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We report the results odib initio molecular-dynamic simulations of liquid ZnTe near the melting point
temperature. In agreement with experiment, we find #z&aiTe retains its open tetrahedral environment upon
melting with a coordination near four. In addition, we find atoms of TeZmTe often form transitory chains
just as inl-CdTe. We compare our calculated structure factor to experiment and also determine the conductivity
of the melt.1-ZnTe has a semiconductorlike conductivity similar to CdTe. We also calculate the dynamic
properties of the liquid and predict self-diffusion constants Df,=1.0x10 “cn?/s and D,=3.2

X 1075 cné/s.
DOI: 10.1103/PhysRevB.65.035212 PACS nuniger72.80.Ph, 31.15.Ar, 71.15.Pd
. INTRODUCTION I-CdTe and 1lI-V compounds is in the degree of dissocia-

tion. Using thermodynamté estimates, the curvature of the

Over the past few yearap initio molecular dynamics has liquidus can be related to the degree of dissociation of cat-
become a popular tool for the investigation of materials. Lig-ions and anions and to the entropy change in the solid-liquid
uids and amorphous semiconductors are examples of disaransition. According to the phase diagram of Zrifet the
dered materials to which this technique has been applied excongruent point, the liquidus has a sharp hyperbolic
tensively. For example, group IV elements—Si and Ge haveurvature'’ This implies the conservation of heterogeneous
been studied in their amorphous and liquid stat@sAlso,  bonds. The cations prefer to be in a local environment of
several llI-V compounds such as GaAs, GaSb, andR#?¥s.  anions and vice versa. This is in contrast to IlI-V com-
6—9 have been studied using this technique. However, depounds, where the local environment is significantly
spite their technological importance, there have been verghanged. In IlI-V liquids a significant percentage of het-
few studies of II-1V semiconductor liquids. Except for a re- eropolar bonds are destroyed and a large number of stoichio-
cent theoretical study of CdT&ef. 10, ab initio molecular ~ metric defects such as homopolar bonds are introdtit&d.
dynamics has not been applied to this class of semiconduc- In order to investigate the structural, electronic, and dy-
tors. Similarly, there have been very few experiments fomamical properties of-ZnTe near its melting temperature,
examining the structure of II-VI liquids:~*3 we performab initio molecular-dynamics study. We focus

Among 1I-VI semiconductors, ZnTe and CdTe, are mate-our studies by comparing ZnTe to previous studies on CdTe.
rials of special technological interest. ZnTe is used as a sub-
strate for the growth of CdTe. Heterostructures based on
ZnTe and HgTe are used for infrared optics. When doped
with vanadium, ZnTe becomes a photorefractive semicon- These calculations were performed using the pseudopo-
ducting material. This has potential applications for opticaltential density-functional methodPDFM) using a plane-
power limiting. Also ZnTe has been investigated for its usesvave basis sét!%'°The PDFM eliminates the core electrons
as visible light-emitting semiconductor laséBesides these from consideration and focuses only on the chemically active
technological applications, liquid ZnTd-¢gnTe) is also a valence electrons. This procedure has a number of advan-
material of fundamental intere$tZnTe (like |-CdTe exhib-  tages over “all-electron” potentials. Since only the eigen-
its properties that are different from liquid IlI-V and group states of the valence electrons are required, the number of
IV liquids. According to an empirical rule by Joffe and eigenvalue pairs is significantly reduced, especially for
Regel®® a melt retains semiconducting properti@espite  heavier elements. Moreover, the length scale of the basis is
losing its long-range ordgonly if short-range order of the set by the valence electrons. The nodal structure of the core
crystalline phase is preservddZnTe is believed to retain an states is removed and the resulting pseudopotential does not
open tetrahedral structure with coordination number ofcontain any singularities. This permits one to use simple ba-
four!?13 Although dc electrical conductivity jumps upon sis such as plane waves and obtain a highly converged solu-
melting, the conductivity of the melt increases with temperation with relatively few plane waves.
ture, i.e.,I-ZnTe is a semiconductdf. This is in contrast Usually the distinction between core and valence states is
with 11I-V and group IV melts, which become more closed clear; however, in the case of Il B elements such as Zn, Cd or
packed upon melting. The coordination numbers of thesélg, it is not obvious whether the filled orbitals should be
semiconductors increase 166 (Refs. 4—7. They undergo a considered a part of the core or treated explicitly as valence
semiconductor to metal transition upon melting as the conelectrons. Since these orbitals overlap significantly veth
ductivity of the liquid decreases upon further increases irorbitals, they can exhibit some chemical activity. On the
temperaturé® other hand, there are a couple of disadvantages in treating

