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Icosahedral Short-Range Order in Deeply Undercooled Metallic Melts
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Experimental evidence of icosahedral short-range order in stable and deeply undercooled melts of pure
metallic elements is obtained using the combination of electromagnetic levitation with neutron scattering.
This icosahedral short-range order is shown to occur in the bulk metallic melt independently of the system
investigated. It strongly increases with the degree of undercooling.
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Since the pioneering work by Turnbull in 1950 [1] it is
well established that metallic liquids can be deeply under-
cooled below their freezing temperatures provided hetero-
geneous nucleation on container walls and/or impurity
sites is reduced or even avoided. Undercoolings as large
as approximately 20% of the melting temperatures, 7;,
were observed for a great variety of different metals. Such
large undercoolings are indicative of a correspondingly
high activation barrier to form crystal nuclei of critical
size. Frank postulated an icosahedral short-range order
(ISRO) in the melt to explain the experimentally observed
large undercoolings of pure metals [2].

Icosahedral clusters, consisting of compact arrange-
ments of 13 atoms, possess an energy being 8.4% smaller
than that of clusters with dense packed fcc or hep structure
of the same number of atoms, if atomic interactions ac-
cording to a Lennard-Jones potential are considered [2].
While Frank’s arguments were derived from the topologi-
cal analysis of the energy of small clusters, for larger
systems the concept of ISRO is confirmed by several
molecular dynamic computer calculations on monoatomic
[3,4] and binary [5] Lennard-Jones liquids, which show a
growing degree of ISRO with increasing undercooling of
the melt. However, no direct experimental proof of ISRO in
bulk undercooled melts has been reported until now.

Hints of the existence of ISRO in undercooled liquids
were inferred from the evaluation of the degree of under-
cooling as a function of the nucleated solid structure. The
solid-liquid interfacial energy should be the smaller the
more similar the short-range order (SRO) of the melt is to
that of the solid nucleus [6]. Containerless undercooling
experiments have shown that the maximum undercoolabil-
ity of melts forming quasicrystals and polytetrahedral
phases is significantly lower than that of nonpolytetraheral
crystalline phases [7,8]. This is related to the fact that
quasicrystals [9] show a SRO similar to the ISRO assumed
in undercooled metallic melts.

The SRO in metallic liquids of Al-based alloys forming
quasicrystalline phases has been investigated by a series
of neutron diffraction studies in the stable liquid regime
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[10-12]. The analysis of experimentally determined
atomic pair distribution functions combined with simula-
tions of structure factors and molecular dynamic studies
confirm the existence of icosahedral clusters centered on
the transition metal atoms in these stable melts of quasi-
crystal-forming alloys.

On the other hand, the SRO of nonmetallic melts was
studied both in the stable regime 7 > T; and in the meta-
stable regime of the undercooled melt using x-ray or
neutron diffraction in combination with containerless proc-
essing techniques [13—17]. None of them gave indications
for ISRO in the liquid, since in these nonmetallic com-
pounds and elements their strongly directional bonds con-
trol the SRO in the liquid. According to the hypothesis of
Frank [2] and the computer simulations on Lennard-Jones
liquids [3-5], ISRO should be present in pure metallic
melts with compact local order and isotropic bonding.
Very recent experiments using synchrotron radiation on
liquid Pb at T > T; adjacent to a solid (001) Si interface
gave evidence of fivefold symmetry of Pb clusters captured
onto the Si substrate [18]. These studies prove the local
icosahedral symmetry of Pb clusters but only in the direct
neighborhood of the Si (001) surface. They do not allow
investigating the SRO in the bulk melt, or in the under-
cooled melt which is essential for a study of nucleation of
the solid phase in the parent liquid state.

