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ABSTRACT

Shear and bulk viscosities of liquid water and argon are evaluated from first-principles in the density functional theory (DFT) framework,
by performing molecular dynamics simulations in the NVE ensemble and using the Kubo-Greenwood equilibrium approach. The standard
DFT functional is corrected in such a way to allow for a reasonable description of van der Waals effects. For liquid argon, the thermal
conductivity has been also calculated. Concerning liquid water, to our knowledge, this is the first estimate of the bulk viscosity and of the shear-
viscosity/bulk-viscosity ratio from first-principles. By analyzing our results, we can conclude that our first-principles simulations, performed
at a nominal average temperature of 366 to guarantee that the systems are liquid-like, actually describe the basic dynamical properties of
liquid water at about 330 K. In comparison with liquid water, the normal, monatomic liquid Ar is characterized by a much smaller bulk-
viscosity/shear-viscosity ratio (close to unity) and this feature is well reproduced by our first-principles approach, which predicts a value of
the ratio in better agreement with experimental reference data than that obtained using the empirical Lennard-Jones potential. The computed

thermal conductivity of liquid argon is also in good agreement with the experimental value.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0144353

. INTRODUCTION

Transport properties are among the most important and use-
ful features of condensed-matter systems, particularly for char-
acterizing the dynamical behavior of liquids, since they play an
important role in many technical and natural processes. There-
fore, their estimate represents one of the most relevant goals of
molecular dynamics (MD) simulation techniques, which become
particularly useful in cases where experimental data are not avail-
able or difficult to obtain. Different theoretical approaches can
be adopted with a varying degree of accuracy (see, for instance,
Refs. 1-35, and further references therein).

Basically, in MD simulation, transport properties can be evalu-
ated either through a genuine non-equilibrium approach by applying
an explicit external perturbation (such as a shear flow or a temper-
ature gradient), which is clearly direct and intuitive but is affected
by non-trivial technical issues (in particular, the need to gener-
ate non-equilibrium steady states in typical systems characterized
by finite-size supercells under periodic boundary conditions and
to extrapolate to the limit of zero driving force). Alternatively, the
transport coefficients can be more easily estimated from equilibrium

MD simulations by using the Green-Kubo relations™* ™" of statistical

mechanics (dissipation—fluctuation theorem), which allow the cal-
culation of transport coefficients by integration of suitable autocor-
relation functions. This latter approach is simpler because standard
equilibrium MD simulations can be easily carried out and estimated
transport coefficients exhibit a weaker system-size dependence.”®
An equivalent'” equilibrium method exploits the Einstein-Helfand
expressions” to obtain transport coefficients directly from the parti-
cle displacements and velocities;'® for instance, the shear viscosity
can be computed in terms of the mean-square x displacement
of the center of y momentum, while the thermal conductivity is
proportional to the mean square x displacement of the center of
energy.

The shear viscosity describes the resistance of a fluid to shear
forces and is a measure of the shear stress induced by an applied
velocity gradient,’ while the bulk viscosity refers to the resistance
to dilatation of an infinitesimal volume element at the constant
shape and measures the resistance of a fluid to compression. It
is closely connected with the absorption and dispersion of ultra-
sonic waves in a fluid, so it can provide valuable information about
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intermolecular forces. Moreover, the role of the bulk viscosity is
acquiring more and more importance, for instance, in the area of
surface and interface-related phenomena and for the interpretation
of acoustic sensor data.”” Despite its relevance, the bulk viscosity
has received less experimental and theoretical attention, partly due
to the greater difficulties in obtaining accurate measurements and
estimates. In principle, it should be evaluated in the microcanoni-
cal (NVE) ensemble where there is no need to evaluate an additional
term which would be required if, for instance, the canonical NVT
ensemble were used.'”” Moreover, the bulk viscosity is subject to
much larger statistical error caused by the fact that it must be calcu-
lated by the regression of fluctuations about a nonzero mean.” While
the shear viscosity is associated with changes in water-hydrogen
bond network connectivity and is mostly related to the translational
molecular motion, the bulk viscosity is associated with local den-
sity fluctuations and reflects the relaxation of both rotational and
vibrational modes.””"" The thermal conductivity describes, instead,
the capability of a substance to allow molecular transport of energy
driven by temperature gradients.

