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Abstract

Using the orbital free ab-initio molecular dynamics (OF-AIMD) simulation scheme we have examined the static and dynamic
properties of liquid Pt at the thermodynamic state near to its melting point. In this simulation scheme, the Hohenberg and Kohn
orbital free density functional theory (OF-DFT) has been employed. In OF-DFT, we have estimated the electron-ion interaction by
a local pseudopotential and also controlled the exchange-correlation energy functional by using the local density approximation
(LDA). The static properties, for instance, static structure factor, S(g), pair correlation function, g(r), coordination number, N,
and isothermal compressibility, x,, are examined. Using the familiar single-particle dynamics, the self-diffusion coefficient and
self-intermediate scattering function are studied. It is found that the self-intermediate scattering function is controlled by the self-
diffusion coefficient. While for studying the collective dynamics of the system, we have calculated velocity of sound from the
longitudinal dispersion relation and shear viscosity from the transverse current correlation function, J (g, ). The OF-AIMD results
are nicely fit with the theoretical and experimental results accessible to us for comparison.
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I. Introduction

To examine the properties of materials in the liquid state, the
most consistent and very powerful method is the orbital free
ab-initio molecular dynamics (OF-AIMD) technique. The
Hohenberg and Kohn' version of orbital free density
functional theory (OF-DFT) is applied to perform this
simulation. The ground state electronic energy of a collection
of atom for a given nuclear position is computed by OF-DFT
where the forces on atoms are computed through the
Hellmann-Feynman (HF) theorem. Consequently, it is
possible to do MD simulation wherein the ionic position
changes as classical systems but the electronic subsystem is
monitored adiabatically. More detailed information can be
found in the references®*. The effective sp-electron valence,
Z, has been considered to be a non-integral number which
generally occurs due to sp-d hybridization effects™.
Considering both technological and scientific outlook,
platinum, (Pt) is an important transition metal'’. In the
electronics industry, Pt is utilized for making computer hard
disks and thermocouples. It is also broadly used in jewelry.
However, the main use of Pt is in catalytic converters for
cars, trucks, and buses. The use of platinum compounds in
chemotherapy drugs for cancer treatment is another important
application of it'°, Face-centered cubic(fcc) crystal structure
Pt is found in the final column of group VIIIA of the periodic
table having an atomic weight of 195.09 gm per mole. It has
a material density of 21.45 gm/cm’® and melting point
2041.40 K. The ionic number density of liquid Pt (/-Pt) at
T=2053K is 0.0577A3. Of late, Gonzalez et al.!! calculated
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some properties of /-Pt at 7=2053K by employing the Kohn
and Sham ab-initio molecular dynamics (KS-AIMD)
simulation technique using 120 particles. The atomic
transport properties specifically diffusion coefficient and
shear viscosity of /-Pt at temperature 7= 2053K have been
studied by Alemany et al.'> ' using classical molecular
dynamics simulation. In this work Voter and Chen version of
the embedded atom model (VC-EAM) potential, and a
semiempirical many-body potential based on the second-
moment approximation to the tight-binding method (TMM-
SMA) are used. Availability of the KS-AIMD simulation
results enables us to compare our OF-AIMD simulation data
in this article. Both OF-AIMD and KS-AIMD are the first
principle calculations but the first one is less expensive in
terms of computational time than the second one. Interestingly
OF-AIMD simulation method can handle hundreds or even
thousands of particles whereas the KS-AIMD simulation
method can handle only one or two hundred particles. For the
first time, we have employed OF-AIMD simulation for the
study of /-Pt taking 500 particles in the simulation box. The
magnitudes obtained from the OF-AIMD calculation agreed
well with the KS-AIMD results. No experimental data is
available to us for the velocity of sound and self-diffusion
coefficient at the thermodynamic state 7 = 2053K for
comparison. Since there is no experimental data for the self-
diffusion coefficient in the literature, we have computed it
from the Stokes-Einstein relation'* (see below) by using
experimental values of shear viscosity'® and experimental
principal peak position'e, r of g(r). We observed a small



