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Characteristics of instantaneous resonant modes in simple dense fluids
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We manifest the characteristics of the low-frequency, quasilocalized instantaneous normal modes,
named as the instantaneous resonant modes~IRMs!, in simple dense fluids with short-ranged
repulsive interactions. The analyses include the potential energy profiles of the IRMs, and the local
geometric structures and the number of the interacting neighbors of the particles at which the centers
of the quasilocalization are located. We conclude that an IRM is created due to fluctuations in the
local density, and has a barely-isolated center, which slightly interacts with one or two nearest
neighbors, and the potential energy profile of an IRM is basically single-well with strong
anharmonicity. The differences in character between the IRMs and the high-frequency localized
instantaneous normal modes are also examined. Based on the barely isolated center picture, a
necessary criterion for the occurrence of the IRMs is proposed. While only the imaginary-frequency
IRMs are found in dense fluids with purely repulsive interactions satisfying the criterion, a tiny
attractive well in the pair potential allows the occurrence of the real-frequency IRMs. The physical
systems to detect the presence of the IRMs are discussed. ©2000 American Institute of Physics.
@S0021-9606~00!50225-6#
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I. INTRODUCTION

Resonant modes, low-frequency quasilocalized vib
tional excitations, occur in various kinds of solids and ha
been one of the most interesting subjects in solid-s
physics.1 Properties of resonant modes in harmonic lattic
with heavy mass or weakly coupled impurities2 or in anhar-
monic lattices3,4 have been well studied analytically. In th
former case, the vibrational motion of a resonant mode
sharply localized to an impurity and its nearby particles, a
the decay of the quasilocalized vibration from the impurity
generally not exponential, but is much more extensive
space. In glassy systems, resonant modes have been obs
by experiments5 and computer simulation6–8 and are pro-
posed to be the physical origin of many anomalous ther
properties, including the specific heat and the thermal c
ductivity, of glasses at temperatures above 1 K.9 The poten-
tial energy profiles of the resonant modes in glasses ca
described by the soft-potential model,10–12 which occurs in
the single-well potentials with strong enough anharmonic

Materials in the fluid phases have many different d
namic properties from those in the solid phases, for th
constituents moving more rapidly and irregularly as co
pared with the molecular motions in solids. Energy lan
scape paradigms are usually used to describe qualitati
the dynamic behavior of fluids.13 In the configuration space
the potential energy hypersurface of a many-particle sys
has been proposed to possess many local minima, which
respond to the inherent structures of the system.14 The mo-
2740021-9606/2000/113(1)/274/8/$17.00

rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

140.113.38.11 On: Wed, 
-
e
te
s

is
d

n
rved

al
n-

be

.
-
ir
-
-
ly

m
or-

tions of the system at high temperatures can be visualize
vibrational motions around an inherent structure in the sh
time scales, and making transitions between the inhe
structures through barrier crossings in the long-time sca
Thus, the overall landscape is anharmonic in general, and
dynamics of a fluid at high temperatures should experie
the anharmonicity of the landscape.15 Similar in concept to
the phonon modes in the crystalline solids, which give
good description of lattice dynamics, the instantaneous n
mal modes~INMs!, which describe well the fluid dynamic
in the short-time scales,16,17are the harmonic analysis for th
local curvatures of the landscape through such a way tha
INM frequencies at a configuration are given by the squ
roots of the eigenvalues of the Hessian matrix, the matrix
second derivatives of the potential energy hypersurface w
respect to particle coordinates. Unlike the phonon density
states~DOS! for a crystal, the configuration-averaged DO
of INMs for a fluid is composed of two lobes: one for th
real frequencies and the other for the imaginary frequenc
which are associated with the positive and the negative lo
curvatures of the landscape, respectively. According to
potential energy profile of an INM, which is the potenti
energy hypersurface along the eigenvector direction of
mode, an imaginary-frequency INM occurs at either the b
rier top of a double-well~DW! potential or the convex region
of a shoulder~SH! potential, which has only single well in
the whole profile; the former case is mostly found in t
high-frequency end of the lobe and the latter case in
low-frequency end.18–20 Except for a very small amount o
© 2000 American Institute of Physics
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the small-frequency SH modes, the real-frequency IN
arise from the single-well~SW! potentials, which have al
ways positive curvatures in the potential energy profi
There is indication that for INMs in the high-frequency e
of the real-frequency lobe the SW potential becomes m
and more anharmonic.20 For many fluid systems,16–18,21–24

the INMs in the high-frequency end of both lobes are loc
ized modes, defined as having participation ratios invers
scaling with the system size. The localization of these hi
frequency INMs can be understood, since the anharmon
in the potential energy profiles of these INMs becomes do
nant.

