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Fluctuation-dissipation relation in a sheared fluid
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In a fluid out of equilibrium, the fluctuation-dissipation theoréRDT) is usually violated. Using molecular
dynamics simulations, we study in detail the relationship between correlation and response functions in a fluid
driven into a stationary nonequilibrium state. Both the high temperature fluid state and the low temperature
glassy state are investigated. In the glassy state, the violation of the FDT is similar to the one observed
previously in an aging system in the absence of external drive. In the fluid state, violations of the FDT appear
only when the fluid is driven beyond the linear response regime, and are then similar to those observed in the
glassy state. These results are consistent with the picture obtained earlier from theoretical studies of driven
mean-field disordered models, confirming the similarity between these models and simple glassy systems.
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In the past years, a large body of theoreticH| experi- by studying a correlation functio©(t) =(A(to+1t)B(tg))
mental[2] and numerical3,4] work has been devoted to the between two observables and B, and the associated re-
study of correlation and response functions in nonequilibsponse functiony(t) = 5(A(ty+1t))/Sh(ty), whereh is the
rium glassy systems. Generally, the nonequilibrium situatiorfield conjugated td. Whereas at equilibrium, these quanti-
of interest is generated by a quench below the glass transiies are related by the FDT,C(t) = —kgTx(t), this FDT
tion temperature. The system falls then out of equilibrium, inhas to be generalized in the driven system by introducing an
the sense that its relaxation time becomes far greater than tiedfective temperaturé@ s, throughd,C(t) = —kgTesmx(t). In
experimental time scale. Its properties therefore depend othe limit of zero drive, one find3 o4 —T if T>T., (T, is
the timet,, elapsed after the quench, also called waiting timethe temperature at which the relaxation time of the undriven
The most spectacular dependency is observed for the twaystem divergesand equilibrium properties are recovered.
time correlation functions which depend then upon the twoFor T<T,, the limiting effective temperature coincides with
time arguments and not on the time difference only, as in amhat of the systenaging at the same temperatuf8,7]. In
equilibrium system. These correlations decay with a relaxRef. [8] it was shown that, for mean field modelB, is
ation timet, that increases with,, (aging, typically t, related to the configurational entropy available to the system
«t,,. The same aging behavior is observed in the responseear one free energy minimum, confirming the interpretation
functions, and a useful quantification of the nonequilibriumof T as a true temperatuf8,9], both in the thermodynamic
behavior is encoded in the way the usual equilibrium fluc-and dynamical sense.
tuation dissipation theoreifDT) is violated[5]. For atomic In this paper, we investigate the nonequilibrium situation
systems of the type studied in this paper, this violation hagreated by a steady, homogeneous shear imposed on a simple
been shown by numerical studies to be similar to the onglass forming liquid, i.e., a simple realization of the stirring
observed in high dimensional disordered mean-field modelsystems considered in R¢E] which was suggested by Ref.
[4]. [7]. Note however that, in practice, such a situation is more

These studies, however, focus on the case of a nonequeasily realized in a “soft” glassy systerta complex fluid
librium situation following a quench and on the subsequenwith glassy behaviof10]), which can support homogeneous
aging phenomena. In Reff5], Cugliandoloet al. suggested shear flow, than in a usual molecular glass, in which shear
another approach to nonequilibrium systems, in which thévanding and fracture tend to take place. Simulations, on the
nonequilibrium state was generated by “stirring” the sys-other hand, allow to create an homogeneous shear even in a
tem. In such a situation, in which energy is fed into thesimple system. The goal of this paper is then to determine
system at a constant rate, the theory predicts that a stationatlye behavior of a simple glassy system subjected to a shear
nonequilibrium state is reached, even when the unstirred sysnd to compare the results with the main predictions of
tem is in a glassy stateging is stopped5,6]. Further the- mean-field calculations, keeping in mind the possible rel-
oretical studies on driven mean-field disordered systefhs evance to soft glassy materials. Although the mean-field sce-
established a detailed picture of the nonequilibrium behaviomario is nota priori expected to apply to a three-dimensional
which can be summarized as follows. The relaxation of theséuid, it has the advantage of providing precise predictions,
systems is a two-step process composed of a fast part whiakhich can be compared easily to experimental or numerical
is essentially unaffected by the driving force, and a slowresults. Our focus will be on the fluctuation-dissipation rela-
relaxation occurring on a time scale which is a decreasingion, the general rheological properties already discussed by
function of the drive intensity. Simultaneously, a two- Yamamoto and OnuKill] will be only briefly considered.
temperature pattern appears, the fast modes being equili- The system simulated in this work is a 80:20 mixture of
brated at the bath temperaturewhile the slow ones have an 2916 Lennard-Jones particles, with interaction parameters
effective temperatur@ > T. Quantitatively, this is shown that prevent crystallizatiofl2]. In all the paper, the length,

1063-651X/2000/6Q@)/0125034)/$15.00 63012503-1 ©2000 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW E 63 012503

carried out, a “computer glass transition” is found in the

vicinity of T,=0.435 and the slowing down of the dynamics

seems to be described well by mode-coupling thddi3]. 0.2

The aging behavior of the system below this temperature has

also been characterized extensively, including the violation 0

of the FDT in the glassy phagé4]. 001 01 ! t}f’r 100 1000 10¢
The homogeneous shear state corresponding to a planar 0