In general, dynamical properties such as the transport coef-
ficients are much more dependent on the simulation size and
timescale than structural properties.”” One must also point out that
shear and bulk viscosities, and thermal conductivity are even more
difficult to be evaluated accurately than, for instance, the diffusion
coefficient (a single-particle property) since they are collective trans-
port properties involving all the particles.”* In fact, for estimating
the diffusion coefficient, one can perform a statistical average over
the particles in addition to the average over time because every par-
ticle diffuses individually but any stress or energy fluctuation is an
event involving the system as a whole. As a consequence, in order to
obtain the same statistical accuracy, collective properties need much
longer runs than single particle properties by a factor proportional
to the size of the system.'”

We here estimate from first-principles simulations, in the
framework of the density functional theory (DFT), the shear and
bulk viscosities of liquid water and argon. For liquid argon, the ther-
mal conductivity is also calculated. By analyzing our results, we can
conclude that our first-principles simulations, performed at a nom-
inal average temperature of 366 K to guarantee that the systems is
liquid-like, actually describe the basic dynamical properties of liquid
water at about 330 K. Our approach is also able to reproduce well
the bulk-viscosity/shear-viscosity ratio of liquid Ar, which is much
smaller than that of liquid water.

Il. METHOD

We have performed first-principles MD simulations of liquid
water using the CPMD package,’” at a constant volume, considering
the experimental density of water at room temperature. The com-
putations were performed at the I'-point only of the Brillouin zone,
using norm-conserving pseudopotentials’’ and a basis set of plane
waves to expand the wavefunctions with an energy cutoff of 250 Ry;
we have explicitly tested that this energy cutoff, much higher than
that used in standard DFT simulations of liquid water, is required to
have a good convergence also for the stress tensor components.

We have adopted the gradient-corrected BLYP** density func-
tional augmented by van der Waals (vdW) corrections, hereafter,
referred to as DFT-D2(BLYP).* This choice is motivated both
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by the fact that BLYP has been shown' ™ to give an acceptable
description of hydrogen bonding in water, and because it repre-
sents a good reference DFT functional to add vdW corrections.”'
A good description of hydrogen bonding is essential here since,
in liquid water, the shear viscosity mostly originates from covalent
interactions in the hydrogen-bond dynamics of water molecules."”
Moreover, vdW corrections to BLYP are important because it was
shown that BLYP significantly underestimates (by 25%) the equi-
librium density of liquid water; the experimental density can be
recovered by adding the vdW corrections proposed by Grimme,"
which has the further effect of making the oxygen-oxygen radial dis-
tribution function in better agreement with the experiment.”””* Qur
system consists of 64 water molecules contained in a supercell under
simple-cubic symmetry and periodic boundary conditions. Hydro-
gen nuclei have been treated as classical particles with the mass of
the deuterium isotope, which allows us to use larger time steps. The
effective mass determining the timescale of the fictitious dynam-
ics of the electrons was 700 a.u., and the equations of motion were
integrated with a time step of 3 a.u. (=0.073 fs).

Our simulation consisted of an initial equilibration phase, last-
ing about 0.15 ps, in which the ionic temperature was simply
controlled by velocity rescaling, followed by a much longer (about
22 ps) canonical (NVT) MD simulation (using suitable thermostats
for a Nosé-Hoover dynamics), followed by a final 22 ps micro-
canonical (NVE) production MD run. A common drawback of most
standard DFT functionals applied to liquid water at room tempera-
ture is their tendency to “freeze” the system that, therefore, exhibits
an ice-like behavior. By applying vdW corrections, the problem is
reduced but it is still present. In particular, since the melting tem-
perature of water estimated by DFT-D2(BLYP) is 360 K (while it
is 411 K with BLYP), following a common strategy,”””*"*** we per-
formed NVT simulations with an average ionic temperature of 380 K
to be sure that the system is indeed liquid-like. This use of artifi-
cially increased temperature also serves to mimic nuclear quantum
effects in simulations of liquid water.”” The average ionic tempera-
ture of the subsequent NVE MD simulation was 366 K. Several data
(atomic coordinates, velocities, stress-tensor components, etc.) rel-
evant for characterizing structural and dynamical properties of the
system were recorded every 20 steps in the production stage.