Recently, in terms of the standard instantaneous nor
mode analysis and a newly defined quantity, the redu
participation ratio, Wu and Ma have presented the evide
for the existence of quasilocalized, low- frequency INMs in
model simple dense fluid, in which the pair interaction
merely the repulsive portion of the Lennard-Jones~LJ!
potential.25 This pair potential is named as the truncated
~TLJ! potential, and the fluid, the TLJ fluid. Since the TL
potential is purely repulsive, these low-frequency INMs a
found only in the imaginary-frequency lobe. Many chara
teristics of these INMs are quite similar as those of the re
nant modes in solids. In a large scale beyond the INM
proximation, the potential energy profiles of the
quasilocalized INMs are strongly anharmonic, single-w
potentials, with small variations near the bottom to cause
INM frequencies to be imaginary. At a fixed low frequenc
the more quasilocalized the INM is, the stronger the anh
monicity in its potential energy profile. One of the maj
differences between these INMs and the resonant mode
solids is that their lifetimes are extremely short. Therefo
these quasilocalized, low-frequency INMs are named as
stantaneous resonant modes25 ~IRMs!. The short-ranged na
ture of the TLJ potential is essential for the occurrence
IRMs in the TLJ fluid; the IRMs are never present in the
fluid at the same density and temperature. It is the interp
between the interaction range and the mean nearest- neig
separation in the TLJ fluid that leads to the presence
barely isolated particles, where the centers of these qua
calized IRMs are located.

More recently, using the same technique of analysis,
and Tsay26 have found by molecular dynamics simulatio
that the IRMs exist in the high-temperature Ga liquids a
have frequencies very close to those of short- wavelen
nonacoustic excitations observed by means of inelastic n
tron scattering in a recent experiment.27 Therefore, it will be
interesting to further investigate the nature and character
tion of the IRMs in simple dense fluids and the thermod
namic criterion on the fluids for their occurrence. To find t
conditions on a simple dense fluid in which the re
frequency IRMs may exist is also one aim of this paper.

In this paper, the TLJ fluid is still our basic model flu
for studying the characteristics of IRMs. In Sec. II, we sho
the difference in characteristics between the quasilocal
IRMs and the high-frequency localized INMs, and pres
the evidence from the geometric analyses on the local st
tures that the occurrence of an IRM in the TLJ fluid is inde
associated with a barely isolated center, which has only
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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or two interacting neighbors. In Sec. III, by studying th
density of states of IRMs in various thermodynamic states
the TLJ fluid and in fluids with different interaction ranges
pair potentials, we propose a necessary criterion for the
currence of IRMs in the simple dense fluids. Furthermo
choosing a pair interaction, which is still short-ranged b
has a tiny attractive well, and a proper thermodynamic st
which satisfies the necessary occurrence criterion for IR
we indeed find the real-frequency IRMs in this simple mod
fluid. Our conclusions are given in Sec. IV.

II. QUASILOCALIZATION OF IRMS

In computer simulation, a finite-range pair potent
based on the LJ interaction is usually given by

f~r !54eF S s

r D 12

2S s

r D 6G1AS r

s D1B, ~1!

whereA andB are chosen so that both the potential and
force vanish at some cutoffr c , and beyond the cutoff the
potential is truncated. This potential is close to the origin
LJ potential as the value ofr c is large enough. The reflectio
point in the attractive part of the original LJ potential, whic
is at (26/7)1/6s'1.244s, is a critical value ofr c . As r c is
less than this critical value, the potential given in Eq.~1!
becomes purely repulsive; otherwise, the potential has
attractive well. The TLJ potential can be described by Eq.~1!
by settingr c521/6s'1.122s, the distance corresponding t
the minimum of the original LJ potential, and byA50 and
B5e. We have carried out a series of molecular dynam
simulations for a system of 750 particles interacting via
pair potential given in Eq.~1! with several cutoffs varying
from 21/6s to 3.5s, so that the pair-interaction range of th
simulated fluids varies from short-ranged to long-rang
The reduced densitiesr* 5rs3 in our simulations are from
0.7 to 0.972 and the reduced temperaturesT* 5kBT/e from
0.5 to 1.3. The details of the simulations and the calculat
of the INM DOS are found in Refs. 22 and 25.

