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Structural transitions and nonmonotonic relaxation processes in liquid metals

M. G. Vasin* and V. I. Lad’yanov
Physical-Technical Institute, Ural Branch of Russian Academy of Sciences, 132 Kirov Street, 426000 Izhevsk, Russia

~Received 27 May 2003; published 21 November 2003!

Structural transitions in melts as well as their dynamics are considered. It is supposed that liquid represents
the solution of relatively stable solidlike locally favored structures in the surrounding of disordered normal-
liquid structures. Within the framework of this approach the step changes of liquid Co viscosity are considered
as liquid-liquid transitions. It is supposed that this sort of transition represents the cooperative medium-range
bond ordering, and corresponds to the transition of the ‘‘Newtonian fluid’’ to the ‘‘structured fluid.’’ It is shown
that relaxation processes with oscillatinglike time behavior (v;1022 s21) of viscosity are possibly close to
this point.
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I. INTRODUCTION

It is known that properties of both crystalline and amo
phous substances often depend on their production co
tions, and in many respects the initial liquid state determi
these properties. At the same time, the liquid state of m
substances has been insufficiently investigated until now
recent years it has been found that unusual properties
phenomena are characteristic for many fluids, but it is di
cult to explain these properties within the framework of t
elementary representations of the structureless liquids.
of the most interesting challenging phenomena being stu
is the ‘‘liquid-liquid phase transition.’’At present the greate
progress is achieved in the examination of network-form
liquids ~such as water!. Besides the papers which inform
about observation of similar phenomena in simple sing
component systems, such as P@1# or C @2#, have appeared. A
possibility of existence of liquid-liquid transitions in th
metal melts is also being discussed@3,4#.

Whereas at present the existence of liquid-liquid tran
tions in the glass-forming melts is beyond question, th
existence in ordinary single-component metal liquids see
to be surprising. In many respects it is because of lack
direct structure observations. Nevertheless, there are alr
indirect evidences that point to the existence of apprecia
changes in the melts structures. In particular, it is the app
ance of ‘‘structural-fluid-like’’ behavior of some single
component melts at decreasing temperature, which app
as a little step change of liquid viscosity which goes on w
the change of the viscosity activation energy@3,5#.

Besides, there are facts which suggest that the proce
establishing thermodynamic equilibrium in the system clo
to this point can have a nonmonotonic oscillating charac
@6#. This effect was observed in the polytherms of viscos
surface tension, and magnetic susceptibility of metal me
and the low-frequency modesv;1022 s21 predominated in
these oscillations@6,7# several times. For example, the tim
dependence of the kinetic viscosity of liquid Co atT
51600 °C is presented in Fig. 1~b!. These results were ob
tained in Ref.@8# by the torsional vibrations method in iso
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thermal regime. As usual@8#, the temperature was rapidl
elevated and maintained at the given level. In the figure
can see considerable fluctuation of the measured quan
of viscosity. They have a stochastic character and their
plitude exceeds the experimental error. It is important t
the system temperature be close to the point of the s
change of viscosity~Fig. 2!. The dispersion of viscosity val
ues at this point considerably exceeds the dispersions of
cosity values at other temperatures. The usual variation

FIG. 1. Time dependences of kinematic viscosity of liquid co
per @9,10# ~a! and liquid cobalt~1870 K! @8# ~b! close to the tem-
perature of step change of viscosity.
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viscosity isDn;0.731027 m2/s for discussed experiment
but this dispersion increases by 3–4 times near the vici
of the temperature at which the viscosity polytherms ju
are observed. The spectral-correlation analysis of these
was shown in the following papers:@9,10#. The results have
confirmed the supposition that a pronounced low-freque
mode is present in these data~Fig. 3!.

Unfortunately, so far, the reliability of the above data h
been questionable and true conclusions about the char
and mechanism of the observed relaxation processes
not been reached. It is connected with the difficulties of
veloping specific precise experimental techniques and
cessing the obtained data as well as with the lack of
appropriate theoretical models. However, it is natural to s
pose that these effects can be generated by some local s
ture modifications. Since the oscillation relaxation proces
are observed in the neighborhood of the step change of liq
viscosity we believe these effects to be connected with e
other. Besides, these vibrations look like fluctuation re
forcement near the phase transition point~Fig. 2!. Therefore,
in this paper we assume that the liquid-liquid transition po
is the root of both the step change of liquid viscosity and
oscillating relaxation.

