems to be shifted
o outward compared with the x-ray experiments, though it can
1F be seen that both the x-ray and neutron data show spurious
oscillations around the first minimum and the second peak,
0 : so that it is rather difficult to assess this point accurately. In
discussions of/-Se it is usually assumed that the second
sr peak ing(r) is associated with the second-neighbor distance
5l within a chain. This is suggested by the fact that in the solid
o the second-neighbor intrachain distandg)(is very similar
1t to the position of the second peak in the liquid s@(e) (see
Table ). We have tried to confirm this viewpoint by calcu-
0 l lating the pair-correlation function between second nearest
neighborsy®®°°"{r) within one chain. For this calculation we
31 have defined nearest neighbors as atoms for which the bond
=, length is smaller than ,;,. Our results are also shown in Fig
o 4. One can see thgf®*°{r) accounts almost entirely for the
1+ position and general magnitude of the second peak, confirm-
ing the experimental point of view.
0 0 1' We note from Table V that the positian,,y of the first

maximum of g(r) varies hardly at all with temperature,

while the first minimunr i, moves outward by almost 0.2 A
FIG. 4. The pair-correlation functiog(r) of liquid Se from asT goes from 570 to 1370 K.

GGA simulations(continuous curvesat 570 (top), 870 (middle),

and 1370 K(bottom, compared with experimental results from o

neutron scatteringRef. 21 at 870 K, 15 bar and 1373 K, 75 bars B. Coordination number

(dashed curvesand x-ray diffraction(Ref. 22 at 573 K, 12 bars, There has been considerable debate in the literature about
873 K, 16 bars, and 1473 K, 120 badotted curvep Also shown  the temperature dependence of the coordination nurhper

is the pair correlation between second neightgi$™™r) (chain  j, /_se je., the average number of first neighbors surround-

curves, see text ing any atom. It should be recognized that this is not a pre-

our simulations are reported in Table V. We note once agaifiSely defined quantity, because it depends on the cutoff dis-
that the comparison with experimental pair-correlation funct@ncer. used to define what counts as a first neighbor. A
tions is problematic. Among the experiments, the real-spacEommon procedure is to take equal to the position of the
resolution of the neutron-diffraction data is best, becausdst minimumr iy, which implies thatr; varies with tem-
S(k) was measured up to 1542 whereas theé range in ~ Perature. We denote the coordination number defined in this
the x-ray-diffraction experiment was more limitégom ~1 ~ way by Ng"". An alternative definition is to assign a fixed
A~1to ~10 A1) .22 Overall, the position and the height of temperature-independent valuertg and we denote the cor-
the first peak in our results agree very well with neutron dataresponding coordination number B . We have calculated
We note however that the first peak is shifted slightly out-N. in both ways, taking the valug,=2.82 A for NL'X, and
ward in comparison with experiment, which is consistentthe results are reported in Table V. At the lowest tempera-
with the inward shift ofS(k) for largek in comparison with  ture, N; is exactly equal to 2, as expected from the conven-
experiment. It is relevant to recall that the first three-tional picture of low-temperature’-Se consisting of long
neighbor distances in the solid phase are also overestimatethains, as int-Se. BroadlyN. remains fairly close to 2 up to
by 1.5-2 %(see Table)l 1370 K, but in detail the answer to whethdg increases or
More problematic, however, is the behavior around thedecreases depends on the exact definition adopted. The fact
first minimumr ., in the pair-correlation function. For the that NQ“” increases with temperatufsee Table V is not

TABLE V. Position of the first maximunt,,, and first mini- surprising, since we have seen already thag moves out-

mum T i, in g(r) and the coordination numbel* and N™ ob- ward with temperature. _ _ _
tained by integrating the radial distribution function uprte=2.82 Also shown in Table V is the average first-neighbor dis-
A andr =r,, respectively. Also shown fractioh, of twofold- tance(r) defined by

coordinated sites, the average nearest-neighbor distancethe

average bond angk®), and their root-mean-square deviation.