In anN-particle system, the reduced participation ratio25

sa of each INMa is defined as the ratio,RN
a /QN

a , whereRN
a

is the number of particles involved in this INM, and is give
by

RN
a5S (

j 51

N

uej
au4D 21

~2!

with ej
a the component of the normalized INM eigenvect

on atomj, andQN
a similar toRN

a given in Eq.~2!, except that
the term of the largest eigenvector component is exclu
from the summation. Thus, the value ofsa is between 0 and
1. For an IRM, there is a quasilocalized center, in which
sharply peaked component on a particle is surrounded wi
small-amplitude background, so thatsa will be close to zero.
On the other hand, for an extended INM, in which the ma
nitudes of all eigenvector components are comparable, b
RN

a andQN
a scale withN andsa is close to unity. Therefore

sa acts as a measure for the quasilocalization of IRMs i
fluid.

For the TLJ fluid at r* 50.88 and T* 50.836, the
RN(v) distribution,22,25which is the configuration average o
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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RN
a within a small frequency width, has a sharp dip in t

imaginary-frequency lobe at a region of frequency less t
5v0 ,25 wherev05(e/ms2)21/2 and m is the mass of each
particle. Near the depth, the value ofRN(v) depends onN,
but does not scale withN. This implies that quite a portion o
INMs in this region are quasilocalized in space. No cor
sponding dip is found in theRN(v) distribution of the LJ
fluid at the same density and temperature. By comparing
INMs in these two fluids with pair interactions in differen
ranges, the small-imaginary-frequency INMs in this T
fluid can be roughly classified into three groups: the IR
for s less than 0.1, the interacting IRMs fors between 0.1
and 0.5, and the extended INMs for s larger than 0.5~our
qualitative results given later are insensitive to the exact
ues ofs for dividing these three groups!. In Fig. 1, we show
the DOS of the imaginary-frequency INMs with the reduc
participation ratios less than 1, 0.5, and 0.1, respectively
this TLJ fluid.

The magnitudes ofej
a , which are plotted as a function o

the distance from the largest eigenvector component part
and the potential energy profiles of three INMs from ea
group, have been presented in Fig. 4 of Ref. 25. With
classification given above, a small-frequency INM withs
,0.1 indeed has a quasilocalized center with the charac
istic we described above for an IRM. While the potent
energy profile of an IRM, in a local scale, may be a D
potential with a very small barrier, or a SH potential with t
shoulder region very close to the minimum of the sing
well, the profile is actually part of a single well with stron
anharmonicity, if it is examined in a global scale beyond
scale for the INM approximation. We believe that it is th
strong anharmonicity that plays an important role in mak
the INM quasilocalized. With the same presentation for th
three INMs, we illustrate in Fig. 2 the difference in charac
between a quasilocalized IRM and a high-frequency loc
ized INM. In the latter case, the decay of the eigenvec
components away from the particle with the largest com
nent is more like an exponential decay.23 For an interacting
IRM, there are more quasilocalized centers, with some in

FIG. 1. The DOS of the imaginary-frequency INMs in a TLJ fluid (r*
50.88 andT* 50.84) with the reduced participation ratios less than 1~solid
line!, 0.5 ~dashed line!, and 0.1~dot-dashed line!, respectively. As usual, the
imaginary-frequency lobe is plotted along the negative frequency axis.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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actions between them.7 The larger the value ofs, the more
the magnitudes of the peaked components on those ce
particles in an interacting IRM are reduced as compared w
those of IRMs. On the other hand, for an extended INM, o
can hardly identify a localized center, although the mag
tudes of the eigenvector components fluctuate from part
to particle.

In order to manifest further the quasilocalization chara
ter of an IRM, we define three quantities for each INMa,

ña5(
j Þ1

N

Q~r c2r j 1!, ~3!

ẽa5(
j Þ1

N

uej
auQ~r c2r j 1!, ~4!

f̃a5(
j Þ1

N

f~r j 1!Q~r c2r j 1!, ~5!