180 Centennial Special Issue

deviation between the diffusion coefficient that was calculated
directly from the velocity autocorrelation function (VACF)
and the empirical one that was calculated through the Stokes-
Einstein relation by means of viscosity and principal peak
position of g(r). We have got two different values of
experimental shear viscosity n,,~ 4.82 and 6.74 GPaps
available in literature'. It is very much clear from our
analysis that both OF-AIMD and KS-AIMD support former
experimental data. On the other hand deviation of the latter
one are almost 27% and 33% from KS-AIMD and OF-AIMD
results respectively. There is not enough theoretical and
experimental information available for the properties of /-Pt
at 7=2053K. We have got only one first principle calculation'
available to compare with our study for the static and dynamic
properties of /-Pt at 7=2053K. For this reason, we have been
interested to study some properties of /-Pt using a different
approach which is computationally less expensive and
reliable first principle calculation.

II. Theories
Density functional theory

The total energy of a system can be defined as
E[n(F)J:TS[n]JrEH [n]+EXC [n]JrEext [n] )

by means of the density functional theory. In equation (1),
T [n] represents the kinetic energy functional for non-inter-

N
acting electrons, E,, [n] is the classical Hartree term, E, [7]
is the exchange-correlation energy functional and £ [n] is

the energy functional due to electron-ion interaction. Within
the average density model®!’, the non-interacting kinetic en-

ergy functional, 7, [n] , can be defined as
T, [n] =Ty [n] +7, [n] ,where;

- 1 — —
Tw[n(r)]zgde‘Vn(r)‘z/n(r) 2)
is  the
1, [n] == [ [n(7) ] [R(F)] with

’ 10

).
k (77) = (37T ’ )1/3 [n (F)]a . Additionally, k2 represents

the Fermi wave vector for an average electron density,

familiar von  Weizsdcker term, and

F(7)=(2k2) [ask (), (2kp |7 5

N . . . .
n, =—=, and the weight function, W, is considered for

appropriate improvement of the linear response theory limit
and Thomas-Fermi limit. More information can be obtained
from reference® .
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Fig.1. (a) The non- Coulombic part of the ionic pseudopotential
for [-Pt at 7=2053K. The inset displays a magnified phase
of oscillations and (b)Static structure factor, S(g) with pair
correlation function, g(7) (in the in set) at 7=2053K for /-Pt.

Pseudopotential

Non-local pseudopotentials'® are used for performing KS-
DFT based AIMD simulations. To obtain the appropriate
non-local pseudopotentials some properties are reproduced
by fitting for a few others atom!” %20, While the OF-DFT
based AIMD namely OF-AIMD uses local pseudopotentials
to approximate the electron-ion interaction. The form of the
local ionic pseudopotential used in the present study has got
the following form:

H+ Yexp{—r} for r<R, 3
VPS (V) = 7 g ( )
- for r>R,
r

where H and Y are constants and R_,Z and g denote the core
radius, the effective number of nearly free sp-electrons, and
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the softness parameter respectively. More details are given in
reference* 7 of the local pseudopotential. Fig.1 (a) represents
the non-Coulombic electron-ion interaction in ¢ space for

[-Pt at 7=2053K.

III. Results and Discussions

The present OF-AIMD simulation has been performed for
[-Pt at temperature, 7=2053K having 500 particles in the
periodic cubical cell. The cell size is calculated from the
experimental ionic number density. The electronic energy
functional is minimized with respect to 7 (17 ) = ‘l// (17 )‘2 for
the given ionic positions at time #, where y (77) is the single

