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We report on investigations on the atomic dynamics and the static structure factors of binary NiygZrg, alloy
melts. In order to undercool the melts deeply below the melting temperature and to avoid reactions with
crucible materials, the liquids are containerlessly processed by the application of the electromagnetic levitation
technique. This technique is combined with quasielastic neutron scattering at the time-of-flight spectrometer
TOFTOF of the Munich research reactor (FRM 1I) and neutron diffraction at the diffractometer D20 of the
Institut Laue-Langevin. Partial static structure factors of liquid NisqZrgs have been derived via isotopic sub-
stitution. The quasielastic neutron-scattering experiments indicate a large activation energy for Ni self-diffusion
in liquid NizgZrgy of 0.64 eV. This may result from a peculiar short-range order of the Ni-Zr melts that differs
from the icosahedral short-range order that was previously found to prevail in most melts of pure metals and
of metallic alloys with a small difference of the atomic radii of the components and that is characterized by a
high nearest-neighbor coordination number of (Z) =~ 13.9, as found by elastic neutron scattering.
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I. INTRODUCTION

Processes on atomic scale determine the physical proper-
ties of liquids as well as solidification behavior of melts.'~
They are of special importance for understanding the glass
formation from the liquid. Here, the nucleation of crystalline
phases during cooling of a melt is avoided such that the melt
freezes under the formation of an amorphous solid. For
glass-forming melts of Ni-P, Pd-Ni-P, and Pd-Ni-Cu-P, it was
found that the addition of alloy components to the binary
Ni-P system strongly influences the liquidus temperatures
and glass-forming ability. Nevertheless, as shown in Fig. 1, it
shows a negligible impact on the Ni self-diffusivity.>? For
these alloys, the viscosity is coupled with the diffusivity by
the Stokes-Einstein relation at elevated temperatures, while
deviations from the Stokes-Einstein relation are observed,
when decreasing the temperature close to and below the criti-
cal temperature 7. of mode-coupling theory. On the other
hand, Zr-Ti-Cu-Ni-Be melts forming bulk metallic glasses
exhibit considerably smaller values of the Ni self-diffusivity
as Pd-(Ni-Cu-)P alloys at similar temperature (Fig. 1) and
viscosity and diffusivity are decoupled in the whole tempera-
ture regime.” Moreover, the activation energies for atomic
self-diffusion in the Zr-based melts are significantly larger as
compared to those for the self-diffusion in pure Ni (Ref. 6)
and AI-Ni alloys.>* Here we address the question of how
these differences in the atomic dynamics of the different
glass-forming systems originate from peculiarities in the to-
pological and the chemical short-range structure of the dif-
ferent melts.

A careful investigation of the short-range order of alloy
melts requires the determination of partial pair-correlation
functions: a challenging task prohibitively difficult for mul-
ticomponent alloy melts. As will be shown in this work, at a
given temperature undercooled binary NisqZrg, melts exhibit
similar Ni self-diffusivities as Zr-Ti-Cu-Ni-Be melts, sug-
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gesting similar mechanisms of atomic diffusion in the binary
system as in the complex multicomponent alloys. Combined
studies on the short-range order and on the atomic dynamics
of binary Ni-Zr melts that are presented in this work will
help to solve the question for the reason of the differences
between the Ni-P-based and the Zr-based glass-forming alloy
systems. The possibility of undercooling the Ni-Zr melts will
give access to the temperature regime for which diffusivity
data on the Zr-Ti-Cu-Ni-Be alloys are available.