As far as liquid Ar is concerned, before starting MD simu-
lations, we have performed extensive preliminary calculations to
choose optimal parameters and a suitable DFT functional. Clearly,
in this case, even an empirical Lennard-Jones potential could prob-
ably give reasonable results but here we are interested in studying
transport properties using DFT functionals in a first-principles
framework, which has the advantage of explicitly accounting for the
electronic structure of matter. The application to the face-centered
cubic (fcc) Ar crystal (considering a fcc supercell with 32 Ar atoms)
and a comparison with experimental reference values for the equi-
librium Ar-Ar distance and the cohesive energy suggest that, among
many tested, vdW-corrected DFT functionals, DFT-D2(PBE) 1959 4g
the most adequate to describe extended systems made by Ar atoms;
hence, we mainly use it for the MD simulations of liquid Ar. In this
case, we have checked that a suitable energy cutoff to obtain a good
convergence for the stress tensor components is 110 Ry.

The liquid Ar sample was prepared starting from an initial
(unfavorable) simple cubic lattice configuration with 64 Ar atoms
and considering the experimental Ar density (1.4 g/cm?) at a melting
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point (84 K). Then, the system was heated by gradually increasing
the ionic temperature (by velocity rescaling) to 500 K (in a time of
1.3 ps) to be sure that the system was truly melted; then, the tem-
perature was gradually decreased (in 1.0 ps) to 150 K, which is a
temperature sufficiently higher than the experimental melting point
that it can be assumed that the system is, indeed, in a liquid phase;
this has been explicitly checked looking at the translational order
parameter.'

Then, a 60 ps canonical (NVT) MD simulation (with an ionic
temperature of 150 K) was performed, followed by a 60 ps micro-
canonical (NVE) MD production run with an average ionic temper-
ature of 129 K. In this case, the electronic effective mass was 700 a.u.,
and the equations of motion were integrated with a time step of 5 a.u.
(=0.121 fs). Data (atomic coordinates, velocities, stress-tensor com-
ponents, etc.) relevant for structural and dynamical properties of the
system were recorded every ten steps in the production stage.

As mentioned previously, different approaches exist for the
calculation of shear, s and bulk, Ng» Viscosities from MD
simulations.”*'""" The most used technique is based on the eval-
uation of the autocorrelation functions of stress-tensor components;
in particular,’

V oo

o= ' [ at(oPua(0)6Pys(1) = v [T arsp(o)op(n),

9kBT 0 kBT 0 (2)
where, in practice, the upper limit of integration (o) is replaced by
a reasonably long simulation time, fpax, (- - -) denotes average over
different time origins, V is the system volume, T is the ionic tem-
perature, kp is the Boltzmann constant, P, quantities denote the
components of the stress tensor, the instantaneous pressure is given
by P(t) = 1/3 Y, Paa (that is the average of the diagonal elements of
the stress tensor), and the fluctuations are defined as

8Paa(t) = Paa(t) = (Paa) = Pua(t) = P,
8P(t) = P(t) = (P) = P(1) - P, ®)

where P is the system pressure obtained as the ensemble average of
P(t). In isotropic fluids (with rotational invariance), there are only
five independent (and equivalent) components of the traceless stress
tensor: Py, Py, Prx, (Pxx — Pyy)/2, and (Pyy — P;)/2, so that it is
convenient to compute the shear viscosity #¢ by averaging over these
five components to obtain better statistics.

Instead, the bulk viscosity #, has only one component; more-
over, the diagonal stresses must be evaluated carefully since a non-
vanishing equilibrium average must be subtracted. In order to obtain
more accurate evaluations of transport properties and also reliable
estimates of the associated statistical errors, we adopt the block-
average technique,”’ which consists of dividing the whole simulation
into a sequence of several shorter intervals (“blocks”), each with
an equal number of samples; then, the block averages are calcu-
lated, which allow to estimate means and variances.'” In the case of
the bulk viscosity calculation, to reduce the error, it is convenient
to take for the system pressure the average value of the pressures
over all blocks.'® Clearly, the choice of the block size must be made
with care; in fact, the samples become uncorrelated as the block
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size increases so for small block sizes, the error is underestimated,
while for large block sizes, the error estimate is inaccurate due to
insufficient sampling (see the detailed discussion below).

