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First-principles molecular dynamics simulations are carried out to study the structural properties of liquid
GeSe. We use a generalized gradient approximation for the exchange and correlation energy, which we find to
improve significantly upon the local density approximation in describing both the short- and the intermediate-
range structure. A very good agreement with experiment is obtained for the total neutron structure factor over
the entire range of momentum transfer. In particular, the first sharp diffraction(B&&K is well reproduced.

We carry out a detailed comparison between partial structure factors and partial pair correlations in theory and
experiment to assess the quality of our simulation model. The short-range and intermediate-range structure are
well described overall. However, residual differences between theory and experiment, such as the absence of a
FSDP in the concentration-concentration structure factor, appear and are traced back to the Ge-Ge correlations.
An analysis of the bonding configurations indicates that liquid GéSea defective network consisting of
predominant Ge-centered tetrahedral units, but Ge- and Se-centered triads and homopolar bonds occur in
non-negligible amounts. The number of -G&e homopolar bonds and of ordered fourfold rings compare
favorably with experimental estimates. Chemical disorder manifests through an important percentage of Se-
rich odd-membered rings. We characterized the intermediate-range order by studying the relation between
real-space distances and the FSDP. We found that this feature appears when correlatiodsSh&yare
accounted for. The evaluation of bond lifetimes reflect the higher stability ef&= bonds with respect to
homopolar bonds, consistent with the predominance of tetrahedral units.
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[. INTRODUCTION atomic potentials were first employed to address key issues
such as the nature of the network connectivity in terms of
Two contiguous length scales describe the amount of reeorner-sharing and edge-sharing tetrahedra and the extent of
sidual structural organization in a topologically disorderedstructural correlations in glassy and liquid Ge$e'® The
system® On the one hand, short-range ordSRO) refers to  use of these potentials gave a structure for liquid Gefe
correlations existing between nearest neighbors and is wid of homopolar bonds and a relative humber of corner-
common feature of most noncrystalline materials. On theand edge-sharing tetrahedra sensitively dependent on the
other hand, intermediatéalso termed mediuprange order consideration of three-body terms. These simulations were
(IRO) is defined as the level of structural organization in-nevertheless able to reproduce satisfactorily the total neutron
volving distances significantly longer than nearest-neighbodiffraction data, including the FSDP. By relying on a simpli-
bonds! Network-forming liquids and glasses of stoichiom- fied model consisting of charged hard spheres, lyetomi,
etry AX, (A=Si, Ge;X=0, S, Se exhibit IRO through the Vashishta, and Kalia concluded that the FSDP in the total
appearance of a first sharp diffraction pe®SDP in the  structure factor arises from of a combination of steric and
total neutron structure factor. This signature lies at a value o€harge effects, which ensure the establishment of a regular
the momentum transférwhich typically corresponds to half network of tetrahedr& Moreover, these authors suggested
the momentum transfer of the principal diffraction péak.  the absence of the FSDP in the charge-charge structure factor
Disordered GeSesystems have often been selected asS,, to be a generic property of any binary AXlisordered
good prototypes to gain insight into the microscopic origin ofsystem® On the experimental side, Penfold and Salmon
the IRO>~! From the structural point of view, this interest questioned the validity of these assertions by carrying out a
stems from two kinds of early observations. At variance withfull partial-structure-factor analysis on liquid GeSeith the
the case of SiQ the chemical order in amorphous GeSe method of isotopic substitution in neutron diffractibhThe
was found to be broken, as proved by the finite concentratiopartial pair correlation functions of liquid Geseere found
of Ge—Ge and Se-Se homopolar bond<® These results to be consistent with the presence of-Gée and Se-Se
have been confirmed very recently by further experimentabonds which disrupt the chemical order of the network struc-
work 121 Moreover, in neutron diffraction experiments on ture. In particular, a FSDP appeared in the Bhatia-Thoriton
liguid and glassy GeSethe FSDP was found to persist in (BT) concentration-concentration structure fac&g, indi-
the liquid with an intensity comparable to that of the glass,cating concentration fluctuations over intermediate-range
indicating that the IRO is preserved on meltif{g. distances. This result is in marked contrast with the predic-
Molecular dynamics simulations based on classical intertions of the classical molecular dynamics mod&ig® pro-
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vided theS,, andS. structure factors are considered equiva-the treatment of the exchange and correlation energy. The
lent, as would be the case for a liquid with purely ionic first approximation was the LDA, for which we used the
species. results by Ceperley and Aldét,as interpolated by Perdew

In previous work, we showed that the total structure factorand Zunge?® The second one was the GGA introduced by
of liquid GeSe obtained within a density functional ap- Perdewet al?® Valence electrons were treated explicitly, in
proach accurately reproduces neutron diffraction &ata.  conjunction with norm-conserving pseudopotentials to ac-
particular, we demonstrated a relation between the degree ebunt for core-valence interactions. The LDA pseudopoten-
ionicity and the establishment of the IR®In this paper, we tials were taken from Ref. 27, while the GGA ones were
present a detailed description of the structural and dynamicajenerated as in Ref. 28.
properties of liquid GeSe To this end, we here rely on a  The wave functions were expanded at theoint of the
new set of extended first-principles molecular dynamicssupercell on a plane-wave basis set defined by an energy
simulations using two different functionals for the exchangecutoff E... In a first series of simulations, described in Ref.
and correlation energy. First, we demonstrate the reliability21l and Ref. 22F . was taken equal to 10 Ry. We tested this
of our model simulation by performing a close comparisonchoice on the Ge-Se dimer, finding bond lengtig=f 4.06
with experimental data in reciprocal and real space. In parbohrs, for both the LDA and GG)Rand vibrational frequen-
ticular, we found that the partial structure factors and paircies (@=392 cm ! in the LDA, =405 cm! in the
correlation functions obtained within a generalized gradientGGA), reproducing the experimental d&t#o within at most
approximation(GGA) significantly improve upon those ob- 1% and 4%, respectively. These dimer properties were found
tained within the local density approximatighDA). We  to be essentially converged f&g= 10 Ry. In fact, increasing
then provide a detailed picture of the short- and intermediatethe cutoffE. to 20 Ry led to negligible changesli{=4.08
range structure. The structure of the liquid is characterized ibohrs andw=392 cm'! in the GGA. In this paper, we
terms of average coordination numbers, bond angle distribuaevertheless adopt a cutoff &,=20 Ry for both the LDA
tions, and ring statistics. Furthermore, we specifically adand GGA simulations, because we found that this higher cut-
dress the IRO by establishing a relationship between theff has the effect of moderately enhancing the ionicity of the
FSDP and the range of distances which account for its apsystem, thereby slightly improving the agreement with the
pearance. The dynamical behavior of the liquid is studiedexperimental partial structure factots.
through the calculation of the diffusion coefficients and the The last configurations of the fully equilibrated trajecto-
bond lifetimes.