In the first part of this work, we present the investigations
on the Ni self-diffusion in stable and undercooled NiszZrgy
melts by quasielastic neutron scattering. In the second part,
the short-range order of stable Nis¢Zrg, melts is studied by
elastic neutron scattering. In order to determine the full set of
partial structure factors of a binary alloy, three different dif-
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FIG. 1. Temperature dependence of the Ni self-diffusivity in
molten Ni3GZr64, AlgoNizo (Ref 4), NigonO (Ref 5), Pd40Ni40P20
(Ref. 5), Pds3CuyyNijoPyy (Ref. 5), and Ni (Ref. 6) as well as
of the mean Ni and Ti self-diffusivities in liquid
Zry; 5 Tij38Cuyp sNijoBeyy s (Ref. 7).
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fraction experiments with a different scattering contrast of
the components are required. In this work, this is achieved
by isotopic substitution. We will show that the topological
short-range structure of Nis¢Zrg, melts cannot be described
by an icosahedral short-range order that was found to prevail
in a large number of melts of pure metals and metallic
alloys.!%-!13 Moreover, there are indications for a pronounced
chemical short-range order in liquid NisgZrg,.

The combined sets of data obtained for liquid NizgZrg,
allow an analysis of the interplay of static structure and
atomic diffusion in the framework of mode-coupling theory
of the glass transition that is given elsewhere.'* From the
partial static structure factors and mode-coupling theory, the
self-diffusion and interdiffusion coefficients for molten
Nis¢Zrg, have been calculated. The absolute value of Dy
from the mode-coupling theory is about two to three times
larger than the experimental value, which is within the usual
quality of the mode-coupling approximation. The calcula-
tions predict that Zr and Ni diffusion proceeds with almost
equal rates and thus is more strongly coupled than one would
expect for a binary hard-sphere mixture, where only the dif-
ference in covalent radii between the two elements is ac-
counted for, but no chemical ordering effects. The experi-
mentally determined partial structure factors, however, give
evidence of a pronounced chemical ordering in liquid
NizZrgy. The mode-coupling theory predicts the dynamics of
the system using solely this static equilibrium input, estab-
lishing a firm relation between the structure and dynamic
transport in such melts. The similar self-diffusion coeffi-
cients for diffusion of Zr and Ni predicted by the mode-
coupling theory are also in contrast with the results of
molecular-dynamics simulations of a deeply quenched
NisyZrs, system,'> where Ni diffusion was found to be sig-
nificantly faster than Zr diffusion. However, the finding by
mode-coupling theory on Ni-Zr qualitatively agrees with re-
cent experimental results for glass-forming Pd-Ni-Cu-P
melts, where equal self-diffusion coefficients were observed
for Pd and Ni diffusion.'® These contradicting results moti-
vate further investigations on the interplay of structure and
dynamics in Ni-Zr melts.

The mode-coupling theory links the average static struc-
ture factor as an input parameter with macroscopic transport
coefficients and ensemble averages. In this paper, we will
present a detailed discussion of the microscopic structure of
the liquid giving rise to this ensemble-averaged structure and
its influence on atomic dynamics.

II. EXPERIMENTAL DETAILS

NizZre, samples roughly 1.5 g in mass, which corre-
sponds to a diameter of approximately 7.5 mm, were pre-
pared from the constituents under an Ar atmosphere (purity
99.999 9%) by arc melting. For the determination of the par-
tial static structure factors by isotopic substitution, speci-
mens were alloyed containing 6ONi, SSNi, and natural Ni.

In order to deeply undercool the liquids below the melting
temperature and in order to avoid reactions of the chemically
highly reactive Zr-based melts with the sample environment,
the liquids are containerlessly processed within a He atmo-
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sphere of 99.999 9% purity by employing the electromag-
netic levitation technique. A specially designed electromag-
netic levitator was used that was utilized already in
preceding investigations for neutron-diffraction studies on
the short-range order of undercooled metallic melts'” and
that has been modified in order to perform quasielastic
neutron-scattering experiments.®

The static structure factor of the liquids processed in the
electromagnetic levitator was determined by neutron scatter-
ing at the high-intensity two-axis diffractometer D20 of the
Institut Laue-Langevin (ILL) in Grenoble, France, using a
wavelength of the incident neutrons of A=0.94 A. The ex-
perimental setup and the data treatment procedure are de-
scribed in detail in Ref. 17. For the investigation of the dy-
namics of the liquids, quasielastic neutron-scattering
experiments were performed at the time-of-flight spectrom-
eter TOFTOF (Ref. 18) of the Munich research reactor (FRM
II) in Garching, Germany, using a wavelength of the incident
neutrons of A=5.1 A. The instrumental energy resolution
amounts to OE=95 ueV full width at half maximum
(FWHM) at zero energy transfer. It has been verified that
even for strongly incoherent-scattering samples such as those
of pure Ni, the precise determination of diffusion coefficients
is not hampered by the influences of multiple scattering de-
spite of the sample geometry (diameter is approximately 7.5
mm).°