Couette flow is obtained by using the SLLOD algorithm  FiG. 1. Incoherent scattering functions for the A particled at
supplemented by Lees-Edwards boundary conditid. =0.3 andq=7.47,, the location of the main peak in the structure
The velocity gradient is in the direction, and the fluid ve-  factor. Bold curves, from left to righty=0.01, 0.001, and 0.0001.
locity in thex direction. Constant temperature conditions Aoy y=0.001 five different two-time correlation functions, taken
ensured by thermostatting the velqcities in the direction peryih time origins equally spaced during a run of duratiodACare
pendicular to the flow using the Nostoover method15], 5150 shown as light continuous curves. The absence of aging is
or in some cases through a simple velocity rescaling. Th@justrated by the fact that these curves coincide with the bold one.
shear rate, denoted by, naturally introduces a new time

scaley " into the problem. Obviously, a simulation involv- | Fig. 1, itis clearly seen that the relaxation titpef the
ing a steady shear state is possible only if the available simizorrelations is shear rate dependent. As already shown in
lation time is significantly larger thay™ 1. This limits our  Ref.[11], the viscosityy scales roughly a . Consequently,

study to shear rates larger than typically 10r,, corre- 5 decreases whep increases: this is ahear-thinningbe-
sponding to 10 time steps. In molecular units, such sheary,vior. The viscosity is defined by('y)Eaxz('y)/'y, where

rates are of course exceedingly large, as is usual in MD, s e off.diagonal component of the stress tensor, and is

simulations. Much more reasonable values are obtained {p5.n in Fig. 2. The same type of rheological behavior was
units appropriate for colloidal systems are c_:hosen instead. obtained in Ref[11] for a similar system. A Newtonian re-
The first important consequence of applying a shear to the.

. . H . . - -1
system is that, in accordance with theoretical expectations, gme, where is independent ofy, is obtained whery

nonequilibrium stationary state is reached after a transient 6?' ) .ForT<0.4_5, no such regime is 'observable. The shear-
S o . thinning behavior is well characterized by a power law

a few y~ . This is true even at temperatures at which the - = =~ _ For the | . . dh
é’y)~'y . For the lowest temperature investigated here,

di dri tem beh lik I dd
COMESPONCINg LNGrIven Sys em Jenaves 1Ke & giass anc to =0.3, one findsa=0.9. This shear-thinning exponent is

not reach equilibrium. The benefit is that many of the diffi- " . ) !
culties associated with the simulation of glassy systems, sucﬂ'ghtly smaller than the one obtallned[ml]. There is, h.OW'
er, no reason to expect a universal value dgrwhich

as the dependence on the preparation method of the sampﬁg . ) ;
(especially cooling raeare eliminated. At a given tempera- eXPerimentally is found to be system dependent, with re-
ture, a sheared sample can be prepared either by coolififrted values between 0.5 and1].

another sheared sample from a higher temperature, or by

shearing a sample quenched at zero shear. The results will be 10 o

energy and time units are the standard Lennard-Jones units D AUy LR B RRLL B L B
o1, (particle diameter e;; (interaction energy and - .
=(my02,/ e17) Y2 [13], wherem, is the particle mass and the 0.8 .
subscript 1 refers to the majority specig®]. The system [ ]
has been described in detail elsewhere, and its equilibrium 0.6 - ]
(high temperatureproperties have been fully characterized. = [ i
At the reduced density=1.2, where all our simulations are 3 oa b ]

MERTITT AR TITT B AR AT BT \ T o N

identical provided the first steps of the simulation are dis-
carded. That the time translation invariance property is re-
covered under shear is illustrated in Fig. 1, which displays
the incoherent scattering function of a quenched and sheared
sample for several different waiting times after the quench.
As usual, the incoherent scattering function for the particles
of type 1 and wave-vectay is defined by
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In this study, only values df in they direction(i.e., perpen- 0.0001 0.001 . 0.01

dicular to both the velocity and the velocity gradiewill be

considered. This choice avoids the complications due to con- FIG. 2. Viscosity versus shear rate for temperatufesm bot-
vection by the average flow that arise for other wave vector¢om to top T=0.5, 0.45, 0.4, and 0.3. The solid lines are guides to
[11]. the eye, the dashed line corresponds to a powersavy °°.
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The fact that the time translation invariance is reestab- 2
lished by shearing the system implies a superficial resem:-
blance with equilibrium systems. The correlation function
displayed in Fig. 1, for example, is very similar to the cor-
relation functions in a fluid system slightly above the glass __
transition. In the following, the differences between the dy- <.
namics of fluctuations in the driven and equilibrium system =
is studied through the fluctuation-dissipation relation intro-
duced in the introduction. In the present case, the two ob- 0.5
servables under study am(t)=1/N1Z;e; exdiq-ri(t)],
andB,(t)=X¢; co4q-rj(t)], wheree; is a random variable
taken from a bimodal distributios;=*1. It is straightfor-
ward to show that after averaging over the distributjef},
the correlation function(Aq(t+1to)By(to)) is equal to 2o
Cq(1)/2, whereC, is the incoherent scattering function de- s
fined in Eqg.(1). To compute the response function, a term
AH=—hBy(t) is added to the Hamiltonian. The response
function is thenyq(t) = 6(Aq(t+1to))/ 8h(to). The procedure -
to study the FDT is then the following. The system is made=% 1
stationary at a fixed temperature and shear rate. The field =
switched on at, and the observabla,(t+to) is monitored.