Our paper is organized as follows. In Sec. Il we describe 4 .
our simulation method and provide technical details. Sec. Ill
is devoted to a comparison between experimental and thec
retical partial structure factors and pair correlation functions.
In particular, we compare the results obtained within the
GGA and LDA schemes. Section IV is divided into three
parts. In the first part, an analysis of the atomic configura-
tions is given in terms of average coordination numbers ancg
bond angle distributions. We then focus on the statistics ofg
rings. In the last part of this section, we determine the rangey
of interatomic distances which account for the appearance o%
the FSDP in the structure factors. Results on dynamical prop-g
erties, including diffusion coefficients and bond lifetimes, are &
given in Sec. V. The paper concludes with Sec. VI.

Il. THEORETICAL MODEL

partial neutro

Our simulations were performed at constant volume on a
system consisting of 120 aton®¥0 Ge and 80 SeWe used
a periodically repeated cubic cell of size 15.7 A, correspond-
ing to the experimental density of the liquid && 1050 K.
This system size is sufficiently large to cover the region of

bkl L "
.

wave vectors in which the FSDP occurs. The smallest wave ab o F

vector compatible with our supercell ks,,=0.4 A%, sig- B . L . . !
nificantly smaller than the FSDP wave vectdgpp 0 2 4 6 8 10 12 14
=1 A ! (Ref. 19. The region of wave vectors in which the K (A_l)

FSDP appears is described by as much as eight discrete

wavevectors compatible with the periodicity of our supercell.  FIG. 1. Faber-ziman partial structure factors for liquid GeSe
The electronic structure was described within densityGGA calculations(solid line), LDA calculations(dotted ling, and

functional theory(DFT) and evolved self-consistently during experiment(dots with error bass(Ref. 19. Sk24 (k), SK2A(Kk),

the motion®® We considered two distinct approximations for and Ss2A(k) have been shifted down by 2, 1, and 1, respectively.
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TABLE I. Positions(p) and heightgh) of the first maximum M1, first minimum m1, and second maxi-
mum M2 in the Faber-Ziman and Bhatia-Thornton partial structure factors. Positions are given in A. In the
absence of a signature, clearly discernible from the statistical noise, no data are reported. Error bars are the
standard deviations from the mean for subaverages of 2 ps and 1 ps for the GGA and LDA simulations,
respectively. The experimental resulexpt are taken from Refs. 19,37, and 38.

p-M1 h-M1 p-ml1 h-m1 p-M2 h-M2
SEPA LK) - - - - 2.04 1.72-0.10
Goa (k) 1.13 1.26-0.28 1.27 —0.13+0.06 1.88 1.850.20
SRt (K) 0.98 2.60-0.53 1.45 —-0.50-0.41 2.20 1.98 0.51
SR (k) - - 1.70 —0.12+0.08 2.86 1.468-0.06
SEEL(K) 1.13 1.53-0.06 2.00 —-0.33+0.10 3.00 1.440.02
ST (K) 1.00 1.16-0.16 1.95 -0.14+0.21 3.05 1.680.22
SEPE(K) - - - - 2.00 1.85-0.10
S () - - - - 2.00 2.170.14
SEXRI(K) 0.95 0.04-0.07 1.15 —-0.12+0.06 2.05 2.430.07
Sia (k) 0.90 0.48-0.04 1.39 0.3%0.04 2.26 1.130.10
SSEAK) 1.13 0.81-0.06 1.50 0.420.02 2.04 1.06:0.03
SEXPi(k) 1.00 0.76-0.14 1.35 0.46:0.17 2.00 1.130.19
SN (k) 0.90 0.13-0.01 2.0 —0.14x0.02 3.07 0.06:0.01
SSEAK) 1.13 0.21-0.02 2.0 —0.22+0.03 2.92 0.0%0.01
SPY(k) 1.00 0.270.05 2.0 —0.27+0.07 2.70 0.020.08
SERA(K) - - - - 2.00 0.39-0.02
SEEAK) - - - - 2.04 0.410.01
SEPK) 0.95 0.25-0.04 1.45 0.090.04 2.05 0.450.05

ries obtained in Refs. 21 and 22 for liquid GeSeith E, ~ much worse agreement, and, in particular, no FSDP appears.
=10 Ry within the LDA and GGA schemes were taken asTherefore, in the following of this subsection, we first use
initial sets of coordinates for the simulations wiEg=20 Ry.  the GGA results in the comparison between theory and ex-
We used a fictitious electron mass @§=5000 a.u(i.e., in  periment. For completeness, we then discuss the differences
units ofmea3, wherem, is the electronic mass ara is the ~ which arise within the LDA.
Bohr radiug and a time step obt=0.54 fs to integrate the In Fig. 1, we display calculated and experimental
equations of motion. To permit the use of such a large timéaber-Zimar® (FZ) partial structure factors. Relevant peak
step, we adopted the preconditioning scheme in Ref. 31 witpositions and heights are given in Table I. The experimental
a preconditioning cutoff oE,=3 Ry. Temperature control is partial structure factoiSERL (k) shows a very prominent
implemented for both ionic and electronic degrees of freeFSDP, a lower second maximum, and two minima in the
dom by using Nos¢doover thermostat¥:**We carried out  jnterval 1.5 A L<k<4 A~! having close depths. The the-
simulations afl =(1040+10) K over time periods of 9 ps  yretical SGGA(k) compares favorably to the experimental
and_2_1 ps for the LDA an_d__GGA, respectively. When takmgigﬁ%e(k) but is less structured and shows a smaller FSDP.
tsrzztli\s:/%alrjxsn\j\?eerz g;:cg'r'gzgse?hrgegit;&;tlioﬁ fS\/re?:Che(r)- s in the total structure factor, the FSDP is displaced to

