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Anomalous supercooled liquid structure of Ga onB-relaxation dynamics
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We study theB-relaxation dynamics for liquid metal gallium using computer-simulated liquid structures in
conjunction with idealized mode-coupling theory. At the dynamical transition point, our calculated mode-
coupling parametex is numerically more consistent with the increasing trend of the magnitude of the experi-
mentally fitted\ (~0.8) observed in several glass-forming materials. The implication is that the empirically
fitted N inherently must contain contributions arising from other subtle mechanisms t6-telaxation dy-
namics in addition to the usual cage-diffused mechanism. Of particular interest in our calculations is the
behavior of the tagged particle distribution function, which shows a distinct double-peaked structure and,
within the B-relaxation time regime, exhibits a much slower retarded motion compared with other simple
monatomic systems. This curious behavior is interpreted here as due to the influences of temporally fluctuating
atomic bonded-pair clusters that have been observed recently in molecular dynamics simulations.
[S1063-651%97)03110-3

PACS numbg(s): 64.70.Pf, 61.20.Lc, 61.25.Mv

I. INTRODUCTION what from commonly observed quenched systems where it is
the second principal peak & q) that exhibits the shoulder-
The dynamics of supercooled liquids is an active area ofike two-peaked feature. From the structural point of view,
current experimental and theoretical interest. Experimentallyhis would imply a more ordered atomic distribution for the
both light- and neutron-scattering technigyi# have made supercooled states of Ga. In this respect it is of great theo-
tremendous progress in enriching our knowledge of the varetical interest to apply MCT to this metal since the theory
riety of relaxation phenomena prevailing in many glass-has S(q) as the sole input and the principal peak (i)
forming materials. Theoretically, mode-coupling theory plays a decisive role in the underlying physics of MCT. The
(MCT) [2,3], which is a formal generalization of the kinetic main aim of this work is to study within idealized MCT the
theory of an equilibrium liquid and of Vlasov plasma theory, dynamics of the supercooled liquid Ga in the vicinity of the
has in recent years received considerable attention. Thigynamical transition poinT,. Through comparing the cal-
theory was originally proposed for studying the basic dy-culated\ and relevant correlation functions at or negyr
namics of monatomic supercooled liquids at a microscopiGyith those from other model systems such as the hard
level, although in subsequent development it has been eX%phereq9,8], Lennard-Jones atonjd0] and Lennard-Jones
tended to two component mixturg$—6]. In this connection, binary mixtures[4,5], binary soft spherefs], liquid metals
it is perhaps worthwhile to point out that the theory hasNa and K [7,8], liquid dimers [11], and fused salt
commonly been used also by experimental[ssin inter-  [CaNO,),], {KNO3]ys[14], we explore the subtle effects of
preting dynamic data for far more sophisticated multicompomicroscopic interactions and of geometric factors on the su-

nent systems. Many of these experimental applications argercooled liquid dynamics within MCT.
however, theoretically in doubt since the mode-coupling ex-
ponent constants are treated there as mere fitting parameters

which thus leave obscure the physical meaning of the micro- 6l { ' 1 6l
scopic details buried in the parameters. It is one of the pur- i

poses of this paper to calculate directly an instructive mode- 5¢ f% 51
coupling parametei (to be defined beloyvand to study, i

within MCT, the temporal evolution of the density-density 4r g{ 4
fluctuations that are uniquely determinedXyBut differing S(q) ;‘\

from several recent works—11], we focus on liquid metal i i \/\f\””‘ 31

gallium for the following specific reasons.

