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Influence of the quench rate and the pressure on the glass transition
temperature in selenium

D. Capriona) and H. R. Schober
Forschungszentrum Ju¨lich, IFF, D-52425 Ju¨lich, Germany

~Received 20 November 2001; accepted 20 May 2002!

We report a molecular dynamics investigation of the glass transition temperature in selenium at
pressures ranging from 0 to 6 GPa as a function of the quench rate,Qr . For moderate pressures the
specific volume of the glass depends strongly on the quench rate, whereas the specific enthalpy
varies only little. We find for both volume and energy a linear dependence on the
quench-rate-dependent glass transition temperature. The slopes of these curves reflect the different
energy scales of void formation, inter- and intrachain interactions. The extrapolated glass transition
temperatures for quench rates of order K/s agree with the experimental ones within 20%. Applying
a pressure of 1 GPa the glass transition temperature is raised by 37 K. For the sameQr , the
transition temperatureTg is much higher for simulations using fixed volume conditions~NVT
ensemble! than for the ones using fixed pressure~NPT ensemble! when one compares results for
equal pressure atT50. © 2002 American Institute of Physics.@DOI: 10.1063/1.1492797#
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I. INTRODUCTION

The rapid development of computer power in rece
years made it possible, using molecular dynamics sim
tions, to study many properties of supercooled liquids a
glasses over a wide range of temperatures and on long
scales, typically nanoseconds. Such studies have been d
e.g., on model systems, soft sphere glasses1 or Lennard-
Jones glasses~LJGs!,2,3 and on realistic systems such
silica,4–6 NiZr,7 CuZr,8 GeSe2 ,9 Se,10,11 and OTP.12

The computed vibrational and structural properties
usually in reasonable agreement with experimental data,
spite the large difference in the quench procedures use
simulations and experiments. In particular the quench ra
Qr , used in simulations are typically in a range from 1010 to
1014 K/s, depending mainly on the system. They are, the
fore, several orders of magnitude larger than in most exp
ments. These highQr results from the technical limitation
of computer simulations: for instance a quench from 600
0 K on a system of 2000 atoms of selenium w
Qr51012 K/s takes about 14 h on 8 nodes of a Cray T3
1200, and therefore would take about two months w
Qr51010 K/s. Experimentally similarly high quench rate
are realized when spots are heated by laser or particle
diation.

There are very few investigations of the dependence
the glass transition on these high quench rates or on
applied pressure. The glass transition is often studied un
constant volume conditions.

Vollmayr et al.3,13 have shown that the energy of
Lennard-Jones glass at 0 K depends onQr . The smaller the
Qr , the lower the final energy. They have also shown t
the system achieves abetter ~more perfect! local rearrange-

a!Present address: Laboratoire de Physique des Polyme`res, CP 223, Univer-
sité Libre de Bruxelles, Bd du Triomphe, B-1050 Brussels, Belgium. El
tronic mail: didier.caprion@ulb.ac.be
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ment with lowerQr . As found in experiment, the compute
values ofTg drop with decreasing quench rates. The sa
behavior was observed in a simulation of silica.5

Extrapolating the temperature and quench rate dep
dence of the internal energy, Vogel–Fulcher temperatu
T050.34 ~in LJ units! and T052525 K were obtained for
the LJGs and silica, respectively. In the case of LJGs
comparison with experiments is difficult since LJGs a
model glasses only. In silica the experimental value
Tg51446 K. There is a discrepancy of about 75% betwe
experiments and estimates from simulations.5 From an ex-
trapolation of the diffusion constant it was later argued t
the glass transition of the simulated SiO2 is in broad agree-
ment with experiment.6

Contrary to this, recent simulations on amorphous se
nium show aTg at about 300 K when the experimental valu
is at about 305 K.14 One should notice that the effectiveQr

used in these simulations is about 1010 K/s, which is still far
above the usual experimentalQr .

The aim of this work is to look into the origin of this
discrepancy and to extend the investigations of quench
effects to Se which, with its chain structure, represent
different class of materials than SiO2 and LJGs. Other than
the above-mentioned materials Se is known to show a str
pressure dependence of the glass transition temperatur
the following we calculate the evolution ofTg for different
pressures withQr in selenium. Additionally we investigate
the effects of the ensemble used in the simulation, fixed p
sure or fixed volume.