' PeTarger k values by 0.15 AL In the interval 1.5 Al<k

formed using for norm-conserving pseudopotentials the com-_4 AL the theoreticalsgeeée(k) is found to be slightly

puter program described in Refs. 34 and 35. shifted towards smaller wave vectors with respect to the ex-

perimental curve. Calculated averages of the FSDP height on

I1l. COMPARISON BETWEEN EXPERIMENT time periods of 2 ps are found to be strongly time dependent,

AND THEORY leading to a theoretical error bar as large as 20%. However,

despite these fluctuations, the height of the theoretical FSDP
remains clearly below the experimental value.

The total neutron structure factors calculated wih The theoretical Ge-Se structure factBESo(k) repro-
=20 Ry do not differ significantly from those reported duces accurately the data of Ref. 19 for2 A~1, but for
previously?3° and are not reproduced here. Besides a slightower k values a small overall displacement is observed. Al-
displacement of the FSDP towards largeralues, an overall though the deviation is less striking than for Ge-Ge correla-
very good agreement is found between the experimental totaions, the theoretical FSDP in the Ge-Se structure factor is
structure factdf* and the theoretical one obtained within the found to overestimate the experimental FSDP. Among the
GGA. At variance, the LDA total structure factor features athree Faber-Ziman structure factors, the best agreement with

A. Structure factors
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20 . - . . . . concentration-concentration structure fac&c(k) can be
appreciated by considering the relation

Scc(K)=CgeCsdl+ CieCsdl Scecd K) — SgesdK) ]
+[Ssestk) = SgesdK) 1})- (2

This equality shows that a peak at a given wave vector in the
Scc(K) stems from the sensitivity of a given atdi@e or S¢

to the chemical nature of its neighbors on the length scale
associated to that specific value kaf On the contrary, the
absence of a peak corresponds to an equivalent tendency to
homo- or heteropolar neighbors.

Consistently as found for the total structure factor, our
calculatedSS $*(k) lies almost entirely within the error bars
of the measuredS\’(k), the only notable difference con-
cerning the position of the FSDP, as mentioned above. Also
06 F . . . . . . . the number-concentration structure facggtP(k) is well re-

produced by the theoretic&fS*(k), with small differences
confined to the FSDP region. The theoretisgE"(k) agrees
closely with the concentration-concentration structure factor
SEXP(k) for k>1.5 A"l However, the very prominent
FSDP observed experimentally is absent in the theoretical
SeeA(k).

Overall, the comparison between experimental and theo-
retical partial structure factors is very good fovalues char-
acteristic of short-range propertiek>2 A). However, de-
spite the good agreement in the total structure fetone

FIG. 2. The Bhatia-Thornton partial structure factéRef. 29  distribution of the FSDP weights in the partial structure fac-
for liquid GeSe: GGA calculations(solid ling), LDA calculations  tors is found to be different in theory and experiment. In the
(dotted ling, and experiment(dots with error bars (Ref. 37 FZ scheme, this difference is manifest in the Ge-Ge and, to a
SiaA(k), SKRA(K), and SE(k) have been shifted down by 0.5, lesser extent, in the Ge-Se partial structure factors. While
0.4, and 0.2, respectively. these discrepancies compensate in the total structure factor,
they concur to give an important deviation with respect to

experiment is found for the Se-Se structure faG8fZ(k).  experiment at the FSDP position of the BT concentration-
In particular, this partial structure factor reproduces well theconcentration structure factor, according to E2).
small signature found at the position of the FSDP, the main In the case of the LDA, the agreement with experiments
peak, and the adjacent minimum. for the partial structure factors is only qualitative over the
In Fig. 2, we further analyze the comparison betweergntirek range(Fig. 1). The most remarkable difference with
theory and experiment by considering the Bhatia-Thorffton respect to the GGA results is the absence of a FSDP in the
partial structure factorSyy(k) (number-number Syc(k)  SeeadK) structure factor. Overall, th8z2¢ (k) is less struc-
(number-concentration and Scc(k)  (concentration- tured than its GGA counterpart, showing shallower maxima
concentration These can be obtained by linear combinationsand minima and a very flat trend fé>3 A~%. A similar
of the FZ structure factor€ In terms of the Bhatia-Thornton pattern is observed f@g2a{k) andSsoa(k), where heights
structure factors, the total neutron structure facB(k)  and depths of the features are severely underestimated.
reads Figure 2 also gives the BT structure factors calculated in
the LDA. The theoreticaByy/ (k) doe%not show a FSDP,
_ _ consistent with the total structure factérof which it gives
Stk =Su(l)+ AlSec(k)/Coctse™ 11+ BSvelk), (1) an accurate representatifgee Eq.1)]. At higherk values,
where A= o Cs Ab2/(b)2, B=2Ab/(b), Ab=bae—bss, Sk (k) yields flat_tﬁr peaks in between 2°Aand 4 A
and (b)=cgbge+ Csdse, C, andb, denoting the atomic and, for k>4 A~', less pronounced oscillations than