Typically transport coefficients are estimated from classical MD
simulations based on empirical interatomic potentials. The practi-
cal feasibility of calculating transport coefficients in liquids using
instead first-principles MD simulations was demonstrated by Alfé
and Gillan,"” who used the Green-Kubo relations to compute the
shear viscosity of liquid iron and aluminum, with a statistical error
of about 5%. However, the simulations of Alfé and Gillan'’> were
performed in the NVT ensemble, while our simulations have been
carried out using the NVE ensemble, since the NVE simulations
also allow the evaluation of the bulk viscosity without any correc-
tion term (see the discussion above). Subsequently, the problem
of atomic heat transport and the development of a microscopic
theory for the calculation of the thermal conductivity within the
Green-Kubo formalism, by a first-principles DFT approach, has
been successfully addressed by Marcolongo et al.”’ ' Efficient, first-
principles evaluations of thermal conductivity and shear viscosity
have been also recently proposed.”

A simpler alternative method exists (valid for temperatures that
are not too low®') to obtain an approximate estimate of the shear vis-
cosity, by exploiting its connection with the self-diffusion coefficient
D via the Stokes—Einstein relation,*"”

kT
" 2maD’

1s 4)
where a is an effective atomic diameter. Such relation is exact for the
Brownian motion of a macroscopic particle of diameter a in a lig-
uid of shear viscosity #, but it is only approximate when applied
to atoms; however, if a is chosen to be the radius r; of the first
peak in the radial distribution function, the relation usually pre-
dicts 74 to within 40%.'> Here, we take for r; the position of the
first peak in the O-O and Ar-Ar radial distribution function for lig-
uid water and liquid Ar, respectively, while the diffusion coefficient
D can be computed' from the mean square displacement of the
oxygen atoms (for liquid water) or Ar atoms (for liquid Ar). The
validity of the Stokes-Einstein relation has been recently discussed
in detail by Herrero et al.®’ who also explored the connection
between structural properties and transport coefficients.

For liquid argon, the thermal conductivity has been also
calculated, using the formula'

Vv Rl .
b= [ aiE©)E), ®)

where j& is the @ component of the energy current defined as the
time derivative of

6Ea = %Z r,-,x(Ei - (Ei>), (6)

and E; is the energy of the i-th Ar atom (located at coordinates rix,
Tiy» Tiz), which can be evaluated as

E; :pf/Zm,» + 1/22 v(rij), ?)

J#i

by assuming a pairwise interatomic potential. In order to obtain a
pair potential for evaluating the thermal conductivity of liquid Ar
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using configurational data from our first-principles DFT simula-
tions, we have adopted a strategy similar to that proposed in Ref. 26:
we assume for the pair potential a Lennard-Jones analytical form,

vo(r) =a(b’/r' - b/r°), ®)

where a and b are parameters optimized by fitting the potential-
energy curve of the Ar dimer (at different interatomic distances)
obtained by using our DFT approach. Admittedly, such an approach
is rather approximated and could represent only a rough estimate of
the thermal conductivity. A more fundamental and accurate method
has been recently proposed.” !

I1l. RESULTS AND DISCUSSION

As shown in Figs. 1 and 2, we plot the behavior of the temper-
ature and pressure as a function of time in the NVE simulation for
liquid water and Ar, respectively. As can be seen, these quantities
turn out to be stable and exhibit only moderate oscillations around
the average values, which are, for liquid water, 0.132 GPa and 366 K
for the pressure and the temperature, respectively, while for liquid
Ar, the values are 0.173 GPa and 129 K.

As shown in Figs. 3 and 4, we instead plot the auto-correlation
functions (ACFs), corresponding to the integrands (considering the
average over the components for the shear viscosity) of Egs. (1) and
(2). Differently from what is observed in monatomic systems (such
as liquid Ar) or in classical MD simulations where water molecules
are modeled by rigid molecules, in first-principles simulations of
liquid water, high-frequency intermolecular vibrations lead to corre-
sponding high-frequency oscillations in the pressure and in related
ACFs. In order to better appreciate the global decay behavior of
ACFs, in the case of liquid water, high-frequency components have
been cut by Fourier-transforming the ACFs. A quantitative estimate
of the ACFs relaxation times can be obtained assuming a global
exponential decay (~e™'") of the integrands and computing,
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FIG. 1. Temperature and pressure of liquid water plotted as a function of the
simulation time.
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FIG. 2. Temperature and pressure of liquid Ar plotted as a function of the simulation
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FIG. 5. Shear and bulk viscosities of liquid water plotted as a function of the upper
limit of the integrals of the ACFs.

and

_ f it 6Paa(0)5pﬁﬂ(t)) (10)
(8. (0)3B4(0))°

For liquid water, we find 75 ~ 6 fs and 75 ~ 4 fs, while for liquid
Ar, 75 ~ 340 fs and 75 ~ 410 fs.