e e
. . ry=1 rg(r rzdr/f ryrédr, 5
T(K) Fmax B) rin (B) N&ONT £, (r) (B)  (©) (deg () fo 9(r) 0 9(r) ®
570 2.38 2.82 2.00 2.00 0.95 24p.11 104t10
870 2.37 288 200 2.06 0.88 2#48.14 10514 Which we calculate with the fixed, equal to 2.82 A. Our

1370  2.36 3.00 1.88 2.16 0.71 2#48.17 10719 results show thafr) increases slightly witfl in spite of the
slight decrease of 5. This effect is due to the increasing
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[ ' Ty ' At all three temperatures the bond-angle distribution is domi-
0.05 | 1 nated by theA,(®) contribution, and shows a sharp sym-
. 004 | 1 metric peak in the region of 104°. The fact thaf(®) is
@ 003 | . narrow reflects the highly directional character of the strong
< 002 | ] covalent bonds between nearest neighbors within chains. The
001 [ ] main noticeable effect of the increasing temperature is to
I broadenA,(®), with the root-mean-square deviation of the
0.00 ' . . .
[ ' bond angle increasing from 10° to 2@detailed values are
0.05 ] given in Table V.
_. 004 The average bond angles found in our simulation are es-
@ po03} sentially identical to the bond angle found in the helical
< 0.02 | chains oft-Se (see Table )l In addition it is possible to
0.01 | estimate the average bond an@lefrom the results of dif-
0.00 fraction experiments, if the first and second peakg(in are
[ ] associated with the average first and second intrachain neigh-
0.05 1 bor distance, respectively. The values for the bond angle de-
_. 0.04 | 1 rived from neutron-scatteriRgand x-ray diffractio”’ in this
@ o003 8 way are also in good agreement with our findirigee Fig.
< . . :
0.02 | 4 5). The experimental results suggest that there is an increase
0.01 L ] in the average bond angle with temperature, which is con-
0.00 L , - N firmed by our simulatior{see Table V. The increase in the
30 60 90 120 150 180 average bond angle is partly due to an increase of the bond

© (deg) angle for the twofold-coordinated atoms, and partly due to an
increase of the fraction of threefold-coordinated atoms, for
FIG. 5. The bond-angle distributioh(®) of /-Se at 57Qtop), which we find an average bond ang|e around 1(Me F|g
870 (middle), and 1370 K(bottom for twofold-coordinated atoms 5).
(continuous linesand threefold-coordinated atonidashed lines Interestingly, the bond-angle distributiohs(©) has a
All distributions have been normalized to unity. The average bonq‘airly sharp maximum roughly in the same region/ag®),
angles extracted from x-rafRef. 22 and neutron-scatterin@Ref.  p, \ “ihere js a nonvanishing fraction of atoms with bond
21) are shown as white and black triangles, respectively. angles up to 180°. This has an interesting interpretation. We
have found that threefold-coordinated atoms are usually
V%haracterized by two short bonds and one long one. The
bond-angle distribution for the two shorter bonds is almost
identical to the one for twofold atoms, whereas the third
(long) bond shows a random distribution, and accounts for

asymmetry ofg(r) asT is raised. Unfortunately, none of the
experiments had a real-space resolution sufficient to resol
this asymmetry.

Finally, we note the values given in Table V for the per-

centage of atoms which are twofold coordinatessults are most of the differences betwedn(©) andA,(©). This is a

g}g sisvrgfeolf;r ct())g[rr(lji?]zttse g Da.t A;SXEEC:)?JC:’ tﬂzagﬁrilérig;s i Sclear indication that Se atoms strongly favor twofold coordi-

strongly reduced to- 70% at 1370 K. An important way of nation: if a third neighbor approaches, its_ bonding will be
pursuing further the question of deviations from twofold co—Weak’ with no strong preference for a particular bond angle.

ordination is in terms of defects, as has been done in earlier. We now turn t'o four-body porrelatlons, Wh'ch are conve-
work.* A full discussion of defects i’-Se will be given in hiently characterized by the dihedral-angle distribuibfy)

shown in Fig. 6. We see that the distribution is nonvanishing

a separate papét. from 0° to 180°, showing that the dihedral angtecan as-
sume all values in this range. At 570 K (vy) exhibits a
clear maximum aroung~90°. From calculations on small