effective orbital® *. The expansion of the orbital in plane
waves is taken up to the value of cut-off energy, £, =20 Ryd.
The quenching technique is applied for minimizing the
energy of the system by means of the Fourier coefficients of
74 (7 )in every ionic step. The energy minimization gives
the ground state valence electron density and energy. The
forces on the ions from the electronic ground state energy are
computed by using the Hellman-Feynman theorem. The
ionic positions and velocities are updated from the solution
of Newton’s equations of motion through the Verlet leapfrog
algorithm with finite time step 76x10* ps. The OF-AIMD
calculations were achieved by averaging over 5000
configurations for simulation time 38 ps. The static properties
related to structure factor, pair correlation function,
coordination number and isothermal compressibility are
calculated. The value of § (()) for calculating the isothermal
compressibility is obtained from the long wave length limit
of S(g). The coordination number is calculated from G(7),
which is known as the radial distribution function'®. We have
also calculated the single particle and collective dynamics for
example diffusion coefficient, dynamic structure factor,
velocity of sound and shear viscosity. The minimum iteration
steps are found from good parameterizations of the
pseudopotential. The pseudopotential parameters are chosen
by considering the best overall fit to experimental data'® for
S(q) and we got the pseudopotential parameters namely core
radius, R =1.45 au, softness parameter, g= 0.70 au, sp-electron
occupancy number, Z=1.6. However, the Ewald radius is
taken to be 5.00 au. The system required thermalization to
compute the equilibrium properties. After the thermalization,
the average values of temperature, energy and force continue
to be constant over the range of 5000 configurations. This
means that the system has been thermalized well and kept the
system in its ground state during the whole simulation process.

Static Properties

The OF-AIMD static structure factor, S(g) for [-Pt at
7=2053K and the XRD data of Waseda'® are shown in Fig.
1(b). A fair agreement is found for both the positions and
phase of the oscillations although a small deviation in height
of the principal peak is observed. OF-AIMD S(g) principal
peak height is approximately 4.5% higher than that of the
experimental principal peak’. Fig. 1(b) reveals that /-Pt has
a symmetric principal peak located at qu2.73A" whereas the
XRD principal peak position'® of S(g) is located at qp:2.76A"‘.
If we compare the present OF-AIMD result S(g) with the
AIMD calculations performed by Gonzalez et al.'!, it appears
clearly that the height and position of the principal peak
and subsequent oscillations in the case of OF-AIMD S(g) is
slightly better in agreement with the experiment. Here KS-
AIMD!" principal peak position is found at qp:2.72A_] having
underestimated height than OF-AIMD and experimental®,
S(q). The value of S(0) is calculated by extrapolating the OF-
AIMD S(g) for some small g values to g—0 using S(g)=s+s ¢°.
Then, the equation” S(0)=pK, Tk, , gives the isothermal
compressibility, x,=1.25+0.05(x 10> cm*dyne), where K,
and T are Boltazman constant and temperature respectively.
This value is reasonably closer to the experimental value «,
=1.44+0.32(x10"? cm*/dyne), which is computed from the
experimental's, S(g) following the same procedure. While the
KS-AIMD calculation performed by Gonzalez et al.!' yield a
of value x,=1.80+0.15(x10"* cm*dyne).

The pair correlation function, g(7) is presented in the inset
of Fig. 1(b) together with the XRD data'¢ for /-Pt. Fig. 1 (b)
shows a decent agreement with experiment'®, even if the
height of the principal peak of OF-AIMD g(r) looks to be
underestimated. It is worth noting that the principal peak
positions of OF-AIMD and experimental' of g(r) are found
at r=2.72A and r=2.70A, respectively. The principal peak
position of g(r) calculated from KS-AIMD'" is found at
rp22.69A which is little underestimated from the experimental
principal peak position'. The information of the coordination
number is used for the structural study of non-crystalline
materials. The coordination number, N, is calculated from the
radial distribution function'®, G(r)=4mpr’g(r),

N, = I4ﬂpr2g(r)dr 4)
To

where, r,~0, r =3.74A and p = 0.0577 A>. The computed

coordination number is N=12.34, which is near to the

experimental value'’, N =11.75. Gonzalez et al.'' have

computed, N =12.80 from their study having r| =3.77A of g(r).
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Fig. 2. (a) Normalized VACF, Z(?) of [-Pt with the power spectrum,
7 (a)) (in the inset) of Z(1) (b) F., (g, ¢) for various values,
q/qp of /[-Pt at 7=2053K with Gaussian approximation (GA)
of F (g, 1).