The shear and bulk viscosities, computed using Eqs. (1) and
(2), are plotted as a function of the upper limit of the integrals in
Figs. 5 and 6, while the thermal conductivity of liquid Ar is reported
in Fig. 7. From these curves, an approximate estimate of the shear
and bulk viscosities can be obtained considering the values of the
quantities corresponding to the position of the first pronounced
maximum-plateau; in fact, this indicates that the running integral
starts becoming nearly independent of time implying that the cor-
responding ACF has decayed to zero and is fluctuating along the
horizontal time axis. Clearly, considering longer times only intro-
duces additional noise to the signal and the beginning of a plateau

4 T T T

(104 Pas)

— bulk viscosity
— shear viscosity

Lo

ol L L L Ll Ll ‘
0 1 2 3 4 5 6

time (ps)

FIG. 6. Shear and bulk viscosities of liquid Ar plotted as a function of the upper
limit of the integrals of the ACFs.
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FIG. 7. Thermal conductivity of liquid Ar plotted as a function of the upper limit of
the integral of the ACF.

represents the desired value of the viscosity with the smallest uncer-
tainty. As can be seen, the maximum-plateau is reached at about
t = 0.8 ps for both the shear and bulk viscosities of liquid water, while
the corresponding values for liquid Ar are 3.0, 5.0, and 0.5 ps for
the shear viscosity, the bulk viscosity, and the thermal conductiv-
ity, respectively. As expected, these times are much larger than the
corresponding relaxation times 7s and 7p estimated previously.

As already discussed, a more accurate evaluation, with also a
reliable estimate of the associated statistical error, can be obtained by
adopting a block-average technique. In this case, a proper choice of
the block size is crucial: with many, small-size blocks, the statistical

T T
S —
r expt. 303 K b
r A expt. 323K b
[ A expt. 333K 7
_6F .
2
s b
A =
5
s |
S I G
24k
2 |
=
Zor
2 =
z =
zw —
ol v ]
0 5 10 15 20 25 30 35

# of blocks

FIG. 8. Shear viscosity of liquid water evaluated by using different numbers of
blocks (the smaller the block number, the larger the number of configurations of
each block) with the relative statistical errors. The dashed horizontal line indicates
the position of the first-pronounced maximum-plateau of the corresponding curve
of Fig. 5. The asterisk denotes the value obtained by the Stokes-Einstein for-
mula [Eq. (12)], while the triangles indicate experimental estimates at different
temperatures.
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error is small, but the blocks are probably correlated and the viscos-
ity is typically underestimated (not yet converged); on the contrary,
with just a few, large-size blocks, these are probably uncorrelated and
the viscosity is converged but the statistical error is large.

As shown in Figs. 8-11, we plot the values of the shear and
bulk viscosities of liquid water and Ar evaluated by using different
numbers of blocks (keeping constant the total number of config-
urations) with the relative statistical errors. The dashed horizontal
lines indicate the corresponding values inferred by considering the
maxima-plateaus of the curves in Figs. 5 and 6. As can be seen, in
the case of liquid water, the maxima of the shear and bulk viscosities
are obtained considering 16 blocks, each equivalent to a simulation
time of about 1.4 ps. Interestingly, taking statistical uncertainties
into account, these maxima are compatible with the rough esti-
mates obtained before and, for the shear viscosity, also with the
values obtained using the Stokes-Einstein formula [Eq. (4)]. As
already described previously, in the Stokes-Einstein estimate, the
shear viscosity is obtained in terms of the diffusion coefficient D
and the radius of the first peak in the radial distribution function
[see Eq. (4), for liquid water, we have considered the first peak in
the oxygen-oxygen radial distribution function, see below]. Actu-
ally, our reported Stokes-Einstein estimated values are corrected by
finite-size effects: in fact, D can be extrapolated to the infinite size of
the simulation box [see, for instance, Ref. 61] by just considering the
shear-viscosity value,

ksT
6mysL >

Doo = D +2.837 (11)

where L is the size of the cubic simulation box. Therefore, by simul-
taneously taking into account Egs. (4) and (11), one can obtain

a “self-consistent,” finite-size corrected Stokes-Einstein estimate
for fg:
ksT ksT