So far we have studied the structure/6{Se using quan- isolated H,Se, (Ref. 51 and Sg (Ref. 52 molecules, this
tities that are also accessible to experiments. However, thealue of y is known to be energetically favored, because of
limited information available in two-body correlations is in- repulsion between lone-pairs on neighboring atoms. In addi-
sufficient to understand the structure of a molecular liquidtion, the crystal structures of Se are characterized by a dihe-
like /-Se. We now present results for the bond-angle andiral angle around 90°. The preference for these dihedral
dihedral-angle distributions, which give three- and four-bodyangles clearly persists in the liquid. At 870 K the distribution
information. The nearest-neighbor cutoff distamgeneeded of the dihedral-angle distribution flattens, with a visible in-
to define these distributions is taken to be the first-minimuncrease in the fraction of planar conformations wjtk 0° or
distancer i, but in fact we have verified that the results are y~180°. In addition the maximum dd(y) has shifted to a
scarcely affected if we take a fixed valuerqf. smaller value aroundy~80°. This shift in the maximum

The bond angle distributioA(®) is shown in Fig. 5 for may possibly be connected with the presence of rings in the
570, 870, and 1370 K. In addition to calculatiAg®) itself,  liquid, as discussed latésee Sec. IV E Finally at 1370 K,
we have also obtained the partial contributiohg®) and D(y) becomes quite structureless.
A;(®) from atoms which are twofold and threefold Since the dihedral angle cannot be determined directly
coordinated, and these distributions are also shown in Fig. 3rom experiment, there has been considerable controversy

C. Three- and four-body correlation functions
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0.015 With our simple geometrical definition, we obtain average
chain lengths of 25, 12, and 5 at 570, 870, and 1370 K.
0.010 These figures clearly indicate that the average chain length
= decreases with temperature, but the absolute values should
=t not be taken too seriously. In addition to the problems con-
0.005 nected with a purely geometrical definition, one can also
question whether our MD runs, long though they are, are
0.000 really long enough to estimate reliable chain lengths at low
temperatures. Although we have done a long equilibration
for each temperature, we found that the average chain length
= 0.010 at 870 K increases during the simulation from 10 to 14,
5 indicating that the run may not be completely converged in
0.005 this respect. The 570 K system is even worse because it
shows only very slow diffusiorisee Sec. V.
0.000 e
0.008 | . E. Ring size
= 0006 | 1 Because the presence of rings 4Se has often been
= debated in the padt,we have done a careful ring analysis of
0.004 i our simulations. We define a ring as a closed loop of atoms,
containing at most one threefold or fourfold atom. This defi-
0002 L0 . . , , nition includes isolated rings but also allows for loops having
0 30 60 90 120 150 180 one bond to another chain or ring. Because of the periodic
v (deg) boundary conditions, large closed chains with sizes exceed-

ing the unit cell can occur. To eliminate these exceptions we

FIG. 6. The dihedral-angle distribution(y) of /-Se at 570 define the dimension of the loops as the largest distance be-
(top), 870 (middle), and 1370 K(bottom). All distributions have tween two atoms within the chain. If this dimension exceeds
been normalized to unity. Note the different scale for the highesthe size of the unit cell, the loop is classified as a chain,
temperature. otherwise as a ring.