III. RESULTS AND DISCUSSION
A. Atomic dynamics of liquid Zr-Ni

Quasielastic neutron-scattering experiments were per-
formed for liquid Nis¢Zre, at different temperatures ranging
from temperatures above the liquidus temperature 7; down
to temperatures in the metastable regime of an undercooled
melt below T;. As an example, the upper part of Fig. 2 shows
the quasielastic range of the scattering law S(Q,w) for un-
dercooled Nis¢Zrgy at T=1210 K (T;=1283 K) at two dif-
ferent wave vectors (0=0.8 A~' and 0=1.8 A™'); whereas
in the lower part of Fig. 2 S(Q, w) is depicted for two differ-
ent temperatures (7=1290 K and 7=1650 K) at a wave
vector of 0=0.9 A~!. The quasielastic signal can be well
described with a Lorentzian function convoluted with the
instrumental energy resolution function measured at 290 K
vanadium (lines in Fig. 2). It can be clearly seen that the full
width at half maximum I' of the Lorentzian function at con-
tant Q decreases with decreasing temperature. Moreover, at
constant temperature I rises if Q is increased. I is shown in
Fig. 3 for different temperatures as a function of Q2.

For small momentum transfer (below Q~1.2 A™!), the
measured signal is dominated by the incoherent scattering of
the Ni atoms [incoherent-scattering cross sections:
0o(™Ni)=52 b and 0y,.(Zr)=0.02 b] and the mean Ni
self-diffusivity is related with ' by D=I'Q"2/24.'%2° Hence,
at small Q, the slope of the I'(Q?) curves (Fig. 3) gives the
Ni self-diffusivity.

The Ni self-diffusivities determined for Nis¢Zrg, melts as
a function of temperature are compiled in Table I and are
plotted in Fig. 1. Also shown in Fig. 1 are the results from
former measurements of the Ni self-diffusivity in pure Ni,®
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FIG. 2. Scattering law for liquid Niz¢Zrgs at 7=1210 K for two
different wave vectors 0=0.8 A~! and 0=1.8 A~ (upper part)
and at 0=0.9 A~! for two different temperatures 7=1290 K and
T=1650 K (lower part).

A180Ni20,4 Nigopzo,s Pd40Ni40P20,5 and Pd43CU27Ni10P20,5 and
of the mean Ni and Ti self-diffusivity in melts of glass-
forming Zry; ,Ti 3 gCu;, sNijoBey, s.” At a given temperature,
the absolute values of the Ni self-diffusion coefficients mea-
sured for NijgZrg, are considerably smaller than those found
for Ni, Al-Ni, and Ni-(Pd-Cu-)P, while the slope of the D(T)
curve is higher. However, the diffusivity values of the binary
Nis¢Zre, melts extend the D(T) curve determined for
71y, 5Ti3gCuy, sNijgBes, s to higher temperatures. At tem-
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FIG. 3. Full width at half maximum I" of the Lorentzian curves
as a function of Q7 for liquid NissZrgs at three different tempera-
tures. The errors are smaller than the symbol size.
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TABLE I. Ni self-diffusion coefficients of NiysZrg, melts deter-
mined by quasielastic neutron scattering (7;=1283 K).