The same procedure is repeated for sevéz@lto 80 real- 0.5
izations of the charge distribution. This gives the integrated
response functioiv4(t), defined as

1.5

(A1) Calt)

t+tg
M (t)=f dt’ y,(t")=——. (2
q to Xa h FIG. 3. Parametric plots fofa) T=0.3 and(b) T=0.5, and
various shear rates. In both figures, the dashed line is the FDT, and
The last equality holds in the linear response regime, that whas a slope-1/T. The full lines are linear fits to the data for
carefully checked, by choosing a small amplitude for the>0.
field h (between 0.05 and 0.2This procedure was carried

out for four different values of the temperatur&<0.5,  glass has the same dynamical behavior of mean-field disor-
0.45,_(_).4, and 0)3ooth above and below the computer glassjered models of the (-spin” type (p>2) [1,7]. It is worth
transition temperature. At each temperature, shear rates froﬂbting that the valug below which the violation of FDT is
5.10 ° to 10 ? were considered. The wave vector was  gpserved is, again as expected from theory, approximately
=7.47,. The results are most easily analyzed by consideraqyal to the plateau value of the correlation functions. This
ing parametric plots 0M(t) versusCq(t). The slope of  paq not been found in RefL4], and the present results show
these curves is, by definition; kgTej ~ that this was probably due to preasymptotic effects in the
In Fig. 3, such plots are shown fdéa) T=0.3, which is aging results.
deep in the glassy region, aii) T=0.5, where the system At T=0.5, the FDT holds at zero shefahis is very well
is at equilibrium in the absence of shear. A6+ 0.3, a very  verified numerically, see Fig.(B)] and remains valid for
clear deviation from FDT is observed when the correlationsmall enough shear rates. Deviations are observed only for
falls below C=0.8=q, which corresponds to the plateau shear rates large enough to induce non-Newtonian behavior
value in the correlation functior(see Fig. 1 The parametric  and shear-thinning. In this regime, it is natural to expect that
curve can be very well approximated by two straight lines geviations to FDT will become more important for increas-
one with slope-1/kgT (FDT) at large correlations and one ng shear rates. The data clearly indicate that the parametric
with a slope—1/kgT for C<q. The latter slope saturates piot can still be fitted by two straight linesvith a shear rate
for the smallest shear rates to the valig=0.62>T, (this  dependent slope for the non-FDT part. If this slope is inter-
straight line correctly fits the two valueg=0.001 and preted as an effective temperature, this temperature increases
0.0001. Remarkably, this value foF . is very close(cer-  with increasing the strength of the driving force, which is a
tainly within error bars to the one obtained in Refl4], quite intuitive effect. Again, this is very similar to the results
when studying the aging system. Such a coincidence wasbtained in[7] for the disordered mean-field model. Finally,
expected on theoretical groun@ls,7], and exemplifies the we note that the results obtained fo=0.4 andT=0.45
deep meaning of the effective temperature. As it is in fact aare similar to those obtained for=0.3 and T=0.5,
property of the free energy landscape available to the systemespectively.
it naturally arises in both types of dynamig¢aging and In this paper, we have presented the first numerical study
driven of the system. The two-temperature pattern is alsaf the fluctuation-dissipation relation in a realistic model of a
consistent with earlier expectations that a simple atomisheared fluid. This study demonstrates that the nonequilib-
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rium fluctuations obey théwo-time scale, two-temperature  Our results were obtained on relatively short time scales,
scenariowhich was previously derived for mean-field glass for a system which is usually accepted as a reasonable mi-
models[7]. Although the system is a three dimensional one.croscopic equivalent of molecular or metallic glasses. We
which will certainly differ from mean-field systems in many believe, however, that they would be most easily applicable
respects, the mean-field approach provides here a useful cofld experimentally testable for complex fluids, in which the
ceptual framework to rationalize the numerical findings. Ond/2ssy state can be more easily disrupted to establish a per-
short time scales, the fluctuation-dissipation temperature jjanent shear flow.

equal to the microscopic temperature. As the driven system

is forced to explore phase space furtfeow relaxation, the We acknowledge a continued collaboration and many
correlation drops below its plateau value and a differenfyseful discussions on this work with Jorge Kurchan, who
fluctuation-dissipation temperature is observed, which issuggested this kind of simulation. We thank Walter Kob for
only weakly dependent on the bath temperafit@4]. This  a careful reading of the manuscript. This work was supported
last time scale is strongly shear rate dependent, as is welly the Pde Scientifique de Modisation Numeique at ENS-
known from rheological experiments. Lyon and the CDCSP at the University of Lyon.
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