\ , . GGALY i : : :
fraction and the coherent scattering length of the chemicaPnn (K), in marked contrast with the corresponding experi-

speciesa (bge=8.185 fm, bg.=7.97 fm.™® This leads to Mental structure factor. Similarly, the LDA structure factors

coefficientsA and B equal to 1.6 10" and 0.053, respec- Snc (K) andSce’(k) are found to be less structured than in

tively. Due to the close values of the scattering lengths of Géhe GGA. The sizable shoulder exhibited 3h3"(k), close

and Se and the limited range of variation §{c(k) and to the FSDP location &<0.9 A™!, should not be taken as
Sce(K) [ISne(k)[<0.2, Sce(k)<0.5; see Fig. B Syn(k)  an indication of the presence of a FSDP. Indeed, the values
turns out to be a very good approximation ®f(k), i.e.,  of Syy (k) assumed in this region are consistent with the

|Sr(k)-Sun(k)|<0.015.  The  significance  of the total structure factor measured by neutron diffraction for lig-

L5

1.0

0.5

0.0

Bhatia-Thornton partial structure factors

k(A
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uid GeSe at high temperatures,where the FSDP vanishes. 2| _
Recent first-principles molecular dynamics simulations, Ge-Ge
which successfully modeled this behavior, showed a con-
comitant collapse of intermediate-range ortfer.

Recently, Cobb and Drabold modeled liquid Ge®gthin
a non-self-consistent electronic structure scheme based o~
the LDA and on the use of a minimal basis $eDverall, &
their results are consistent with experiment. However, ag 0 '
FSDP arises in the total structure factor, at variance with ourg '
fully self-consistent LDA results. Given the relation between
ionicity and the FSDP? this suggests that the approxima-
tions inherent in the calculations of Ref. 41 artificially en-
hance the ionic character of the bonding compared to a con
verged LDA calculation.

In summary, the LDA appears inadequate to account for
short- and intermediate-range order in liquid GgSEhe
GGA improves upon the LDA description and brings the
calculated structure factors into much better agreement witt
the experimental ones. However, small differences remair
between experiment and theory when one focuses on thi
height of the FSDP in the partial structure factors. Most strik-
ing is the absence of the FSDP in t88S”(k), which is 1+
closely related to an underestimation of the height of the
FSDP in the Ge-Ge structure factor. 0 !

S

10

lation fun

paitr corre

partial
(9%
|

B. Pair correlation functions r(A)

Partial pair correlation functiong,s(r) and their experi- FIG. 3. Partial pair correlation functions for liquid GeS&GA
mental counterpart$® are shown in Fig. 3. Peak positions calculations(thick line), LDA calculations(dotted ling, and experi-
and number of neighbors within given integration ranges arenental datgsolid line) (Refs. 19 and 38
displayed in Table II. A first maximum indicative of homopo-
lar bonds is clearly distinguishable in the experimentalhigher number of homopolar neighbors and are generally
gaRi(r), followed by a main peak and a deep minimum, less structured than in the GGA.
showing distinct shells of neighbors. This trend is not accu- We obtain partial ., Nsg and averagén) coordination
rately reproduced by the theoreti Sée(r), which is char- nhumbers from the first-neighbor coordination numbers
acterized by the absence of a clear first maximum, a larger
distance for homopolar bonds, a broader main peak, and a TABLE Il. First (FPP and secondSPP peak positions in ex-
much less pronounced first minimum. By consequence, thBerimentalRefs. 19 and 3Band theoreticag,5(r). The integration
theoretical Ge-Ge coordination numbegeg. calculated —ranges corresponding to the coordination numibggsandn;, ; are
over distances corresponding to the first experimental peak~2-6 A, 2.6-4.2 A for ggeedr), 0-3.1 A, 3.1-45 A for
(0<r<2.6 A) underestimates the experimental value. Thedcesdr), and 0-2.7 A, 2.7-4.8 A for gsesr). Error bars are the
Ge-Se pair correlation functiog&®i(r) is characterized by standard deviations from the mean for subaverages of (@)

h . .. . . and 1 ps(LDA).
a prominent main peak and a deep minimum. This behavior
is well reproduced in the theoreticg¢sr), though the 9us() FPP(A) g SPP(A) 0,
maximum and the minimum are found to be less pro-
nounced. At higher distances, the theoretg@fs(r) shows
less structure than the experimental curve, with a flat secongkoadr) 27=0.1 0.08:0.01 3.650.10 2.89-0.06
maximum atr=5.5 A. The first-neighbor Ge-Se coordina- gacedr)  2.7+0.1  0.04-0.01 3.74-0.05 2.74-0.06
tion numbersng.sederived from the experiment and from g&¢{r) 2.33:0.03 0.25-0.10 3.53-0.02 2.9:0.3
the simulation compare satisfactorily. In the case of Se-Se
correlations, the theoreticgSSa(r) follows closely the ex- g:4(r)  2.45+0.10 3.68-0.01 5.70:0.02 4.32-0.06
perimentalg&i{r) for r>3 A. Although the first peak is ¢S%(r) 2.41+0.10 3.76:0.01 5.60-0.01 3.72-0.03
sharper than in experiment, tlﬁeGSA((r) yields an accurate g&fe{r)  2.42+0.02 3502 415010 4.0:0.3
value for the first-neighbor coordination numbey,s. Con-
sidering the results obtained in the LDA, we observe thegi25(r)  2.36x0.07 0.56:0.02 3.82:0.05 8.9:-0.06
following. On the one hand, the overall shape of the threg$S4(r)  2.34+0.02 0.3720.01 3.84:0.02 9.28-0.04
LDA partial correlation functions is remarkably similar to ggxi(r) 2.30+0.02 0.23-0.05 3.75-0.02 9.6-0.3
the GGA ones. On the other hand, the LDA curves show a
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TABLE Ill. Experimental and theoretical values for the partial ~ TABLE IV. Average numbern,(l) (boldface characters, ex-
coordination numbersige and ng, and the average coordination pressed as a percentagé atoms of species (a=Ge, S¢ |-fold
numbem of liquid GeSeg at T=1040 K. The coordination numbers coordinated at a distance of 3 A. For each valuagfl), we give
Nge @andnggare given byngeget Ngese @NdNgesst Nsece Fespec-  the identity and the number of the Ge and Se neighbors. Note that
tively (see the values reported in Table Il f0gege, Ngese @Nd  0.45% of the Ge atoms have a coordinatlen6 (not reported in
Nsese Wherengese&2nsecd. The average coordination numhber  the tablg. In the lower part of the table, we also give the average
is equal toCge(Ngeget Ngesd T Csd Nsesst Nsecd- Error bars are  number of dimers, trimers, tetramers, and pentamers. Atoms are
the standard deviations of the mean for subaverages of 2 ps. considered bonded when their separation is smaller than 3 A. Sta-
tistical errors do not exceed 2%.