T D
(K) [10™° m?/s]
1210+5 0.45+0.06
1290+ 5 0.70+0.06
1345+5 0.90 £ 0.06
1455+5 14+0.1
1545+5 1.7+0.1
1650+5 23+02

peratures around 1200 K, even the slopes of the curves differ
only slightly despite of the different alloy compositions. This
indicates that the addition of the other alloy components (Ti,
Cu, and Be) to the binary Ni-Zr alloy has only a small influ-
ence on the Ni self-diffusivity. A similar behavior has also
been observed for the Ni-(Pd-Cu-)P system, where the addi-
tion of Pd and Cu to the binary Ni-P alloy has only a minor
impact on the Ni self-diffusion (see also Fig. 1).3

The D(T) of liquid NiscZrgs shows essentially an
Arrhenius-type behavior D=D,, exp(-E4/kzT) in the investi-
gated temperature regimes with £,=0.64*0.02 eV and D,
=(2.1+0.3) X 1077 m?/s (dashed line in Fig. 1). These acti-
vation energies for Ni self-diffusion are large as compared to
the values observed in other melts. For instance, our former
investigations on pure Ni gave E,(Ni)=0.47 eV.° For liquid
AlgoNi,, a value of E4(Al-Ni)=0.36 eV is reported.* Even a
lower activation energy of E,(Si-Ni)=0.28 eV has been de-
termined for the Ni self-diffusion in Si-rich Si-Ni melts.?!
The temperature range in which an Arrhenius-type behavior
of the self-diffusion coefficient has been observed is consid-
erably above the critical temperature 7, of mode-coupling
theory. When approaching 7T, mode-coupling theory predicts
a (T-T,)” dependence of the diffusivity. Indeed, as reported
earlier,’” the temperature dependence of the mean Ni and Ti
self-diffusivity in liquid Zry; ,Ti;3gCu,5NijgBey s is well
described by a (T-T,)” law with T7,=850 K and y=2.5 (dot-
ted line in Fig. 1).

B. Short-range order of liquid NizsZrg,

In order to find the reasons for the peculiar atomic dynam-
ics in the Ni-Zr-based melts, we have investigated the short-
range structure of three NiygZrg, melts prepared with natural
Ni, 58Ni, and °Ni at a temperature of 7=1375 K by elastic
neutron scattering. Figure 4 shows the resulting three total
static structure factors S(Q). Marked differences between
these structure factors are visible. The strong dependence of
the shape of the total structure factors on the scattering cross
sections of the alloy components highlights that the analysis
of the short-range order in these alloy melts is not possible
using one total structure factor from one diffraction experi-
ment only, but it is necessary to determine the full set of
partial structure factors. We have calculated the partial struc-
ture factors from the three total structure factors within the
Faber-Ziman®? and the Bhatia-Thornton formalism.?
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FIG. 4. Total structure factors measured by neutron scattering
for ®NiseZrey, NiseZrey, and "™NisZrg, at T=1375 K. The
curves are shifted by multiples of 0.5 along the vertical axis.

The static Faber-Ziman structure factors Sy,,.(Q),
Snize(Q), and Syini(Q) describe the contributions to S(Q),
which result from the three different types of atomic pairs
(Zr-Zr, Ni-Zr, and Ni-Ni). Within the Bhatia-Thornton for-
malism, the static partial structure factor Syy(Q) describes
solely the topological short-range order of the system,
Scc(Q) the chemical short-range order, and Sy-(Q) the cor-
relation of number density and chemical composition. The
upper part of Fig. 5 shows the Bhatia Thornton structure
factors and the lower part the Faber-Ziman structure factors
determined from the neutron-scattering experiments for lig-
uid NisyeZrg, at T=1375 K. The corresponding pair-
correlation functions gyy(r), gcc(r), gne(r), 8z:2:(r), gnini(r),
and gyiz(r) calculated by Fourier transformation from the
static structure factors are depicted in Fig. 6. The cutoff of
the integration has been Q,,,,=11 A~ and no damping has
been applied to S(Q)-1. Some small oscillations visible in
the pair-correlation functions are artifacts resulting from the
limited Q range available for Fourier transformation.

The Bhatia-Thornton pair-correlation function gec is
characterized by a remarkable minimum at r=~2.7 A. This
minimum is a signature of a chemical short-range order pre-
vailing in the liquid, which results in an affinity for the for-
mation of Ni-Zr nearest neighbors. The same conclusion can
be drawn from the fact that the first maximum of the Faber-
Ziman pair-correlation function gz () is significantly larger
than the first maxima of gnini(7) and ggz.(r).