The structure of liquid metal gallium is in many respects
unique. This system has a low melting temperatufe, (
~303 K), but among other pure simple liquid metals, it can

-
e
T

be supercooled very considerably and can form an amor- 0 . - 0

phous solid relatively more easil¢2]. Structurally, as Fig. 1 0 2 4 6

shows, this element exhibits anomalous undercooled charac a&™)

teristics with the main maximum of the static liquid structure

factorS(q) displaying a pronounced shoulder n&gywhich FIG. 1. Static structure facto&(q) for liquid metals potassium

develops into a double-peaked splitting at lower supercooledeft) and gallium(right) near freezingfull curve) and at the dy-
temperature$13]. This curious phenomenon differs some- namical transition temperaturdotted curvé
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II. MODE-COUPLING THEORY: g RELAXATION

Central to MCT is the real-time normalized density-
density fluctuation functionR(q,t)=(5p(q,t)Sp(—q,0))/
S(q) wheredp is the density fluctuation from the equilibrium
density py. The Laplace transform oR(q,t) which is de-

fined byR(q,z)=i[;dt exp(zt)R(q,t) satisfieq 3]

z+|\7|(q,z)
22— g2 BmSq)+zM(q,2)’

R(q,2)=— (1)

Here g=1/(kgT) is the inverse temperature is the mass
of the particle, andvi(q,z) is the memory function. In ide-

alized MCT one focuses on long-time behavior, which

amounts to ignoring the short-time part bf(qg,t) and ap-
proximatingM (q,t)~A(q,t) [2,7] by

o

Po Olq,q,qu“rql
8maB7* Jo la’ ~al
/2_q/12

—5q[e@)—c(a)]

A(q,t)= dq’'q”

X

2
+g[c(q')+c(q")]) S(9")S(9")
XR(q",H)R(Q",1), 2)

in which poc(q)=1—1/S(q) is the direct correlation func-
tion. GivenS(q) MCT predicts an ergodic-nonergodic tran-

sition atT, that is determined by solving the nonlinear equa-

tion [2]

f(@) _ AmSaq)
S CIC

for the Debye-Waller factorf(q)=0 for the ergodic state,
andf.(q)=R(qg,t—»)#0 for the nonergodic state.
Further, it is shown in MCT that, nedr., R(q,t) devi-
ates fromf (q) and within the mesoscopic time scalt; (
=10"1's-107s) of theB-relaxation process can be factor-
ized into a product of the temporal and spatial parts as

A(q,t—)=TFy(f(k)) )

R(q,1)=fe(@)+he(@) uV1-M[e[G.(Utp), (4

wheree=(T.—T)/T,; hc(q)=[1—fc(q)]zlg is the critical
amplitude [3,9,8, 15 (or Ig) being the right-hand(or
left-hand eigenvector of the stability matrix Cgy
=[1—f(k)]2&fq/af(k) and Mzz[quch(a}‘q/aT)f(k)]/
(1—\). Here the material-dependextis defined by

A

1 R
> > I 1— (k)0 Fq ot (k") af (K") ]t
q,k,,k”

X[1—=f(K)TAL e (5)
and when substituted into
:1+g2€5§(g)+>\gif dre't’G2(7)=0, (6)
0
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{=ztgz and 7=t/tz being rescaled variables, uniquely deter-
mines the scaled master functiGn (t/tg) [3]. In Eqg.(6) the
subscripts plus and minus @.(t/tg) refer to glassye >0
and liquide <0 sides ofT., respectively. Note that the res-
caled timetg=to|u?(1—\)e| ¥? wherety=10"s is
the microscopic time and the exponent paramatean be
determined from
A=T?1-a)/T'(1-2a) (7)

in terms of the gamma functioR(x).

The same logic extends to the tagged particle correlator
whoseR®%(q,t) can be shown to read

R(q,t)=f3(q) +h3(@) uV1-Me[Gu(t/ty), (8

where RS(q,t)=(8p%(q,t) 5p°(0,0)). Here h3(q) is the
tagged particle critical amplitude ané is the Lamb-
Mossbauer factor, the solution of the following equatiéh

f°q) mg o ,
[T AS(q,t—)=Fo(f5(k),f(k))  (9)
where
As(q,t)Z#ﬁqu fo dq'q’
X ‘Lq_+qq/,‘|dqr/qu[q12+q2_q112]202(q/)
XS(q")R(Q’,1)R%(Q",1). (10

Note that in solving Eqs(9) and (10) self-consistently for
f3(q), one requires(q) as an input. It is obvious that, once
the dynamical transition point is located(and other mode-
coupling parametefscan be calculated readily and the
asymptotic dynamic solutions nedg [3,7] follow straight-
forwardly.