FIG. 2. The magnitudes of the eigenvector componentsej
a as a function of

the distance from the largest component particle for a low-freque
quasilocalized IRM with imaginary frequency 1.71v0 ands5631023 ~a!,
and a high-frequency localized INM with imaginary frequency 12.08v0 and
s51.331022 ~b! in a TLJ fluid. The open circles and the crosses repres
particles withej

a
•e1

a greater and less than zero, respectively. In each plot,
left-hand and right-hand vertical scales are foruej

au and the radial distribu-
tion function,g(r ), which is indicated by the dashed line. The dotted li
indicates the cutoff of the TLJ potential. In the inset of each part, the
tential energy profile of the corresponding INM is given by the solid lin
and the profile calculated with the INM approximation by the dashed lin
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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where the largest eigenvector component particle has b
taken as the center, and indexed as 1.Q(r ) is a Heaviside
step function.

Q~r c2r j 1!5H 1 for r j 1,r c,

0 for r j 1.r c,
~6!

where r j 1 is the distance between particlej and particle 1.
We define the interacting neighbors of a particle in the T
fluid as those particles having distances from the particle
than the cutoffr c . Thus,ña is the number of the interactin
neighbor of particle 1,ẽa is the magnitude sum of the eigen
vector components on those interacting neighbors, andf̃a is
the total interaction between the particle 1 and its interac
neighbors.

We divide the imaginary-frequency INM DOS shown
Fig. 1 into two sections at 5v0 so that the IRMs and the
high-frequency localized INMs apparently fall in differe
sections. In each section, we make a configuration ave
for ña , ẽa , andf̃a with respect to the INMs having reduce
participation ratios within a small width. After these ave
ages, we obtain, respectively,ñ,(s), ẽ,(s), andf̃,(s) for
imaginary frequencies less than 5v0 , andñ.(s), ẽ.(s), and
f̃.(s) for imaginary frequencies larger than 5v0 . The re-
sults of these averaged functions are shown in Fig. 3. In
TLJ fluid discussed above, the average number of interac
neighbors is about 4.75. Figure 3~a! clearly shows that both
ñ,(s) and ñ.(s) are below this average value. Howeve
ñ.(s) does not vary much withs, but ñ,(s) decays with the
decreasing ofs in general, and is less than two fors,0.1.
So, on average, the IRMs have two interacting neighbor
most.

The trend ofẽ,(s), shown in Fig. 3~b!, decays, in gen-
eral, with the decreasing ofs; however, the function has two
peaks ats50.5 ands50.465. These two peaks are not com
pletely due to the statistical fluctuation in the configurati
average, but resulted from some special INMs. According
the definition of the reduced participation ratio, an INM wi
s50.5 has two large eigenvector components with exa
equal magnitudes; a little bias on the magnitudes of th
two large components will cause the value ofs to be a little
less than half. We have found two kinds of INMs withs
50.5 and their characters are shown in Fig. 4. The mag
tudes of the two large eigenvector components shown in
4~a! are exactly equal to 1/A2, and the two correspondin
particles, having a separation less than 21/6s, form a dimer
isolated from the rest of the particles in the fluid. The IN
on this isolated dimer is clearly proven to be optical-like.
Fig. 4~b!, the separation between the two large-compon
particles is about half of the simulation box length. In t
TLJ fluid, the probabilities of finding INMs withs near 0.5
are rather small. It is these small probabilities that make
function of ẽ,(s) nears50.5 split into two peaks.

From Figs. 3~b! and 3~c!, both the functions ofẽ,(s)
and f̃,(s) in the IRM region decrease with decreasings.
This fact indicates that the central particle of an IRM inte
acts less and less with its interacting neighbors as the I
becomes more and more quasilocalized. Combined with
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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result analyzed fromñ,(s) in the small-s region, we propose
a barely isolated center picture for the local structure aro
the central particle of an IRM in the TLJ fluid, in which th
local structure is constructed with the slight interactions
tween the central particle and only one or two of its near
neighbors. According to the differences in behavior of t

FIG. 3. Three functions of the reduced participation ratios about the inter-
acting neighbors of the particle with the largest eigenvector component o
imaginary-frequency INM in a TLJ fluid: The averaged number of the
teracting neighbor~a!, the sum of the magnitudes of the eigenvector co
ponents on those interacting neighbors~b!, and the total interaction betwee
the central particle and its interacting neighbors~c!. The solid lines and the
dashed are averaged for the INMs of imaginary frequencies below
above 5v0 , respectively. Note that in~b! and ~c! the right-hand and left-
hand vertical scales are for the dashed and solid curves, respectively.
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ẽ.(s) andf̃.(s) functions from those ofẽ,(s) andf̃,(s),
respectively, the topology of the local structure around
center of an IRM is expected to be quite different from th
of a high-frequency localized INM, which has a central p
ticle strongly interacting with its interacting neighbors.

