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1 ðÒÅ�ÒÉÎÔColletive exitations in binary liquids were the subjet of ative re-searh during last �ve years (see, e.g., [1{5℄). However, there is still nolear understanding of mehanisms responsible for spetra formation be-yond the hydrodynami region. Two branhes (low- and high-frequeny)of olletive exitations have been found to ontribute to the longitudi-nal dynamis of binary systems with disparate masses, but their originis not �nally established.In the hydrodynami limit (k ! 0, ! ! 0 with k and ! beingwavevetor and frequeny, respetively) the olletive mode spetruman be studied analytially [6,7℄. For transverse dynamis of liquidsthere exists only one onserved variable (the density of the total ur-rent ^Jt(k; t)), and in the hydrodynami limit the orresponding timeorrelation funtion Ftt(k; t) has the well-known single-exponential form[6,7℄ (Ftt(k; t) ' kBT� expf��k2t=�g, where � =M=V and � are a massdensity and shear visosity, respetively). This result is valid within thepreision of zeroth frequeny moment and an be applied in longlengthlimit for simple uids as well as their mixtures. Hene, in this limit a bi-nary liquid is treated as an e�etive `averaged' one-omponent uid andall the spei� features due to di�erene in speies are then negleted.Beyond the hydrodynami region short-time kineti proesses beomeimportant, and in the ase of transverse dynamis the shear waves emergein uid-like systems [6{8℄. Shear waves are, in fat, kineti modes [8,9℄supported by liquid in the region of intermediate wave numbers k, whereelasti-like behaviour is dominant over visous one. Shear waves exist inboth pure liquids and their mixtures. Sine the 70's, there were severalreports about the opti-like exitations in ioni binary liquids (see, e.g.,[10℄). In partiular, it was found for LiF, that the theoretial resultsfor spetrum of opti exitations in the liquid state orrelate well withdiret observations of polariton emission in the hot solid [10℄. However,a general opinion was that opti modes are very spei� feature of ioniliquids only.The goal of this study is to investigate the origin of high-frequenybranhes in spetra of transverse olletive modes in binary liquids andto fous on the role of mass-onentration utuations, whih ause a dis-similarity in omparison with a pure uid. Transverse dynamis is muheasily to investigate than the longitudinal one beause of absene of ou-pling with energy utuations. Nevertheless, it is expeted, that the re-sults of this study ould be very useful for understanding the key featuresof longitudinal dynamis as well. We report in this paper the spetra ofolletive transverse exitations obtained for a Lennard-Jones `ordinary'KrAr liquid (at T =116K, n =0.0182�A�3), a Lennard-Jones 'fast-sound'
ICMP{99{27E 2mixture He75Ar25 (at T =160K, n =0.013�A�3) [11℄, another lassial`fast-sound' liquid Li4Pb (at T =1085K, n =0.04558�A�3) [12℄ and aglassforming metalli alloy Mg70Zn30 (at T =833K, n =0.0435�A�3).Interatomi potentials for Li4Pb and Mg70Zn30 were taken from [12℄and [13℄, respetively. The spetra were obtained within the high-modeapproximations of the parameter-free method of generalized olletivemodes (GCM) [14,8,15℄.We de�ne two dynami variables ^Jt(k) and ^Jx(k),^Jt(k) = ^Ja(k) + ^Jb(k); ^Jx(k) = xb ^Ja(k)� xa ^Jb(k); (1)as the linear ombinations of partial urrent operators^Jg(k) = 1pN NgXi=1mgvtgi exp(ikrgit); g = a; b; (2)where rgi and vtgi denote a position and a transverse omponent of velo-ity of the ith partile for the gth speies, respetively, and xa = maNa=Mand xb = mbNb=M are the mass-onentrations of partiles in thespeies, M = maNa +mbNb = �mN .The mass-onentration urrent ^Jx(k) is a omplementary variable tothe total urrent operator ^Jt(k) and desribes the proess orthogonal inthe sense of thermodynami utuation theory to those onneted withthe total urrent ^Jt(k), so that Fxt(k; 0) = Ftx(k; 0) = 0. It is seen from(1) and (2), that at k = 0 the dynamial variable ^Jx(k) desribes op-posite motion of partiles of di�erent speies. Also, the mutual di�usionoeÆient Dab (see, e.g., [16℄) is diretly related to the funtion Fxx(k; t)at k = 0 Dab = 1�mSxx(0) Z 10 Fxx(0; t) dt; (3)where Sxx(0) is the value of the `mass onentration-mass onentra-tion' stati struture fator Sxx(k) [17℄ at k = 0. Another importantpoint is that in ioni liquids with QaNa +QbNb = 0, where Qg denotesthe harge of partiles in the gth speies, the transverse harge urrentdensity ^J tQ(k) = Qa ^Ja(k)=ma + Qb ^Jb(k)=mb is just proportional to themass-onentration urrent ^Jx(k),^J tQ(k) � fQa=(2ma)�Qb=(2mb)g ^Jx(k): (4)Two dynamial variables (1) are used to generate a basis set A(8)(k)of eight operators for alulation of transverse olletive mode spetra[8,15℄, A(8)(k) = nA0; i^LA0; (i^L)2A0; (i^L)3A0o ; (5)