Another significant difference betweeh-ZnTe (and them explicitly. First, it would increase the number of elec-

Il. COMPUTATIONAL METHODS
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TABLE |. Lattice constants and bulk moduli for zinc-blende . P A =
phase of ZnTe calculated with different Zn potentials. The cutoff —'—'}"\ X
radii used to generate Zn potentials are presented. V] R yon R, St e

o - e
a(d) B(GPa (fors/p/din A) >
> —Sk =gz
Zn?*4s%4p°4d° 5.69 59 1.38/1.38/1.90 =
Zn2+4sz4p°400 [5 = -~
Partial-core correction 5.95 49 1.38/1.38/1.90
Zn'?*3d*%4s?4p° 6.07 54 1.38/1.27/1.69 o | e st L
Experiment 6.10 51Refs. 25,26 [ O ST i et
L r X K r

trons per cation-anion pair from 8 to 18. This increases the

number of eigenvalues that are needed to be calculated. Sec-FIG. 1. Band structure of zinc-blende ZnTe. The solid lines
ond, since the potential when tlieorbitals are occupied is show results where @ electrons are treated as valence electrons.
much more stronger than when they are unoccupied, mor€he dashed lines show results wheree3ectrons are treated via the
plane waves are required for an equivalently converged sapartial-core correctiorisee text

lution.

We address this problem using the “partial-core ~5%. Finally, we examined the radial distribution function
correction.”®! In the partial-core treatment, ttieelectrons  for this small system and found no significant changes be-
are included implicitly in obtaining a valence-core exchangeween the two pseudopotentials. In short, we are confident
potential, but the wave functions for tlieorbitals are fixed  that our simulations with the partial-core pseudopotential do
by atomic calculations. This method has been successfully reasonable job of replicating the liquid-state properties of
used in the case of CdT&ef. 10. ZnTe.

In our calculations, we have done extensive testing on this |n order to model the liquid, we considered a supercell
issue. We constructed three Zn pseudopotentials: one witlyith periodic boundary conditions. 64 ator(8 Zn and 32
3d treated as core, another witld 3reated within the partial-  Te) were placed inside this supercell. The size of this cubic
core correction and third with @ treated explicitly as va- supercell was &, wherea is lattice parameter for a conven-
lence electrons. Thesab initio pseudopotentials were gen- tional fcc unit cell. Most ‘ab initio” simulations of the liquid
erated in the Troullier-Martirf$ form with Ceperley-Alde”®  state do not attempt to find the equilibrium density. Instead
form for correlation. The nonlocal part of the pseudopotenthe simulations are usually fixed at the experimental density.
tials was taken to be in the Kleinman-Bylantfeform. We  Herea was chosen such that the density matched the experi-
examined the crystalline properties of ZnTe using a two-mental density of the liquid4.97 g/cn? (Ref. 12. Studies
atom primitive cell for all these pseudopotentials. We usedising interatomic potentials have shown that 64-atom system
ten irreduciblek points in the Brillouin zone and a cutoff of s large enough to capture the essential feattfres.

40 Ry. Table | shows the crystalline structural parameters |n examining the liquid state, a difficult issue is preparing
(lattice constant and bulk modulusf ZnTe for all three the liquid-state ensemble. One can only use time-averaged
pseudopotentials. As is evident, partial-core correction substatistical average to characterize the liquid, unlike solids
stantially improves upon the pseudopotential without awhere the positions are fixed. We employed Langevin dy-
partial-core correction and brings the lattice constant withimamics to prepare the liquid-state ensenfBf.The trajec-
~2% and bulk modulus within-5% of experiment. Further, tory of each atom was computed using the Langevin equa-
Fig. 1 shows the band structure of ZnTe calculated with 3 tjon of motion

treated explicitly and using partial-core correction. Around

the Fermi level, both band structures have an excellent agree- dv

ment. When treated explicitly thed3evels do push the Te m——=—ymVv,+Ri(y,T)+F;, (1
levels down by~0.5 eV, but since these are about 10 eV dt

