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Awnoramis. [linxig ysarajJibHEHUX KOJEKTUBHUX MO 3aCTOCOBYETHC
JIJ1d [IOCJII2KEHHs [OIIepevHol auHaMiku B OiHapHux cymimax. Cxema
IPYHTYETHC: HA OJIHOYACHOMY PO3IVIALl KOHCEPBATUBHOIO MACOBOLO I10-
TOKY, B3AEMHOTO MacC-KOHIEHTPAILITHOTO MOTOKY Ta IXHIX YAaCOBUX ITO-
xigaux. OTpuMaHO yMOBY iCHYBAHHSI MOMEPEYHUX MO ONTUIHOTO TUITY
B Oimapwiit cucremi. Ilokaszano, mo Bucoka B3aemMHua audysis Ta TEHICH-
i 10 PO3IIAPYBAHH:A 3aM00IraloTh MOABI MOMEPEYHUX ONTUIHAX MO,
36ymKenns onTUIHOro Tuny 3Hafineno B Jlemnapn-IlkoHciBebkiit pi-
auai KrAr, pinkux merasigaux citaBax MgroZngg ta LiyPb, Toni sik B
rycrifi razosiit cymint Hezs Args BOHU He iICHYIOTD ISl MAJIUX XBUJIHOBUX
quce.

Optic-like Excitations in Binary Liquids: Transverse Dynamics
T.Bryk, I.Mryglod

Abstract. Generalized collective mode approach is applied for the study
of transverse dynamics in binary mixtures. The scheme is based on si-
multaneous treatment of conserved total mass current and mutual mass-
concentration current, as well as their time derivatives. A condition of
existence of optic-like transverse modes in a binary system is derived. It
is shown, that high mutual diffusion and tendency to demixing prevent
the emergence of transverse optic-like modes. The optic-like excitations
are found in a Lennard-Jones KrAr fluid, liquid metallic alloys MgroZnsg
and LiyPb, while in ‘fast-sound’ dense gas mixture He;5Aras they do not
appear for small wavenumbers.
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Collective excitations in binary liquids were the subject of active re-
search during last five years (see, e.g., [1-5]). However, there is still no
clear understanding of mechanisms responsible for spectra formation be-
yond the hydrodynamic region. Two branches (low- and high-frequency)
of collective excitations have been found to contribute to the longitudi-
nal dynamics of binary systems with disparate masses, but their origin
is not finally established.

In the hydrodynamic limit (k — 0, w — 0 with k and w being
wavevector and frequency, respectively) the collective mode spectrum
can be studied analytically [6,7]. For transverse dynamics of liquids
there exists only one conserved variable (the density of the total cur-
rent jt(k,t)), and in the hydrodynamic limit the corresponding time
correlation function Fy(k,t) has the well-known single-exponential form
[6,7] (Fy¢(k,t) ~ kT pexp{—nk?t/p}, where p = M/V and 7 are a mass
density and shear viscosity, respectively). This result is valid within the
precision of zeroth frequency moment and can be applied in longlength
limit for simple fluids as well as their mixtures. Hence, in this limit a bi-
nary liquid is treated as an effective ‘averaged’ one-component fluid and
all the specific features due to difference in species are then neglected.

Beyond the hydrodynamic region short-time kinetic processes become
important, and in the case of transverse dynamics the shear waves emerge
in fluid-like systems [6-8]. Shear waves are, in fact, kinetic modes [8,9]
supported by liquid in the region of intermediate wave numbers k, where
elastic-like behaviour is dominant over viscous one. Shear waves exist in
both pure liquids and their mixtures. Since the 70’s, there were several
reports about the optic-like excitations in ionic binary liquids (see, e.g.,
[10]). In particular, it was found for LiF, that the theoretical results
for spectrum of optic excitations in the liquid state correlate well with
direct observations of polariton emission in the hot solid [10]. However,
a general opinion was that optic modes are very specific feature of ionic
liquids only.