FIG. 2. Temperature dependence of kinematic viscosity of liq
cobalt~a! and time dependence of liquid cobalt viscosity at vario
temperatures~b!.
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II. THEORETICAL MODEL

It is known that thermodynamic systems are metastabl
the temperatures close to critical ones. This metastability
be described by addition of the nonlinear part to nonequi
rium thermodynamic potentials of the system. On the ot
hand, such systems undergo strong thermodynamic fluc
tions as well as the effect of external ‘‘noise’’ because
both the influence of the experimental plant and thermal fl
tuations. Thus, one can suppose that the combination
strong non-linearity of the metastable system and fluct
tions is the reason of the oscillating relaxation, but the nat
of metastability is clear only in the case of melts, whereas
nature of the liquid-liquid transition in liquid metals is sti
unclear. Therefore, we think that the problem of theoreti
description of the oscillating relaxation is reduced to tw
problems: first of all, it is necessary to define the nature
the liquid-liquid transition in the metal liquid and give it
theoretical model. After that one can discuss the dyna
peculiarity of this model and the chance of appearance of
low-frequency mode in the oscillation spectrum.

In most of the theoretical papers liquid is treated as
one consisting of adjoining to each other and interacting w
each other elementary local volumes which include atom
several coordination spheres@11–14#. It is expected that each
of these local volumes has only a few energy-profitable c
figurations of the nearest order~local states!. The long-range
order is absent here as the local groups of atoms can

d
s

FIG. 3. Time dependences of autocorrelation function for liqu
copper ~a! and liquid cobalt~b! viscosity close to correspondin
temperatures of step change of viscosity.
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oriented differently with respect to each other. The topolo
cal structures of these locally ordered formations have so
symmetry. One can suppose that this local symmetry co
sponds either to the crystal symmetry~solidlike!, e.g., fcc or
bcc, or to the icosahedral symmetry~normal liquid!. We be-
lieve that as the temperature decreases, both normal-li
and solidlike locally favored structures@11# can form clus-
ters. These clusters have a finite size and continuously tr
form, since the thermal fluctuations of the system lead
continuous destroying of old bonds and to simultane
forming of new ones.

Let us consider the case when the temperature of the
is close to that of the liquid-liquid transition. The foolproo
theory of the structural transitions in liquids is not availab
for the time being. Therefore to describe the metastable p
erties of the system close to this transition system we
consider the simplest model. As in Ref.@11# we will describe
the close to liquid-liquid transition system as the system t
is near the gas-liquid transition. We believe that the or
parameter is connected with density. Therefore, using
density as the order parameter, we introduce the follow
free energy, which governsc fluctuations near the gas
liquid-like critical point Tcr @15#:

F05
1

2E ddxF ~“W c!21g~T,P!c1a~T2Tcr!c
21

g

2
c4G ,

~1!

g(T,P) is the function of temperatureT and pressureP, the
parametersg anda weakly depend on temperature.

III. DESCRIPTION OF THE RELAXATION

Let us consider the fluctuations of the order paramete
metastable liquid in the region of phases’ coexistenceg
'0). In order to describe the relaxation dynamics@16–18#
of this system we will consider theH model@19#. This model
is represented by the following equations of the system:

]c

]t
5l¹2

dF

dc
2g0“

W c•
dF

dvW
1u,

]vW

]t
5P'Fh0¹2

dF

dvW
1g0“

W c
dF

dc
1jW G ,

F5F02E ddx@h~xW ,t !c1AW ~ x̄,t !•vW #,

F05
1

2E ddxFtc21~“W c!21
g

2
c41vW 2G , ~2!

wheret5a(T2Tcr), andh andAW are infinitesimal applied
fields. The first equation describes the dynamics of the o
parameterc and the second one describes the dynamics
the transverse part of the momentum densityv. P' is a
projection operator which selects the transverse part of
vector in brackets,l is the coefficient of self-diffusion,h0 is
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the viscosity,g051/lh0 is the mode-coupling vertex, an
the functionsjW andu are the Gaussian white noise source

^u~x,t !u~x8,t8!&52l¹2d~x2x8!d~ t2t8!,

^j i~x,t !j j~x8,t8!&52h0¹2d~x2x8!d~ t2t8!d i j .

The critical properties of this model are known@19#. In par-
ticular, it is well known that the viscosity of such a syste
depends on the characteristic time of the experiment,tch
51/vch . In the case of the results discussed above,
quantity is the frequency of torsional vibrations. Therefo
one can really expect that the change of the viscosity aro
Tcr will be prolonged in some temperature intervalT1.T
.T* (v) rather than jumplike (T1 is the temperature of for-
mation of the metastable phase!. It agrees with the experi-
mental observations. Note that this interval depends on
frequency of torsional vibrationsv:

T* ~v!2Tcr;S v

l D 1/(nz)

~3!