First, we briefly describe the simulations. From the te
perature dependence of the specific volume and potentia
ergy we calculateTg as function ofQr for different, fixed
pressures. We extrapolate our data to experimentally ac
sible quench rates and calculate the pressure dependen
the glass transition temperature. To check on the effect of
ensemble chosen for the simulation, we repeat some ca

-
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2815J. Chem. Phys., Vol. 117, No. 6, 8 August 2002 Glass transition temperature in selenium
lations with fixed volume instead of fixed pressure. Fina
we summarize and conclude.

II. CALCULATION

We performed molecular dynamics simulations at fix
pressure~NPTensemble! or fixed volume~NVTensemble! of
a system of 2000 atoms with periodic boundary conditio
The temperature is adjusted by velocity scaling and the p
sure is fixed by the Parrinello–Rahman algorithm.15 To re-
produce the interatomic interaction of Se we used a th
body potential previously introduced by Oligschlegeret al.16

With this interaction one obtains amorphous structures
interlaced covalently bound chains and rings with a we
van-der-Waals-type interaction between them.10,11

The equations of motions are integrated with a Veloc
Verlet algorithm.17 The time step is equal to 1 fs. More de
tails about simulations can be found in Ref. 11.

We first equilibrated liquid samples at temperatu
ranging from T5650 K for p50 to T51000 K for
p56 GPa. The experimental melting temperature is at z
pressureTm5494 K. During the quench we recorded th
evolution of the potential energy and of the volume~simula-
tions at fixed pressure! or pressure~simulations at fixed vol-
ume!. Figure 1 shows the change of the potential energy
atom upon cooling for different quench rates and pressu
of 0 and 1 GPa. As to be expected the potential energies
atom (Ep) drop for slower quenches. The effect is reduc
for the higher pressure. The total effect is rather small, wh
indicates that the quench rate does not strongly affect
number of covalent bonds between the Se atoms. Breaki
covalent bond would cost an energy of about 2.4 eV. Slow
the quench rate fromQr5331011 K/s to Qr5131011 K/s
reduces the energy per atom only by 1 meV atp50 and less
at higher pressures.

Increasing the quench rate the systems falls out of e
librium at higher and higher temperatures. For the high
quench rate (1014 K/s) the system is not even in equilibrium
at temperatures more than twice the glass transition temp
ture.~At such a fast quench rate details of the procedure u

FIG. 1. Evolution of the potential energy per atom as function of tempe
ture for different applied pressures~p50 GPa left-hand side,p51 GPa
right-hand side! and different quench rates~from top to bottom:Qr51
31014, 331013, 131013, 331012, 131012, 331011 K/s and 131011 K/s
~p50 only!.
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to hold the pressure constant also become noticeable.! For
the lowest quench rate (331011 K/s) Ep(T) changes linearly
with temperature both at low temperatures in the glass an
high temperatures in the liquid. The asymptotic slopes of
linear increase in the solid and in the liquid are independ
of the quench rate; again an indication that the structure
the covalent bonding is not markedly changed. We did
check for the effects on the vibrational part. From our pre
ous results10 we do not expect large effects. The transitio
region between the two linear slopes grows rapidly w
quench rate. For the highest quench rate it stretches far
the hot liquid.

The corresponding plot for the evolution of the speci
atomic volume (v), Fig. 2, shows qualitatively the same b
havior but the change of slope is more pronounced and
dependence on the quench rate is stronger, particularly
p50. We observe a pronounced reduction of the atomic v
ume with applied pressure. The dotted line shows the ev
tion of the volume of the samples quenched with the low
rates, when they are rapidly reheated~rate 1014 K/s!, see the
following.