Our picture of the local structure of an IRM can be ve
fied through the geometrical analysis on the microstruct
of the TLJ fluid. We have carried out two different structur
analyses for the TLJ fluid atr* 50.88: the statistical distri-
butions for the number of the interacting neighbor and
Voronoi-cell28 volume of each particle in the fluid, in whic
the Voronoi cell of a particle is defined as the polyhed
whose interior contains all points which are closer to
particle than to any other particles. The average Voro
volume of each particle in a fluid can be obtained from
inverse of the fluid density, which is about 1.136 in reduc
units for this TLJ fluid. To characterize the local structure
each INM, we focus on the number of interacting neighb
and the Voronoi volume of the central particle in each IN
which has the largest eigenvector component. This lo
structure characterization of a normal mode is significant
the localized or quasilocalized INMs, but not for the e

FIG. 4. As in Fig. 2 for two imaginary-frequency INMs withs50.5 in a
TLJ fluid. The two equal-magnitude large components in each INM
indicated by larger symbols. Their frequencies are 4.0v0 ~a! and 2.23v0 ~b!.
The separations of the two large-component particles in cases of~a! and~b!
are less than the cutoff of the TLJ potential, and about half of the simula
box, respectively. In the inset of each plot, the dotted points are fit for
potential energy profile with a quartic polynomial.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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tended INMs. The statistical distributions of these two ana
ses for various kinds of INMs are shown in Fig. 5 for com
parison. The results can be summarized as the follow
observations:

~a! The average Voronoi volume of the imaginar
frequency INMs is larger than that of the rea
frequency INMs, and the situation for the average nu
ber of the interacting neighbor is reversed.

~b! For the imaginary-frequency INMs in the low
frequency section (v,5v0) and with s,0.5, the
Voronoi volumes of these INMs are almost above t
average, and the numbers of their interacting neighb
are below the average value, 4.75, of this TLJ fluid.

~c! Within the region of the same frequency as in~b!, but
with s less than 0.1, which is the IRM region, th
Voronoi-volume distribution covers almost the sam
range as that fors,0.5; however, the number distribu
tion on the interacting neighbor shifts toward ev
smaller value, and does not have significant valu
above 3.

e

n
e

FIG. 5. The geometric analyses of the fluid structures associated with
imaginary-frequency INMs in the TLJ fluid, the DOS of which are shown
Fig. 1: The distributions for the number of the interacting neighbor~a!, and
the cell volume~b! of the particles with the largest eigenvector compone
of each INM. In each part, the solid line is for the INMs with imagina
v,5v0 and s,0.1; the dot-dash line for the INMs with imaginaryv
,5v0 and s,0.5, and the dotted line for the INMs with imaginaryv
.5v0 and s,0.5. In the inset of each part, the solid, the dotted, and
dashed lines are for the total, the real-frequency, and the imagin
frequency INMs, respectively.
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Thus, the results of these geometrical analyses are consi
with our picture of the local structure of the IRMs give
above. In addition to this verification, our results also in
cate that the local structures of the high-frequency locali
INMs are more compact than those of the IRMs, with mo
interacting neighbors and smaller Voronoi volumes.

III. CRITERION FOR THE OCCURRENCE OF IRMS

Although we have presented the characteristics of
IRMs in the TLJ fluids, the criterion for the occurrence
IRMs in dense fluids is still an open question. In order to fi
the answer to this question, we have carried out two serie
simulations: one for checking the density and tempera
dependence of the IRMs in the TLJ fluid, the other for e
amining the effect of the shape of pair potential on the
currence of IRMs by tuning the cutoff in Eq.~1! for systems
at constant density and temperature. For these two serie
simulations, we take the thermodynamic state (r* 50.88 and
T* 50.84) of the TLJ fluid discussed in the last section a
reference one.