below the Fermi level they do not effect any electronic prop-

erties. whereF; is the force on théth atom,m; the mass of the

In addition to examining the Zn-Te interactions within the atom, andy the viscosity of the fictive heat bath. The atoms
crystalline environment, we performed an additional test orare subjected to rapidly varying random forcRg y,T).
the Zn pseudopotentials. We examined the behavior of Zn iThese random forces, functions of both temperature and vis-
liquid ZnTe using the pseudopotential with the 3tates cosity, are described by the fluctuation-dissipation theorem.
treated explicitly and the pseudopotential with a partial-coreThe random forces and viscosity couple the system to a hy-
correction. We examined the dynamical behavior of the lig-pothetical heat bath. The time step for integration was 250
uid by considering a small unit cell. We took a conventionala.u. The interatomic forcels; were calculated quantum me-
zinc-blende cell(eight atom$ and examined the Zn self- chanically fromab initio pseudopotential wave functions on
diffusion constant over a 1.5 ps simulation. We found the twaa plane-wave basis $8using the Hellmann-Feynman theo-
potentials yielded the same self-diffusion constant to withinrem. With respect to some technical issues, the charge den-
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sity required to construct a self-consistent field was calcu-
lated at thd” point in the supercell. The energy cutoff for the O
wave functions was 9 Ry. y

In order to test the applicability of this cutoff of 9 Ry we v"\p
calculated the lattice constant of crystalline ZnTe. It agreed o N
to within 0.2% of the value calculated using 40 Ry. We also
compared the band structure calculated using 9 and 40 Ry.
The root-mean-square error in the eigenvalues was05
eV. Further, we did a small molecular-dynamics simulation
of liquid ZnTe as before. Again the diffusion constants
agreed to within~5% with the 40 Ry simulation.

The I-ZnTe ensemble was created by randomly placing
the atoms in the supercell with the constraint that no two
atoms be closer than 90% of the bond length in the crystal.
Starting from a random configuratigas compared to crys-
talline configuration has the advantage that significant en-
ergy is imparted to the system since the configuration is far
from the ground state. The dissipation of this energy allows
activation of compositional defects. Also, a random configu-
ration introduces stoichiometric defects that may be inacces-
sible to the system. The ensemble was initially thermalized at FIG. 2. A snapshot showing a typickZnTe structure in the
a fictive temperature of 6000 K for about 2.5 ps. In this time, Supercell(see text Atoms of Zn are represented by dark spheres,
the average diffusion distance of an atom becomes comp&ioms of Te are shown by light spheres.

rable to the size of the conventional unit cell. This ensures . . . i )
one that a proper mixing of atoms occurs and that any bias dfSing the atomic positions for each time step, and averaging

the system to initial conditions is suppressed. The systerH!€ Positions over the last 4 ps of the simulation, we obtain
was then cooled to 1318 K250 K below the melting tem- 9(") as shown in Fig. 3. The first peak iS ®maq
peraturg in 4.5 ps. Density functionals usually underestimate:_z-_s""&’ second peak is Rnar=4.38A, and the first
the melting temperatur¥. Since we want to simulate the Minimum corresponding to a complete shell is R,
liquid near its melting temperature, we chose a temperaturg 3-35A. In the crystalline phase the first and the second
near the expected theoretical melting temperature. It is imf€arest neighbors are at 2.64 and 4.32 A respectively, which
portant to create the liquid ensemble by cooling from aboveédrees very well with the positions of the peaksgir).

the melting point. Otherwise, the system would never melffrom Fig. 3, it is clear that the liquid lacks any long-range
given the time scale, and the hysteresis involved in homogekorrelations. The pair correlation attenuates strongly after the
neous melting. The liquid was then thermalized at 1318 Kfirst peak, i.e., the atoms do not correlate with their images in
for 6.5 ps. Statistics were collected over the final 4 ps of thd"€ighboring periodically replicated cells. This confirnas,
simulation, where the viscosity was turned off. When thePOsteriori that a 64-atom system is large enough for the
viscosity is set to zero, the random forces are also set to ze®imulation. Figure 3 also shows the experimentally obtained
via the fluctuation-dissipation theorem. The dynamics of oud(r)- The theoretical curve is in good agreement with the
ensemble become “true” dynamics as the ensemble is trangxperimental one.

