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Excess-entropy and freezing-temperature scalings for transport coefficients: Self-diffusion
in Yukawa systems
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A semiempirical “universal” corresponding states relationship, for the dimensionless transport coefficients
of dense fluids as functions of the reduced configurational entropy, was proposed more than 20 years ago and
established by many simulations. Recent density functional analysis predicts a universal freezing-temperature
scaling for the excess entropy. Combining these properties we derive an approximate corresponding states
relationship for the dimensionless transport coefficients of dense fluids as functions of the temperature scaled
by the freezing temperature. The temperature scaling observed in recent computer simulation results for
self-diffusion in Yukawa systems is just one more case of our general result.

PACS numbes): 05.60.Cd, 52.25.Fi

Up to now there has been no unifying quantitative de-entropy corresponding states were extended to moderately
scription of atomic transport in condensed matf#r3].  and strongly coupled plasnraixtures[6]. More recently it
However, many simulations for the transport coefficients ofwas found 8] that the excess-entropy scaling is valid also for
strongly coupled one-component fluids can be correlatedilute gases, where it is least expected on the basis of either
with equilibrium thermodynamic properties, according to thehard-sphere modeling or cell-theory arguments.
plot of a reduceddimensionlesscoefficient as a function of Because of the choice ahacroscopicreduction param-
the reduced excess$i.e., configurational, over ideal-gas eters for the transport coefficient rather than microscopic po-
value entropy, S5/Nkg, [4,5,2,3. Macroscopic reduction tential parameters, the excess-entropy corresponding states
parametergdensity and temperaturavere chosen for the relation[4] can be applied directly to real materials. From
transport coefficients, namely, a mean interparticle distancthis point of view it can be even a more effective recipe than
d=(V/N)¥3=p 1% and thermal velocity,=(kgT/m)¥2.  Enskog’s approximatiofi7], which relates the transport co-
Specifically, from the coefficients of thermal conductiviky,  efficients to the thermal pressure. The excess-entropy scaling
viscosity, », and diffusion,D, one defines the following re- relation is a semiquantitative modgike the van der Waals

duced(dimensionlessquantities: equation of state rather than a theory. Like any correspond-
ing states relationship that links nonscaling force laws, it can

. p 23 . p23 be only approximate. However, in view of the absence of a

= KW, n = ﬁwy unifying quantitative description of atomic transport in con-
BLTB densed matter, excess-entropy scaling is important for esti-

13 oy mating unknown transport coefficients and for providing

*_ p guidelines for theoretical analysis, and should be further

(kBT/m)l’Z' checked against any new available data.

An extensive set of simulation results for the self-
This form of the reduced transport coefficients is suggestediffusion of Yukawa systems was obtained very recefgly
by an elementary kinetic theory for a dense medium of parwhich should enable us to test further the excess-entropy
ticles with thermal velocities but with a mean free path be-scaling mentioned above. These simulations where analyzed,
tween collisions which is of the order of the average inter-however, for another scaled diffusion coefficiént, which
particle distance. The plots of hundreds of simulation resultsvas showr{9] to obey a linear behavior as a function of the
for the reduced transport coefficients, of systems with quitdéemperature reduced by the melting temperature. Using re-
disparate pair interactions, as functions (afinug the re-  cent density functional theory resu[ts0—12 we first recast
duced excess entropg= — SF/Nkg>0, show quasiuniver- the excess-entropy scaling fdr* in the form of freezingor
sal behavior of the typf4,5,2,3 melting) temperature scaling. We then use this result to de-
rive the new linear scaling relation f& ", thus demonstrat-
k*~15%%  5p*~0.22"% D*~0.6e % (2) ing that it represents just one more case of general excess-
entropy scaling.
for all strongly coupled simple fluids=1 (freezing corre- On the basis of the fundamental-measure free energy
sponds to about#s=<5). Different potentials can be fitted functional[10,11] for hard spheres and thermodynamic per-
better by somewhat different exponential arguments andurbation theory[13,14], a unified analytic descriptiorof
prefactors(e.g., for hard sphere®* =0.7e~%5%) but, nev-  classical bulk solids and fluids was obtairfé@], predicting
ertheless, using these plots the reduced diffusion coefficientgprrectly the major features of their equations of state and
which vary by about two orders of magnitude, can be estifreezing parameters as obtained by simulations. The same
mated within about 30% by usinzprresponding statesal-  singularity in the hard-sphere free energy functional yields a
ues based on the excess entrdpy5,2,3. The excess- fundamentally different fluid and solid asymptotic high-
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FIG. 1. The simulation resul{d5] for the “thermal” potential
energy Uy, =U/NkgT—Cyuiql” of the inverse power potentials
o(r)/kgT=T/(rlaw9" and of the Yukawa potentialg(r)/kgT
=T/(rlayde *("aws (o denoted bya in the figuré as a function
of (T/Ttrees) 2. See the text.
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FIG. 3. Simulation result§9] for the reduced coefficient of the
self-diffusion D* for the Yukawa potentials ¢(r)/kgT
=T/(rlaygde (a9 as a function of T/Tiee,) 2 for several
values of the screening parameter(denoted bya in the figure.