For the TLJ fluid atr* 50.88 and three different tem
peratures, the DOS of the imaginary-frequency INMs wits
less than 0.1, 0.5, and 1, respectively, are shown in Fig. 6
the small imaginary frequency region, the temperature
pendence of the DOS withs less than 0.1 follows that of the
total DOS ~with s less than 1! and the ratios of these tw
DOS are insensitive to temperature. Thus far, we concl
that the occurrence of IRMs in the equilibrium TLJ fluids
independent of temperature.29

Based on the barely isolated center picture on the lo
structures of IRMs given in the last section, the possibi
for the IRMs occurring in a simple dense fluid essentia
depends on two factors in competition: the density of
fluid and the interaction range of the pair potential. That
the occurrence of the IRMs is actually determined by a co
petition in length betweenr c , the cutoff of the pair potential
andd, the mean nearest-neighbor separation, which depe
on densityr through the definition

FIG. 6. Temperature dependence of the DOS of the imaginary-frequ
INMs with reduced participation ratios less than 0.1~the thicker lines!, 0.5
~the thinner lines!, and 1~in the inset!, respectively, for the TLJ fluids a
rs350.88. The reduced temperature of the TLJ fluid is varied from
~dot-dash curves!, to 0.84~solid curves!, to 1.3 ~dashed curves!.
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How this competition determines the occurrence of IRMs
dense fluids can be understood from the following argume
Consider first fluids with finite short-range interactions, li
the TLJ fluid. Asd.r c , the barely isolated centers are eas
generated due to the local density fluctuation. In the ot
limit, as d,r c , the fluid becomes packed, and each parti
is not so easily detachable from its neighbors due to the lo
density fluctuation, even though the interaction range
short. Thus, in some thermodynamic states with the ra
r c /d above some critical value, the barely isolated cent
can not be generated so that the IRM DOS is expected
vanish. On the other hand, consider the case, like the sec
series of our simulations, in which the densities of the flu
are fixed, as are the values ofd, but the interaction ranger c

can be changed. As long as the fixed density is high enou
the structures of these systems should be similar, since
structure of a fluid is primarily determined by the short-ran
repulsive force. We expect that the IRM DOS of the
constant-density fluids should decrease by increasing the
teraction range of the pair potential, and disappear as
ratio r c /d is above a critical value.

In order to test our argument, we have calculated
imaginary-frequency INM DOS withs less than 0.5, which
includes both the IRMs and the interacting IRMs, for sy
tems with several different values of the ratior c /d, and the
results are illustrated in Fig. 7. In the TLJ fluids at a const
temperature, as the value ofr c /d increases from 0.87 (r*
50.88) to 0.9 (r* 50.972), the low-frequency peak of th
INM DOS with s,0.5 shrinks dramatically and its positio
shifts to a higher frequency. Quantitatively, for imagina
frequencies less than 5v0 , the area under this DOS curve
r c /d50.9 is estimated to be one third of that atr c /d
50.87. Next, consider the fluids in our second series
simulations. The densities of these fluids are fixedr*
50.88, and the value ofr c /d is 0.96 forr c5(26/7)1/6s, and

cyFIG. 7. The DOS of imaginary-frequency INMs with the reduced particip
tion ratios less than either 0.5 or 0.1~in the inset! for several dense fluids
with the value of the ratior c /d varied from 0.87~solid curves forr*
50.88, r c521/6s), to 0.90~dot-dash curves forr* 50.972, r c521/6s), to
0.96 @dashed curves forr* 50.88, r c5(26/7)1/6s], to 2.70 ~dotted curves
for r* 50.88, r c53.5s). For all curves,T* 50.84.
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2.7 for r c53.5s. We have checked the radial distributio
functions,g(r ), of these two systems, and no significant d
ferences are found. This result agrees with the theory
Chandle, Weeks, and Andersen,30 and indicates that the
static structures of these constant-density fluids are basic
similar, which is a consequence of the same repulsive sh
range interactions. As the value ofr c /d increases to 0.96, th
INM DOS with s,0.5 reduces further and there is no bum
in the low-frequency section. However, by further increas
the value ofr c /d, the DOS withs,0.5 does not change a
all.

According to the above analyses, we conclude that
DOS of the IRMs in a dense fluid is sensitive to the ra
r c /d, and propose that the ratio less than a critical va
about 0.95 be the necessary criterion for the occurrenc
the IRMs. The exact value of this critical ratio needs to
further determined, but, does not affect our qualitative c
clusion. So far, the IRMs in the dense fluids with sho
ranged repulsive pair interactions are only found to be in
imaginary-frequency lobe. Practically, the real-frequen
IRMs, even in some model fluids, are more interesting. O
proposed necessary occurrence criterion serves as a guid
for finding the fluids having the real-frequency IRMs.