Ill. NUMERICAL RESULTS AND DISCUSSION

Equations(2) and (3) have been solved iteratively and
self-consistently by utilizing thés(q) obtained by Fourier
transforming the computer-simulated pair correlation func-
tion g(r) at various supercooled temperatuf&8]. We find
that the dynamical transition point for Ga occurs &t
=114.32 K. This value of; is of order if one analyzes the
time dependence of the mean-square displacelisest Fig.

3 in Ref.[13]), which indicates a cessation in diffusive mo-
tion of atoms aff=100 K. Note that for Ga metal we have
not assessed the consistency ©f from the Wendt-
Abraham-type transition temperature,8] since there is no
transition “kink” for the Wendt-Abraham paramet& [de-
fined as the ratio of the first minimum to the first maximum
of g(r)] versus thel plot[15]. We attribute this departure of

R from the usual behavior to the more subtle structure which
this metal possesses in the supercooled states. In fact, as
demonstrated by Tsall3], the structure of Ga predomi-
nantly consists of 1201-type atomic bonded-pair clugtesé
which are quite different from the 1551-type icosahedral
clusters(see the schematic diagrams given in Figp&vail-
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1201

1551

o FIG. 3. Interatomic pair potentif(r) of Lennard-Jones atoms
FIG. 2. Schematic diagrams for the 1201- and 1551-type|ong-dashed curyeand liquid metals potassiunishort-dashed
bonded-pair atomic clusters. Refereft6] should be consulted for curve and gallium(full curve) for () the repulsive part, scaled to
the nomenclature. the first minimumV(r,,) at the first minimum positiom, in units
of 10°%kgT for r<0.6r,,, (b) same aga) without scaling toV(r,,)
ing in most amorphous solids. and in units ofkgT for 0.6r,<r=<0.%,,, and(c) same agb) for
Applying Eq. (5) we obtain\ =0.739. This value lies be- the attractive tail >0.9,,. To manifest the ledge-shape region for
tween the hard-spheres,s=0.772 [8] and the Lennard- Ga, we display.in(b) its relation with the structure of the pair
Jones\ ;= 0.718[10], but is larger than those of the liquid correlation functiong(r) (dotted curve:
metals Na and K, namely,y,=0.712 anch x=0.710[8]. To
understand these differences Nnvalues let us compare in
Fig. 3 the pair potentiaV/(r) for the Lennard-Jones atoms,
and liquid metals K and Ga. It can be seen that\tie) of

Ga exhibits a rather complex structure; it displays a stron . -
repulsive parFig. 3a)] for r<0.6r,, r,, being the first or either the hard spher¢47,8] or liquid metals Na and K