Dynamic Properties

Single Particle Dynamics

The normalized velocity autocorrelation function (VACF)
defined by, Z(1)=<v(¢).v(0)>/<v*> and the mean
square displacement defined by (6r* (t)) = (‘F(t) -7 (0)‘2>

are used to calculate the self-diffusion coefficient in the
present simulation. Using the Green-Kubo formula?!,

TK, ¢
D=—"t {Z(r)dt )

and the famous Einstein relation?!,

D= lim—<5r2 )
o 6t

we have computed the self-diffusion coefficient, D . In

) (6)
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equation (5), M is the mass of an atom. Both processes provide
almost the same result. The plot of Z(#) for /-Pt at 7=2053K
calculated from the OF-AIMD and KS-AIMD!" are shown in
Fig. 2(a), where the usual cage effect is detected with a first
minimum and the following oscillations of Z(#) seem to be
weak for KS-AIMD! than it is detected in OF-AIMD. The
negative values of Z(#) happen as a result of the backscattering
effect which is made by the cage effect. The first minimum
occurs in a shorter time for KS-AIMD than OF-AIMD and the
depth is also lower for KS-AIMD!'. For further details see
references® 4. Applying the processes stated above, the self-
diffusion coefficient has been evaluated and we found
D=0.33+0.01A%s?. While the CMD study performed by
Alemany et al.'> B reported values D=0.281+0.003A%ps! and
D=0.284+0.003A2ps. The KS-AIMD study of Gonzélez et
al."! reported a value D=0.27+0.02A%ps™. It seems that our
OF-AIMD result for D is comparable to the other calculated
values!''"'3. There is no experimental value for the self-diffusion
coefficient of /-Pt but there are two experimental'® results for
shear Viscosity,nwp which are 4.82 and 6.74 GPaps. The
experimental self-diffusion coefficient is evaluated from the
Stokes-Einstein relation using the experimental values of
shear viscosity and the principal peak position of experimental
g(r). Using the values of experimental shear viscosity, T]W=
4.82, 6.74 GPaps and the principal peak position of g(7),
d=r =2.70A we obtained D = 0.35 A’ps” and 0.25 A’ps’' from
the Stokes-Einstein relation', respectively. Our OF-AIMD
result for D is nicely agreed with the first one, T]W= 4.82
GPaps. On the other hand, the agreement of KS-AIMD!" result
for D matches well with the second one, n.,~ 6.74 GPaps
which is 27% larger than the shear viscosity obtained from
KS-AIMD". From Stokes-Einstein empirical relation'* we
have calculated diffusion coefficient, D=0.36 A%ps”'and 0.34
A%ps’ by using 5 and r, obtained from OF-AIMD and KS-
AIMD respectively. The empirical value of D=0.36 A%ps™ is
reasonably good in agreement with the OF-AIMD value,
D=0.33 A’ps'. We have also observed that the value of
D=0.25Aps"! calculated directly from KS-AIMD' VACF is
almost  26%  smaller than empirically found value
D=0.34A%ps".

In the present simulations, the self-intermediate scattering
function, F (g, 7), is described as™*,

1 & -
F(g.t)= 7° Z‘exp[zq.Rj (t+1,)Jexp[-ig.R, (1,)]> (D
p

from which we get the proper knowledge of the single
particle motion. This function also decides that the single
particle dynamics are not identical in length scales, ranging
from ¢—0 to g— o0, which are known to be the
hydrodynamic limit and independent
respectively. The F, (g, ), is also defined by

particle limit,
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2
Fs(q,t):e’D" ‘ ®)
which is familiar as the Gaussian approximation (GA), where
D is recognized as the self-diffusion coefficient?’. The self-

intermediate scattering function, F (g, £) of /-Pt, for various
q/qpvalues are shown in Fig. 2(b). Where the continuous lines
represent the OF-AIMD F (g, t) as defined in equation (7)
and the filled circles represent the Gaussian approximation
for F (g, t) as given by equation (8). Fig. 2(b) shows the usual
monotonic non-linear decrease with time which falls faster
with increasing q/qpvalues. Indeed, this movement is parallel
to that of the simple liquid metals in the vicinity of their
respective triple points® *2"- 22, From the same Fig. 2(b), it
also appears that equations (7) and (8) perfectly amalgamate
with each other for low /g values which suggests that the
(g, t) is organized by D. However it deviates slightly at small
¢ for larger values of g/g,. This is obviously exposing the
limitations of the Gaussian approximation.