III. RESULTS

A. Constant pressure calculations „NPT ensemble …

As in Ref. 18 we define the glass transition temperatu
Tg , as the fictive temperature defined by the crossover of
extrapolations of the high and low temperature curves
energy or volume. Because of the larger effect we prima
use the temperature dependence of the volume. At the
quench rates of the simulations the crossover spans a l
temperature interval which forces one, on the glassy side
go beyond a linear extrapolation. In the previous work
LJG a quadratic fit was used.13 The volume expansion o
amorphous Se is strongly nonlinear both in experiment19 and
in our simulation. To account for this nonlinearity we calc
late the temperature dependence of the volume, for e
glassy sample and each quench rate, by rapidly heating f
T50 K with a rate of 1014 K/s. The crossing of this curve

-FIG. 2. Evolution of the specific volume per atom as function of tempe
ture for different applied pressures~p50.0 GPa left-hand side,p51 GPa
right-hand side! and different quench rates~from top to bottom:Qr51014,
331013, 1013, 331012, 1012, 331011 K/s, and 131011 K/s ~p50 only!.
The dotted lines show the volume evolution upon rapidly heating
samples with the lowest quench rate.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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with the extrapolation from the liquid then definesTg . This
procedure is valid for quench rates much smaller than
heating rate,Qr!1014 K/s, when the effects of configura
tional changes during heating are small compared to the o
occurring during the quench. This procedure separates
nonlinearity of the volume expansion inherent to the str
ture of the glass from the one due to relaxation. We neg
the small difference between ‘‘freezing temperature,’’TZ ,
andTg .20

In Fig. 3 the resultingTg are plotted against logQr for
different pressures. The expected increase withQr is clearly
visible. Reducing the quench rate fromQr5331013 K/s by
an order of magnitude toQr5331012 K/s reducesTg by
25%. Slowing the quench rate by another order of mag
tude,Tg is reduced by less than 9%.

To extrapolate to lower rates we use the procedure in
duced by Vollmayr.3,13 Arguing that the glass transition oc
curs when the relaxation time increases upon cooling to
inverse of the quench rate, the dependence ofTg on Qr can
be fitted by a Vogel–Fulcher law

Tg5T01
B

ln AQr
, ~1!

whereA andB are two parameters andT0 is the glass tran-
sition temperature corresponding toQr→0 K/s. The result-
ing fit is shown by the dashed lines in Fig. 3. The high
quench rates (Qr51014 K/s) were excluded from the fit. The
fit gives estimates ofT05230, 260, 305, and 350 K for th
four pressures shown, respectively. We want to point out
these numbers are only rough guides. The fit is stabilized
the requirement of consistency between the values for dif
ent pressures. The values are, however, in a reasonable
and the valueT05230 K for p50 is in agreement with the
experimental one ofT05238 K.21

The above-mentioned fit would predict for an expe
mental quench rateQr;1 K/s glass transition temperature
Tg5253, 287, 335, and 394 K. The value forp50 is about
15%–20% lower than the experimental value.

Figure 4 shows the atomic volume atT50 for different
applied pressures as function ofTg . The linear dependenc

FIG. 3. Glass transition temperature,Tg , obtained from the evolution of
volume ~Fig. 2!, as function of quench rate,Qr , for different pressures
~from bottom to top:p50, 1, 2, and 4 GPa!. The symbols depict the simu
lation values and the dashed line the fit by Eq.~1!.
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reflects the linearity of the expansion coefficients in the gl
and the undercooled liquid. The slope of the lines is given
the difference of the two coefficients. The volume can
written as

v~p,Qr !5v0~p!1a~p!Tg~p,Qr !, ~2!

with Tg(p,Qr) given by Eq.~1!. With increasing pressure th
slope of thev(p,Qr) lines rapidly decreases. In our previou
work we have found that under zero pressure conditions m
small voids are formed. They are seen as a small pre-pea
the structure factor.11 Diminishing the quench rate, the num
ber of these voids decreases. The void formation can be
pressed by applying pressure. The smaller number of void
higher pressures which can, therefore, be annealed by a
quench, results in smaller slopes in Fig. 4. This effect sa
rates at pressures around 2 GPa, and the slope no lo
diminishes. Also the pre-peak in the structure fac
vanishes.11

The linear dependence in Fig. 4 allows us to extrapol
to low quench rates~dashed lines!. For Qr51 K/s and
p50 we thus find an atomic volume ofv50.027 nm3 which
is about 10% too low, compared to experiment.19 This sug-
gests that one should scale the energy and length param
in the interatomic potential by 10% and 3%, respective
Such a change would not affect the elastic properties~dimen-
sion energy/length3! and only weakly the vibrational fre
quencies (n2}energy/length2). It would be compatible with
the fit of the molecular binding energies used in the constr
tion of the potential.16 Another possibility is that the fitted
values ofT0 are too low. An increase by 10% would still b
within the fitting accuracy.