3 ðÒÅ�ÒÉÎÔwhere i^L is a Liouville operator and A0 = A0(k) = f ^Jt(k); ^Jx(k)g. Thebasis A(8) ontains three �rst time derivatives of dynamial variables (1)to take into aount short-time e�ets in the transverse dynamis.In Figures 1 and 2 the imaginary parts of eigenvalues (shown byrosses) represent dispersion of propagating transverse modes in KrAr,He75Ar25, Mg70Zn30 and Li4Pb, respetively. The spetra of olletivemodes were obtained from the 8�8 seular equation derived from gener-alized Langevin equation in Markovian approximation (see [8,3,15℄). Allthe matrix elements of this equation were evaluated diretly in moleulardynamis simulations. In general, four branhes of propagating exita-tions are obtained. In fat, all these modes are kineti ones, beause theyannot be found within standard hydrodynami treatment. Two high-est branhes z3(k) and z4(k) are overdamped (the real parts of theseeigenvalues are large). Therefore we are mainly interested in behaviourof two lower branhes z1(k) and z2(k) with omparable damping o-eÆients for k & 1�A�1. In agreement with hydrodynami theory, thegeneral feature of the lowest branh z1(k) is the existene of propa-gating gap at small k-values (k < kH). The width of propagation gapfor the transverse sound waves kH gives the quasihydrodynami k-range,where visous behaviour of a liquid is dominant over elasti one. The val-ues kH obtained for KrAr, Mg70Zn30, Li4Pb and He75Ar25 are 0:35�A�1,0:05�A�1, 0:45�A�1 and 1:29�A�1, respetively. More interesting for anal-ysis is the behaviour of the seond branh z2(k). It is learly seen forKrAr, Mg70Zn30, and Li4Pb that the imaginary parts of these eigen-values tend to ertain nonzero frequenies when k ! 0. For He75Ar25the propagating modes z2(k) disappear inside the propagation gap fork . 0:6�A�1.The GCM method makes also possible to investigate the spetra ofolletive exitations using separated subsets of the basis set A(8). Letus onsider two groups of separated setsA(4f) = n ^Jf ; i^L ^Jf ; (i^L)2 ^Jf ; (i^L)3 ^Jfo ;with f = � = t; x and f = g = a; b. In the �rst ase of A(4�) one anobtain the spetra of eigenvalues where the oupling between the to-tal urrent and mass-onentration utuations is negleted. Similarly,an analysis on the separated `partial' sets A(4g) allows us to exludethe diret oupling between partial urrents. If the oupling e�ets aresmall then the eigenvalues obtained for the separated sets and the `ou-pled' set A(8) are to be very lose. And vie versa, if the oupling isstrong enough one would �nd a big di�erene between the orrespond-ing eigenvalues. The results obtained for the separated four-variable sets
ICMP{99{27E 4are shown in Figures 1 and 2 by di�erent lines. It is seen that at smallk the appropriate desription of transverse dynamis an be given interms of total- and mass-onentration urrents, while for k & Qp=2 (Qpis a position of the main peak of the struture fator SNN(k)) all fourbranhes are well desribed by the `partial' sets A(4g). Hene, one anonlude that for large k the olletive modes z1(k) and z2(k) reet thespei� features of partial dynamis of heavy and light omponents, re-spetively. An analogy with the rystalline state arises herein. For a solidbinary system it is known that the frequenies of opti (high-frequeny)and aousti (low-frequeny) phonon exitations on the boundary of theBrillouin zone depend on the masses of partiles as 1=pma and 1=pmb,respetively, with ma being the mass of light partiles. This analogy be-omes straightforward when we onsider Qp=2 as the boundary of the�rst pseudo-Brillouin zone in a binary liquid. Note that Qp � 2�=hai,where hai is the average interpartile distane.For small k the propagating modes z2(k) in binary mixtures KrAr,Mg70Zn30 and Li4Pb appear due to the mass-onentration utuationsonly (this branh is reprodued perfetly for small k by the separatedset A(4x)). Taking into aount that these utuations are aused by op-posite motion of partiles in di�erent speies and realling the equation(4), we an onlude that the propagating modes z2(k) orrespond toopti-like transverse exitations. This onlusion is supported by om-paring our results found for Mg70Zn30 with the data obtained [13℄ foramorphous Mg70Zn30 (shown by triangles in Figure 2a) at room temper-ature and a higher density. The high-frequeny modes identi�ed in theamorphous state as 'opti phonon exitations' are just slightly above ourresults.For understanding the obvious di�erene in high-frequeny dynamisof He75Ar25 and the other dense binary liquids onsidered we derive fromthe marosopi transport equations analytial expressions for time or-relation funtions Ftt(k; t) and Fxx(k; t) within the preision of seondorder frequeny moments (two-variable approximation). The orrespond-ing eigenvalues are then given byz�� (k) = 12��(k) � � 14�2�(k) � �!2;�(k)�1=2 ; (6)where ��(k) is the k-dependent Maxwell-like relaxation time (onnetedwith the �rst-order memory funtion), �!2;�(k) is the seond-order fre-queny moment, and � = t; x. The ondition of existene of propa-gating mass-onentration waves (or opti-like olletive modes) z�x =