From the first maxima of gyy(r), gnini(7), &zz:(r), and
gniz:(r), the corresponding nearest-neighbor distances are de-
termined for the different types of neighbors that are com-
piled in Table II. Moreover, the different nearest-neighbor
coordination numbers Z;; (i,j=N,Zr,Ni) are calculated by
integrating the partial radial distribution function
4rc;prig;i(r) over its first maximum (with the first and sec-
ond minimum as integration boundaries). ¢; denotes the com-
position of component j and p denotes the atomic density. A
value of p=0.052 at./A3 is used that is inferred from the
measurements of the density of NiysZrgs melts employing
electromagnetic levitation. There are other methods to deter-

mine Z;; 26 which may lead to a spread of the absolute values
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FIG. 5. Static partial Bhatia-Thornton (upper part) and Faber-
Ziman (lower part) structure factors of liquid NizgZrgy at T
=1375 K. The curves for Sy, and S are shifted by two and Syc
and Sy;z, are shifted by four along the vertical axis.

of Z;; by about 10% (not included in the errors of Table II).
The nearest-neighbor coordination number Zy,; inferred from
the Bhatia-Thornton pair-correlation function gy, describes
the average number of nearest neighbors of an arbitrary atom
without distinguishing the different elements. The coordina-
tion numbers Z; (i,j=Zr,Ni) calculated from the Faber-
Ziman pair-correlation functions describe the number of
neighbors of type i around a j atom. The average coordina-
tion number (Z)=c(Z;+Z;)+c/Z;+Z;) determined from
the Faber-Ziman partial coordination numbers is in agree-
ment with Zyy that is calculated from the Bhatia-Thornton
pair-correlation function gyy. In Table II the nearest-
neighbor distances and the coordination numbers we inferred
for liquid NisgZrg, are compared with the corresponding val-
ues reported in literature for liquids of the pure elements Ni
(Ref. 10) and Zr,'" for amorphous NiysZrss,>* and for
AlggNiyg (Ref. 25) and Al3(Co,Fe), (Ref. 12) melts. The
values we determined for liquid NizgZrg, are close to the
literature values for amorphous Ni,sZrss. The larger Zyn;
and Zy;z, observed for NizsZrgs may be explained by the
higher Ni concentration of this alloy. The Ni-Ni and Zr-Zr
nearest-neighbor distances found in Nis¢Zrg, are slightly
larger than in the molten pure elements, while the Ni-Zr
distance is slightly smaller than the average of the nearest-
neighbor distances of both pure elements. The average coor-
dination number (Z)=13.9 measured for liquid NizsZrg, is
considerably higher than the typical values of (Z)=~12 re-

ported for most metallic melts,'%?¢ including the melts of the
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FIG. 6. Partial Bhatia-Thornton (upper part) and Faber-Ziman
(lower part) pair-correlation functions of liquid NisgZrg, at T
=1375 K. The curves for g7 and gcc are shifted by two, gyc is
shifted by three, and gy;z, is shifted by four along the vertical axis.

pure components Ni and Zr and Al-transition metal (TM)
alloys as compiled in Table II. This indicates a comparatively
high local density of packing in molten NiseZrg,.

For a further analysis of the topological short-range order
of liquid Nis¢Zrey, Syny(Q) was modeled in the regime of
large Q vectors by assuming that the short-range order is
dominated by one type of structural units. The used simula-
tion method?”-?® has the advantage that it depends on three
free parameters only. These are the shortest mean distance of
atoms (ry) within the unit, its mean thermal variation <5r3>
that determines the Debye-Waller factor exp(-2Q%< 5}%
>/3), and the concentration X of atoms belonging to the
aggregates that make up the short-range order in the liquid.

PHYSICAL REVIEW B 79, 064204 (2009)
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FIG. 7. Measured (gray symbols) and simulated (solid line) Syy
of liquid Nis¢Zrg, at large momentum transfer. For the simulation,
an icosahedral short-range order is assumed to prevail in the melt.