In the present work, neutron scattering experiments on
bulk melts of several pure transition metals both in the
stable liquid and in the undercooled melt are presented.
The SRO of pure metals was studied directly with the
benefit that chemical influences on the SRO as present in
alloys are excluded and exclusively topological effects are
probed. The metallic elements were chosen such that they
form bece (Fe, Zr) and fcc (Ni) structures in the solid state in
order to test whether the structure of the crystalline solid
might influence the SRO in the liquid.

Electromagnetic levitation under high purity environ-
mental conditions was applied to deeply undercool liquids
for extended periods of time necessary to perform dif-
fraction investigations. This method produces a freely
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suspended liquid drop, undercooled owing to the avoid- 4 [ Ni a.) ]
ance of heterogeneous nucleation on container walls with ! . 1435 K
the extra benefit that it is directly accessible for diffraction @3 ;/ ‘MK 7
experiments [19]. Despite the fact that an undercooled melt =2 JA\—/\__/\E_@Q_K N
is a metastable state of limited lifetime, we were able to (’/’ ‘\_/\/\E—f—%%—g .
record diffraction spectra on deeply undercooled melts of 1 r/ \_/\ ~ 7]
quality comparable with those obtained in good experi- 0 RN RO S T Y R N U N S B
ments on stable liquids. The temperature of the specimen is 4 b.) i
measured by a two-color pyr.omete.r with an 'absolute ac- 3 T = 1670 K
curacy of =5 K. Neutron diffraction experiments were o T=1730K
performed at the high-intensity two-axis diffractometer 52 $f iggg%
D20 [20] of the Institut Laue-Langevin (ILL) in 1 T-1870K
Grenoble, France, in a new levitation device specially ]
designed for neutron diffraction using wavelengths of 0 L1 11
0.94 A (Ni) and 0.88 A (Fe and Zr). At a given temperature 4 c.) -
T\hbox{,} the differential scattering cross section was 3 ]
obtained by subtracting the measured spectrum of the o ?f igggg
empty levitation furnace (without sample) from the meas- 72 T=5135K
ured spectrum of the specimen inside the furnace. 1 T=2200K
Conventional self-absorption correction, inelastic scatter- :
ing, and standard multiple scattering corrections [21] were 0 ' é ' 1'0' 1'1 ' 1'2

carried out. The spectrum was normalized using a vana-
dium sample so that its asymptotic value at large Q co-
incides with the total scattering cross section. The structure
factor, S(Q), was then obtained after subtraction of the
incoherent scattering and the magnetic contribution (the
latter is negligible for Zr).

The structure factors for the different melts were meas-
ured at several temperatures (Table I) above 7} in the
stable regime and below 7 at undercoolings up to 140 K
for Fe and even to 290 K for Ni and Zr. This corresponds
to high relative undercoolings (AT/T;) especially in the
case of Ni (17%). Such a large temperature range should
allow one to evidence significantly the structural changes

TABLE 1. Nearest (R;) and second (R,) neighbor distances and
coordination numbers, Z, inferred from the diffraction experi-
ments on the different melts as a function of the temperature 7.
[T, (Ni) = 1726 K, T, (Fe) = 1811 K, T (Zr) = 2125 K].

Element T (K) R, (A) R, (A) Z
Ni 1905 248 +0.02 4.53+0.05 11.2*0.5
Ni 1765 248 +0.02 4.50+0.05 11.5*0.5
Ni 1605 249 +0.02 446+005 11.9=*05
Ni 1465 249 +0.02 443 +005 121=*05
Ni 1435 249 +0.02 443 +0.05 123 *0.5
Fe 1870  2.55+0.02 455+005 123=*05
Fe 1830 2.55*+0.02 454*+005 123*=05
Fe 1750  255+0.02 4.53+0.05 124=*0.5
Fe 1730 255+0.02 4.52+0.05 125=*0.5
Fe 1670  255+0.02 4.52+0.05 12.6=*0.5
Zr 2290  3.12+0.02 574*005 11.9*05
Zr 2135 3122002 573%x0.05 12.0*05
Zr 1890  3.12+0.02 572*005 122=*05
Zr 1830 3.13+0.02 571*005 122=*05
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FIG. 1. Structure factors S(Q) inferred from neutron diffrac-
tion experiments on Ni melts (a), Fe liquids (b), and Zr melts (c)
at different temperatures.

occurring in the liquid. S(Q) and corresponding pair cor-
relation functions g(R) are presented in Fig. 1 and in Fig. 2,
respectively.