NGe Nse n
Ge =1 0.20 =2 5.26
LDA 3.76:0.02 2.40£0.02 2.85:0.02 Ge ) Ge R
GGA 3.80£0.02 2.25-0.02 2.7 0.02 Se 0.20 GeSe 0.09
Ref. 38 3.750.3 1.98-0.15 2.570.20 ' Se, 5 1'7
o . 1=3 2237 1=4  60.88 =5 10.83
Ngeger Ngese andngesegiven in Table 1. The resulting Ge . Ge, ; Ges ;
theoretical values are compared to experimental data in Tabeezse } GeSe ) GgSe )
[ll. Overall, the GGA partial and average coordination NUM-Gesg 261 GeSe 0.10 GeSe _
bers reproduce well the experimental results. The coordinasg, 19.76  GeSg 6.95 GeSe, 0.36
tion numbersng, and n obtained in the LDA compare less Se, 53.83 GeSg 5.89
favorably: this discrepancy can be traced backdgs. We Se 4.58

note that the good agreement between theory and experiment
found forng, is somewhat fortuitous, because it results from

the compensation of the calculate@.ge and Ngese par- € =1 2.28 =2 70.30
ticularly for the LDA. Se 0.55 Sg 2.83
Our results in real space confirm that the GGA provides a Ge 173 SeGe 21.90
better description of liquid GeSehan the LDA. The theo- Ge, 45.57
retical pair correlation functiongSSa(r) and gSSiyr) are
P Scesdr) andgsesir) 2527  1=4 2.13 =5 0.04

found to be consistent with the corresponding experimental

ones*® However, our model yields a broader distribution of 0.32 S8 0.01 S8 )
Ge—Ge bond lengths, which on average are longer by aseCe 325 SgGe 0.09 SgGe i

much as 15% with respect to experimental val(see Table SeGe 858  SeGe 0.59 SeGe, 0.01

II). Longer interatomic Ge-Ge distances and less structured Ges 1312 SeGe 1.04 SeGe; 0.02
Ge-Ge pair correlation functions were recently also obtained Ges 040 Sece 0.01

for liquid GeSe within the same first-principles framework G )

used herd? We note that such longer GeGe bond lengths

are characteristic of the metallic liquid Ge. For this system, dimers  trimers tetramers  pentamers
first-principles calculations correctly reproduce the experi-ge 2.9 0.3

mental bond lengths (theory*®4* 263-2.75 A; gse 8.9 3.1 0.9 0.2

experiment>4® 2.66—2.75 A. This suggests that the GGA
overestimates the metallic character in liquid GeSad
GeSe. a FSDP in the concentration-concentration structure
Throughout our work, we assumed that the compositiorfactor®*’ or the detailed shape of the Ge-Ge partial correla-
of liquid GeSe is homogeneous on nanoscale distancestion function®3
However, it should be noted that this assumption has recently
been challenged by Boolchand and Bres3@y associating
the connectivity of the network to the dependence of the
glass transition temperature &nn GeSe _ binary glasses, All the results presented hereafter refer to the calculations
these authors interpreted the observed trends in terms of eyserformed within the GGA scheme.
dence for the growth of a minority Ge-rich &&e )¢
phase, a phase separated on the nanoscale from the majority
Se-rich Ge(Sg,), phase® Such a model is consistent with
the observation of homopolar bonds in “s&bauef;®® We definedn,(l) as the average number of atoms of spe-
Ramar®?1%%3and diffraction measurement&®However, it  cies a I-fold coordinatedTable 1V), wherea are Ge or Se
is, at present, not yet clear whether this interpretation mighatoms. We here used a cutoff distance of 3 A, which corre-
also offer a natural explanation for structural properties insponds to the first minimum in the GeSe pair correlation
volving intermediate-range order, such as the observation dlinction and describes well the first shell of neighbors also

IV. STRUCTURAL PROPERTIES

A. Coordination numbers and bond angle distributions
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TABLE V. Distribution of rings in liquid GeSg NR is the total

(@) Se-Ge-Se number of rings of a given size. NR) is the number of rings
Ge-Ge-Se i = i
o having n Ge atoms =1, ...,7 Gé We also give the average
it T number of Ge atomsNg,) found in a ring of a given size. Statis-
i \‘ tical errors do not exceed 5%.
iy
it M
R .r A N Ring size 3 4 5 6 7 8 9 10 11 12
i\ / A,
[ ""“'\ NR 51 116 6.6 54 26 29 13 26 23 3.1
N | NR(1 Ge 2.2 04

NR(2Ge 29 111 47 06 0.2

NR(3 Geo 01 19 48 20 08 0.1 0.1

NR(4 Ge 04 21 09 05 04 01
NR(5 Ge¢ 03 20 16 0.9
NR(6 Ge¢ 03 20
NR(7 Ge 0.1
Nge 7.7 18.1 145 145 7.7 10.3 51 11.7 11.0. 16.7