The goal of this study is to investigate the origin of high-frequency
branches in spectra of transverse collective modes in binary liquids and
to focus on the role of mass-concentration fluctuations, which cause a dis-
similarity in comparison with a pure fluid. Transverse dynamics is much
easily to investigate than the longitudinal one because of absence of cou-
pling with energy fluctuations. Nevertheless, it is expected, that the re-
sults of this study could be very useful for understanding the key features
of longitudinal dynamics as well. We report in this paper the spectra of
collective transverse excitations obtained for a Lennard-Jones ‘ordinary’
KrAr liquid (at 7' =116K, n =0.0182A~3), a Lennard-Jones ’fast-sound’
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mixture HersArgs (at T =160K, n =0.013A-3) [11], another classical
“fast-sound’ liquid LisPb (at T =1085K, n =0.04558A3) [12] and a
glassforming metallic alloy MgroZngy (at 7 =833K, n =0.0435A-3).
Interatomic potentials for LiyPb and MgroZnsg were taken from [12]
and [13], respectively. The spectra were obtained within the high-mode
approximations of the parameter-free method of generalized collective
modes (GCM) [14,8,15].
We define two dynamic variables J; (k) and J, (k),

jt(k) = ja(k) + jb(k): jx(k) = xbja(k) - xajb(k)a (1)
as the linear combinations of partial current operators
;N

Jg(k) = i ngvgi exp(ikryt), ¢ =a,b, (2)
i=1

where ry; and Ufn denote a position and a transverse component of veloc-
ity of the ith particle for the gth species, respectively, and z, = m,N, /M
and z, = myNy/M are the mass-concentrations of particles in the
species, M = m N, + myN, = mN.

The mass-concentration current J, (k) is a complementary variable to
the total current operator jt(k) and describes the process orthogonal in
the sense of thermodynamic fluctuation theory to those connected with
the total current J;(k), so that Fy(k,0) = Fy,(k,0) = 0. It is seen from
(1) and (2), that at k = 0 the dynamical variable J,(k) describes op-
posite motion of particles of different species. Also, the mutual diffusion
coefficient Dy (see, e.g., [16]) is directly related to the function Fy, (k,t)
at k=0 ) -

Dab - mSm(O) A Fzz(oat) dt: (3)
where S;;(0) is the value of the ‘mass concentration-mass concentra-
tion’ static structure factor S, (k) [17] at k& = 0. Another important
point is that in ionic liquids with Q,N, + Q@ Ny = 0, where ), denotes
the charge of particles in the gth species, the transverse charge current
density fé(k) = Qo Ju(k)/ma + QuJy(k)/my is just proportional to the

mass-concentration current .J, (k),
Jo(k) = {Qa/ (2ma) — Qu/(2m)} Ju (k). (4)

Two dynamical variables (1) are used to generate a basis set A(®) (k)
of eight operators for calculation of transverse collective mode spectra
8,15],

A® (k) = {Ao,iﬁAo, (iL)? Ao, (iﬁ)3A0}, (5)
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where iL is a Liouville operator and Ag = Ag(k) = {J;(k), J.(k)}. The
basis A(®) contains three first time derivatives of dynamical variables (1)
to take into account short-time effects in the transverse dynamics.

In Figures 1 and 2 the imaginary parts of eigenvalues (shown by
crosses) represent dispersion of propagating transverse modes in KrAr,
Her5Aras, MgroZngg and LigPb, respectively. The spectra of collective
modes were obtained from the 8 x 8 secular equation derived from gener-
alized Langevin equation in Markovian approximation (see [8,3,15]). All
the matrix elements of this equation were evaluated directly in molecular
dynamics simulations. In general, four branches of propagating excita-
tions are obtained. In fact, all these modes are kinetic ones, because they
cannot be found within standard hydrodynamic treatment. Two high-
est branches z3(k) and z4(k) are overdamped (the real parts of these
eigenvalues are large). Therefore we are mainly interested in behaviour
of two lower branches z1(k) and z2(k) with comparable damping co-
efficients for k£ 2 1A-1. In agreement with hydrodynamic theory, the
general feature of the lowest branch z;(k) is the existence of propa-
gating gap at small k-values (k < k). The width of propagation gap
for the transverse sound waves ky gives the quasihydrodynamic k-range,
where viscous behaviour of a liquid is dominant over elastic one. The val-
ues ky obtained for KrAr, MgroZnsg, Li4sPb and He75Ary5 are 0.35A71,
0.05A-1, 0.45A~! and 1.29A 1, respectively. More interesting for anal-
ysis is the behaviour of the second branch z,(k). It is clearly seen for
KrAr, MgroZnsg, and LiyPb that the imaginary parts of these eigen-
values tend to certain nonzero frequencies when k& — 0. For He75Arss
the propagating modes 22(k) disappear inside the propagation gap for
k <0.6A1

