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Shoulder-peak formation in the process of quenching
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The shoulder peak in liquid with medium range order~MRO! is first reported and its origin is analyzed by
molecular dynamics calculation in this paper. Convincing evidence is presented that this structural order,
manifested by a shoulder peak in the pair correlation function, can be interpreted as entanglement and inter-
penetration of ideal and defective icosahedra sharing common vertexes and faces. The bond energy which are
directly related to chemical ordering, together with the geometrical constraint, play important roles in the local
structure formation. It is concluded that liquid is able to sustain the presence of its predominantly icosahedral
local order due to quick cooling. The present result thus indicated that shoulder peak induced medium range
order should be a common feature of icosahedrally ordered liquids.
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The discovery of medium range order with a polyhed
system has aroused interest in the study of the relation
between medium range order in liquid alloys or meta
glasses and the long range order in this new state
matter.1–3 Previously, the idea that structures of liquid meta
could be based on packing of icosahedral units was s
gested by Frank in order to explain supercooling effec4

Even though this property was later confirmed by molecu
dynamics simulations of supercooled liquids,5 experimental
proof is still required. Several researchers6–8 first attempted
to describe the Al-Mn structure by icosahedral glass mod
which display long range orientational order, but only sho
range translational order is observed. From several diffr
tion studies for Al-Fe-Cu, it was shown that both orien
tional order and long range quasiperiodic translational or
occur in this stable phases.9,10 Most structural models in-
volve packing of various icosahedral clusters with a la
number of atoms, such as Mackay clusters.11–12 Clusters are
not only a convenient geometrical description of these co
plex phases but indeed play a role in their properties.13–15

Although the results of previous studies on liquid16–19 sug-
gest the presence of local icosahedral order in these liq
states, no direct comparison has yet been made with the
order in the solid state.

Amorphous materials are characterized by disorder
structural randomness. Generally, glass is viewed as a ‘‘
zen liquid,’’ however, there is much controversy regardi
the underlying mechanisms.20,21 Some important question
on about freezing have remained unanswered. Espec
medium range order~MRO! in liquids and glass solid is a
subject of much current interest.22,23 This notion refers to
structural ordering occurring at length scales beyond
characteristic of short range order~SRO! and associated with
the nearest-neighbor environment. It is interesting to st
the cooling process of the MRO system. However, until no
results in this research field have been insufficient. In t
paper, a shoulder peak is reported. The main purpose of
paper is to investigate the origin of shoulder peak obser
in Al-Fe liquid simulated by molecular dynamics. The resu
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presented below provide convincing account for a shoul
peak of this liquid manifesting the presence of MRO.

As shown in Fig. 1, the structure factorS(Q) of Fe-Al
liquid features a well defined prepeaks at aroundQ51.8, a
clear signature of the presence of MRO, distinguishing t
liquid from all the known simple monatomic liquids. It i
difficult to derive unambiguous information on the natu
and extent of MRO in noncrystalline materials from expe
mental structural measurements. However, one celebr
structural feature often taken to be a signature of MRO is
first sharp diffraction peak in the structure factor in certa
classes of amorphous solids. It occurs at a value ofQ smaller
than the position of main peak of structure factorS(Q). The
chemical order effects may contribute to the first sharp d
fraction peak. The prepeak has a different origin than
long-range periodicity which gives rise to the Bragg pea
but it cannot be an effect of system size. The observation
MRO in Fe-Al liquid further enables us to investigate i
cooling process. What would happen when cooling?

Molecular dynamics simulation can generate realis
structural models for materials and provide informati
about the dynamics of the glass formation. Here we rep

FIG. 1. Prepeak in experimental structural factorsS(Q).
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FIG. 2. Shoulder peaks in pai
correlation functions on cooling
~a! gFe-Fe(r ), ~b! gAi-Al (r ), ~c!
gFe-Al(r ), gtot(r).
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the results of extensive simulation of the cooling of Fe-
systems at constant pressure~0.132 Mpa!. The systems con
sisted of 500 atoms subject to periodic boundary conditio
Two component system with 50% Fe and 50% Al atoms
studied. Our aim here is to study the nonequilibrium prop
ties of this well characterized model. Our strategy is the f
lowing. Starting from an equilibrium system at initial tem
perature 2000 K, we instantaneously quench the system
rescaling particles velocities to a final temperature 300 K
quenching rate equal to 2.531013 K/s. The system is subse
quently allowed to evolve at constant temperature for
3106 time steps. This paper will make use of then-body
potential developed by Besson.24

