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Abstract

We have studied the static and dynamic properties of liquid metal, namely Pd at thermodynamic state
T=1853K within the scope of the orbital free ab-initio molecular dynamics (OF-AIMD) simulation
technique. In this simulation process, electronic energy is calculated by using the Hohenberg-Kohn version
of DFT. Here the electron-ion interaction energy functional is approximated by a local pseudopotential
prescribed by Bhuiyan et al. The local density approximation is used to describe the exchange-correlation
energy functional. The static structure factor, S(q), pair distribution function, g(r), coordination number, N,
and isothermal compressibility, &, are studied which are familiar as static properties. The single particle and
collective dynamics namely diffusion coefficient, dynamic structure factor, velocity of sound, shear
viscosity etc. are also studied. The results of calculation agree well with experimental as well as other
theoretical values.

Keywords: DFT, Local Pseudopotential, LDA, OF-AIMD, Static and Dynamic properties.

1. INTRODUCTION electronics industry. Coruh [5] studied some

The orbital free ab-initio molecular dynamics  properties of liquid Pd at T=1853K using MD
simulation (OF-AIMD) technique is widely used in ~ simulations  with ~ Sutton-Chen potential and
the study of physical properties of metallic systems ~ Quantum Sutton-Chen potential. Alemany et al. [6,
in the liquid state. The OF-AIMD calculation is 7] also studied the quantities related to the atomic
based on the density functional theory (DFT) [1,2].  transport properties namely diffusion coefficient
Using the DFT the ground state electronic energy ~ and shear viscosity of liquid Pd at temperature
of a collection of atoms for given nuclear positions ~ T=1853K using the Voter and Chen version of the
as well as the forces on them, via the Hellmann- ~ embedded atom model (VC-EAM) potential.
Feynman (HF) theorem are computed. Therefore, it ~ Bhuiyan et al. [8] studied the static and
is feasible to carry out MD simulation in which the ~ thermodynamic properties of liquid Pd using
ionic positions evolve like classical mechanics ~ embedded atom method. Kart et al. [9] studied
while the electronic subsystem evolves quantum  liquid properties of Pd-Ni metal alloys by
mechanically (for details see ref. 3 and 4). Fromthe ~ employing the MD simulation with the use of
point of view of scientific and technological ~ guantum Sutton-Chen potential (Q-SC) model.
interests Pd is an important transition metal that lies ~ Recently, Gonzalez et al. [10] performed a KS-
in the group of VIIIA in the periodic table. In the ~ AIMD simulation study using Kohn and Sham
solid phase it has face centered cubic (fcc)  density functional theory (KS-DFT) for liquid Pd
structure, the density of it is 10.5 gm/cm®and melts ~ near the melting point.