A shoulder on the right-hand side of the second oscil-
lation is observed for all measured S(Q) of Ni, Fe, and Zr
melts. This is the first time such a clear shoulder is ob-
served in structure factors of monoatomic liquids. This
shoulder is therefore characteristic of a particular SRO.
Such a feature has been identified as a signature of ISRO
from the theoretical work of Sachdev and Nelson [22] and
was recently evidenced in quasicrystal forming alloy melts
[12]. It should be noticed that this feature becomes more
pronounced as T is lowered.

Interatomic distances and coordination numbers are
simple quantitative parameters of SRO straightly obtained
from the g(R) (Table I). For the three liquids, the nearest
neighbor distance, R;, remains essentially unchanged
while the second neighbor distance, R,, slightly decreases
with decreasing 7. The nearest neighbor coordination
number, Z, is of ~12 for all three liquids. Z is obtained
by the area under the first maximum of 47pR%g(R) (p
denotes the density). In the present work, it was determined
by integration over the whole area between first and second
minima limiting this first oscillation. There are other ways
to obtain Z leading to a spreading of Z values in a 10%
range of Z [23] (not included in Table I). This does not
affect the relative variations of Z. The value of Z increases
slightly with decreasing 7. This temperature evolution of Z
is mainly responsible for the thermal expansion of the
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FIG. 2. Pair correlation functions g(R) of Ni (a), Fe (b), and Zr
(c) melts at different temperatures inferred from the S(Q) shown
in Fig. 1.

liquids while the interatomic distances remain almost un-
changed as a function of 7. The Z values (Z ~ 12) obtained
are characteristic of several types of densely packed SRO,
e.g., icosahedral, fcc, and hcep.

To obtain further information concerning the SRO in the
melt, simulations of S(Q) were carried out. Molecular
dynamic computer calculations [3,4] on simple liquid
models reveal an ISRO. In the present work, however, a
simple approach of large Q simulation of S(Q) based on
isolated clusters was used. Indeed it implies only three
fitted variables to discriminate between the different geo-
metries of clusters: bcc, fce, hep, icosahedral, and dodec-
ahedral. The simulation method is outlined in detail in
[12]. The parameters of the simulation are the shortest
mean distance, (ry), of cluster atoms (all larger mean
distances of atoms inside the cluster, (r;), are related), its
mean thermal variation (8r3) that determines the Debye-
Waller factor, exp(—(87?)/3), and the concentration, X, of
cluster atoms in the liquid. The mean thermal variations of
the other intracluster distances, (r;), are estimated by
(8r2y = (6r3)(r?)/(r3) [12]. The parameters are adjusted
such that a good fit of the experimentally determined S(Q)
is obtained especially at high Q values. Note that the large
Q part of S(Q) is determined by the SRO only as far as the
contribution of larger distances is damped by thermal
motions [12]. The results for liquid Ni in the undercooled
regime at T = 1435 K are presented in Fig. 3. First for a
SRO of bcec- and hcp-like structure it is not possible
to achieve a reasonable fit of the measured S(Q). The
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FIG. 3. Measured structure factor S(Q) of a Ni melt at T =
1435 K in the range 4.5 A™' < Q0 < 11.4 A™! (dots), and simu-
lated S(Q) by assuming clusters with different symmetries
prevailing in the melt: icosahedra (dashed line, {ry) = 2.38 A,
<8r(2)> = 0.029 A2, X = 0.99), dodecahedra (solid line, (ro) =
2.42 A, (8r3) = 0.026 A%, X = 0.95), fcc clusters (dotted line,
(roy = 2.45 A, (8r3) = 0.032 A%, X = 0.99). The inset shows
the results of the simulation under assumption of icosahedral
clusters (solid line) together with the contributions of the two
shortest interatomic distances within these clusters: distance of
the central atom to the atoms on the shell (r,) (dashed line) and
next neighbor distance of atoms on the shell (r;) (dotted line).