The inset shows the same results as a functionléT () ~%>. See

density expansions for the potential energy: featuring dhe text.

static-lattice Madelung term and the harmoBlgT correc-
tion, for the solid, and a fluid Madelung energy with-a/®

thermal energy correction, for the fluid. This result for the
the bulk fluid turns out to be one particular possibility of the

Uth:WBT_CfluidF:O(FZ/S), (4)

variational perturbation theory which was considered in the

past[13].

where the fluid Madelung constar®s,,iq are given explic-

Focusing our attention on the repulsive inverse poweftly in [12]. In particular, for then>3 inverse power poten-

potentials ¢(r)/kgT=I/(rlayg", with n<12, and
potentials ¢(r)/kgT

screened Coulomb (Yukawa)
=T/[rlayge” “"aw9  where ays=(3/4mp)® is the

Wigner-Seitz radius andl is the coupling parameter, note

that the classical Coulomb one-component plad@&P
corresponds to an inverse power potential withl or to a
Yukawa potential with zero screening parameter0. The

analytic theory based on the fundamental measure free en-

ergy functionals yields also an approximate new freezing

“law” in the form [12]

[tree7~0.7ACp— Criyia), ©)

tials,
1 »  (x+2)x("~D
Crivia=7; J L dx ©)
2"(n=2)1'Jo (x+2)+(x—2)e
and for thea>0 Yukawa fluids,
a(atl)e @
Chiuig(a@) = (6)

" (a—-1)e"+(a+tl)e @

In Fig. 1 we present the simulation result$5,17 for
Uin=U/NKkgT—Cy,iq, as a function of [/T{eer)?>

whereC,, is the Madelung constant of the crystal structure=(T/Tree) 2> We find that to high accuracy the thermal

and Cy,,iq is the fluid Madelung constarisee below. This
“law” compares well [12] with the simulation results
[15,17). For these potentials the asymptotic high-density
expansion for the fluid thermal energy takes the form

15
D \

0.1

[N

\
R

08

(T/T freez
0.6

02 04 1.0

FIG. 2. Simulation resultf{9] (squarey [18], [6] (circles] for
the reduced coefficient of the self-diffusiop* for the one-
component plasméOCP as function of T/Tee) 2>, compared

with the fit (10). See the text.
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FIG. 4. Simulation resultf9] for the reduced coefficient of the
self-diffusion D™ for the Yukawa potentials ¢(r)/kgT
=T'/(r/ayge *"aw9 as a function of T/T,,) ~2® for several val-
ues of the screening parameterdenoted bya in the figurg com-