-

0)

T 0
= °
N—
L 3
—
o-; 2
N—
|
0
0 0.5 1.0 0 0.5 1.0 15
t(ps)

Fig. 3. Normalized F(g,t) for various values, q/qp of [-Pt at
T = 2053K. The inset displays the corresponding dynamic
structure factor, S (q,a)).Continuous line: OF- AIMD and
Short dash line: KS-AIMD'".

Collective Dynamics
The intermediate scattering function, F'(q ,t) is described
as3,4,21

F(g,t)= [;[j < zexp[iqu (t+ to)]zexp[—iq.ﬁ, (t)1> 9

where, N and Ri (l ) are the whole number of particles and

position of the jth ion at time #, respectively. It is a density-
density correlation function from which one can get
knowledge regarding the collective dynamics of density
fluctuations over both the length and time scales. Results of
F(g,t) from the present OF-AIMD simulation are illustrated
in Fig. 3 along with KS-AIMD'" F' (q,t). Our calculated,
F(g, t) from OF-AIMD displays oscillatory behavior which
persists up to q=0.73qp approximately and the amplitude of

the oscillations being stronger for the smaller g/g values.
This is a usual behavior of simple liquid metals near melting
as found in both simulations and theoretical models* * 2! 22,
Around q/qul, F(g,t) decline slowly which is known as “de
Gennes narrowing”. The dynamic structure factor S(g,®) is
directly connected with F(g,2). The time Fourier transform of
the F(q,t) with an appropriate window to smooth out
truncation effects?! 2 provides the dynamic structure factor,
S(g,m). The corresponding results of S(¢,®) are shown in the
inset of Fig. 3 along with KS-AIMD results!!. Where the
dynamic structure factors, S(g,®) obtained from both OF-
AIMD and KS-AIMD!! demonstrate well-defined side peaks
for a small range of q/qp values due to collective density
excitations. In particular, it is seen up to qZO.73qP in the case
of OF-AIMD. Dynamic structure factor has an apparent tail
with a clear starting point. In the free particle limit (g— ©),
there are high-frequency peaks of S(¢, ®) and these peaks do
not occur in high- @ regions. Following distinct behavior of
F(q,t) obtained from OF-AIMD and KS-AIMD are :

(i) The OF-AIMD F(q,t) oscillations have a larger
period and higher amplitude.

(il))  The oscillatory activities of OF-AIMD F(q,t) are
more clearly marked and the oscillations have
vanished for larger ¢ / q, values than KS-AIMD.

(i) The OF-AIMD F(q,t) shows no weak diffusive
performance like KS-AIMD.

(iv)  However, the calculated OF-AIMD F(g,?) almost
come to an agreement with the corresponding
F(q.t) of KS-AIMD for ¢/ ¢, >1.

The above variations are also visible in the corresponding
dynamic structure factors, S(g,) which are represented for
some q/qp values in the inset of Fig.3. Our calculated OF-
AIMD S(g,) exhibits a clear side peak upto ¢/ ¢ , = 0.73
and similar structures are also detected in the corresponding

KS-AIMD S(g,®) whereas their side peaks vanish at lower ¢/
q, values. More excitingly, the position of the side peaks in

OF-AIMD S(g,m) is always found at a smaller @ value for
any q/qp value.

The variable J q, is recognized as the

-3

current density linked w1th the overall motion of the particles.
The  variable J (q .1 ) can be divided as

,j(q,t):jL(q,t)+jT(q,l).
jr(q,t ) are the longitudinal component parallel to § and

Here jL(q,l) and

transverse component perpendicular to ¢ , respectively. The
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longitudinal, J,(¢,f), and transverse, J(g,f), current

correlation functions are defined as>?!,
1 /= -

JL(q,t):N<JL(q,O).JL(q,1)> and

J, (q,l‘) = §<j; (q,O).jT (q,t)> respectively. The

time Fourier transform of J, (q,l ) and J; (q, t ) gives
spectra which are denoted by J, (¢,®) andJ (g,®) respectively.