best fits obtained for icosahedral- ((ry) = 2.38 A, (6r) =
0.029 A%, X =0.99) and fcc- ((ro) = 2.45 A, (8r3) =
0.032 A2, X = 0.99) type SRO are shown in Fig. 3 together
with the measured S(Q) at large Q. If a SRO with fcc-like
structure is assumed, neither the position nor the shape of
the second oscillation of S(Q) are described, while for the
icosahedral clusters a significantly better agreement is
achieved. The better agreement of the simulation of
ISRO compared to that of fcc-type SRO can be understood
by examining the individual contributions of each intera-
tomic distance within these clusters to S(Q) [cf. the inset in
Fig. 3]. Let us recall that for an icosahedron the distance of
the central atom to the atoms on the shell ((r,)) and the next
neighbor distance of atoms on the shell ((r)) differ by
~5%, while for fcc clusters all distances of next neighbors
are identical. As the contributions from the distances of
nearest neighbors are the major ones to the total simula-
tion, this explains the better fit obtained with the icosahe-
dral cluster. In particular, the assumption of ISRO can
better reproduce the large oscillation at about 5.5 A
(Fig. 3) and the presence of the characteristic shoulder as
an asymmetry on the right-hand side of this oscillation.
Furthermore, it has to be noticed that the first interatomic
mean distances (ry) and (r;) = 1.0515(r,) obtained by the
simulations for icosahedral clusters are quite consistent
with the intermediate value of R;, the position of the
maximum of the first oscillation of g(R) which includes
both ry and ry.
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We have been dealing up to now with isolated 13 atom
clusters, but we may wonder about the nature of SRO at
larger distances. For this purpose, a simulation based on a
larger cluster, the dodecahedron, was also performed
(Fig. 3, (roy = 2.42 A, (673) = 0.026 A%, X = 0.95). The
dodecahedron is an icosahedral cluster of higher order
consisting of 33 atoms, which can be constructed from
the icosahedron by placing atoms densely on all its 20
triangular faces. When comparing the results obtained for
the two clusters with icosahedral symmetry it is obvious
that the assumption of dodecahedral clusters leads to a
better description of the measured S(Q). This may indicate
that a SRO order consisting of larger polytetrahedral ag-
gregates (such as dodecahedra) prevails in the liquid.
Moreover, at higher 7, a larger (6r(2)> and a smaller X
must be assumed in order to obtain a good fit of the
experimental data, with dodecahedral clusters ((8r3) =
0.026 A%, X = 0.95 at T = 1435 K compared to (5r3) =
0.033 Az, X = 0.80 for a Ni melt at T = 1905 K). The
increase of (8r3) reflects the T dependence of the Debye-
Waller factor, while the decrease of X indicates a less
pronounced ISRO at high 7. The same conclusions were
inferred from simulations of the S(Q) of stable and under-
cooled Fe and Zr melts.

In summarizing the results of the present work, the SRO
of Ni, Zr, and Fe metallic melts was investigated by
neutron scattering in a large temperature range from well
above T to the deeply undercooled metastable state at T <
T;. From the radial distribution function analysis and
the simulation of the measured structure factor, ISRO is
evidenced in all bulk metallic liquids and independently of
the structure of the nucleating solid phases. Moreover,
ISRO is revealed already above T; and becomes more
pronounced in the undercooled state with decreasing 7.
The present work gives an unambiguous experimental
proof of the early hypothesis of Frank [2] that was based
on arguments of topological ordering only.
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