;= -2.837 . 12
S = 5naD 67LD (12)

S

bulk viscosity 10 Pa s)

%)
T
|

0 L 11 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1
0 5 10 15 20 25 30 35
# of blocks

FIG. 9. Bulk viscosity of liquid water evaluated by using different numbers of blocks
(the smaller the block number, the larger the number of configurations of each
block) with the relative statistical errors. The dashed horizontal line indicates the
position of the first-pronounced maximum-plateau of the corresponding curve of
Fig. 5.
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shear viscosity (10 Pa's)

10 20 30 40 50
# of blocks

FIG. 10. Shear viscosity of liquid Ar evaluated by using different numbers of blocks
(the smaller the block number, the larger the number of configurations of each
block) with the relative statistical errors. The dashed horizontal line indicates the
position of the first-pronounced maximum-plateau of the corresponding curve of
Fig. 6. The asterisk denotes the value obtained by the Stokes—Einstein formula
[Eq. (4)], while the triangle indicates the experimental estimate at 90 K.

Quantitative data are collected in Table I, where they are also
compared with some theoretical and experimental reference values.

As far as the shear viscosity is concerned, for liquid water, our
estimated value, obtained from the NVE simulation at an average
temperature of 366 K, agrees with the experimental reference data at
a lower temperature of about 330 K. This is in line with the perfor-
mances of other DFT functionals; for instance (see Table I), in recent
simulations®' of liquid water based on the SCAN functional,’® the
shear viscosity estimate is close to that obtained from a force-field
approach (that, for this quantity, well reproduces the experimen-
tal behavior) only between 330 and 360 K, while it is severely

7 T T T T T

bulk viscosity (10 Pa s)

0 10 20 30 40 50
# of blocks

FIG. 11. Bulk viscosity of liquid Ar evaluated by using different numbers of blocks
(the smaller the block number, the larger the number of configurations of each
block) with the relative statistical errors. The dashed horizontal line indicates the
position of the first-pronounced maximum-plateau of the corresponding curve of
Fig. 6.
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TABLE I. Shear and bulk viscosities of liquid water and Ar, in 10~* Pa's, compared with theoretical and experimental reference
data. Statistical errors are in parenthesis. #3 indicates the shear viscosity estimate obtained by the Stokes-Einstein relation

(see text).

System s ns Mg ng/ns  3/4ng/ng+1
Water (366 K) 48(0.7) 57  113(29)  2.4(0.8) 2.8(0.6)
Water DFT SCAN® (300 K) 23

Water DFT SCAN" (330 K) 6

Water DFT SCAN" (360 K) 5

Water DET OPTB88-vdW*" (300 K) 30

Water DFT OPTB88-vdW* (330 K) 15

Water DFT OPTB88-vdW* (360 K) 8

Water force field* (300 K) 8

Water force field" (330 K) 5

Water force field* (360 K) 3.5 e e e
Water force field” (303 K) 6.5(0.4) 15.5(1.6) 2.4(0.3) 2.8(0.2)
Water expt.” (298 K) 8.90 e cee e
Water expt.” " (303 K) 7.97 215 2.7 3.0
Water expt.' (323 K) 5.47 14.8 2.7 3.0
Water expt.” (333 K) 4.67 e cee e
Ar (129 K) 37(1.6) 20  4022)  1.1(0.8) 1.8(0.6)
Ar expt.? (90 K) 233 . 1.82 0.8 1.6
Ar expt.” (90 K) 2.57

*Reference 61.
PReference 13.
“Reference 64.
dReference 62.
Reference 63.
fReference 65.
8Reference 66.
"Reference 67.