(n andz are corresponding static and dynamic critical exp
nents!. At the low-frequencyv,1/tcl (tcl is the lifetime of
the clusters! the value of viscosityh(v) will be slightly
dependent on the correlation lengthjc ~clusters size!. But at
the higher frequencyv@1/tcl;jc

2z the response to the me
chanical perturbation will be determined by the scale wh
is smaller than the cluster size and it will not depend on
frequency.

IV. THEORETICAL EXPLANATION
OF THE VISCOSITY TIME OSCILLATING

Usually model~2! is used for theoretical description o
critical dynamics of gas-liquid transitions and transitions
binary fluids. The system inertia is not taken into accou
The point is that the critical dynamics is usually investigate
and in this case the rescaling operator increases the im
tance ofv, relative torv2, and after the renormalization
procedure the termrv2 may be neglected. However, we wi
investigate the nonlinear stochastic system which is
found to be correct at the critical point. In this case the no
linearity of the system can lead to the state when even
weak inertia will essentially influence long-time dynami
@20#. In order to take it into account, it is necessary to add
proportional to doublet-derivation term to the first equatio
of the system:

r
]2c

]t2
1

]c

]t
5l¹2

dF

dc
2g0“

W c•
dF

dvW
1u.

To analyze this stochastic model, one can employ the s
dard method of the stochastic deriving functional@21# and
theory of perturbation. According to these methods, the c
respondent field model will be described by a set of ba
$c,v% and supplementary$c8,v8% fields, and the effective
action will have the following form~Fig. 4!:
2-3
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S~F!52lc8]2c81c8@2r] t
2c2] tc2l]2~]2c2tc

2gc22gc3!2v]c#1l21g0
21v8]2v8

1v8@2] tv1l21g0
21]2v1c]~]2c!#.

The propagators of fieldsc andv have the following form:

^cc8&5^c8c&T5
1/r

2v22 iav1«k

,

^cc&5
2lk2/r2

~2v22 iav1«k!~2v21 iav1«k!
,

^vv8&5^v8v&T5
lg0P'

2 ivlg01k2
, ^vv&5

2lg0k2

~2 ivlg01k2!2
,

where

«k5
l

r
k2~k21r 0!, a5

1

r
,

and r 0 is a renormalized quantityt, k2 is the impulsekW
squared. Below we will consider only the propagators of
conservative order parameter fieldc. For calculation it is
convenient to use the (k,t) representation. In this case, th
propagators become

^cc8&5
2pe2at/2

rA24«k1a2
exp~2 1

2
A24«k1a2utu!,

^cc&5
lpk2

ar2«k

exp~2 1
2
A24«k1a2utu!

3F eautu/2

A24«k1a2
~A24«k1a21a!

2
e2autu/2

A24«k1a2
~A24«k1a22a!G ,

when 4«k,a2, and

FIG. 4. Graphsa,b,c,d correspond to propagatorŝcc&,
^cc8&, ^vv&, and ^vv8& respectively; graphsf ,g,h correspond to
verticesv8c](]2c), lgc8]2(c3), andc8v]c respectively.
05120
e

^cc8&5
2pe2at/2

rA4«k2a2
sin~ 1

2
A4«k2a2t !@u~ t !2u~2t !#,

^cc&5
lpk2

ar2«k

@u~ t !2u~2t !#

A4«k2a2
@e2at/2$A4«k2a2

3cos~ 1
2
A4«k2a2t !1a sin~ 1

2
A4«k2a2t !%

1eat/2$a sin~ 1
2
A4«k2a2t !

2A4«k2a2cos~ 1
2
A4«k2a2t !%#,

when 4«k.a2. It is important that the effective viscosit
depends onv and it can be represented as

h~t,v!5h0F12
lg0Sv8v

p2 G ,

whereSv8v is a coupled-mode contribution to the respon
function andpW is an external impulse. In a one-loop a
proach it can be represented in the diagram form~Fig. 5!; in
mathematical (k,t) representation this contribution has th
following form:

Sv8v~ t,p!5
p2

ar2
E d3k

~2p!3

@ki Pi j
'kj #@p222pW •kW #

@q21r 0#A24«k1a2

3exp~2utu@A24«q1a21A24«k1a2# !