The OF-AIMD J, (q , a)) show a peak for all ¢ values and

from the position of the side peak of J,(q,0), a dispersion
relation for the longitudinal modes, ®, (g) has been found and
is presented in Fig. 4(a) along with KS-AIMD!"" results. The
g dependent adiabatic sound velocity, c (g) is the slope of the
curve, o, (g) at low g region but in the limit g—0, the slope of
the curve o, (g) yields the adiabatic sound velocity, c. We
have taken the slope of the curve, @, (q) in the limit g—0

taking ¢ <0.84A" values of ®,(g), then we get
¢, =(2400+50)m/s. Whereas the experimental adiabatic
sound velocity is ¢ =3053m/s at the melting temperature®.

41:
i % OF-AIMD
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Fig. 4. (a) Longitudinal dispersion relation for /-Pt at 7=2053K and (b)
Normalized J. T (q . ) at various values, q/qp of [-Pt at 7=2053K.
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We may note here that the KS-AIMD method' produces
larger value of adiabatic sound velocity, ¢ =(3000£150)m/s
as compared to our result and close to experimental value
measured at melting. On the other hand the Gitis-Mikhailov
model and modified Einstein-Lindemann model?®* gave
¢=2193m/s and c¢=2713m/s, respectively, at the melting
point. M. R. Molla* computed a reduced value ¢ =(2184+24)
m/s from the dispersion relation which is formed by the side
peaks of the dynamic structure factors, S(q,®). The value
g =0.305A" is the leastq value obtained from the

simulation. The OF-AIMD?*, J. T (q,a)) show a peak for

some ¢ values starting from ¢g=0.43A7".

The shear viscosity,?] is computed from the transverse

current correlation function, J(g,f) because it carries
information about the shearmodes. TheJ (g,¢) is characterized
as3,21

JT(q,t)=%<J*X(Q,O)Jx(q*,t)> (10)

Eqn. (10) is not related to any computable quantity and it can
only be gained from molecular dynamics simulations. The
shear viscosity coefficient, 7] is computed from the J (¢,f) by
following the method described in**>*. The Laplace
transform of J (¢, ?) is denoted by J; (q,Z)Which is the
memory function demonstration of J,(g,f) and it is defined

as?h 2,

2

jT (q,z):ﬁim[z+q—ﬁ(q,z)} (11)

mp
Where,ﬁ(c],Z )represents the generalized shear viscosity

coefficient. We get ﬁ mj T (q,z = 0) by taking the area
covered by the normalized J(q,f). Using the value
BmJ ., (q,z = O)for each ¢ value, we get ﬁ(q,z = 0)
from equation (11). Then the usual shear viscosity coefficient

1 is obtained by extrapolating the values of 1] (q, z= 0) to
=0 and the calculated value of 17 from OF-AIMD method is
4.604+0.49 GPaps. This value is very near to the value of
n=4.90+0.25 GPaps, computed from KS-AIMD!". The
experimental values® for liquid Pt are 4.82 and 6.74 GPaps.
The first one is very near to our calculated value but the
second one is nearer to the CMD simulation result!,
Nepyp=0-09£0.96 GPaps. The CMD simulation'” along with
EAM potential reported 77,.,,,=5.92+0.48 GPaps.

IV. Conclusion

The orbital free ab-initio molecular dynamics simulation
technique has been used to compute the static and dynamic
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properties of /-Pt near the temperature of its melting point.
The simulated static structure factor and pair correlation
function, calculated by using the OF-AIMD, are better in
agreement with the experimental data'® and also with the
results of KS-AIMD simulation' results. The evaluated
values for the self-diffusion coefficient and shear viscosity
are also found to be good in agreement when compared with
the corresponding experimental data, and also with available
CMD and KS-AIMD results'""3. The existence of clear side
peaks in the calculated dynamic structure factors, S(g,®),
demonstrates the effect of collective excitation. The present
orbital free scheme of simulation permits us to predict
the static and dynamic structure factor of /-Pt with certain
precision although it is started with a plane wave basis.
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