overestimated at 300 K. A similar behavior has been found for the
SCAN functional by Malosso et al.,”> who computed the shear vis-
cosity of liquid water from first-principles and deep-neural-network
simulations. With the OPTB88-vdW functional,’” reasonable agree-
ment with experimental data at room temperature is only found®' at
360 K, while with the PBE functional,” this is only true at 454 K.**
For liquid Ar, the behavior is qualitatively similar (see
Figs. 1012 for the shear viscosity, the bulk viscosity, and the ther-
mal conductivity, respectively). In this case, both the maxima of
the shear and bulk viscosities are obtained considering five blocks,
each equivalent to a simulation time of about 12.0 ps. Even in this
case, taking statistical uncertainties into account, these maxima are
compatible with the plateau positions and, for the shear viscos-
ity, also with the estimate from the Stokes-Einstein formula. The
maximum of the thermal conductivity is instead reached with 25
blocks, each equivalent to a simulation time of about 2.4 ps, and its
value (0.11 £ 0.02 W/m K) is again compatible with that estimated
considering the maximum-plateau position and in good agreement
with the literature reference value (0.12 W/m K) at 90 K’ and that
obtained by classical MD simulations based on the Lennard-Jones
potential (0.119 W/m K).”' Accurate first-principles calculations
of the thermal conductivity of liquid Ar have been carried out, at
higher temperatures (250 and 400 K), by Marcolongo ef al.,” while
the thermal conductivity of liquid water (adopting different DFT

functionals) has been evaluated by Tisi et al’” also using a deep
neural network trained on DFT data.

An interesting physical quantity is represented by the ratio
between bulk and shear viscosities, which can be related to the
ratio of observed to classical absorption coefficients in ultrasonic
absorption experiments.”” In fact, under the condition that the
heat conductivity contribution to the ultrasonic absorption may be
neglected,

&34, (13)
Kclass ns

and water belongs to the group of the so-called associated liquids,
characterized by a ratio from 1 to 3, where structural relaxation is
dominant.

Classical MD simulations based on the SPC/E semiempiri-

cal potential predict’’ a % ratio of 2.4, leading to a # ratio of

2.79, in reasonable agreement with the experimental value of 3.0.%>
Instead, normal liquids, such as monatomic liquids (for instance lig-
uid Ar), are characterized by a ratio no greater than 1.2. Although,
in general, the ratio varies with the temperature and pressure, in
liquid water, it is found to remain constant within 20% in the tem-
perature range 0-90 C (273-363 K).”> By taking statistical errors
into account, our estimated value of the - ratio (2.8+£0.6) is
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FIG. 12. Thermal conductivity of liquid Ar evaluated by using different numbers of
blocks (the smaller the block number, the larger the number of configurations of
each block) with the relative statistical errors. The dashed horizontal line indicates
the position of the maximum-plateau of the corresponding curve in Fig. 7.

compatible with the available experimental data at ambient temper-
ature (3.0). This is a remarkable result, considering that most of the
reported classical MD simulations'’ predict a bulk viscosity lower
than the experimental one, leading to an underestimated value of
the _* ratio.

One should also point out that a proper comparison with exper-
imental data requires a careful analysis taking into account the
pronounced temperature dependence of shear and bulk viscosities.
In fact, according to a common empirical model,®””? the viscos-
ity strongly decreases with the increasing temperature following an
exponential decay. By fitting experimental data® with an exponen-
tial function and taking statistical errors into account, our estimated
values of the shear and bulk viscosities of liquid water are compati-
ble with experimental data in the temperature range of 323-344 K.

w
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FIG. 13. 0-O pair correlation function, goo(r), compared with that (dashed
curve) obtained experimentally from x-ray diffraction measurements under ambient
conditions.”” "
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One should also consider that also the bulk-viscosity/shear-viscosity
ratio for liquid water tends to decrease slightly with the tempera-
ture,® suggesting an even better agreement between our estimated
value and the experimental data.®® We remind that our simulations
have been carried out at temperatures higher than ambient temper-
ature to guarantee that the systems are liquid-like. By considering
that our estimate (after finite-size correction) for the diffusion coeffi-
cient, D = 5.02 x 10~ cm?/s, corresponds to the experimental value
measured at about 336 K,”* we can conclude that, our DFT simu-
lations based on the DFT-D2(BLYP) functional and performed at
a nominal average temperature of 366 K, actually describe the basic
dynamical properties of liquid water at about 330 K. One should also
mention that bulk-viscosity measurements are indirect and affected
by considerable errors.'”***"*>">7% In summary, we can conclude
that our adopted BLYP-D2 functional is able to describe reason-
ably well the density fluctuations of liquid water; the discrepancy
with respect to experimental data under ambient conditions can be
to a large extent explained in terms of the pronounced tempera-
ture dependence of both shear and bulk viscosities and the need
to perform first-principles MD simulations at temperatures higher
than ambient temperature, in line with the conclusions of other
investigations.” "'

As far as liquid Ar is concerned, our shear and bulk viscosi-
ties, computed by first-principles at a nominal average simulation
temperature of 129 K, turn out to be somehow overestimated with
respect to the reference experimental values at 90 K, although they
are compatible with them if statistical errors are taken into account.
Moreover, our bulk-viscosity/shear-viscosity ratio (close to unity)
agrees well with the reference estimate, while interestingly this is
not the case if a standard Lennard-Jones empirical potential is
adopted using classical MD simulations that predict instead a very
low value'™”" of the ratio (0.17-0.35 at high densities), thus show-
ing that this popular potential cannot properly reproduce all the
dynamical properties of liquid Ar and underlining once again the
superiority of first-principles approaches.