3F a

A24«q1a2
~11e2at!1~12e2at!

3@u~ t !2u~2t !#G ~ q̄5 p̄2 k̄!,

in case of 4«k,a2, and

FIG. 5. The graph corresponds to the response functionSv8v in
the framework of one-loop approximation.
2-4
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Sv8v~ t,p!5
p2

ar2E d3k

~2p!3

@ki Pi j
'kj #@p222pW •kW #

@k21r 0#A~4«q2a2!~4«k2a2!

3@u~ t !2u~2t !#sin~ 1
2 A4«q2a2t !

3@e2at$A4«k2a2cos~ 1
2 A4«k2a2t !

1a sin~ 1
2 A4«k2a2t !%1$a sin~ 1

2 A4«k2a2t !

2A4«k2a2cos~ 1
2 A4«k2a2t !%# ~ q̄5 p̄2 k̄!,

in case of 4«k.a2. If we switch from integration atk to
integration atv5A4«k2a2 in limit t→` andp→0 we can
obtain

lim
p→0

Sv8v~ t, p!

p2
5

~rl!23/4

16A2a
E dv$ f 1~v!sin~vt !1 f 2~v!

3@cos~vt !11#%,

where

f 1~v!5
~2r 0Alr1Alrr 0

21w2r211!3/2

~r 0Alr1Alrr 0
21w2r211!Alrr 0

21w2r211
,

f 2~v!5
f 1~v!

rv
.

Figure 6 shows the qualitative aspect of this spectrum. O
can see two peaks in this figure. Thev50 peak correspond
to the Goldstone mode and it is explained by the presenc
preservation law forc andv. Another peak

v.
1

r
A12

68.4lr

jc
4

corresponds to the low-frequency oscillations of the syst
Thus, it is possible to conclude that the observed oscillati
are noise-induced, analogous to the noise induced osc
tions in bistable systems, and excitation of the low-freque
modes in the system can be a noise-induced transition@22#
~nonequilibrium phase transition!.

Then the condition of observation of these oscillations
jc'@68.4lr#1/4, and one can estimate the correlation leng
quantity. Sincel5Daa0

2, whereDa;1029 m2/s is the dif-
fusion coefficient,a0;1029 m is the interatomic distance
andr is the relaxation time, we believe that these values
of the order of the torsional vibration period~it is r;1 s in
our experiments@8#!. Then the correlation length isjc
;1027 m. One can anticipate that it is the size of the flic
ering clusters of the metastable phase. It should be noted
this value is close to the size of the ‘‘Fischer clusters’’ whi
was observed in supercooled liquids@3#, but direct observa-
tion of these formations at relatively high temperatures is
available for the time being.
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V. CONCLUSIONS

It is well known that liquid is a nonuniform system and i
structure is characterized by the presence of the struc
clusters in it. Recently the polymerizationlike processes h
been observed in metal systems by small-angle neutrons
persion experiments@3#. In these experiments the snowflak
like large-size heterogeneity was discovered. We believe
similar processes of liquid-liquid transition lead to appe
ance of structured fluid~rheology! properties in liquids at
relatively low temperatures and to the jumps in the viscos
polytherms of some liquid metals.

In an attempt to explain the observed oscillations of v
cosity, we assume that the presence of a liquid-liquid tran
tion point is a possible root of the appearance of the prop
ties oscillating in the explored systems. We believe that th
are caused by the exterior noise. Nonlinearity of the sys
in the region of its metastability is the reason of the incre
of the fluctuations in dispersion, and the possible reason
the oscillating character of these fluctuations. The latte
caused by the low-frequency peak in the spectrum, and

FIG. 6. The spectrum of viscosity oscillations@ f (v)
5Af 1(v)21 f 2(v)2# in linear-linear~a! and logarithmic-linear~b!
coordinates.
2-5
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believe that this effect is analogous to well-known nois
induced transitions in bistable systems@22#. We would like
to remark that one should not consider the period of
viscosity oscillation as a lifetime of the metastable su
systems~clusters! @23#. The sizes of such subsystems a
about the correlation radius;jc and their fluctuations fre-
quency is a reciprocal value for the lifetimetcl;jc

z

;10210 s. As indicated above the viscosity oscillation is t
dynamic effect, which is determined by influence of the flu
v,

nd

vy

,

05120
-

e
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ment to the hydrodynamic movement, and inheres in
whole system.

Further examination of nontrivial dynamic propertie
of such systems will allow us to confirm or discard o
hypothesis.
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