formed from a canonical to microcanonical one.
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Ill. PROPERTIES OF LIQUID ZINC TELLURIDE
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A. Structural properties

One strength of “quantum” molecular dynamics is that
both the electronic and nuclear degrees of freedom can be
simultaneously examined. Figure 2 shows a typical snapshot
of the liquid at one of the time steps during the last 6.5 ps.
The isosurface of the electronic charge density taken at half
its maximum valu€din the supercellis shown along with the
nuclear positions. It is clear from this figure that the liquid is
ionic in nature. We examine the character of the wave func-
tions and find that the charge near the Te atoms Ipasiec-
tron character while the wave functions localized on the Zn r (A)
cations ares-like. This is not surprising and is consistent
with the chemistry of the crystalline state. FIG. 3. Total pair-correlation functiofboth theory and experi-

A key measure of the liquid-state structure is the pair-ment(Ref. 12] in the top panel and partial pair-correlation func-
correlation function or the radial-distribution functiggr). tions in the bottom panel.
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1.5

TABLE II. Total and partial coordination numbers for ZnTe and
CdTe at their melting temperatures.

- Théory
--- Experiment12

Ctot CaTe Caa CTe-Te CDN

a=27n 4.6 3.4 2.0 0.6 0.4
a=Cd 4.4 3.3 15 0.9 0.4

We estimate the total and partial coordination numbers
from their corresponding pair-correlation function @g 4
=f§m‘”47-rrzgaﬁ(r)dr, whereR,i, is the first minimum in the
total radial-distribution function. As a measure of the con-
4 ) 8 10 centration of stoichiometric defects in the system, we intro-

q (A—1) duce a composition disorder numi&DN). It is defined as
a ratio of homogeneous and heterogeneous bonds, CDN

FIG. 4. Total structure factors. F&#ZnTe at the melting tem- =(Czy.zpt Cre19/2C21e- FOr zinc-blende structure CDN
perature, we compare our data with available experiniRaf. 12 is zero while for a perfectly disordered crystal CDN is one.
(dashed ling Table 1l shows the partial coordination numbers and CDN of

I-ZnTe. The average number of neighbors in the first shell is

Figure 3 also shows the partial radial-distribution func-4.6. This indicates thdtZnTe retains its open structure upon
tions. These are calculated by averaging over the positions @fielting, unlike group IV and 1lI-V liquids that become
atoms of each type for the last 4 ps of the simulation. Theclosed packed. This is also in agreement with the assumption
peak atR,.:=2.64 A in the total pair-correlation function that the degree of dissociation of heterogeneous bonds in
comes from the corresponding peak dn,1(r) while the [-ZnTe is smaller than IlI-V liquids. Table Il also shows the
second peakat Ryayo=4.38A) is mainly from gre1dr). coordination numbers farCdTe (Ref. 10 near its melting
Also, gz,.z/(r) indicates that the Zn atoms are randomly temperature. The similarity between the two liquids is evi-
distributed (with the constraint that no two atoms can be dent.
closer tharR=2.1A). We also calculate the angular distribution function, or

To compare our calculations with neutron-scatteringpair-correlation function of order higher than two. Figure 5
experiments? we calculate the total structure factor func- shows the total angular distribution functigig6), which is
tion, as a linear combination of the partial structure factorscalculated as an average of angle defined between the refer-
Sznze(Q), Szn1e(@), andSre.1d ), normalized by scattering ence atom, the nearest atom, and a vector drawn to all atoms
lengthsa,, and ae: within a radiusR,;, of the reference atom. The distributions

) ) are normalized by si#) because a homogeneous distribution
@ Saa(q) T 2a,a5S,4(0) + apSpp(q) of atoms would correspond to s{#). From Fig. 5, it is clear
ai+ az ) that the predominant angles correspond-&0°, ~100°, and
~150°. One may interpret the first two angles as correspond-

The ratio of the scattering lengths is taken to &g,/ate  ing to the closed-packed angle and tetrahedral angles. The
=5.68/5.8 (Ref. 31). Partial structure factors are obtained

from partial radial-distribution functions by a fourier trans-
formation:

S(q)=

o sin(27qr) n
Sag(Q):5aﬁ+47TPagfo [gaﬁ_l]Tqrr dr, 2
C
(3 < S —
=0 30 60 90 120 150 180
wherep s is partial density. c
Figure 4 shows the total structure factor as obtained from 8| Zn—Zn-Zn bonds | ' AN
our simulation and from experiment. The first peak position -S --- Te-Te-Te bonds /
matches very well, but for the second peak position thereisa 4 /'
discrepancy of 6%. Despite this difference, the overall agree- A .
ment between these structure factors is good. Upon varying “,«"'"'"‘-.,'..,,_,,_M‘_w_,,w__‘w:_', ,,,,,,,,,,,,,,,,,
the density, we find that the structure factor does not change LY 1 s ' s
significantly. The overall shape remains similar and the 0 30 60 At?lgle 120 150 180

peaks still align well with experiment. This is consistent with
our earlier calculations on Ill-V semiconductors that have F|G. 5. Total angular distributiorin arbitrary units of bond
shown that+10% variations in volume do not affect the angles in the top panel. Angular distribution of bond angles in Te
structure of the liquid. Metallic liquid® also show similar  and zn clusters in the bottom panels. The distributions are normal-
insensitivity to density. ized by sir{6).
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FIG. 6. Structure of Te chains In~ZnTe. The box corresponds to

ductivity does not have a metallic Drude-like dependence
[0(w)~0oo/(1+ w?7?)] as liquid IV and I1I-V semiconduc-
tors have. The frequency-dependent conductivity peaks

2x2X2 supercell geometry. Only atoms of Te and bonds betweers\/ and then asymptotically goes to zero a®?/The dc

them are shown.

peak~150° comes from Te-Te-Te angle distributiomhich
is also shown in Fig. b This angle is reminiscent of helical
Te chains in elementddTe (Refs. 33,34. Indeed, snapshots
of thel-ZnTe show such chains in which40% of Te atoms
participate. This is very similar to the Te chainsliCdTe

conductivity value =0) is obtained by linearly extrapolat-
ing from w—0. We obtain a value 0f~100 QO tcm™,
which is slightly larger than the experimental véitief 40

Q lcm ™ This overestimate of the conductivity is not sur-
prising given the uncertainties in the theoretical calculations
and experimental measurements. For example, the experi-

mental values for the conductivity of liquids often vary by a

(Ref. 10. Figure 6 shows the atomic configuration in a typi- ¢ctor 2-3(Ref. 10. Further, it is known that the conductiv-
cal snapshot of-ZnTe. Only the Te atoms are shown for j is 5 strong function of temperatutAt ~60 K above the
clanty._ Atoms are con3|dere(_j bonded if the distance betweememng temperature, the conductivity rises very rapidly. As
them is less thamRy,. The figure shows that Te atoms do giscyssed earlier, the temperature of our liquid is subjected to
indeed form chains. This is in contrast with Zn-Zn-Zn bond-gme yncertainty and could result in the overestimate of con-
angle distribution shown in Fig. 5. The predominant angle isjyctivity. To investigate this issue further, we cooled the lig-
~60°, i.e., atoms of Zn form closed-packed clusters. uid by another 300 K. There were no differences in the struc-
tural properties of the liquid. We chose several configurations
from the final 1 ps of the cooled liquid and calculated the
geonductivity. The conductivity did not change significantly.
However, we did find a strong variance with the pressure. If
the density of the liquid is increased byl10%, the conduc-
tivity increases by nearly an order of magnitude. Addition-
ally, our use of the Kohn-Sham eigenvalues in E4). is
suspect since the Kohn-Sham eigenvalues underestimate the
band gap® As a consequence, we expect our calculations to
yield an enhanced conductivity.