A significant concentration of rings was only found for

about the possible values gfin /-Se. Several models have 870 K, whereas no rings were observed at 570 K, and only a
been proposed in the literature to understand the structure §€9ligible number at 1370 K. Even at 870 K, the concentra-
a-Se and/-Se (many of these models are discussed in Reflion of rings was small: the average numbers of $@d
14). The controversy stems largely from the fact that theS€ fings in the entire 69-atom system were 0.4 and 0.5,
dihedral angle affects the two-body correlations only at thd€SPectively, the concentrations of other types of rings being
fourth-neighbor level, which means that several different€gligible. The Sgand Se rings we found in the simulation
models may be consistent with the same pair-correlatiofvere Wwell defined and usually formed by twofold-
function. Several authors showed that the so-called neari§oordinated atoms only. Especially the ;Sengs showed
free rotating chains modéh2* which assumes rigid bond femarkable stability, and two well-defined rings remained
lengths and angles but randomly distributed dihedral angle$table for more than 6 ps. The absence of rings at low tem-
can reproduce the measured pair-correlation function oP€rature may indicate that chains have a lower free energy
/-Se very welP24 Our results indicate that this model is than rings; their very small concentration at high tempera-
incorrect at low temperatures, sinBsy) is markedly non-  tures is presumably due to the fairly high concentration of
uniform in this region. We also note that this is in contrast toonefold and threefold atoms.

the results of the tight-binding simulations of Bichatzal > Because Sgand S rings occur in the monoclinté and
who found thatD(1y) is essentially uniform. the rhombohedral phaSerespectively, is was long believed

that there might be a large concentration of similar rings in
, /-Se and ina-Se?® Our simulations show that the fraction of
D. Chain length Seg rings is only very small. This is very similar to the
The majority of atoms are twofold coordinated at all tem-situation found in the vapor phase at similar temperatures,
peratures, and it is natural to estimate the average length afhere Seg, Se;, and Se predominate, with only traces of
chains. In order to make a rough estimate, we define a chaifies.>®
as a sequence of twofold coordinated atoms ending in either The typical configurations for Seand Se rings found in
a one- or threefold-coordinated atom. We must stress thahe liquid at 870 K are shown in Fig. 7. Both ring types were
this is only one possible definition. Indeed, it is not at allfound in two possible geometries which are generally called
obvious that a definition based on coordination number$boat” and “chair” configurations, for obvious reasons. To
alone has any close connection with the experimental meaallow a better comparison with theoretical and experimental
surements that have often been used to deduce chain lengthgork, we have calculated the average of the geometrical pa-
This is a complex matter which is intimately linked with the rameters of the different rings. This was done by averaging
guestion of defects in the liquid, and will be discussed inthe interatomic distances and bond angles over the longest
depth elsewher& period during which the rings were present. The rings in the
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FIG. 7. The structures of Seand Se rings found in the simu-
lation of /-Se at 870 K in the chair and boat configurations. 0 \ : \ L
0 2 4 6 8 10
liquid have no defined symmetry, and to facilitate the com- t (ps)

parison with other calculations we have averaged the param-
eters in a way that allows direct comparison with the prop- FIG. 8. The calculated mean-square displacement as a function
erties of isolated rings. The structural parameters obtained if time in /-Se at 570, 870, and 1370 K.
th.|s way are shown in Table VI where Fhey are cpmpared One sees from the table that the structural parameters
W'th 5’[7he results of DFT-LDA calculations for isolated found in the liquid are surprisingly close to those of isolated
rings. rings. The agreement is particularly good for the; $md
Se; rings in their chair configurations. We observe that the

TABLE VI. Structural parameters of the different types of rings distances are systematically larger in the liquid, a fact that is
found in/-Se at 870 K. The values in the table represent the averattributable both to thermal expansion and to the contraction
age value of the geometric parameters, taken over the lifetime of thef the Se-Se bonds in isolated systems. Thg &wir con-
rings. A hyphen means that the statistics are too poor to deduckguration is also the building block of the rhombohedral
meaningful averages. Also shown are results of DFT-LDA calcula-crystalline phaséS and we have therefore included the ex-
tions on isolated Serings from Ref. 57 as well as experimental perimental data, which are astonishingly close the DFT-LDA
results for the Sgrings found in monoclinic Se. For the definition values of Ref. 57. To our knowledge, no experimental data
of the atom numbering, see Fig. 7. The distanceg are in Aand have been published for the structure of;Smgs. In anal-
the bond angle®);=0;;c and dihedral angleg;; =y in de-  ogy to sulfur, for which a crystalline phase composed of S
grees. rings is knowrr? it seems likely that Sewill be found in the
chair structure[Fig. 7(d)]. This is indeed the ground-state
geometry determined by Hobt al,>” which our calculations

This work  DFT-LDA  Expt.