Repeating the determination ofTg using the potential
energy, Fig. 1, we get the same picture. At the higher que
rates there is a tendency forTg , calculated this way, to be
slightly lower than the previous values obtained from t
evolution of volume with temperature. The difference b
tweenTg calculated from the evolution of the volume or th
energy drops below the accuracy of our calculation arou

FIG. 4. Atomic volume atT50 as function ofTg for different pressures
~from top to bottom: 0, 0.5, 1, 2, and 4 GPa!. The symbols show the simu
lation results forQr51011 ~p50 only!, 331011, 1012, 331012, 1013, 3
31013, and 1014 K/s. Solid lines: Least-squares fit to values up toQr53
31013 K/s. Dashed lines: extrapolation toTg corresponding toQr51 K/s.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Qr51011 K/s. This behavior is reminiscent of results
polymers where different activation energies for volume a
shear deformations have been observed.22

The potential energy per atom atT50, Fig. 5, shows the
same linear behavior as observed for the volume in Fig
Therefore the energy can be written analogously as

Ep~p,Qr !5E0~p!1aE~p!Tg~p,Qr !. ~3!

Raising the pressure we find first a weak decrease of sl
then a saturation between 1 and 2 GPa, and finally a str
increase. This can be understood from the different ene
scales governing the behavior of materials such as Se. A
have discussed in connection with Fig. 4, at low pressu
slower quenches mean fewer voids. This in turn will increa
the attraction between the Se rings and chains. At hig
pressure this effect diminishes and weak repulsive interch
forces come into play. At the highest pressures, finally,
strong intrachain interactions will be stressed. This is
flected in the rapid increase of the slope forp→4 GPa. From
Fig. 5 one can derive for a given quench rate the press
which will produce the ‘‘best’’ ~lowest energy! glass at
T50. This ‘‘optimal’’ pressure would be between 0.5 an
1 GPa. An optimal unpressurized glass can be obtained
slowly releasing the pressure at some given temperat
well below Tg . If we do this atT50 for our samples, pro-
duced withQr5331011 K/s, we find the lowest energy fo
the samples quenched under a pressure of 2 GPa. We e
that this pressure would be reduced if the pressure were
leased at higher temperatures.

Once we have the value ofTg at a given pressure for
givenQr , we are able to draw the line of transition betwe
the liquid and the glass, the closed symbols in Fig. 6. Ad
tionally shown isTg extrapolated toQr51 K/s. The pressure
dependence ofTg is not strongly affected by the quench rat
An increase in pressure of 1 GPa raisesTg by nearly 15%.

B. Constant volume calculations „NVT ensemble …

For ease of calculation, simulations are frequently do
with fixed volume instead of constant pressure. To check

FIG. 5. Atomic enthalpy atT50 as function ofTg for different pressures
~from top to bottom: 0, 0.5, 1, 2, and 4 GPa!. The symbols show the simu
lation results forQr51011 ~p50 only!, 331011, 1012, 331012, 1013, 3
31013, and 1014 K/s. Solid lines: least-squares fit to values up toQr53
31013 K/s. Dashed lines: extrapolation toTg corresponding toQr51 K/s.
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the effect of the chosen ensemble we repeated some cal
tions using theNVT ensemble. Instead of defining the gla
transition temperature from the change of volume expans
we used the change of the pressure derivative~compressibil-
ity! as an indication of structural arrest. The resultingTg

for Qr51012 K/s are shown by the open circles in Fig. 6. A
is common practice, we plotTg against the pressure a
T50. The pressure dependence in theNVT ensemble
(Qr51012 K/s) is similar to the one of theNPT ensemble.
The magnitude of theTg values corresponds, however, to
ten times faster quench rate in theNPT ensemble. If one
would plot against the pressure at theTg this upward shift
would more or less disappear. This can easily be unders
taking into account that the structure is frozen-in atTg . This
point of view is confirmed when one compares the atom
volumes and potential energies atT50. Forp50 in theNVT
ensemble we getVat50.027 nm3 and Ep522.411 eV. The
NPT ensemble gives forp50 the valuesVat50.028 nm3

and Ep522.406 eV and for p51 GPa the values
Vat50.027 nm3 andEp522.408 eV. Clearly the zero pres
sureNVT ensemble corresponds to aNPT ensemble at high
pressure,p51 GPa or slightly above.