We conclude our study by reporting some basic structural
properties of our investigated systems. In particular, as shown in
Fig. 13, for liquid water, we plot our computed O-O pair correlation
function, g,,(r), compared with that obtained experimental from

x-ray diffraction measurements under ambient conditions.”””* The
main features of the g, () curves are reported in Table II. As can

TABLE I1. Main features of the O-O pair correlation function, g (r), of liquid water
and of the Ar=Ar pair correlation function, g(r) of liquid Ar compared with experi-
mental reference data, obtained from x-ray diffraction measurements under ambient
conditions for liquid water and neutron-scattering measurements for liquid Ar. rmax
and ry, indicate the position of the first maximum (the main peak) and the first mini-
mum of goo(r) and g(r), respectively, and gy, and gy, indicate the corresponding
values of the goo(r) and g(r) functions, respectively.

System Tmax (A) &max Tmin (A) &min
Water (366 K) 2.79 242 3.66 0.88
Water expt.” (293 K) 2.80(1) 2.55(5) 3.41(4) 0.85(2)
Ar (129 K) 3.70 2.80 5.29 0.64
Ar expt.” (85 K) 3.68 3.05 5.18 0.56
*References 77-79.

PReference 80.
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FIG. 14. Ar-Ar pair correlation function, g(r), compared with that (dashed curve)
obtained experimentally from neutron-scattering measurements at 85 K.

be seen, there is a good agreement between the two curves; the fact
that the oscillations of our computed curve are slightly reduced with
respect to the experimental one can again be related to the higher
effective temperature of our simulation.

As shown in Fig. 14, for liquid Ar, our computed Ar-Ar pair
correlation function, g(r), is compared with that obtained exper-
imentally from neutron-scattering measurements at 85 K,*" while
again the main features of the g(r) curves are reported in Table 1.
Even in this case, there is a reasonable agreement between the sim-
ulation and experimental curve, by considering that simulations
for liquid Ar have been performed at significantly higher temper-
ature (129 K) than experiments (85 K) (it should be noted that the
experimental melting and boiling points of Ar are at 84 and 87 K,
respectively). After applying the same finite-size correction adopted
previously for liquid water, our estimated diffusion coefficient for
liquid Ar, D = 3.82 x 107> cm?/s, evaluated at a nominal simulation
temperature of 129 K, is significantly higher than the reference value
(1.6 x 107> cm?/s) reported at 84 K.°' Again, this discrepancy can
be explained in terms of the higher temperature of the liquid Ar
simulation.

IV. CONCLUSIONS

Shear and bulk viscosities of liquid water and argon have been
evaluated, together with other structural and dynamical properties,
from first-principles by adopting a vdW-corrected DFT approach,
by performing molecular dynamics simulations in the NVE ensem-
ble and using the Kubo-Greenwood equilibrium approach. For
liquid argon, the thermal conductivity has been also calculated. Con-
cerning liquid water, to our knowledge, this is the first estimate
of the bulk viscosity and of the shear-viscosity/bulk-viscosity ratio
from first-principles. By analyzing our results and comparing then
with reference experimental data, we can conclude that our first-
principles simulations, performed at a nominal average temperature
of 366 K to guarantee that the systems is liquid-like, actually describe
well the basic dynamical properties of liquid water at about 330 K.
In comparison with liquid water, the normal, monatomic liquid
Ar is characterized by a much smaller bulk-viscosity/shear-viscosity

ARTICLE scitation.org/journalljcp

ratio (close to unity) and this feature is well reproduced by our
first-principles approach, which predicts a value of the ratio in bet-
ter agreement with experimental reference data than that obtained
using the empirical Lennard-Jones potential. The computed ther-
mal conductivity of liquid argon is also in good agreement with the
experimental value.
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