Se; chair i 2.42 2.35 234 reproduce very we!l. The boat configurqtion was only ob-
0, 102 101 1013  served for a short time, and only approximate structural pa-
y 75 76 76.2 rameters could be calculated. The agreement with the data
Se; boat 12163445 243 231 for the isolated ring is nevertheless satisfactory.
f23,56 248 2.52 V. DYNAMICAL PROPERTIES
I 103 98
Os356 101 107 In this section we present and discuss results for the dy-
¥12,16,34,45 65 79 namical properties of’-Se such as the diffusion, the bond
Y2356 ~0 0 lifetime, and the vibrational properties at different tempera-
Se; chair/boat l1217 2.42/2.46  2.36/2.32 tures.

l2367 2.45/2.46 2.42/2.46

456 5 35/2.32 2 97/2.93 A. Self-diffusion constant

l s 2.52/253  2.50/2.55 The simplest way to investigate atomic transport in lig-
0, 106/120 106/108 uids is to calculate the time-dependent mean-square displace-
0,- 101/99 101/100 ment(R?(t)), which is related to the self-diffusion constant
O35 106/106 106/108 D through the Einstein relation

Ous 105/108 105/103 (R(1))— 6Dt + ¢ ®)

’}/1271 74/— 75/71 . . L .

Vo367 106/— 110/44 in the long-time limitt—oc. In Fig. 8 we show our results for
734'56 85/ 86/89 the mean-square displacement for all three temperatures. At

the lowest temperature the linear dependencgRéft)) ont
aReference 55. develops very slowly, and after 10 ps the atoms have on
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TABLE VII. Self-diffusion constantgunits of X 10~°m?#/s) of 10 . ' g
/-Se at different temperatures as found in our simulations, com- (a) = (b)
pared to experimental data derived from inelastic neutron-scattering g6r i
measurements; values in parentheses show the self-diffusion con% | ; 4 _
stant derived from the velocity autocorrelation function. f
00| T2 1
T (K) This work Expt? Expt.? o . s 0
570 <0.5 (1.0 0.4 0.2 . °
870 3.5(3.8) 1.9 22.0 osl | £
1370 17.5(17.0 5.4 N1 g
®Reference 59. 00 I
PReference 60.
1.0
average moved by less than the nearest-neighbor distance 5
We are therefore not able to give an accurate value for the_. o5 | 15
diffusion constant at this temperature. For the other two tem-~N g
peratures R?(t)) is clearly linear for large; at 870 K the e
atoms have on average moved by about twice the nearest | N P

neighbor distance after 10 ps. 0.0 05 1.0 15 0 2 4 6 8 10 12
The self-diffusion constant was estimated via the Einstein t(ps) Frequency (THz)

relation[Eq. (6)] from a least-square fit to the mean-square FIG. 9. The velocity autocorrelation functi@(t) (a) of /-Se at

displacement in the linear region. The results are reported ig, (top), 870 (middle), and 1370 K(bottom and the correspond-
Table VII, where they are compared with experimental datallng spectral densitg(f) (b)
obtained from two different quasielastic neutron-scattering '
experiments®6°

It is important to note that both sets of experimental mea- Z(w): fo(t)COS(wt)dt. 9)
surements were done only over a very limited temperature 0
range. Those of Axmanet al>® covered the range 523-723
K, while the results of Phillipset al®® covered the even BecauseZ(t) shows significant oscillations at long time, we

smaller range~500-600 K. However, both experimental introduced a window function to filter out the termination
groups report an activation energy, obtained by fitting an  ripples that would occur irZ(w) if Z(t) were artificially
Arrhenius form: truncated. We used a Welsh-type window funcidmjith a
_ typical window length of 2.0 ps, which gives a frequency
D =Doexp(—Ep/ksT) (") resolution of approximately 0.4 THz.
to their data. The values &, deduced by Axmanrt al. The VACF and the corresponding spectral densities are

and by Phillipset al. are 0.21 and 0.7 eV, respectively. The Shown in Fig. 9 for all three temperatures. For a purely
“experimental” values given in Table VIl for 870 K are Brownian motion the VACF would decay monotonically. In
obtained from the Arrhenius equation using thEsgvalues. liquid Se oscillations are §uperlmposed on this diffusive
Given the very different activation energies, the extrapolate@ckground. These oscillations are much stronger at lower
values are necessarily different. Since Axmatil.covered ~€mperature, and decay very slowly at 570 K.