The parameters are adjusted such that the best fit of the ex-
perimentally determined Syy(Q) is obtained especially at
large Q vectors. This regime of large Q vectors is mainly
determined by the short-range order because the contribu-
tions from the less tightly bound intercluster distances are
damped out by thermal motions. Effects of long-range cor-
relations which affect Syy(Q) mainly at small Q vectors are
neglected in this simple approach. As an example, the result
of a simulation under an assumption of an icosahedral short-
range order that has been frequently reported to prevail in
metallic melts (see discussion below) is shown in Fig. 7 to-
gether with the experimentally determined Syy(Q) at large
momentum transfer. No reasonable description of the mea-
sured structure factor is obtained for icosahedral short-range
order. Also for a dodecahedral, fcc, hep, or bee type of short-
range order, the simulated structure factors disagree with the
experimental data. Obviously a more complex type of short-
range order prevails in liquid NizgZrey.

We also modeled the structure factors under an assump-
tion of a trigonal prismatic short-range order as suggested by
molecular-dynamics investigations for amorphous Zr-Ni-Al
alloys.? For this type of short-range order, a good descrip-
tion of the measured structure factor was only obtained if
atomic distances were assumed that are in contradiction with

TABLE II. Nearest-neighbor distances and coordination numbers inferred from the partial pair-correlation functions for the different
types of neighbors. In case data has been measured as function of temperature, the range of variation in the values with increasing

temperature is given.

T NN INiNi ZNiNi " 7:7r Zszr INiZr Zpni iz
(K) (A) Zny (A) (Zrmrw) (A) (Zp1aD) (A) (Zamrw) (Zrma)  (2) Ref.
This

NizZres 1375 2.80%+0.02 13.8+0.5 255+0.02 2.5+0.5 3.20+0.02 104*0.5 2.69+0.02 8.8+05 50*0.5 13.9+0.5 work
Ni 1435-1905 2.49-2.48 123-112 249-2.48 123-11.2 123-11.2 1©
Zr 1830-2290 3.13-3.12 122-11.9 3.13-3.12 12.2-11.9 122-11.9 1©
NiysZr7s
(amorphous) 2.63 1.8 3.16 10.9 2.66 8.6 2.8 12.9 2
AlgoNiy 2.63 1.65 9.6 10.9 2.7 12.6 »
Alj5(Co,Fe), T;+30 K 12.3 1.9 9.8 9.7 3.0 12.5 12

064204-5



HOLLAND-MORITZ et al.

the nearest-neighbor distances inferred from the diffraction
studies (Table II) such as a Ni-Zr distance of approximately
3.2 A

Preceding investigations on the short-range order of mon-
atomic metallic melts provided strong evidence that an icosa-
hedral or, more generally, a polytetrahedral short-range order
prevails in the liquid phase from theoretical modeling®*-3? as
well as from experimental'®!1.133334 gtydies. Diffraction
experiments!®1113:33:34 have proven that in general this short-
range order of the liquid phase is independent of the struc-
ture of the corresponding solid phase that is formed from the
liquid during solidification. The icosahedral short-range or-
der has already been observed for stable melts above the
melting point and it becomes more pronounced if the liquids
are undercooled below the melting temperature. There are
indications that this short-range order consists of larger poly-
tetrahedral units such as dodecahedra.'”

As shown before, for Nis¢Zrg, the assumption of an icosa-
hedral topological short-range order in the melt is not able to
describe the measured Syy. Also the high nearest-neighbor
coordination numbers Zyy are not in agreement with the
icosahedral short-range order, which suggest Zyy~ 12. It is
important to note that the above-mentioned investigations in
which an icosahedral short-range order was found are con-
cerned with monatomic metallic melts. For alloy melts, such
as NizeZrgy, however, the situation is more complex. While
for monatomic systems an icosahedron is characterized by
high density of packing, for alloys with a large difference in
the atomic radii the formation of units with a different sym-
metry may be favorable. As long as the atomic radii of the
alloy components are similar, it can be assumed that again an
icosahedral short-range order will be advantageous. Jénsson
and Andersen,? for instance, investigated a binary Lennard-
Jones liquid, which contained 20% of A atoms that were 25%
larger than the B atoms by molecular-dynamics simulations.
In the deeply undercooled liquid, 61% of all atoms were
within an icosahedral environment.