pared with our predictiol4) given by the heavy solid line. See the
text.
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T |\ 25 r \2s (a=0.1) are presented in Fig. 2 which can be well fitted by
Un=3|7—| =3|F Z) (7)  the following expression of the form of E¢Q):
free free
T —2/5
almost all the way t0 T/Tee,)  2°=0, so that the excess D*=1.48 ex%—B.E{T Z) } (10
free

entropy can be well represented by the form

9 T \-25 The new simulation result§9] for several values of the
S_Sfreezzz (Tf Z) -1
ree

2/5

2[( L Z) _1} screening parameter are given in Fig. 3 where it is clear that

2[\I'ree they follow closely our scaling prediction and in particular
Eq. (10). In this paper we use fof, the simulations based
values given if9], while for T;,..,We take our estimats).

It should be noted thag, ., iS about the samey, .., ~4, for Returning to Eq(8) we obtain
all soft inverse power potentials and Yukawa potentials. As
the potentials become steeper the asymptotics does not ex- D* =1.48 391~ 2Sireelg 789~ g 085 (11)

tend so well to small values df, and other terms in the
expansion interfere. It is remarkable that these terms contri
ute such that the linear dependencel&f is still well per-
served down to low values df. The T~ %% dependence of
the excess entropy was also observed in very recent simul
tions for Lennard-Jones fluid46].

By combining the semiempirical excess entropy scaling D =
of the reduced transport coefficieri5,2,3 with the freez- wEa\z,\,S
ing temperature scaling of the excess entrfdi#8], we obtain

gh accordance with the early wofk] and its results of the

type (2). Following [17(b)], Ohta and Hamaguchi analyzed
their recent simulation§9] by considering the reduced dif-
fusion coefficient

D

: (12

the following quasiuniversal relations: wherewg is the Einstein frequency of the solid, and find that
it is linear in T/T,, all the way to large values of /T,
T \~25 ~100, and only weakly dependent on the sceening param-
tF=A, ex;{ Bt(_l_—) etera=<5. This behavior they can explain near melting, i.e.,
free for T/T,~1, but there is no physical reason to incorporate
(Cyv—Ciiuig)T | ?® wg When T/T,=>1. We find, however, that the scaling
T) } C) employed by[9] represents just a special case of our general
' results. In particular, we note that the coefficiént is re-
lated to ourD* by

= At eX[{ Bt

wheret* is a reduced transport coefficiertt=«, 7, or D)

and the corresponding parametésB, are weakly depen- D* 112

dent on the potential. It should be emphasized that to within D= 3 1/2( Z) . (13
the expected few percent accuracy of the quasiuniversality of (i) ( /3 WE ) Tiree

the excess-entropy scaling for the Yukawa potentials, as we 4 freez

find also in this work, the melting and freezing temperatures ) . )
T, and T;,ee, are almost interchangable in the scaling rela-Wheré we is the plasma frequency. Specifically, using Eq.

tion (9). (10) for the OCP we obtain
The recent results for the self-diffusion of Yukawa sys- T |12

tems[9] provides a test for the scalings mentioned above. (T—)

These new resul9] are in agreement with a limited set of + free

—2/5

) 3 =|——+—]1.48 ex{»—Sf{ Z) } (14)
results obtained earliefsee[18,19,17b),6] and references 7.9 Ttree
therein. Like other scaling properties of Yukawa potentials
[12,2Q the parameters in relations like E@) are expected
to be weakly dependent on the screening paramefer all
Yukawas witha=<5. In particular, the results are expected to
be well approximated by those available for the OGP ( | thank H. Ohta and S. Hamaguchi for sending me the
=0). Simulation results for the self-diffusion coefficient unpublished work in Ref9(b)] and for permission to quote
from various sources for the OCR:£0) or near the OCP their results before publication.

which turns out to be almost linead* =0.01T/T,ce,, all
the way toT/T,.¢,~ 100, and compares welkee Fig. 4
with the simulation results di].
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