The GCM method makes also possible to investigate the spectra of
collective excitations using separated subsets of the basis set A®). Let
us consider two groups of separated sets

AD =Ly iLdy, LTy, Gy}

with f = @ = t,z and f = g = a,b. In the first case of A% one can
obtain the spectra of eigenvalues where the coupling between the to-
tal current and mass-concentration fluctuations is neglected. Similarly,
an analysis on the separated ‘partial’ sets A(*9) allows us to exclude
the direct coupling between partial currents. If the coupling effects are
small then the eigenvalues obtained for the separated sets and the ‘cou-
pled’ set A®) are to be very close. And vice versa, if the coupling is
strong enough one would find a big difference between the correspond-
ing eigenvalues. The results obtained for the separated four-variable sets
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are shown in Figures 1 and 2 by different lines. It is seen that at small
k the appropriate description of transverse dynamics can be given in
terms of total- and mass-concentration currents, while for k 2 Q,/2 (@)
is a position of the main peak of the structure factor Syy(k)) all four
branches are well described by the ‘partial’ sets A(%9). Hence, one can
conclude that for large k the collective modes z; (k) and z2(k) reflect the
specific features of partial dynamics of heavy and light components, re-
spectively. An analogy with the crystalline state arises herein. For a solid
binary system it is known that the frequencies of optic (high-frequency)
and acoustic (low-frequency) phonon excitations on the boundary of the
Brillouin zone depend on the masses of particles as 1/,/m, and 1/,/my,
respectively, with m, being the mass of light particles. This analogy be-
comes straightforward when we consider (),/2 as the boundary of the
first pseudo-Brillouin zone in a binary liquid. Note that @, ~ 27/(a),
where (a) is the average interparticle distance.

For small k the propagating modes z5(k) in binary mixtures KrAr,
Mgz70Znsp and LiyPb appear due to the mass-concentration fluctuations
only (this branch is reproduced perfectly for small k£ by the separated
set A(4%)) Taking into account that these fluctuations are caused by op-
posite motion of particles in different species and recalling the equation
(4), we can conclude that the propagating modes z2(k) correspond to
optic-like transverse excitations. This conclusion is supported by com-
paring our results found for MgroZnso with the data obtained [13] for
amorphous MgroZnso (shown by triangles in Figure 2a) at room temper-
ature and a higher density. The high-frequency modes identified in the
amorphous state as 'optic phonon excitations’ are just slightly above our
results.

For understanding the obvious difference in high-frequency dynamics
of He75Ary5 and the other dense binary liquids considered we derive from
the macroscopic transport equations analytical expressions for time cor-
relation functions Fy;(k,t) and F,.(k,t) within the precision of second
order frequency moments (two-variable approximation). The correspond-
ing eigenvalues are then given by

1 1 1/2

A0 = 5 * | g~ e ®) (6)

where 7, (k) is the k-dependent Maxwell-like relaxation time (connected
with the first-order memory function), ws o (k) is the second-order fre-

quency moment, and « = t,z. The condition of existence of propa-

gating mass-concentration waves (or optic-like collective modes) 2z =
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+iw, (k) + 0, (k) can be obtained from (6) in the form:
2.0 (k)0 (k) /4 < 1, (7)

where

1

W/0 Fop(k, t)dt = [Wa,4 (k)72 (k)]

Txo(k) = F

is the zeroth-order correlation time. It is easily to verify, that in Gaus-
sian approximation for the time correlation function F,.(k,t) (the limit
of large wave numbers) the condition (7) is always valid. In the hydro-
dynamic limit we can rewrite (7) as follows

§ = @9,,(0)D2,52,(0)/4(zxpksT)? < 1. (8)