On the other hand, molecular-dynamics calculations by
Dasgupta et al.>® on a binary Lennard-Jones liquid consisting
of an equal number of atoms—but with one species having a
1.6 times larger radius than the other—exhibited no indica-
tion for the development of an icosahedral short-range order
in the undercooled melt.

Ronchetti and Cozzini®’ suggested that these contradict-
ing findings may be a result of the difference in the atomic
radii and the composition of the simulated binary systems.
They studied the structure of 13-atom clusters in a binary
Lennard-Jones liquid consisting of large A atoms (radius R,)
and smaller B atoms (radius Rp) as a function of the ratio
R4/Ry and of the concentration ¢z of B atoms. For R,/Rp
=1.25, icosahedral units are dominant in the composition
ranges cp<<4/13=30 at % and cz>8/13~=~62 at %; while
at compositions around 50 at. % no favored structure was
observed. With an increasing ratio R,/Rp the composition
ranges, in which icosahedral units are dominant, shrink. For
R4/Rp=1.6 icosahedral symmetry is only preferred for cjp
<1/13=7.7 at % and cz3>69 at %. In a composition inter-
val of 1/13=7.7 at %, <cp<<5/13=38 at % clusters con-
sisting of 10 atoms are preferred, while in the remaining
range no dominant structure was found.

7
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The molecular-dynamics studies of Jénsson and
Andersen,® which found an icosahedral short-range order,
were performed for systems, which have a composition (cz
<30 at %) and a R,/Rjy ratio (R,/Rp ratio =1.25) at which
icosahedral clusters should be favorable according to the cal-
culations by Ronchetti and Cozzini.?” Also the results from
Dasgupta et al® are consistent with the suggestions by
Ronchetti and Cozzini*’ because for the parameters R,/Ry
=1.6 and c3=50 at %, icosahedral clusters are predicted to
be disadvantageous.

From the experimental side, the short-range order of a
large variety of alloy melts has been investigated by diffrac-
tion techniques. The investigated systems include Al-based
melts forming quasicrystalline or polytetrahedral solid
phases [Al—(Pd—)Mn,27’28 A113(C0,Fe)4,12 and A16()CU34FC6
(Ref. 38)]; Cos5Pd,s melts® that form crystals with an fcc
structure and Tis, 3Fe,7, (Ref. 40) liquids, which form B
(Ti,Fe) (bce structure) as the primary phase during solidifi-
cation. The studies give a direct experimental proof of an
icosahedral short-range order prevailing in all of these alloy
melts. As for melts of pure metals, this icosahedral short-
range order in the liquid phase is already observed at tem-
peratures above the melting point and becomes more pro-
nounced if the temperature of the melt is decreased. For the
Al-based systems and for Tiy, sFe,; 7, the icosahedral topo-
logical order is accompanied by a pronounced chemical or-
der such that Al-TM or Ti-Fe nearest neighbors are
preferred.!>272840 Al of these alloys are characterized by a
moderate difference of the atomic radii of the components
with ratios of the atomic radii smaller than 1.25. For binary
alloys, at such R,/Rjp ratios the molecular-dynamics calcula-
tions of Ronchetti and Cozzini®” predict an icosahedral short-
range order in wide composition ranges, which is consistent
with the experimental findings. Please note that for the ter-
nary Al-based alloys discussed before, the difference of the
atomic radii of the TM atoms is very small such that these
alloys can also be considered as binary Al-TM alloys, if only
the atomic radii are concerned.