at 1827.15 K [5]. The ionic number density of In the present OF-AIMD study, the thermodynamic
liquid Pd, used in this work, is 0.0594 A® at state is specified by temperature T=1853K. The
T=1853K. Palladium is widely used in hydrogen reason of considering this specific temperature of
purifying devices and medicine. It is also used for 1853K is three-fold. First, the experimental data for
fabricating conducting nanowires in order to use in  static structure factor in both momentum and real
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space are available for liquid Pd, which enabled us
to fix parameters of the pseudopotential describing
the external energy functional. Second, at this
temperature other classical MD [5-7, 9, 11] and
AIMD [10] results for some atomic transport
properties are available in the literature, which have
been useful to compare our results with. Third, this
temperature is near the melting point of Pd, of
course in the liquid state, which ensure that no
order-disorder transition can happen in the sample.
In this article we have studied some static and
dynamic properties of liquid Pd near its melting
temperature by employing the OF-AIMD method
of simulation. AIMD approach [10] along with
Kohn-Sham (KS) orbital is, in principle, very
accurate, there is no doubt. But, in practice, there
are some limitations of it [12]. The calculation of
KS-orbitals in a condensed state is very expensive
computationally, this eventually restricts the size of
the sample only within one or two hundred of
particles. On the other hand, the OF-AIMD method
can ease this restriction on size and, can handle
large sample size with a few thousand particles.
Note that the larger the sample one can better
mimic the real system, and to represent the real
system is always a target of all kind of simulation
methods. The main difference between the AIMD
and the OF-AIMD is in the calculation of kinetic
energy of electrons; in the latter it is done
approximately. As good approximation methods to
evaluate electronic Kinetic energy [12] is available,
it is found in the literature that the OF-AIMD
sometimes describes dynamic properties better than
the AIMD [10, 12-14]. In the present study for Pd
we have experienced a similar trend. For example,
OF-AIMD diffusion coefficient agrees better with
value derived from the experimental viscosity by
using the Stokes-Einstein relation (see below) than
the AIMD value of Gonzalez et al. [10]. As the OF-
AIMD method can convincingly include the size
effects in the results of the dynamic properties of
liquid metals, the present work with large sample is
worthy. Pd is a transition metal lying in the 4d
series. So, sd-hybridization effect due to mixing of
sp and d states is always there. Application of KS-
AIMD to Pd will require to calculate much more
orbitals than any non-transition metals. This
obviously imposes further constraints on sample
size. To avoid this situation application of the OF-
AIMD is one of the best options. In the OF-AIMD
we considered 500 ions in a periodic cubical box of
size L=20.3420407A, that is consistent with the
experimental ionic number density of the system.
Exchange-correlation functional in the DFT is
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treated with local density approximation (LDA).
Here, the external energy functional in DFT is
generally calculated by using the pseudopotential.
In the present calculation we have used the
pseudopotential developed by Bhuiyan et al. [15].
In order to account for the sp-d hybridization
effects in the calculation of external energy
functional, we follow the spirit of Moriarty’s
findings [16-18] like many other authors [19, 20]
and, used a non-integral effective value for the
chemical valence Z.

The outline of this paper is as follows. In section Il
we have briefly described the theories that are used
in the present OF- AIMD simulation, giving some
technical details, as well as the pseudo-potential
describing the electron-ion interaction. In section
Il we have presented and discussed the obtained
OF-AIMD results and compared them with
available experimental data and other theoretical
results. Finally, we have drawn a brief conclusion
in the section 1V.

2. THEORY

A simple liquid metal is considered as a disordered
array consisting of N bare ions with valence Z,
enclosed in a volume V, and interacting with Ne=NZ
valence  electrons over an  electron-ion
pseudopotential potential, v(r) [3, 21]. Applying the
Born-Oppenheimer  approximation, the total
potential energy of the system can be stated as the
direct ion-ion coulombic interaction energy plus the
ground state energy of the electronic system
belonging to the external potential formed by the

ions, Vext(F , {ﬁl}) = ZIiV=1 v(|F - ﬁiD'

E((R)) = Sicy ey * Eelng®, Vet (7 (Ri})]
(1)

where, ny(¥) and ﬁl are the ground state valence
electron density and the ionic positions,
respectively. Using DFT, the ground state valence
electron  density, ng(F), can be found by
minimizing the energy functional, E[n] defined by

E[n(®)] = Ts[n] + Exln] + Exc[n] + Eex[n] -..(2)
Where the terms represent, respectively, the
electronic kinetic energy, Ts[n] of a non-interacting
system having densityn(7), the classical
electrostatic energy (Hartree term), Ey[n], the



exchange-correlation energy, E,[n], for which we
used the local density approximation and finally the
electron-ion interaction energy, Eeq[n], where the
electron-ion potential is characterized by a local
ionic pseudopotential,

Eext[n] = [ dFf n(#)Vext ()

We used an explicit, albeit approximate functional
of the valence electron density for Tg[n]. Several
expressions were proposed and in the present
calculations we used an average density model [3,
17] given by Ts[n] = Tw[n] + T,[n], where

Twln@®] =3[ dit [VA@2/E) oo (4)
is the well-known von Weizsacker term, and

T,In] = 2 [ d7 [OF 2 REP, o ©)
k(#) = (2k°)3 [ dS k(Hwy (2k°|7 — 3]), .......(6)

where k(#) = Br?)Y3[n(#)]%, k° is the Fermi
wave vector for a mean electron density n, = %

and w,(x) is a weight function picked in such a way
that both the linear response theory (LRT) and
Thomas-Fermi limits are properly recovered.
Further details are given in reference [3, 21].