100120 140 160 180 The Ge— Ge— Se distribution shows two components. A

prominent peak is observed for angles close to 60°, indicat-
ing the presence of threefold rings. The second component
corresponds to a broad distribution at higher angles in the
interval 80°—120°. Because this component is found to be
broader than the Se Ge— Se bond distribution, we infer
that the occurrence of a GeGe bond as part of Ge-centered
motifs increases the angular flexibility of these subunits.
The Ge— Se— Ge bond distribution is characterized by a

for Ge— Ge and Se- Se correlations. In Table IV, we also flat maximum extending from 80° to 100°, which can be
report the population of homopolarmers of Ge and Se interpreted in terms of two type of configuratiofisThe
atoms. shoulder on the left side of this interval arises from edge-
The percentage of fourfold-coordinated Ge atoms is closéharing tetrahedra, i.e., Ge-centered subunits which have in
to 61%. Among the Ge atoms; 54% form GeSgtetrahe- ~Common two Se atoms. The remaining part of the main peak
dra and~7% are found in Ge- GeSg units with one then results from corner-sharing tetrahedra, which share only
Ge— Ge homopolar bond. Threefold-coordinated Ge atoms Single Se atom. Such a decomposition is confirmed by the
occur in non-negligible amountg2.4%, yielding Ge— Se,  Plot shown in the inset of Fig.(B), where the Ge- Se— Ge
(19.8 % and Ge— GeSeg (2.6% units. Fivefold-coordinated distributions corresponding to edge- and Corner-shgrlng tet-
Ge atoms(10.8% are also present, distributed in close pro-fahedra are shown separately. The-S8e— Ge bond distri-
portions among Ge- GeSg and Ge— Se; units. In the case bution _shows two peaks. One of the peaks is centered at
of Ge, the percentage of atoms forming homopolar bond@ngles in between 50° and 60°, and results from the occur-
(16.5% is in good agreement with experimental estimateg®nce of Se-Se bonds in triangular motifs. The other peak
for amorphous GeSé? occurs at~. 1OQ°, |nd|cat|ng corner-;harmg—llke rather than
The Se atoms show a pronounced preference for twofol@dge-sharing-like connections. We infer that-S8e bonds
bonding(70.3%, under the form of Se- SeGe(21.9% and  are unlikely to be found in fourfold rings.
Se— Ge, (45.699 units. As much as 25% of the Se atoms
are threefold coordinated, as shown by the occurrence of
Se— SeGg (8.6%) and Se— Ge; (13.1% units. Homopolar Several molecular dynamics studies have determined
bonding involves as much as 32% of the Se atoms, whichings statistics in amorphous and liquid Ge$&** Our dis-
form on average~9 dimers and~3 trimers in our model. tribution of rings is given in Table V. We used the counting
Further information on the network topology can be algorithm based on the shortest-path criterion proposed by
gained via the distribution of the SeGe—Se, Franzblaul’“8Fourfold rings are the most likely to form, but
Ge— Ge—Se, Ge—Se—Ge, and Se-Se—Ge bond they coexist with a substantial amount of threefold, fivefold,
angles, which are shown in Fig. 4. These distributions havand sixfold rings. We note that for a given even-membered
been calculated by including neighbors separated by lessng, the configuration with an equal number of Ge and Se
than 3 A. The Se- Ge— Se bond distribution is highly sym- atoms is always favored. In the case of odd-membered rings,
metric with a maximum at 103° and an average angle equal clear preference for Se-rich rings is observed, consistently
to 106°. Despite the occurrence of a variety of bonding conwith the occurrence of a large number of-S&e homopolar
figurations, these values lie close to the tetrahedral angldonds.

angle (degrees)

FIG. 4. Bond-angle distributions Se Ge— Se(top, solid ling,
Ge— Ge— Se (top, dashed-dotted ling Ge— Se— Ge (bottom,
solid line), and Se— Se— Ge (bottom, dash-dotted line Inset:
Ge— Se— Ge bond angle distributions obtained by considering
separately Ge atoms belonging to edge-shafihigk) and corner-
sharing(thin) configurations.

B. Ring statistics
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Since some of the atoms could belong to more than one  2F = = = = T
ring of a given size, we separately provide in Table V aver- j i
age numbers of Ge atoms as distributed among the differen 1t
rings. For instance, we found that 45% and 36% of the Ge
atoms are found in fourfold and fivefold rings, respectively. of
The percentage of Ge atoms found in edge sharing configuy
rations is in very good agreement with the experimental es-g -1}
timate (~ 50%)° The Ge atoms can further be subdivided ‘»
in classes of Ga() atoms which differ by the numbar of
fourfold rings to which they belong. For instance, the(&Be
atoms characterize the bonding in crystalline $j8avhere
all the tetrahedra are edge-sharing. Another example is th
high-temperature crystalline polymorph of GeSeéich fea-
tures an equal number of corner-sharing(@eand edge
sharing Gél) sites>® From this subdivision we deduce that, of
considering all Ge atoms, 55% do not belong to fourfold
rings, 36% belong to a single fourfold ring, and 9% belong to 1
two fourfold rings.

Ge-Ge partial structur

C. Real-space correlations and the FSDP o1 2 3 4 5 60 1 2 3 4 5 6

We here focus on the range of real-space correlations k(;yl)
which are responsible for the appearance of the FSDP. For a
given partial pair correlation functiog,z(r), this range can FIG. 5. Ge— Ge partial structure factors for liquid GeS@olid

be determined by truncating,z(r) at decreasing distances lines) obtained by Fourier integration of the calculated partial pair
r. and by monitoring the behavior of the correspondingcorrelation functionggecdr) within given integration ranges 0

Fourier-transformed structure factdB,z(k). These two ~'c' (@ =33 A () r.=105A,(0)r.=6 A and(d) r=5 A.
quantities are related as follows: The dotted line corresponds to the partial structure factor directly

calculated ink space.