a larger temperature range, we believe their values should be The spectral density(w) at 570 K reveals four well-
preferred. The most that can be said at present is that owlefined features at frequencies of 0.9, 3.2, 6.3, and 7.3 THz
calculated values oD are in semiquantitative agreement and the zero-frequency valZ£0) is rather small, so that the
with experiment. The activation energy estimated from ourdynamics is dominated by vibrational rather than diffusive
results forD by fitting to the Arrhenius form is 0.29 eV, motion. The four features are considerably broader, though
which is in reasonable agreement with the value of Axmanrstill clearly visible at 870 K. At 1370 K vibrational modes

et al,, but not with that of Phillipset al. are reduced to a broad shoulder at high frequencies, and the
dominant feature is the zero-frequency peak associated with
B. Velocity autocorrelation function and spectral density diffusion. We note in passing that we can check our values

oo . . . for the self-diffusion constants using the relation
More detailed information about the single-particle dy- g

namics can be obtained by studying the velocity autocorre-

; ; - kgT (= kgT
lation function(VACF) Z(t) defined a& - Lf _1B’5
D M o Z(t)dt v Z(0). (10
IRRATCRTL) o
()= (vi(0)-v;(0))" ®) " The values obtained in this way agree satisfactorily with

those discussed in the previous subsectsre Table VI).
wherev;(t) is the velocity of particlei and () denotes an The largest discrepancies are found for the low temperature,
average over particles and over time origins. The correand we have already mentioned that there are statistical prob-
sponding spectral densi(w) is given by lems in calculating the low-temperature valuelnf
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FIG. 10. The spectral density of the velocity autocorrelation
function Z(f) of /-Se at 570 K compared to frequency-dependent
scattering intensity from Ref. 60 measured at 470 K for the under-
cooled liquid(open circleg and polycrystalfilled squares

The vibrational properties of-Se and/-Se have been
studied using inelastic neutron scattering by Philkgsl$°
and in Fig. 10 we compare our spectral density with their 0.0 ' : ' '

o - ; 3 4
frequency-dependent scattering intensity. The close relation t (ps)
between the theoretical and experimental results is very P

gratifying. Both the positions and the intensities of the main kg, 11. The bonding probability functioRy(t) for pairs of

pea}ks are in satisfactory agreement. Ph”m@- assigned  atoms in/-Se at 570(top), 870 (middle), and 1370 K(bottom.
their three main peaks to bond torsion, bending and stretch-

ing, in order of Increasing frequency. bonded and nonbonded atoms, and we take this cutoff to be
The only qualitative difference between theory and ex-

. . " : . the first-minimum distance, .
periment is the splitting of the high-frequency peak seen in In Fig. 11 we plotPy(t) for all three temperatures as

our smqlaﬂ_o_ns but not in the experiment. Hov_vever, this MaY-alculated from our simulations. The general characteristics
not be significant, because our spectral density does not cor,

. . . of Py(t) are the same at all three temperatures. Within 0.1 ps
respond exactly to what is measured in the experiments. S . .
Py, drops significantly, and then it decreases monotonically

with time. We believe that the initial drop &f,, is caused by

thermal vibrations. The subsequent decaygfis very slow
Except for the low diffusion constant at 570 K, our valuesat 570 K, but much faster at the two higher temperatures.