It is seen, that there are several factors, which determine the existence
of optic-like excitations in the hydrodynamic limit, namely, the mutual
diffusion Dgp, structure factor S, (k = 0), temperature 7' and the sec-
ond order frequency moment of F,,(k,t). In particular, the high mutual
diffusion and tendency to demixing in the system (when S,.(0) is large)
prevent the emergence of optic-like transverse modes. When condition
(8) is valid, the frequency w,(0) = Im z} and damping o,(0) = Re zF
of optic-like modes at k = 0 are:

wz(0) = \/@2.4(0)(1 =), 04(0) =4/w2,,(0)d. (9)

We see in (8) and (9) an interesting connection between the frequency
and damping coefficient of optic-like transverse excitations in longwave
limit. In particular, for small § an optic-like branch becomes very ‘soft’
and can look like a pseudo-sound one.

In Figure 3 the left hand side of condition (7) as a function of k
is shown for the binary systems considered. It is seen, that only for
Herzs Aros this condition is not fulfilled when k& < 1.7A~1. This explains
why the optic-like modes have not been found for Hezs Arys mixture (see
Figure 1b).

We conclude with the following remarks: (i) It is shown that trans-
verse optic-like excitations can exist in a dense binary mixture of simple
liquids and arise due to mass-concentration fluctuations; (ii) The condi-
tion of existence of these excitations is derived, and it follows that high
mutual diffusion and a tendency to demixing in a binary system prevent
the emergence of optic-like modes in longwave limit; (iii) The general
feature of transverse collective excitations is their ‘partial’ character be-
yond the first pseudo-Brillouin zone. For small & the collective modes
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reflect collective properties of the system being described correctly in
terms of total- and mass-concentration current fluctuations; (iv) Optic-
like transverse excitations are found to be supported in KrAr, MgroZnsq
and LiyPb, while in Hez5Ary; they are suppressed. Our results support
the opinion that there exist two different mechanisms of the ‘fast-sound’
phenomenon in binary liquids, namely, the kinetic one found by Campa
and Cohen [18] and the mechanism of optic-like excitations discussed in
this study (see also [12,11]).

T.B. has been supported by the Welch Foundation (Houston, Texas).
I.M. thanks the Fonds fiir Forderung der wissenschaftlichen Forschung
for financial support (Project P 12422 TPH).
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Figure 1. The imaginary parts of eigenvalues for Lennard- Jones mix-
tures: (a) liquid KrAr; (b) a dense gas system Hers Aras. Results obtained
for the ’coupled’ set A®) and for the separated sets A4 A(42) A (4a)
and A" are shown by symbols (x) and different lines, respectively.
The lines are given only in restricted regions, where the coupling is not
significant and the spectra obtained for 8- and 4-variable sets correlate
well. The double arrows show positions of @, /2.




9 IIpenpunT

70 ———
a X X Koo g e R f -
60 L \ ~ MZ; i
Zn
50 L i
401 S x e S e e
301 R R R ,
> 00 ) ) . f
2 = ¢ PO Rttt Xermemmmem %ommimimm Heemimimime X
£ 10, / ]
= Qp/2
\ﬁ/ 0 t t [l t t t }
€ b =X t —_—
% 0o
70 [ )?2;( § x i - ¥ X X N i
60 | ) |
50L A
40| |
301 e
201 |
10} =~ ]
0 0.5 1 o A 2.5 3 35

Figure 2. The imaginary parts of eigenvalues for liquid metallic alloys:
(a) MgroZnso; (b) LiyPb. Triangles show the spectrum of transverse col-
lective excitations found for amorphous MgroZngg at room temperature
(from Ref. [13]). All other settings are as in Figure 1.

ICMP-99-27E 10
4 Mg70Zn3zo -
“ KrAr -
x L|4Pb o
He7sAros «
3
2
1 5 S —_——,—,—,,—SSS -
0 L L © I > L °
0 0.5 1 - 2.5 3 3.5
k/A

Figure 3. Left side of condition (7) as a function of k for: MgroZnsg, Kr-
Ar, LiyPb, and He75Ars5. Reduced units kg7 = 1, m = 1, and kyj, =
1 are used, where kp;, is the smallest k-value available in molecular

dynamics.
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