We suggest two conditions for a dense fluid to have
real-frequency IRMs:~1! a short-range pair interaction with
attractive well, and~2! the density of the system satisfie
with the necessary IRM occurrence criterion. In order to s
isfy these two conditions, we consider a system of partic
interacting via the pair potential given in Eq.~1! with r c

51.32s and choose the reduced density of the system to
0.7. For this chosen model fluid, the pair potential is s
short-ranged, but has an attractive well with a depth ab
0.02e at r >1.19s. The value ofr c /d of this model fluid is
about 0.945, and the calculated INM DOS of this fluid
T* 51.0 are shown in Fig. 8. We found that, in addition
the imaginary-frequency IRMs, the DOS of the IRMs e
tends into the low-frequency part of the real-frequency lo
Therefore, this result justifies the two conditions for the o
curring of the real- frequency IRMs.

FIG. 8. The INM DOS of a system of particles interacting via the p
potential given in Eq.~1! with r c51.32s. The thermodynamic state of th
system isr* 50.7 andT* 51.0. The DOS of INMs withs less than 1 and
0.5 are indicated with the solid and dashed lines, respectively; the DOS
s less than 0.1 are given in the inset.
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IV. CONCLUDING REMARKS

In this paper, we have presented the general charact
tics of IRMs, which are the low-frequency, quasilocaliz
INMs, in the dense fluids with short- ranged pair intera
tions. For the TLJ fluid, in which the short-ranged pair inte
action is purely repulsive, the IRMs are only found in th
imaginary-frequency lobe, which is associated with the ne
tive local curvatures of the potential energy landsca
Through examining the potential energy profiles of the
IRMs, the potential energy hypersurface along the IRM
genvector directions, we found that in a large scale bey
the INM approximation the IRMs basically occur in strong
anharmonic, single-well potentials with small variations ne
the bottom of these wells producing the negative local c
vatures. Combined with the geometric analysis on the str
ture of the fluid, the quasilocalization of the IRMs is found
be centered at the barely isolated particles in the fluid, wh
slightly interact with one or two of their neighbors. We als
examined the differences in character between the IRMs
the high-frequency localized INMs in the TLJ fluid throug
comparing the interacting neighbors of the largest eigenv
tor component particles of these two kinds of INMs, and t
interactions between this particle and its interacting nei
bors. Our results indicate that the characteristics of these
kinds of localization are quite different. The more quasi
calized an IRM is, the less are the interactions between
central particle and its nearest neighbors. On the contrar
high-frequency localized INM has a central particle strong
coupled with its neighbors, with stronger interactions f
more localization.

The occurrence of the IRMs in a simple dense fluid
sensitive to the ratio ofr c /d, wherer c is the pair interaction
range andd the mean nearest-neighbor separation of
fluid. The necessary criterion for the IRM occurrence is si
ply that the value ofr c /d of the dense fluid is lower than
critical value, which is found to be about 0.95. In a den
fluid with r c /d less than this critical value, the IRMs ar
generated due to the local density fluctuation. The pictur
consistent with that of the soft vibrational modes in meta
glasses due to the fluctuation of the density and the fo
constants.39

According to the necessary occurrence criterion for
IRMs, some consequences have been given, and some
gestions are proposed. Choosing a proper model fluid
which the pair interaction is still short-ranged but has a t
attractive well, and the density of the fluid is fulfilled wit
the necessary occurrence criterion for the IRMs, we h
found the real-frequency IRMs in this model fluid. This r
sult makes the IRMs in dense fluids more significant. It w
be interesting to further study the characteristics of th
real-frequency IRMs and how they are related to the phys
quantities of a fluid.

The next question one may ask is what real physi
systems may be good candidates to detect the presence o
IRMs. As mentioned in Sec. I, the IRMs have been found
the high-temperature Ga liquids, which have a peculiar p
potential.26 The short-range nature of the pair interaction
essential for the occurrence of the IRMs. Recently, th
have been many studies31–35 on the role of the interaction

ith
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range in the phase behavior in the colloidal physics. Col
dal dispersions36 are the physical systems in which the inte
action range between colloids is controllable, from sho
ranged to long-ranged, and from purely repulsive to that w
a deeply attractive well.37 Many realistic examples and re
erences can be found in the related literature in colloi
science;38 the details are beyond the scope of this pap
Thus, we suggest that the colloidal dispersions are also
suitable physical systems to study the IRMs.
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