2.1 Pseudopotential

In the present study we have used a local ionic
pseudopotential that describes the ion-electron
interaction.  Non-local pseudopotentials [22]
constructed by fitting to some properties of the free
atom [21, 23, 24] are employed in the AIMD
simulations based on KS-DFT. However, in the
present OF-AIMD approach, non-local
pseudopotentials can not be used because the
valence electron density is the basic variable.
Therefore, the interaction among the valence
electrons and the ions must be described by a local
pseudopotential which is usually chosen to include
an accurate description of the electronic structure in
the physical state of interest. Bhuiyan et al. [15, 25]
developed a local pseudopotential model which in
conjunction with the OF-AIMD method has
provided a good description of several static and
dynamic properties of liquid metals near melting [4,
13-15]. The form of the local pseudopotential is
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F+Ee f for r<R
Vps(r): 7 ¢

r > R,

for
;

where, F and E are constants, R. is the core radius,
Z is the effective number of nearly free sp -
electrons and f denotes the softness parameter.
Further details are given in reference [3, 4]. Fig.
1(a) shows the non-Coulombic electron-ion
interaction in g space for liquid Pd at T=1853K.
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Fig. 1: (a) Non-Coulombic part of the ionic
pseudopotential for liquid Pd at T=1853K. The inset
shows a magnified display of the oscillations.

3. RESULTS AND DISCUSSIONS

The OF-AIMD simulations have been performed
for liquid Pd at thermodynamic state T=1853 K. In
this simulation process, 500 particles were treated
in a periodic cubic cell of size appropriate to the
experimental ionic number density. Given the ionic
positions at time t, the electronic energy functional
is minimized with respect to n(7) represented by a
single effective orbital, y(#), defined as n(¥) =
[Y(#)|? [3, 4]. The orbital, (7, is derived from
the plane wave basis which is truncated at E, = 11
Ryd for convenience. Using the quenching method,
the energy minimizing with respect to the Fourier
coefficients of the expansion is done at every ionic
time step that yields the ground state electron
density and energy. The Hellman-Feynman
theorem is used for calculating the forces on the
ions from the ground state energy. Newton’s
equations are solved by using the Verlet leapfrog
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algorithm (with a time step of 76x10™ ps) in order
to update ionic positions and velocities with the
progress of simulation. We have performed OF-
AIMD calculation for 500 particles where
equilibrium in the simulations lasted 38 ps. Static
properties for instance structure factor, pair
distribution function, coordination number, and
isothermal compressibility are studied, where
isothermal compressibility is obtained from the
long wavelength limit of S(g). Dynamical
properties (both single particle and collective) such
as dynamic structure factor, adiabatic sound
velocity, diffusion coefficient, shear viscosity etc.
are also computed. Unusually a good
parameterization gives a minimum number of
iteration steps. From the parameterization we have
the pseudopotential parameters such as core radius
R.=1.45au, softness parameter f=0.30au, sp-
electron occupancy number Z=1.6, and constant
F=0.005au. The Ewald radius is fixed at 5.00 au.
For calculating the equilibrium properties, the
system needed to be thermalized; indication of it
was found when average energy, force and
temperature remained unchanged during 5000
iterations. This implies that the system has been
thermalized well and it is in the ground state.

3.1 Static Properties

In this section we have discussed the static
properties like pair distribution  function,
coordination number, static structure factor and
isothermal compressibility.

