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We report a molecular dynamics simulation study of the properties of the potential energy landscape
sampled by a system of water molecules during the process of generating a glass by cooling, and during the
process of regenerating the equilibrium liquid by heating the glass. We study the dependence of these processes
on the cooling/heating rates as well as on the role of ag¢ing time elapsed in the glass statd/e compare
the properties of the potential energy landscape sampled during these processes with the corresponding prop-
erties sampled in the liquid equilibrium state to elucidate under which conditions glass configurations can be
associated with equilibrium liquid configurations.
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One recent activity in the physics of supercooled liquidsbe related to the structural properties of the liquid. In this
and glassegl, 2] is the search for the conditions under which case, a fictive temperature can be defined, the temperature at
a glass can be considered a liquid whose structural propertigghich the glass configuration is sampled by the liquid. In the
have been “frozen” during the preparation process. If thecase of a fast cooling rate, aging phenomena are very active
glass can be connected to a liquid state, then a thermodgiready during the cooling process. Dynamics moves the
namic description of the glass state can be devel¢Be@].  configuration in regions of the PEL which are never explored
Many routes can bring a system to an arrested disordereg| equilibrium [14]. Further aging at low temperature in-
state[7], such as vapor deposition, pressure induced amolgreases the differences between the glass and the liquid.

phization, hyperquenching, or standard cooling. Only the lasfyhen this is the case, the glass does not possess a structure

two provide a continuous path from the liquid to the glass;esnonding to the equilibrium liquid at any temperature

state and hence are the best candidates for studying the COli pance it is not possible to associate a unique fiive
nection between glass and liquid configurations.

X - . . with the glass configuration.
Since water can be glassified by cooling using hyper We perform MD simulations for a system b=216 mol-

quenching techniqudse., with rates of the order of 2K/s gcules at fixed density=1 g/cn?, interacting with the ex-

[8]), understanding the connection between the liquid stat ) . . :
and glasses generated with different cooling rates is imporended simple-point-charg&PC) potential[15], with pe-

tant. When the hyperquenched glass Of water is properly ar{]od|c boundary Conditions. |nteraCti0nS are cut Oﬁ at a
nealed at T=130K [8], a reproducible weak en- distance ofr =2.50 (o parametrizes the Lennard-Jones part
dothermic transition is observed which has been associate?df the SPCE potentia) and reaction field corrections are
with the calorimetric glass transition temperatlife For wa- ~ added to account for the long-range interactions. Quantities
ter, the standard cooling rate is not sufficiently fast to over-are averaged over 32 independent trajectories. We perform
come crystallization, so active debd&-11] concerns how three types of MD calculationgi) cooling scans at constant
to relate theT of hyperquenched water to the unmeasurablerate, starting from equilibrium liquid configurations at

T, of the slowly cooled glass. =300 K, (ii) heating scans at constant rgieom glass con-

In this work we use molecular dynami¢MD) simula-  figurations at=5 K), and (iii) aging runs at constant aging
tions to address the relation between liquid and glass cortemperaturgat T,4=100 K andT,4=180 K, where signifi-
figurations. We reproduce the same procedure followed exsant aging effects are obseryedhe two cooling rates are
perimentally to generate glasses. We use two cooling tates g.=—-3X% 101°K/s andq.=-10"*K/s, and the two heating
differing by almost three orders of magnitude. We also studyates are Q,=+3X10°K/s and gn=+103
the heating rate and aging effects in the glass. We work in th&/s. We will denote by fast-quenched glass the glass ob-
framework of the potential energy landscafleEL) ap- tained with the fast cooling rate and by slow-quench glass
proach, in which the WK-dimensional configurational the glass obtained with the slow cooling rate. An averaged
space—defined by theNBcenter of mass coordinates and by slow scan requires a simulation lasting 320 ns, close to the
the AN Euler angles—is partitioned into a set of basins, eachmaximum possible by our method. This limitation prevents
associated with a different local minimum of the PEL us from studying larger systenji7]. The location of the
[12,13. We focus, in particular, on the depth of the local system on the PEL is studied by performing numerical mini-
minimum closest to the system point, and on the local curmizations(conjugate gradient algorithmalong the runs to
vatures of the PEL around the local minimum. We discoverestimate the closest local minimum configuration or inherent
that with slow cooling rates, the glass retains a configuratiorstructure(lS), its energyes, and the set of B eigenvalues
very similar to a configuration sampled by the liquid at wiz of the Hessian matrix19]. The local curvatures around
higherT, and hence all structural properties of the glass carthe minimum define in the harmonic approximation the mul-
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FIG. 1. (8 Cooling of equilibrium liquid configurations aT=300 K to T=0 K with a fast (q,=—-10"*K/s) and slow (g,=-3
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X 10'° K/s) cooling rate to generate fast-quenched and slow-quenched glasses, respectively. While during fast cooling the system is out of