B. Electronic properties

The optical conductivity of a system can be calculate
from a knowledge of the electronic structure. According to
the Kubo-Greenwodd expression the real part of conduc-
tivity can be calculated as

2me?

o (w)= m;m a;X:y , [l Pal )2

X S(E,—En—fo), (4)
whereE; and ¢; are eigenvalues and eigenfunctions, &hd By following the atomi i 4 velociti f th
is the volume of the supercell. Dipole transition elements ; y 1o ?r\]Nlrll_g 'de ??mm p(:3| |ot_ns arf1 " velocities o Ie
were sampled at thE point in the Brillouin zone. The lowest atoms In the fiquid state as a function of ime, we can calcu-

300 eigenstates were included in the summation. The reéﬁté the \é'k_)l_rat.'cingl _(Izlen_ls_lty SI §tattﬁs fmd glﬁUSan constantts
part of the optical conductivity is shown in Fig. 7. We in- ofzn and 1€ ini-znie. 10 obtain € trué dynamics, we Se

cluded five configurations chosen at random from the last jfhe viscosity parameter to zero and followed the trajectory of

ps of the simulation. This appears to be sufficient for a rea—each atom in the liquid for 4 ps of the simulati¢ime

sonable convergence of the conductivity. The electron temyvindow). The diffusion constant is given as
perature(in the Fermi-Dirac functionwas taken to be zero ([R(H)~Ri(0)]?)
in all these calculations. From Fig. 7, it is clear thanTe ! 5 ! 7

has a semiconductor-type conductivity: real part of the con-

C. Dynamic properties

Di: I|m

t—oo

®)
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FIG. 9. Vibrational density of states in the liquid.

FIG. 8. Mean-square displacement as a function of time. . . .
peaks corresponding to crystalline acoustiel.5-5 TH32,

whereR (1) is the position of théth atom after time. The ~ and optical(~5-6 TH2 modes™ This reflects the presence
average is over all atoms of the same type in the unit cellf local order within the melt.
Figure 8 shows the mean-square displacement as a function

of time. The resulting diffusion coefficients ai2,,=1.0 IV. CONCLUSION

X 10™* cmffsec andDr.=3.2< 10" ° cn/sec. We performedab initio molecular-dynamic simulations of
We also calculate the velocity autocorrelation function|-znTe near its melting temperature. The calculated structure
Z(t) defined as factor agrees well with experimettin agreement with ex-
periment, we find thatZnTe retains its open structure in the
(vi(t)v;(0)) melt with a coordination number4, as forl-CdTe(Ref. 10.
Z(t)= (0,(0)0,(0))" (6)  This is very different from group IV and I11-V liquids, which

have coordination number6 upon meltingl-ZnTe also be-
haves likel-CdTe in terms of the degree of dissociation in
the melt. Unlike group 1lI-V liquids, significant number of
eheterogeneous bonds are preserved. We also find that atoms
of Te form chains id-ZnTe as in-CdTe. We find thal-ZnTe
also has a semiconductorlike conductivity.
In group IV and IlI-V semiconductors where the ionicity

is smaller, in the liquid state the entropy favors a disordered

_kpT (= and closed-packed structure. We believelidnTe (as in
Di_ﬁfo Zi(vd, @) [-CdTe homogeneous bonds are not preferred because the
ionicity is higher. This limits the miscibility of different
types of atomscompared to group IV and IlI-V liquids

wherev;(t) is the atomic velocity of théth atom after time
t. The average is also over all atoms in the unit cell for th
total velocity autocorrelation functioA(t), and over all at-
oms of same type far ,(t) (e=2Zn,Te). The diffusion con-
stants can be calculated as

wherem,; is the mass of atom of typie k;, is the Boltzmann Thus. the int | th ¢ d N
constant, andr is the temperature. The diffusion constants us, (e internal energy opposes Ihe entropy and prevents a

calculated this way match those calculated above to withir‘n:Iosecj packed, randqmly_ mixed phase. The higher |on|C|t){
10%. also prevents delocalization of electrons and leads to semi-

The vibrational density of states that is proportional to theconductorllke_ properties as ,'thTEf' (Ref'&%o' Th's. IS 1n
Fourier transform o (t) is shown in Fig. 9. Before Fourier agreement W'th Joffe-RegeIs emplrlcal eaccprdmg to
transforming theZ(t) a Hamming windoW was applied to which a liquid behaves Ilke a semlgondugtor if the short-
it. We checked several different windowing functions that"@"9€ order of the crystalline phase is retained.
they did not affect the overall shape and peak positions in the
curve. As can be seen in the figure, there are several modes at
zero frequency. Presence of these modes implies that the We would like to acknowledge the support for this work
atoms movei.e., the system is liquidlike and is not an amor- by NASA, NSF, and by the Minnesota Supercomputing
phous solig. Despite this liquid behavior, there are severalinstitute.
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