The simulated S(qg) for I-Pd at T=1853K is shown in
Fig. 1(b) together with the XR diffraction data [26].
Fig. 1(b) shows a reasonably good agreement with
experiment, although the height of the main peak of
our simulated S(q) is somewhat overestimated
while the amplitude of the second peak is slightly
underestimated. The main peak is located at
0,=2.77A™" whereas from the XRD data [26] it is
observed at q,=2.76A°". Interestingly, our OF-
AIMD results are better in agreement with
experiment than that of KS-AIMD peak position
(9,2.79A™) and height simulated by Gonzélez et
al. [10]. The isothermal compressibility &t is
obtained from the relation S(0)=oKsT &1, where Kg
and T are Boltazman constant and temperature
respectively [27]. A least square fit of S(q)=So+s,q°
to the calculated S(q) for small g-values gives the
value of S(0) and we obtained xr =1.23+0.03(in
units of 10" cm?/dyne). This is little bit larger than
the experimental & =1.02+0.07(in units of 10™
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cm?/dyne) value [26]. Gonzélez et al. [10] have
reported, & = 4.70+0.07(in units of 10 cm?dyne)
from their KS-AIMD study.
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Fig. 1: (b) Static structure factor, S(q) and Pair
distribution function, g(r) (inset) at T=1853K of liquid Pd.

The pair distribution function, g(r) for I-Pd at
T=1853K is plotted in the inset of Fig. 1(b) along
with the XR diffraction data [26]. Fig.1 (b) shows a
good agreement with experiment [26], although the
height of the main peak seems to be
underestimated. We note here that the main peak of
g(r) occurs at r,=2.70A and r,~2.60A for simulated
and experimental [26] g(r), respectively. While
Gonzalez et al. [10] have reported from their KS-
AIMD study that the main peak of g(r) occurs at
r,~2.69A. The concept of the coordination number,
particularly the first coordination number ny, is
frequently used in the structural study of non-
crystalline materials. The coordination number, N
is calculated from the following relation [26],

N, = frzm 4mpr? g(r)dr

where, ry =0, r, #3.69A and p is the ionic number
density. Our computed N, ~11.65, which is closer to
the experimental value, N; ~#10.90 calculated from
the experimental g(r) data [26]. A KS- AIMD study
[10] gives N.~12.8 having r,,~3.77A of g(r).

3.2 Dynamic Properties

In this section we have presented and discussed our
results for the dynamic properties like self-diffusion



coefficient, self-intermediate scattering function,
intermediate scattering function, dynamic structure
factor, velocity of sound, transverse current time
correlation function and shear viscosity.

3.3 Single Particle Dynamics

In present simulation, the self-diffusion coefficient
can be easily obtained from the definition Z(t) =<
u(t).1u(0) >/<u?>, which stands for the
normalized velocity autocorrelation  function
(VACF). The self-diffusion coefficient D, is
calculated from the relation [27],

D= DB [CZME oo 9)

where, Kg, T and M are the Boltzman constant,
temperature and mass of an atom respectively. We
have also calculated the diffusion coefficient, D
from the vicinity of mean square displacement

8R2(t)=(|§(t)—§(0)|2) using the famous
Einstein relation [27],

D = lim,,, 229

Both methods give the same result [28]. The
calculated Z(t) for I-Pd at T=1853K is plotted in
Fig. 2(a),

1
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Fig. 2: (a) Normalized velocity autocorrelation function,
Z(t) of liquid Pd at T=1853K. The power spectrum of Z(t)
is shown in the inset.

M. R. Molla, A. Z. Ziauddin Ahmed and G. M. Bhuiyan

where we have observed the typical cage effect
with a first minimum at t=~0.13ps and the
subsequent oscillations seem to be weak. We recall
that the negative values of Z(t) manifests
backscattering due to cage effect [3, 4]. Following
equations (9) and (10) we have calculated the self-
diffusion coefficient and, obtained a value of D =
0.40+0.01 A’ps™. The CMD study by Kart et al. [9]
reports D=0.498+0.005A%ps™ and D=0.494+0.007
Aps? from Z(t) and mean square displacement
approaches, respectively. For comparison, we note
here that the CMD study of Alemany et al. [7]
using the TB-SMA  method computed
D=0.403+0.003A%ps™. In another CMD study using
embedded atom model, Alemany et al. [6] have
also calculated D=0.38+0.004A%ps™. We are not
aware of any experimental data for D for liquid Pd
at T=1853K. A MD simulation study [5] have
reported D=0.5029A%ps™. Our result is very close
the values found by Alemany et al. [6, 7]. The KS-
AIMD calculation done by Gonzalez et al. [10]
yielded Dys_amp= 0.27+0.02A%ps™. The MD study
of J. Mei e al. [11] have reported
D=0.4494_r0.007,5\2ps'l for T=1818K, which is also
agrees well to our present result. As we do not have
any direct experimental data for diffusion
coefficient, D we have alternately used Stokes-
Einstein relation [29],