minimum position, then shifts to a ledgelike featfeig.  L8)- AS a result, theP (r,t) of Ga exhibit somewhat differ-
3(b)] for 0.6r,,<r=0.9r,,, and prolongs to distinctlyweak ent features with theP® (r,t) showing a much slower re-
attractive par{Fig. 3(c)] tailing with the typical Friedel os- tarded tendency and thes (r,t) revealing a typical local-
cillation for r>0.9r,,. The repulsive force resembles the ized motion. The explanation for this curious phenomenon
hard spheres whose tend to be largd9,8] while the rela- can be traced to the anomalous supercooled states of Ga
tively weak attractive tail mimics a system of Lennard-Jonegvhich are seefil3] in the simulation to consist of temporally
atoms and liquid alkali metals whoaetend to reduce mark- fluctuating atomic clustergl6] predominantly of 1201 type
edly [8,10]. From these two basic features, one would judgeand less prevalently of 1311 and 1301 type. In each of these
from the details in interparticle interactior(eehaviors of ~atomic bonded-pair clusters the root pair atdsee Ref[16]
strongly repulsive and weakly attractive comparatively ~for the nomenclatupeare each bonded to tw@201-type or
smaller \ for Ga than for the liquid metal K. We notice, three(1311- or 1301-typecommon neighbors which them-
however, that the\ of Ga does not follow the expected de- S€lves may be bonded311-type or unbonded1201- and
creasing trend11,10. This implies that the ledge-shape 1301-typg atoms. In this geometric distribution, apart from
range 0.6,=<r=<0.9r,, of V(r), which is absent in most 9iving rise to the cage-effect diffusive mechanism, these
monatomic systems, must be playing a subtle and delicat¢mporally bonded nearest-neighbor atoms have an addi-
role in the liquid structures of Ga. Indeed, as shown in Figtional influence on the tagged particle which will respond to
3(b), the principal maximum of the pair correlation function any possible change arising from its intimate association
g(rlyma)) falls in this range, which is quite different from with these bonded atoms. Accordingly, it ||ke|y that the
many commonly observed monatomic systerfeither — cage-diffusive behavior foP%.(r,t) will unavoidably be af-
Lennard-Jones atoms or other simple liquid meétatsere  fected by its bonded-pair atoms whose presence makes the
the first minima ofV(r ;) andg(r; ma,) coincide. We defer appearance of the second peakPi(r,t) realistic. Thus, as
discussing its significance onbelow. time evolves and within thg-relaxation regime, one finds
To pursue our analysis further, we depict in Fig. 4 the(a) generally as in other monatomic systems, tRat(r,t)
tagged particle distribution functioR3 (r,t)=4xr2RS(r t) decreasegincreases in magnitude forr<(>)0.160 (here

for Ga in both the liquid £§<0) and the glassys(>0) re-

gions. The striking feature is that ne@g there occurs a

distinct subpeak at the falling edge of the main maximum of
S (r,t), whereas no such corresponding second peak exists
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* FIG. 5. Spatial functionsi$(r) andpi(r) of the tagged particle
ol distribution function vsr (in units of o) for gallium (full curve),
potassium(short-dashed curyeand the hard-sphere systéfong-
N dashed curve
0 n n
0.0 0.1 0.2 0.3 0.4 . . . A
r ions(see Fig. 6 in Refl14]) reveal similar two-peaked struc-

ture and were demonstrated there to be due to rotation. Al-
FIG. 4. Tagged particle distribution functioR%(r) vsr (in  though the bonded-pair atomic clusters for Gither the
units of o) for liquid metal gallium near the dynamical transition predominant 1201 type or the less prevalent 1301 and 1311
point T at(a) 7i=1;/tg=5X10 *"' fori=0 (full curve), 1 (dotted  typeg are temporally fluctuating, the average picture de-
curve), 2 (short-dashed curye3 (long-dashed curyeand 4(chain  gerihed above may have some relevance to this same physi-
curve in the £ <0 ergodic region andb) 7.,=1/t,=10 *"'for a1 origin. We should emphasize, however, that double-
i=1 (full curve), 2 (dotted curvg, and 3 (dashed curvein the  yeqyed structure reported here is not due to the thermal-
&=0 nonergodic region. activated process since the idealized MCT doesanptiori
] ] include this contribution in the theoretical formulation. At
the gard-sphere diameter ¢ is evaluated at his point it is clear thak =0.739, which does not follow the
7=m0a"pol6=0.5324 [8]) indicating an attempt of the eypected trend of a decreasingfor increasing ‘tomplex-
tagged particle to push its way through the surrounding caggy in interparticle interactiong8,10,11, is now evidenced
of nearest-neighbor particles an@) concurrently, that {5 pe partly due to an additional bond-hindered mechanism
P(r,t) is bond hindered by the latter manifesting in a arising from the possible impediment induced by bonded-
gradual development of the second subpeaRd(r ,t). pairs atoms. Such a conjecture is not unreasonable given that
To gain further insight into this complex behavior, let usthe observed trend of the magnitude of the experimentally
focus on the positions of the first and second maxima ofitted \ is generally large £0.8) and that the laboratory
PS(r,t), namely, atr{) ~0.134r and r® =0.354r, re-  glass-forming materials are structurally more susceptible to
spectively. These positions yield a separation approximatelthe above “bonding” picture.
0.220- which is roughly the region the temporally bonded Finally, we present in Fig. 5 the spatial distribution func-
atoms can “straddle’[18] and, due to their intimate “bond- tions of thep3(r)=4=r2f3(r) andH3(r) =4mr2hi(r) given
ing”association with the tagged particle, can induce a bondin Eq. (8) for the hard-sphere model and liquid metals K and
hindered mechanism superimposed on the supposedly cagga. An interesting feature is the close resemblance of the
diffused motion. Table | gives further details of the change inpg(r) andHZ(r) for the Ga and hard-sphere particles, which
time of r&),; these data illustrate that, as time elapseshoth differ somewhat from the liquid metal K. These differ-
Pi(rﬁﬁgx,t) increases in height and moves inward. It is inter-ences can be understood qualitatively from the pair potential
esting to note here that this subtle two-peaked structure igiven in Fig. 3a). Notice, however, that there is a discernible
reminiscent of the simulation results of the fused saltbroad peak forpi(r) in the range 0.3<r<0.42r. This
[CaANO;),]o. 4 KNO3]y 6 Whose P3.(r,t) of oxygen in NQ  conspicuous peak is partly the origin for the second peak of