sinkr
r

Sup(K)=1+4mp forcrz[gaﬁ(r)—l] K dr, @3

good agreement over the entkeange when .=r,,.x. The
Fourier-transformed structure factor is more noisy than the
wherep is the atomic number density. Correlations exceed-direct one in the lowk region. However, the FSDP is well
ing the size of the superceltubic cell of sideL =15.7 A) reproducedFig. 6(@)]. The FSDP remains clearly discernible
are obtained by taking into account the periodic character ofor r,=10.5 A[Fig. 6(b)], and, although less prominent, for
our model system. In practice, we replicate our periodic celr ;=6 A [Fig. 6(c)]. Further reduction of the truncation range
by one unit in three directions up to a system containingo r.=5 A [Fig. 6(d)] drastically flattens the feature &t
3240 atoms(27 times more atoms than the original @ne =1 A~!, which turns into a shoulder located in between 1
This size allows us to calculate the pair correlation functionsA = and 1.5 A'1. The similar behavior observed in Fig. 5
up to distances as largg,,= 33 A. We first verified that the and Fig. 6 is consistent with the fact that the FSDP is mostly
structure factoiSgcd k) obtained by using Eq:3) with . due to Ge— Ge correlations. However, the persistence of a
=TI'maxiS very close to the result of the direct calculatiorkin = shoulder inS;(k) in Fig. 6d), which is not observed in the
space shown in Fig. 1. This comparison is shown in FigcorrespondingSeecdk) [Fig. 5d)], proves that the FSDP
5(@). Upon reducing the integration range a sizable reductiorlso carries contributions from GeSe and, to a much
of the FSDP height begins to manifest. However, a well-smaller extent, Se-Se correlatioff&g. 1).
defined peak still persists at the FSDP location wheex- We here showed that, for finite the direct calculation of
tends up to 10.5 AFig. 5(b)]. Thisr is smaller than/2L/2,  the FSDPin reciprocal space is different than obtained using
a value for which reliable statistics can be gathered for disthe Fourier transform of the pair correlation function limited
tances between independent atoms in a cubic supétdedl.  to distances between independent atoms in the supEFig||
shorter truncation radfir.=6 A, Fig. 5c)], only a residual  5(b)]. For simulations with sufficiently large supercells (
bump remains at the FSDP location, and, for the even shorter; ) the two calculation schemes are equivalent. However,
r.=5 A [Fig. 5(d)], any residual feature disappears. In anal-for finite L, the above results show that the convergence of
ogy with a similar study performed on a classical molecularthe FSDP height witt. can be different. In the absence of a
dynamics model of liquid GeSg® we conclude that the complete investigation as a function bf which is beyond
FSDP in theSgecd k) structure factor is mainly due to cor- the scope of the present study, it is difficult to assess which
relations beyond 5 A. of the two schemes shows a faster convergence. However, it
We carried out the same analysis as a functiomofor ~ should be emphasized that direct calculations in reciprocal
the total neutron structure fact8¢(k). The results are given space often produced structure factors in very good agree-
in Fig. 6. Direct and Fourier-transforme}(k) are in very ment with experimer>1-6°
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k (A_l) FIG. 7. Diffusion coefficients for Ge and Se atoms in liquid
GeSe. Inset: bond lifetimes for Ge- Ge, Se— Se, and Ge- Se

FIG. 6. Total neutron structure factor for liquid GeSeolid  Pairs of atoms as a function of cutoff radius.
lines) obtained by Fourier integration of the calculated partial pair
correlation functionggecdr), 9eesdr), @ndgsesér) withingiven  given d.. However, in such a procedure, a bond would be
integration ranges Or.: (@ re=33 A, (b) 1.=105 A, (0 rc=6  considered broken for any temporary fluctuation of the inter-
A, and(d) r,=5 /—\_. The dotted line corresponds to the total Neutron ;- i distance beyond the cutoff radigs. Therefore, we
structure factor directly calculated lnspace. here adopted a different procedure in which a bond is con-
sidered broken when its interatomic distance remains larger
thand, for a time period longer than a given residence time
The calculated statistical average of the time-dependerit.s.%* We took a value of 0.7 ps for,.s using a typical
guantity frequency in the vibrational spectrum of amorphous GeSe
(v=40 meV).% Interestingly, this choice coincides with the
’ alternative estimate which could be derived using the ap-
Da(t)= 6tN . ;1 [Tia(t) =Tia(0)] (4) proximate width of the first-neighbor peak in the pair corre-
“ lation functions(1 A) and the value of the diffusion coeffi-
for both speciesy, Ge and Se, is shown in Fig. 7. In B4),  cient.
ri.(t) is the coordinate of thith particle at time andN, is The calculated bond lifetimes of GeGe pairs give val-
the number of particles of the specias Plateau values of ues of about 1 ps, showing only a small increase for increas-
D,(t) are attained after 5—6 ps and yield diffusion coeffi-ing bond lengthd. . This implies that the Ge- Ge bonds do
cients of Dge=(2.2+0.2)x10° cn?/s and Dg=(2.2 not show any proclivity for a specific bond length in the
+0.2)X10°° cn?/s. Error bars are those db(t) for t investigated range al.. By contrast, the Ge- Se lifetimes
=4 ps and have been attributed by taking subaverages aare much longer, ranging between 3 and 5 ps. The longest
trajectories of 5 ps each. Equal diffusivity for the two speciedifetime is found for a value ofl, which corresponds well to
in liquid GeSe contrasts the results obtained for liquid GeSethe position of the main peak in the GeSe pair correlation
at about the same temperature. For this system, diffusiofunction. Such a trend is consistent with the predominant
coefficients of Dge=(2.8=0.3)x10"° cn?/s and Ds, occurrence of GeSetetrahedr&? The Se— Se bonds are
=(2.0+0.3)x10°° cn?/s were obtained, which indicate also long living for cutoffsd, close to their typical bond
that in GeSe the Ge atoms are more mobile than the Skengths (2.5 A). The rapid decrease of the lifetimes for
ones?*? This behavior can be rationalized by noting that, inlargerd, is indicative of little resistance to bond stretching.
the nonstoichiometric GeSe, the increase of homopolaOverall, this description shows that the bond lifetimes reflect
Ge— Ge bonds weakens the network allowing the Ge atomshe behavior of the respective pair correlation functions.
to migrate more easil{? These results point out the existence of a correlation between
In the inset of Fig. 7, we show the average bond lifetimeshe predominant occurrence of tetrahedra, the establishment
of Ge— Ge, Se— Se, and Ge- Se pairs, as calculated for of intermediate-range order, and the presence of maxima in
varying cutoff distancesl;, in the range of first-neighbor the Ge— Se bond lifetime patterns. Indeed, no maxima are
distances. In principle, one could simply define this quantityfound in the bond lifetimes of liquid GeSe, where IRO is not
as the average time during which a bond is shorter than abserved?