to compute experimental D by using experimental
viscosity [30], » and main peak position, r, of
experimental g(r) [26]. Using the experimental
values #=4.22 GPa ps, r,=2.60A we get D=
0.37A%ps™, which agrees well with our result,
D=0.40+0.01A’ps™ than the KS-AIMD result,
Dxs_avp =0.27+0.02A%ps™ [10].

The self-intermediate scattering function F (q, t),
delivers the most complete information about the
single particle motion. This is related to the single
particle dynamics, from the long wavelength
(Hydrodynamic) limit (g—0) to the short
wavelength (independent particle) limit (g—).In
the present simulations, this magnitude has been
defined as [3, 4],

5 =

F(q,t) =~ < T exp [if . R;(t + to)]
exp [—id. R;(to)] > wwrrrrrr (12)
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The well-known Gaussian approximation (GA) for
Fs(q, t) is

F(q,t) = e Pa’t,

OF-AIMD, F (g, 1)
GA, F.(a, 1)

Fig. 2: (b) F; (q, t) for different q/q, values of liquid Pd at
T=1853K.

where, D denotes self-diffusion [27]. Fig. 2(b)
shows the self-intermediate scattering function,
Fs(q, t) for several g/q, values for I-Pd. Here the
solid lines represent the OF-AIMD F(q, t) as
defined in Eqgn. (12) and, the filled circles represent
the Gaussian approximation of Fy(qg, t) as given by
Egn. (13). Fig. 2(b) illustrates that, Fs (q, t)
decreases monotonically and non-linearly as a
function of t and, the decrement gets faster as the
magnitude of q/g, enhances. This trend is
apparently like that of simple liquid metals near
triple points [3, 4, 10, 27]. Fig. 2(b) also shows that,
equation (12) and equation (13) merge completely
at small g/q, values. This implies that, Fs (g, t) is
mostly controlled by D. Some deviation near small
t shows the shortcoming of the Gaussian
approximation.

3.4 Collective Dynamics

The intermediate scattering function, F(g, t) is a
density-density correlation function. It yields full
information regarding the collective dynamics due
to density fluctuation. It is defined as [3, 4]
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Fig. 3.: Normalized F(q, t) for different q/q, values of
liquid Pd at T=1853K. The inset represent the
corresponding dynamic structure factor, S(q, o).

N
1 B}
F(qt) = (ﬁ) < Z exp [id . B;(t + to)]
=1
YLy exp [-i . Ry(to)] > ....(14)

where, N is the total number of particles and ﬁj(t)
is the position of the jth ion at time t. Results for
F(q, t) from the present OF-AIMD simulations are
shown in Fig.3. Our OF-AIMD calculated, F(q, t)
exhibits oscillatory behavior which persists
approximately up to g=0.73q, and the amplitude of
the oscillations being stronger for the smaller g
values. This typical feature is seen in both computer
simulations and theoretical models [3, 4, 10, 27, 31]
study for liquid metals near melting.

The dynamic structure factor S(g, o) is closely
related to the F(qg, t) and, it is derived from the
Fourier transform of the intermediate scattering
function with respect to time. Here, an appropriate
window is used to smooth out truncation effects
[27, 31]. Fig. 3 illustrates S(q, ®) where it shows
distinct side peaks as an indication for collective
density excitation for small g/q, values. Practically,
it is seen up to 0=0.73q,. S(q, ®) exhibits a
decaying tail, and high frequency peaks in the
hydrodynamic limit (q—0); these peaks do not exist
in the large w-region. A dispersion relation of the
density fluctuation is obtained by plotting positions
of the side peak, wn(q), for different q values (Fig.