A way out would be to take the pressure atTg to char-
acterize theNVT simulation. It is, however, not sensible t
fix the volume in anNVT ensemble toP(Tg)50 since this
implies a negative pressure in the glassy state. In a loo
bounded material such as Se this leads to a breakdown o
structure as already indicated by the strong increase in
ume forp→0, Fig. 2.

IV. DISCUSSION

Extrapolated to experimentally accessible quench ra
we find a good overall agreement of our simulation w
experiment. In particular, the glass transition temperat
agrees within 20%.

There are not many experiments on the effect of cool
rate on the glass transition. ChangingQr from 0.5 to 0.005
K/min, Dzhalilov and Rzaev23 report a shift ofTg by 9 K
~about 2.9%! whereas we find a shift of only 0.8%. Thi

FIG. 6. Tg as a function of the pressure. Closed symbols: quench un
constant pressure with quench rates 331011 ~diamonds!, 1012 ~circles!, and
1013 K/s ~triangle!. Open circle: quench with constant volume conditio
plotted against pressure atT50, Qr51012 K/s. The stars denote the value
obtained from the extrapolation toQr51 K/s.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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difference by a factor 3 is outside the possible error mar
applying Eq.~1!. The difference might be partially due to th
different definitions ofTg . Dzhalilov and Rzaev use extrapo
lations over a range of 40 K aroundTg whereas we use
extrapolations fromT50 and high temperatures, respe
tively. On the glassy side the slope of the extrapolation lin
is nearly independent of the quench rate in our simulati
Dzhalilov and Rzaev find, in the small interval of about
K, a marked change of slope.

Brüning et al.24 investigated the change of enthalp
upon aging a glass for 14 h atT5300 K and find an increas
in density by 0.14% and a lowering of enthalpy by 1 me
atom. We would expect to find similar values upon chang
the quench rate from the experimental value of 10 K/min
something like 1 K/h. Doing this we find for our simulatio
a change of atomic volume of 0.17% and a change of
thalpy of 0.4 meV.

From experiment an increase by 13 K for a pressure
200 MPa was reported.25 This would correspond to a 20%
increase for 1 GPa. Increasing the pressure from 0 to 1
we find an increase ofTg by 13.5% in fair agreement with
experiment.

In simple soft sphere systems@V(R)5e(s/R)12# a scal-
ing of the glass transition temperature with 1/(vT1/4) has
been observed both in simulations26 and in experiment.27 In a
one atomic Lennard-Jones system the diffusional isotope
fect, which measures the collectivity of the motion, w
found to scale with density.28 In a binary system at low pres
sures such a scaling no longer holds, the scaling for the
components differs strongly.29 For Se at low pressures, den
sity and energy are decoupled, as seen comparing Figs. 1
2. This is a consequence of the chain structure which allo
the creation of voids with a near zero formation ener
Therefore, one cannot expect simple scaling with density

V. CONCLUSION

To conclude we have shown that for anNPT ensemble
the molecular dynamics simulation for the given model of
predicts the glass transition temperature and the specific
ume ~density! within 20% accuracy. In agreement with e
periment, we observe a strong increase ofTg with applied
external pressure.

At fixed pressure, the glass transition temperature
creases withQr as expected from experiment. This decrea
leads to a reasonable value ofTg when Qr tends to 0. We
have drawn the transition line between the liquid and
glassy phases. Working inNPT or NVT ensemble is not
equivalent. Working under fixed volume conditions~NVTen-
semble! we get glass transition temperatures in Se wh
correspond to quench rates which are an order of magni
faster than in theNPT ensemble. This effect will be genera
its magnitude should be checked for different materials.

The specific volume and enthalpy depend linearly on
quench-rate-dependent glass transition temperature.
pressure dependence of the slopes reflects the tenden
void formation and the different magnitudes of inter- a
intrachain interactions.
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