V. DYNAMICAL PROPERTIES

ND(
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VI. CONCLUSIONS former reproduced more accurately the ionic character in the
bonding?? This led to a structure with an increased chemical

Disordered GeSesystems are interesting examples O.f order. It is conceivable that the residual differences between

random network structures in which the chemical order is, "0 oot chould be attributed to a vet insuffi-
broken by the occurrence of homopolar bonds. Indeed, the y P y

O . : .”cient account of the ionic character in this system. A further
close electronegativities of Ge and Se give rise to bondin o
T X o . crease of the ionicity would naturally lead to an enhance-
properties in which the ionic and covalent character |nterpla¥nent of the chemical order with a concomitant increase of
in a subtle way. For these reasons, liquid and glassy &eS

have attracted particular attention as prototypes of defectiv(;t\ehe height of the Ge-Ge first sharp diffraction peak. This

. . Speculation is consistent with our finding of excessively large
network-forming systems. In particular, the total neutron P 9 y'arg

i ! . . Ge—Ge bond lengths, which are characteristic of metallic
structure factor shows a distinct first sharp diffraction peak"qui d Ge43-46 9
indicating the occurrence of intermediate-range order. In this In the second part of our work, we present an atomistic

work, we addressed the short-range and intermediate-ran%e . . . L . .
structure in liquid GeSeby performing extended molecular halysis, which provides insight into the detailed structural
q yp 9 properties of the liquid. We found that the Ge-centered tetra-

dynamics simulations within density functional theory. We hedra are the predominant coordination motifs and coexist

adopted a first-principles approach in order to account in alith homopolar bonds. Furthermore, a considerable amount

un:)rliiseii \t’\r']?y "for i;he variety of bonding configurations 9ot Ge- and Se-centered triads are also observed. These bond-
curnng s liquid. ing configurations are predicted neither by the continuous

arison between the resuls o1 out Smulaton and avatabl{Z19oM network modelnor by is exiensions which only
pariso . . i<ednclude homopolar bonds in additiGh Overall, our results
experimental data. In particular, the comparison comprise

the partial structure factors and the partial pair correlation$ how the establishment of a complex network structure, in

functions, for which detailed experimental results have beer){\'.hich the atoms form a variety of bonding configu_rations
obtained!® Overall, the agreement with experiment is very differing by both the number and type of nearest neighbors.

good in consideration of the fact that the interatomic inter-1N€S€ properties are further highlighted by the bond angle

actions in the simulation did not rely on any empirical pa_Qistributiops and ring .statistics. The. amount of Ge atoms
rameter taken from experiment. In particular, the theoryinvolved in fourfold rings (45%), which occur in edge-
gives good values for the partial and total coordination numsharing tetrahedra but also in other bonding motifs, is con-
bers and for the amount of homopolar bonds. In order tgistent with experimental estimatés0%). Among these Ge
achieve this quality of agreement, it was necessary to resoftoms, a minority19%) belongs simultaneously to two four-
to a generalized gradient approximation for the exchange ani@ld rings, in configurations reminiscent of the crystalline
correlation energy. The comparison with experiment showstructure of SiSg*®
that the local density approximation results in a structure We investigated the intermediate-range order by deter-
with an excessive amount of chemical disorder and homopomining the relevant range of distances responsible for the
lar bonds. This strongly affects the intermediate-range ordesippearance of the FSDP. To this end, we calculated the struc-
as evidenced by the absence of a first sharp diffraction peakire factors both directly in reciprocal space and through the
in the structure factor calculated in the local density approxi+ourier transformation of the pair correlation functions. This
mation. study revealed that the first sharp diffraction peak results
Despite the excellent agreement between the measurgghy correlations at distances larger than 5 A, supporting

total neutron structure factor and the one calculated in thgeyious theoretical results obtained with empirical inter-

generalized gradient approximation, our comparison of paraomic notentiald® We showed that correlations between at-

tial correlations revealed detailed differences between theory belonging to different replica in our periodic model con-

and experiment. The most striking of these differences CONgihute to the height of the first sharp diffraction peak. Thus,

cerns the first sharp diffraction peak in the concentration-, . - L
, . . albeit the use of the periodic approximation, long-range cor-
concentration structure factor, which clearly appears in the

experiment but is absent in the theory. Our analysis sugges[glat'ons well beyond the size of the supercell are effectively

that these limitations are confined to an insufficiently accu_con&dered in the calculation of the first sharp diffraction

rate description of Ge-Ge correlations. Indeed, inspection P&ak. This remark suggests that no contradiction exists be-
of the Ge—Ge partial structure factor reveals an underesti-Ween the reproducibility of first sharp diffraction peaks cal-
mation of the first sharp diffraction peak. While this under-culated for relatively small supercells and the requirement
estimation does not affect the total neutron structure factofOr @an appropriate consideration of long-range correlations.
because of compensation effects related to the other partials Finally, our investigation concludes by addressing some
structure factors, this discrepancy is magnified in thedynamical properties. In particular, by calculating bond life-
concentration-concentration structure factor. Moreover, théimes, we showed that the most stable bond is the-Ge
calculated Ge-Ge pair correlation function is less structured one, consistently with the predominant appearance of GeSe
than its experimental counterpart, with first-neighbor dis-tetrahedra. While the Se Se bond lifetimes are almost com-
tances exceeding the experimental values by about 15%. parable to the Ge- Se ones, the Ge Ge ones are consid-

The use of the generalized gradient approximation im-erably shorter, indicating that Ge Ge homopolar bonds are
proved upon the local density one, primarily because theasily broken.
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