of D are similar to those found in liquid metals. This raises The bond lifetimer is conveniently defined as

the question of how the atoms manage to diffuse so fast in

spite of the well-defined chain structure. One can imagine ¢

two pictures of how the atoms diffuse. At one extreme, it is 7= lim f Py(t’)dt’. (13

conceivable(though unlikely that diffusion occurs by mo- t—o0d 0

tion of whole chain fragments, and does not depend on the

breaking of bonds. At the other extreme, one might imaginer,yq technical points should be noted. The first is that in a

that (_jlffusmn occurs solely by hopplng_of single atoms, SOf ite systemP,, tends to the valueTIC/N ast—o (N is the
that it depends entirely on the breaking of bonds. Most ] T S
likely, the true picture lies somewhere between these exdumber of atoms in the celN, is the average coordination

tremes. To give more insight, we have examined the lifetimdUmbej, because there is always a finite probability of find-
of bonds. ing any two atoms bonded together. This asymptotic constant

We start by introducing the probability,(t) of finding should be subtracted fro_mb pefore t_he time_integral is per-
two atoms bonded together at timegiven that they were formed. The second point is that in practiBg is known

C. Bond lifetime

bonded at=0. This function is defined by only over a finite time, so that a procedure is needed for
taking thet— limit. To deal with this second point, we
Py(t)=(f3(0) 2 (D)) /(R (0)}(0)), (11)  assume thal,(t) decays as exp(t/7), and we obtain- from

by , ) L L a fit of the curves shown in Fig. 11. The values foesti-
wherefj;(t) is a dynamical variable which is unity if atoms n4teq in this way are given in Table VIII. Because of the
i, j are bonded at time and is zero otherwise: very slow decay ofP,(t) at 570 K, our value forr at this
£2.(t) = 0(r o — 1+ (1)) (12) temperature is only a rough estimate. The lifetimes of 20 and
g ¢ A 3 ps obtained at 870 and 1370 K should, however, be reli-
with 6(r) the Heaviside function. The angular brackets inable. Interestingly, the 870 K value is close to the value of 15
Eq. (11) represent averaging over atom pairs and time orips deduced by Axmanet al> from their neutron-scattering
gins. As usual, the cutoff distancg distinguishes between measurements.
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TABLE VIII. Estimated bond lifetimesr in /-Se at different . T T T
temperatures. We also show r.m.s. diffus{®¥(r))'? after time 30 - .
(see text I

20 -
T (K) 7 (p9 (RE(n)"2 (A -
10 + .
570 >200 ~
870 20 6.5 T o0 —
1370 3 5.5 2400 i
3
® 20 t .

If we combine these results with our calculated diffusion g
constants, we can estimate the average distance which an T 10 M _
atom diffuses in a bond lifetime. We calculate this as the &2
root-mean-square value D6r) 2 expected from the Einstein 8 0 P P AT
relation[Eq. (6)]. The values obtained are5 A at both 870 a ' ' ' '
and 1370 K(see Table VIIJ. Since this is roughly twice the sor i
nearest-neighbor distance, we conclude that diffusion should |

. . . . 20 + J
not be considered to occugolely by jumping of isolated Y% |
atoms. It appears that motion of atoms due to deformation of 10 L M /\/\ |
chain fragments without bond breaking gives a significant ]
contribution to diffusion. 0 4 . . .

-16 12 -8 -4 0
Energy (eV)

VI. ELECTRONIC DENSITY OF STATES

We present here our simulation results for the total elec- F'G- 12. The total electronic density of states/ArSe at 570
tronic density of state€DOS). The local DOS on atoms of (top), 870 (middle), and 137(_) K(bottom. The dotted line at zero
different coordination number is also of interest, but will not S"er9Y represents the Fermi level. The curves have been convoluted
be examined here, since it will be more appropriate to disWIth a Gaussian of a width of 0.1 eV.
cuss it in our separate report on defects’#8e?® Our DOS _ o o _
results were obtained by sampling during each FPMD rurinent is therefore not an indication of any deficiency in the
(i.e., only thel' point was useH It should be noted that the DFT calculations: it simply indicates that we are not com-
DOS is calculated only over the energy range covered bparing like with like. However, given the importance of the
partially occupied states in our simulations, i.e., from theband gap in/’-Se, it would clearly be desirable to calculate
lowest state up to an energy of approximatelg eV above quasmartlcle energies, and we hope to return to this question
the Fermi energy. This means that our DOS curves are artin @ future paper.
ficially truncated at this energy.