Figure 2 shows the results for the partial pair correlat
function. We immediately notice that the Fe-Al partial pa
correlation function has a maximum among three partial p
correlation function. This shows that the local order in Fe-
02421
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glasses is dominated by the strong covalent Fe-Al bond. T
indicates that each Fe atom is surrounded by a few Al ato
and no direct Al-Al neighbors, the distribution of Fe and A
atoms around Fe sites changes essentially as expected
chemically random alloy. The obvious splitting of the seco
peak ofg(r ) gives strong evidence for an amorphous stru
ture. Even more dramatic, on the right hand of the ma
peak in the Fe-Fe, Fe-Al, and tot. correlation functions,
find a shoulder peak aroundR53.238, 4.181, 3.19, respec
tively. Also, on the left of the second peak of Al-Al correla
tion function, a little shoulder is observed. Interestingly, w
the decreasing temperature, the height of the peak increa
As for the Fe-Al alloy, the melting point is about 1650 K
With the temperature decreases, the shoulder peak inci
tally becomes more pronounced and at the temperaturT
5300 K it becomes a clearly independent peak. Moreov
the shoulder peak in the Fe-Fe, Fe-Al, and tot. correlat
0-2
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functions is very close to the major peak, but the shoul
peak in the Al-Al correlation function is very close to th
second peak. It is worth noticing that, during the cooli
process, the kinetic energy and the potential energy are
competing tendencies, at high temperature, kinetic energ
in the predominate position, and the potential is in seco
place, local order is destroyed, so the shoulder peak ca
be observed; with the temperature lowering, the poten
energy is in first place, chemical order results in the lo
structure formation, so the shoulder peak occurs. The g
shoulder peak found in the PCF led us to assume the p
ence of a new strong local order in liquid. The MRO wou
be screened by the chemical ordering of different atom
species and medium range order of Fe-Al system results
shoulder peak appearing in the pair correlation functi
Chemical bond energy and the local geometrical structure
responsible for the shoulder peak of the pair correlation fu
tion. In order to ascertain this hypothesis, we try in this pa
to analyze the local cluster and polyhedra in liquids.

To analyze the structural changes accompanying freez
we adopt a common technique used by Honeycutt
Anderson.25,26 The first indicates pairs of atoms with fou
indices. The first indicates whether the pair of atoms is clo
than a given cutoff distance, chosen to equal the position
the first minimum in the appropriate pair correlation fun
tion. Such atoms are referred to as neighbors or, equivale
are considered to form a bond. The second index is the n
ber of neighbors common to the two atoms, and the third
the number of bonds between the common neighbors. So
times there is ambiguity about the arrangement of the bo
and to resolve this a fourth index is added.

Figure 3 shows the relative numbers of different kinds
bonded pairs of atoms in the inherent structures as func
of temperature on cooling. None of the types of pairs sho
any significant change as the temperature is varied in
rangeT.1400 K. We therefore find that the structure ha

FIG. 3. Some relative numbers of bond pairs on cooling of
500-atoms system.
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no big changes with temperature at high temperature. At
temperatures, however, there is a substantial increase in
types of pairs, the 1551, 1441, 1661. The 1551 pairs co
spond to two neighboring atoms with five common neig
bors that form a pentagon of near neighbor contacts.
1551 pair is characteristic of icosahedral ordering. The str
tural transition temperature is identical to the temperature
shoulder peak formation in Fig. 2.

All canonical Frank-Kasper~FK!26 polyhedra and a num
ber of defective icosahedra are detected and counted
simulated liquid. The Honeycutt-Anderson index gives us
opportunity to precisely define icosahedron, FK, Bernal, a
other defective icosahedra in a very simple way. For con
nience, we use a signature to represent those defective ic
hedra by us. The first index in the signature is the numbe
1441 bonds, the second index is the number of 1551 bo
the third index is the number of 1661 bonds. For example
and only if the central atom has 14 neighboring atoms, 12
which are joined to the central atom by 1551 bonds and
of which are joined to the central atom by 1661 bonds, th
they define a FK polyhedron with coordination numberZ
514. In the same way, other polyhedron can be defined
polyhedron consisting of some 1551, 1661, and/or 1441 c
ters is called a defective icosahedron. As shown in Fig
~0,12,3! polyhedra, made of twelve 1551 bonds and thr
1661 bonds, and~0,12,4! polyhedra, composed of twelv
1551 bonds and four 1661 bonds, are detected.~2,8,4! Bernal
canonical hole polyhedra, composed of eight 1551 bon
two 1441 bonds, and four 1661 bonds are found.~1,10,2!
defect icosahedra, characterized by ten 1551 bonds and
1441 bond interposed between two 1661 bonds, are obse
in system. The structure of the Fe-Al component glass
predominantly icosahedra. We found 28 icosahedra in
sample of 500 atoms, with 60% of the atoms in icosahed
On average, each icosahedron interpenetrates 2.1 and s

e
FIG. 4. Various defective icosahedra and ideal icosahedron

cooling.
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a face with 1.9 other icosahedra. This suggests that the
dency to form icosahedral structures would be even gre
in macroscopic system. Not only ideal icosahedra detec
but also a variety of defective icosahedra. All icosahedra
defective icosahedra interpenetrate and share faces and
texes with other icosahedron and defective icosahedron.
novel shoulder peaks result from the interpenetration
icosahedra and defective icosahedra. During the cooling
cess, crystal nucleation and icosahedral ordering are
competing tendencies with a smaller time scale in the
component liquids, and we find clear anticorrelation betwe
the crystal pairs and the icosahedral pairs in low tempera
configurations obtained.