TABLE I. Tagged particle distribution functioﬁ’i(rﬁ;x,ri) of liquid metal Ga evaluated at the second maximum posit@; at 7;
=t;/tz;=5X% 10 3% fori=0,...,4 in thee<0 ergodic region and at‘-+4=ti/rﬁ=10‘3+' fori=1,...,3 in thee>0 nonergodic region.
o is defined in text.

Ergodic Nonergodic
) T1 T T3 Ty Tg T T7
r(nzlga)jo' 0.364 0.359 0.355 0.351 0.340 0.364 0.359 0.355
Pi(rsﬁ)ax,ri) 0.298 0.374 0.425 0.488 0.676 0.298 0.374 0.425
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PS (r,t) displayed in Fig. 4. We note parenthetically that thelow the expected decreasing trend, but instead has a value
HZ(ro) =0 in each case yields ag (Ga, 0.16; K, 0.21; hard more compatible with the trend of most experimentally ob-
sphere; 0.17that describes a constafih time) probability — served glass-forming materials whose fitie® tend to be
density P%.(r,t); this r, can easily be verified to be the in- large (~0.8). The second consequence is the discernible in-
terception ofP3.(r,t) given in Fig. 4. fluences on the time evolution of tagged parti€té (r,t)
which shows a much slower retarded motion compared with
other simple monatomic systems. In view of this sluggish
behavior, the Ga system may be a good candidate for inves-

To summarize, we have applied idealized MCT to liquidjgating the long-lived metastable liquid states currently of
metal Ga to study its dynamic properties within the great interest in the literatufd9,20.

B-relaxation regime. We find that the occurrence of tempo-
rally fluctuating bonded-pair atomic clusters in the super-
cooled states of Ga has significant effects on the dynamic
behavior. The most succinct feature is the appearance of a
double-peakedPs (r,t). This latter characteristic is inter- This work was partially supported by the National Sci-
preted here as due to the presence of intimately associateshce Council, Taiwan, Republic of Chiné&Grant No.
bonded-pairs atoms in the 1201-, 1311-, and 1301-type clus§NSC86-2112-M008-002 We thank Professor S. F. Tsai for
ters which play the role of inducing a different bond- providing us with the data of pair correlation functions and
hindered mechanism in addition to the caged-diffusedor stimulating discussions. We are grateful to the National
mechanism. Two immediate consequences follow. The firs€enter for High-Performance Computing, Taiwan, Republic
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