equilibrium already aff=290 K, slow cooling allows the system to sample the equilibrium IS as loWw=220 K. (b) Heating of the
fast-quenched and slow-quenched glasses with ddastL0'® K/s) and slow(g,=3 X 10 K/s) heating rate. In the slow heating scan, the
fast-quenched glass shows relaxation to deeper IS, a feature missing in the slow-quenched glass case. Fast heating shifts plb@rtd higher
avoids relaxation in the fast-quenched glgssBasin shape functio,s during fast and slow cooling. For the slow cooling rate the system
is able to follow the equilibriuns,g(gg), but for the fast cooling rate the system ends up outside the equilibrium qdiv€s(es) during
heating of the fast-quenched and slow-quenched glasses. During heating, the slow-quenched glass fdf|gles)ipath for equilibrium
liquids. In the case of the fast-quenched glass the system approaches the equiiateig only at large times.

tidimensional parabolic shape of each PEL basin. As a globacans, and aging with the equilibrium relation. This allows us
indicator of shape we use the shape function defined as to test if the region of configuration space explored during
the scans is identical to the region explored by the equilib-
eN-3 rium liquid at some higher temperature.
Sis=| 2 In(hai/Ag) N, (1) Figure Xa) showse,(T) for the fast and the slow cooling
= rates, together with equilibrium values from RgE6]. The

where Ay=1 kJ/mol. Atdensity p=1 g/cn? the tempera- equilibrium data show that in th_e liquid staFe, the system
ture dependence dfs and Ss for the SPCE model has explores de_eper gnd deeper bgsms on loweTiagd that at
been previously calculatefd6]. eachT, basins with a well-defined energy dep_th are popu-
Focusing on landscape properties has the advantage tH&{€d- The fact that different depths are associated with dif-
vibrational features are suppressed, and hence the remainif@f€ntT provides a mechanism for associating a configura-
temperature dependence reflects structural changes. THEN (whosee value is knownto a fictive temperature;, as
landscape approach is particularly useful for comparingfuggested in Refi20]. In the fast cooling case the liquid
properties of different configurations. Indeed, at constantoses equilibrium at a very high temperatgaeound 290 K,
volume, in equilibrium, all landscape properti@s.,es, S;s)  I-€., when the system is still sampling basins of high energy.
are functions only off. By eliminatingT, we can establish a In the slowest cooling case, the system loses equilibrium
direct relation betwees,s andeg, i.e., between properties of around 220 K. For the fast cooling case, the rangd arf
the landscape sampled in equilibrium. A set of configurationsvhich g5 changes is significantly larger, and more energy
with the samee;s can be considered representative of equi-(from the T where equilibrium is lost to the findl) is re-
librium configurations if and only ifS;s satisfies the equilib- leased during the cooling scan.
rium Sis(eg) landscape relation. We compare the relation Figure Ib) showseg for the fast and slow heating rates
between shape and depth during cooling scans, heatinglarting both from the fast-quenched glass and the slow-
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guenched glass. For the fast heating rate, to reach equilib- -57.6

rium T must reach a value larger than tfieat which the

same system lost equilibrium on coolififig. 1(a)]. In the

slow heating case, a different phenomenon appears for the -58.1 r 1
fast-quenched glass, the system starts to explore PEL basins .,

with lower and lowereg as it relaxes toward equilibrium, g

significantly changing the location of the system in configu- 2 5861 T
ration space. &

Figures 1c) and 1d) show theS,s(gg) relation for the
scans reported in Figs(d) and Xb), respectively. One sees 591 ¢
that in the slow cooling case, the cooling scan proceeds via a
sequence of equilibrium configuratiofsince theS,s(es) re-