The calculated DOS at 570, 870, and 1370 K are shown in
Fig. 12. They all have the same general shape, and closely
resemble the calculated DOS foiSe!® The two main fea- An important conclusion from this first-principles simula-
tures in the DOS centered at13 eV and—2 eV derive  tion work on/-Se is that LDA has serious difficulties, which
from Se 4 and 4 states. The structure of these featuresare reduced by GGA. The main difficulty is that LDA
reflects the strong intrachain covalent bonding that persists igrossly underestimates the equilibrium volume, this underes-
the liquid. The 4 feature shows splitting into bonding and timation being~ 15% in the solid. The consequence is that if
antibonding states, while thep4feature contains peaks due one simulates the liquid at the experimental density, the sys-
to bonding fpo), nonbonding ppw), and antibonding tem is at a negative pressure, and is unstable with respect to
(ppo™*) states. The Fermi level falls betwegrpm and long-wavelength density fluctuations. The GGA gives an
ppo* states, so that the bonding in the chains is due to thequilibrium volume which is almost correct, and this elimi-
fact thatppo states are full anggpo™ states are empty. nates the problem.

Experimentally, botht-Se and/-Se have a sizeable band We have shown that the structure factor and pair-
gap E4 between the nonbonding and antibonding states:  correlation function calculated with GGA are in fairly close
in t-Se,E4=2.0 eV, while in the quuidEé, decreases from agreement with experiment over the whole temperature
~1.9eV at 473 Kto~1.0 eV at 1173 K®Our DFT calcu- range 570-1370 K, and we therefore expect the three-
lations seriously underestimakg,, since we find a gap of dimensional structure of our simulated Se to give an accurate
about zero at 573 K, and no gap at all at higher temperaturegicture of the real liquid. The average coordination of the
The gap calculated itrSe is~1.0 eV® This underestima- atoms remains close to 2 up to 1370 K, though the fraction of
tion of band gaps is a very well-known property of DFT atoms having lower or higher coordinations increases mark-
calculations. It is also well recognized that a direct compari-edly with increasingrl. In agreement with earlier work, we
son with experiment is not justified, since the theoretical enfind that/-Se consists mainly of chain fragments. The geo-
ergies we are comparing are Kohn-Sham single-particle ermetrical method we use gives a chain length decreasing from
ergies, which are distinct from the quasiparticle energief5 to 5 asT goes from 570 to 1370 K, but we have cautioned
measured in optical absorption experiments. The disagre&gainst a naive comparison of these values with previous

VIl. CONCLUSION
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estimates, because of the problem of arbitrariness in definingxperimentally being reproduced almost quantitatively in the
chain length. In contrast to the FPMD work of Ha#tlal,'*  simulations.

we find a significant concentration of ringespecially Se The calculated electronic density of states of the liquid
rings at 870 K, but not at low or high temperatures. Thestrongly resembles that calculated fo6e, indicating that
bond-angle distribution has a pronounced peak at 104° ovéhe electronic structure is not much affected by melting.
the whole temperature range, indicating that the short-ranggowever, there is a difficulty in making a detailed compari-
order in the liquid remains very similar to that in the solid. SOn With experiment, since the Kohn-Sham energies we cal-
The dihedral-angle distribution shows a maximum arouncfulate show at best only a very small band gap, in contrast to

90° at lower temperatures, but this disappears at high te

peratures.
Our calculated values of the self-diffusion constabtsit

570 and 870 K are in semiquantitative agreement with e
perimental values, though the value at 570 K is too small t
calculate accurately. At 870 K and abo\#,has the same

order of magnitude as for simple liquids like Na. Our results

Xdiquid. ;I'his question will be examined in depth in a separate

nEXxperimental quasiparticle energies which show a band gap

of at least 1.0 eV in the liquid.
An important question not discussed in this paper con-
cerns the geometry and electronic structure of defects in the
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