4(a)) which gives an estimate of the adiabatic sound
velocity, ¢s(q).
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Fig. 4: (a) Dispersion relation for liquid metal Pd at
T=1853K.

The slope of this dispersion relation curve in the
limit g—0 gives OF-AIMD bulk sound velocity, ¢,
=2906+25m/s. We do not have any experimental ¢
at 1853K, instead we have a calculated value c,
=2657m/s [32] for Pd at melting. The AIMD study
of Gonzalez et al. [10] have reported a value c;
=3450+150m/s which is almost 15% larger than
that of our OF-AIMD result.

An another fascinating dynamical magnitude is the
transverse current correlation function, J(q, t)
which is not linked with any measurable quantity
and can only be found through MD simulations. It
carries information about the shear modes, and is
defined as [27, 31],

]t(qJ t) = % <]*x(C_I)J O)JX(C_I)J t) >

where, /,(q,t) = ¥, v¥;(O)explid . R; ()] is the
transverse current. The shape of Ji(q, t) evolves
from a Gaussian, in both g and t. For the free-
particle limit (g—), toward a Gaussian in q and
exponential in t for the hydrodynamic limit (qg—0)
[27,31], i.e

1

2(ltD
Je(q > 0,6) = Z-exp [P

mp
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where, 7 is the shear viscosity. For intermediate
a/qp -values, Ji(q, t) exhibits a more complicated
behavior, as shown in Fig. 4(b). We see that for
small g/q, values the corresponding Ji(q, t) decrease
slowly but it becomes faster with increasing q/q,
values. Note that for the smallest q value reached
by the simulation, q = 0.308A™, the corresponding
Ji (g, t) takes on negative values, which by equation
(16) means that it is already beyond the
hydrodynamic regime. From the results for J«(q, t)
we can readily obtain the shear viscosity
coefficient, » as follows [27, 33, 34].

a
(b)
3
(=)
*l_l'
=
=2
é 0.37
=
0.73
1
L 1.09
o 1.63
1 1 1 1 I 1 1 1 1
0 0.5 1

t(ps)

Fig. 4: (b) Ji(q, t) for different q/q, values of
liquid Pd at T=1853K.

The memory function demonstration of Ji(q, t) is
defined as [27, 31],

~ 1 % - -1
Jia.2) = 5[z + Ldia.2)]

where, 1(q,z) denotes a generalized shear
viscosity coefficient and the tilde represents the
Laplace transform. The area under the normalized
Ji(q, 1), gives BmJ,(q,z = 0), from which values
for M(q,z=0) can be obtained which, when
extrapolated to q = 0, provides the usual shear
viscosity coefficient, 7. The OF-AIMD result for 7
is 4.07+£0.50GPa ps which is very close to the CMD
simulated value of 4.01+0.48GPa ps by Alemany et
al. [6]. The experimental value for 7 is
4.22+0.15GPa ps [30] which is also very close to



Static and Dynamic Properties of Elemental Liquid Pd: An Orbital Free Molecular Dynamic Study

our OF-AIMD result. Our OF-AIMD result agrees
well  with the KS-AIMD result, 7ks-amp
=4.57+0.15GPa ps [10]. The other CMD simulation
methods yielded reduced 7 values, i.e.
3.68+0.48GPa ps [7], 2.91+0.86GPa ps [9] and 2.69
GPa ps [5].

4. CONCLUSION

Several static and dynamic properties of liquid Pd
are studied in this article using OF-AIMD
simulation technique at T=1853K. Simulated static
structure factor and the pair distribution function
are found to be good in agreement with the
experimental [26] and other simulated data. The
self-diffusion coefficient, obtained from the single
particle dynamics, and the shear viscosity, derived
from the collective dynamics of density fluctuation,
also agree well with available data [5-7, 9, 10, 30].
The evaluated dynamic structure factors exhibit
clear side peaks indicate collective excitation from
which the velocity of sound is evaluated. Finally,
we can conclude that, the engaged simulation
method is a very good technique to determine the
interesting static and dynamic properties of liquid
Pd from the microscopic information at the atomic
level.
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