) o ) 2o ) ) . -59.6 - - - - - b s
lation coincides with the equilibrium ofei.e., basins with 10 10 10 10 10 10 10
same depth explored during the slow scan and those in equi- 1,00 [PS]
librium have also the same shape. However, fast cooling gen-
erates a glasghe black squapewhich we see lies outside the 83 b)
equilibrium curve of Fig. {c). In this case, basins explored 8.5 | O T, =180K f
during fast cooling that have the same depth as those found ) N *’m
in equilibrium have larger curvatures. During the slow heat- 82 | ‘%q , %Tage=‘°°"
ing processS;s(es) moves even further from the equilibrium ' tee %\\
line [Fig. 1(d)]. 2 815 | o NN

We now focus on the trajectory of the fast-quenched glass @ &
during aging at two different aging temperaturdge 81 | <> quzﬁf::,'edf
=100 K andT,q~=180 K. For both values ol .4 we find o Equil. liauid @ Glass

. . . . . . quil. liqui
thateg is a monotonically decreasing function of aging time 8.05 |
tage [Fig. 2@)], suggesting that the system changes basin by
finding specific directions on the PEL which involve low 8 , ,
energy barriers. For longd.ge €s=In(tyd, as found in -60 -59 -58 -57
atomic liquids[20,18. During aging, two different behaviors € [kd/mol]

are again observed for the PE,5(gg) relation[Fig. 2(b)].
In the highT,g scan, the system approaches equilibrium
configurations, while for lowT 4. the opposite is seen. Note
[Fig. 2b)] that aging at lowT,q moves the system even
further from the equilibriumsS,g(gs) curve.

Next we show(Fig. 3) heating scans for different aging

FIG. 2. (a) Time dependence ofis and (b) relation between
basin shap&,s and basin depth during aging of the fast-quenched
glass at two temperaturé§,ge=100 K andT,ge=180 K. For both

. ; . N cases, for longage €s=IN(tagd, (dashed lines Note that during
times after isothermal aging dlage™ 100 K. Data forTage aging at lowT,ge the system explores basins for which the relation

=180 K (not shown are qualitatively similar. The IS energy petween shape and depth does not correspond to the equili-

of the Starting Configuration is lower the Ionger the timebrium Sis(eg) relation. At |argeTage aging moves the system

spent afT,g=100 K before beginning to heat. We sg€g.  closer to equilibrium. At eacfT,g, open diamonds correspond to

3(c)] thate,g is monotonic on heating. Figurgld shows the (from right to lef) t,ge=20 ps, taqe=200 ps, tyge=2 NS, and

results for the fast heating rate. In this casdncreases so tage=20 ns.

fast that the system does not have time to find deeper IS.

Therefore, there are no aging effects amg¢ grows mono-

tonically with T. From Figs. 8a) and 3b), we see that for the

fast heating rate, equilibrium is reached at a much highesjow-quenched glass would be characterized by a different

temperature compared to the case of the slow heating rate, rng compared to the fast-quenched gl§@s11]. The analysis

full agreement with the no-agin@.g=0) case, as observed of simulated configurations has allowed us to clarify the dif-

in Fig. 1(b). The aging effects o5 5(e;s) are shown in Figs. ferences between the slow- and the fast-quenched glass. The

3(c) (for slow) and 3d) (for fash heating rates, confirming differences lie not only in the expected differencesjgbut,

that in the slow heating case the fast-quenched glass keepsore significantly, in the fact that the fast-quenched glass

exploring new basins never seen in equilibrium before meetduring cooling loses contact with the liquid state and starts to

ing the equilibrium curve. explore regions of the PEL which are never explored in equi-
In summary, we have shown that the fast-quenched gladibrium. The fast-quenched glass does not possess a structure

significantly differs from the slow-quenched glass. To thecorresponding to the equilibrium liquid structure at any

extent that this model captures key features of real water, ouemperature, and hence it is not possible to associate with

work provides support to the idea that, if crystallizationit a unique fictive temperature. Finally, we have found that

would not interrupt the cooling process in water, theaging in the glass phase provides a mechanism for reducing
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FIG. 3. Inherent structure energy; and basin shape functia)s during heating of the fast-quenched glass wéh (c) slow and(b), (d)
fast heating rates after aging for different tinigg.at a temperaturé,ge= 100 K. Results foif =180 K are qualitatively similar. Filled circles
correspond to data for equilibrium liquid configurations from R&6]. For comparison, iia) and(b) we showe g during the heating scan
from the slow-quenched glass. (0) and(d), we only showS;s in the heating scans after aging figge=20 ps and,ge=20 ns.
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