5 ðÒÅ�ÒÉÎÔ�i!x(k) + �x(k) an be obtained from (6) in the form:�!2;x(k)�2x0(k)=4 < 1; (7)where �x0(k) = 1Fxx(k) Z 10 Fxx(k; t)dt = [�!2;x(k)�x(k)℄�1is the zeroth-order orrelation time. It is easily to verify, that in Gaus-sian approximation for the time orrelation funtion Fxx(k; t) (the limitof large wave numbers) the ondition (7) is always valid. In the hydro-dynami limit we an rewrite (7) as followsÆ � �!2;x(0)D2abS2xx(0)=4(xaxbkBT )2 < 1: (8)It is seen, that there are several fators, whih determine the existeneof opti-like exitations in the hydrodynami limit, namely, the mutualdi�usion Dab, struture fator Sxx(k = 0), temperature T and the se-ond order frequeny moment of Fxx(k; t). In partiular, the high mutualdi�usion and tendeny to demixing in the system (when Sxx(0) is large)prevent the emergene of opti-like transverse modes. When ondition(8) is valid, the frequeny !x(0) = Im z+x and damping �x(0) = Re z�xof opti-like modes at k = 0 are:!x(0) =q�!2;x(0)(1� Æ); �x(0) =q�!2;x(0)Æ: (9)We see in (8) and (9) an interesting onnetion between the frequenyand damping oeÆient of opti-like transverse exitations in longwavelimit. In partiular, for small Æ an opti-like branh beomes very `soft'and an look like a pseudo-sound one.In Figure 3 the left hand side of ondition (7) as a funtion of kis shown for the binary systems onsidered. It is seen, that only forHe75Ar25 this ondition is not ful�lled when k < 1:7�A�1. This explainswhy the opti-like modes have not been found for He75Ar25 mixture (seeFigure 1b).We onlude with the following remarks: (i) It is shown that trans-verse opti-like exitations an exist in a dense binary mixture of simpleliquids and arise due to mass-onentration utuations; (ii) The ondi-tion of existene of these exitations is derived, and it follows that highmutual di�usion and a tendeny to demixing in a binary system preventthe emergene of opti-like modes in longwave limit; (iii) The generalfeature of transverse olletive exitations is their `partial' harater be-yond the �rst pseudo-Brillouin zone. For small k the olletive modes
ICMP{99{27E 6reet olletive properties of the system being desribed orretly interms of total- and mass-onentration urrent utuations; (iv) Opti-like transverse exitations are found to be supported in KrAr, Mg70Zn30and Li4Pb, while in He75Ar25 they are suppressed. Our results supportthe opinion that there exist two di�erent mehanisms of the `fast-sound'phenomenon in binary liquids, namely, the kineti one found by Campaand Cohen [18℄ and the mehanism of opti-like exitations disussed inthis study (see also [12,11℄).T.B. has been supported by the Welh Foundation (Houston, Texas).I.M. thanks the Fonds f�ur F�orderung der wissenshaftlihen Forshungfor �nanial support (Projet 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 He75Ar25. Results obtainedfor the 'oupled' set A(8) and for the separated sets A(4t), A(4x), A(4a),and A(4b) are shown by symbols (�) and di�erent lines, respetively.The lines are given only in restrited regions, where the oupling is notsigni�ant and the spetra obtained for 8- and 4-variable sets orrelatewell. The double arrows show positions of Qp=2.



9 ðÒÅ�ÒÉÎÔ

0

10

20

30

40

50

60

70

Qp/2

t
x

Mg
Zn

⇓

a

0

10

20

30

40

50

60

70

80

90

0 0.5 1 2.5 3 3.5

ℑm
(z

 α(
k)

) 
/ m

eV

k / Å-1
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Figure 2. The imaginary parts of eigenvalues for liquid metalli alloys:(a) Mg70Zn30; (b) Li4Pb. Triangles show the spetrum of transverse ol-letive exitations found for amorphous Mg70Zn30 at room temperature(from Ref. [13℄). All other settings are as in Figure 1.
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