FK has shown that, from a geometrical point of view, t
required distortion of tetrahedron around the 1551 bonds
3D space is the smallest among all tetrahedra in differ
bipyramids. The distortion of the tetrahedron in sixfold sy
metrical bipyramid 1661 is smaller than in fourfold an
threefold symmetrical pyramids. Large distortions requir
for other types of bonds. To investigate how the requi
distortion and energies of different type of bonds affect th
population, we have calculated the populations and ener
for all types of bonds. It can be calculated that 1551 clus
has the lowest energy20.0647 a.u. and the percentage of t
1551 bonds is 32% which is the largest among all types
clusters. Both favorable energy and the smallest distor
required for the 1551 bond result in its having the larg
population. While the energy of the 1441 bond, bei
20.0637 a.u., is lower than the energy of the 1661 bo
which is 20.0629 a.u., the percentage of the 1661 bond
8.8%, is lower than that of the 1441 bonds at 11.4%. T
illustrates that the interplay between favorable energy
unfavorable distortion required for 1441 bond and unfav
able energy and favorable distortion for 1661 bond deter
nates their respective percentage. Similarity, the popula
of other type of bonds can also be explained by this rule. T
above analysis indicates that the bond energies, which
directly related to chemical ordering, together with the ge
metrical constraint play very important roles in the local o
dering of glass.

One can now ask what is the relationship between sh
der peak and the MRO? And is the shoulder observed in
PCF of other liquid pure metals related to icosahedral ord
During the cooling process there exists a competition
tween the local preference for icosahedral structure and
global requirement of filling up the space. Although icosah
dral clusters cannot fill space by themselves, one m
imagine that the icosahedral clusters aggregate in an ord
fashion, until structural frustration produced by aggregat
builds up to suppress aggregation itself. Two icosahe
clusters would connect or interlock in two ways: one is
sharing a triangle face, therefore sharing three near
neighbor atoms; the other is the interconnection where on
the vertices of a cluster lies on the center of the other clus
and the clusters share a pentagonal bipiramid or a hepta
02421
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cluster. When the temperature drops, the icosahedral clu
would produce a big structure with medium range order
aggregation in these two interlocking manners. Note that
of the two interlocking icosahedral clusters in either ca
cannot be superimposed on the other by translation, but
are related by mirror symmetry. However, interlocking
icosahedral clusters is dependence on the interaction betw
atoms. It can be seen that the interaction of Fe-Al alloy
hibits a rather complex feature, it displays a strong attrac
force between Fe and Al atoms, and a weak attractive
tween Al and Al atoms. This complex interaction must
playing a subtle and delicate role in the liquid structures
the Fe-Al alloy. Indeed, as shown in Fig. 2, the pair corre
tion functions are quite different from many commonly o
served monatomic systems. Shoulder peak exhibits
anomalous ordered structure in system. Medium-range o
is reflected by a prepeak in the structure factor. This prep
result from the complex interaction between the atoms. B
if the system would produce shoulder in PCF, it would me
two conditions, one is suitable quick cooling rate, the othe
complex interaction between atoms. In fact, the shoul
peak also exhibits complex interaction between atoms in s
tem. Based on this point of view, we think the shoulder pe
is a new signature of MRO. As for the pure liquid metals, f
example, Al and Pb, we do not observe the shoulder in
PCF in the rapid cooling conditions. Because its interactio
are not complex, some icosahedral clusters and other clu
would not produce complex structure. Ga is a very spe
metal. Maybe we can observe the shoulder in the PCF
liquid Ga under the quick cooling conditions. Some r
searcher proved that the interaction of Ga is rat
complex.27

The simulation may have implications for our understan
ing of the origin of the shoulder peak, medium range ord
and growth of the icosahedral phase. Chemical ordering
geometrical constraint results in the formation of the ico
hedra and defective icosahedra on a rapid time scale.
above analysis tells us that the physical picture of the str
ture of metallic is a disordered entanglement with a lot
icosahedra. The shoulder peak results from interpenetra
of ideal and defective icosahedra sharing common verte
and faces. The main accomplishment of the present pap
the study of the quick cooling simulation of liquid Fe-A
alloy with medium-range order and the shoulder peak is
served in PCF under quick cooling conditions. Both t
quick cooling rate and the complex interaction potential
sult in the shoulder-peak formation during the quick cooli
process. The shoulder peak exhibits anomalous order in
percooled liquid and glassy Fe-Al systems.
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