Ni-Zr alloys, however, exhibit a significantly larger differ-
ence of the atomic radii of the components than the binary
alloys for which an icosahedral short-range order was found
(Goldschmidt radii: R;,=1.60 A, Ry;=1.24 A, and R, /Ry;
=1.29). As suggested by the molecular-dynamics
calculations,?®37 this may promote the formation of alterna-
tive structures different from the icosahedral one.

We have shown in Sec. III A that the activation energies
for the Ni self-diffusion in the Ni-Zr liquids are significantly
higher than the values determined for liquid Ni and AlgyNiy.
The absolute values of the Ni self-diffusion coefficients in
Ni-Zr are more than 1 order of magnitude smaller than those
in AlggNi,,. For pure Ni, the static structure factors measured
by neutron scattering'® and diffraction of synchrotron
radiation!! are indicative of an icosahedral short-range order
in the melt.'%!" For Alg,Ni,, partial structure factors were
calculated by molecular-dynamics simulations.**' The simu-
lations are indicative of a chemical short-range order such
that Al-Ni nearest neighbors are preferred. The Bhatia-
Thornton structure factor Syy calculated for liquid AlggNiy,
develops a shoulder on the second maximum if the tempera-
ture is decreased. Such a shoulder is considered as a first
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indication of an icosahedral short-range order prevailing in
the melt.! Our diffraction studies have revealed that for
NiseZrey, similar as predicted for AlggNi,, there is a chemi-
cal short-range order such that heterogeneous nearest neigh-
bors are preferred. The topological short-range order of
Nis¢Zrg, melts, however, is different from an icosahedral
one. It may be speculated if the marked differences in the
activation energies for Ni self-diffusion observed between
liquid Ni-Zr on one side and Ni and AlgyNi,; on the other
side are a result of the different topological short-range order.
Especially, the comparatively large average coordination
number (Z)=13.9 observed for NiscZrs, melts suggests a
large local density of packing. This may result to the ob-
served large activation energy for atomic diffusion.

The experimental observation or theoretical prediction of
icosahedral short-range order in a large number of metallic
melts, including some glass-forming systems, resulted in
speculations about a possible link between glass-forming
ability and icosahedral short-range order.*> This idea has
been supported by the observation that some glass-forming
melts form metastable quasicrystalline phases as primary
phases during devitrification.*3 In this work, however, we
provide evidence that the short-range order in glass-forming
NisZrg, melts, which is the binary basis system of many
multicomponent Zr-based glass-forming alloys, is not domi-
nated by icosahedral aggregates. From this we conclude that
the glass-forming ability is not tied to a special kind of short-
range order in the melts but depends on more general factors
such as a high density of packing combined with rather small
atomic diffusion coefficients or structural frustration (many
competing solid structures). As discussed before, icosahedral
short-range order is predicted to be the favorable structure
especially for melts with a small difference of the atomic
radii of the components. A great variety of glass-forming
alloy systems, however, is characterized by large differences
of their atomic radii. In such case, alternative types of short-
range order may allow for a higher density of packing than
the icosahedral one and consequently these types of short-
range order may be preferred.**

PHYSICAL REVIEW B 79, 064204 (2009)

IV. CONCLUSIONS

We have determined partial structure factors of liquid
NiseZrgy by neutron scattering using the technique of isotopic
substitution. The Niz¢Zrg, melts exhibit a pronounced chemi-
cal short-range order such that the Ni-Zr nearest neighbors
are preferred. Different from most other metallic melts inves-
tigated so far, we found no indications for the existence of an
icosahedral short-range order in stable NijgZrg, melts. This
may result from the comparatively larger difference of the
atomic radii of Ni and Zr (R,./Ry;=1.29).

The atomic dynamics of stable and undercooled NizgZrg,
melts was studied by quasielastic neutron scattering. In the
investigated temperature regime, the temperature depen-
dence of the diffusion coefficients can be reasonably well
described by an Arrhenius behavior. The D(T) values deter-
mined for NisysZrg, are on the same curve as those reported
for glass-forming Zr-Ti-Ni-Cu-Be alloys. This may suggest
that for these systems, Ni self-diffusion is governed by simi-
lar microscopic processes.

The activation energy for Ni self-diffusion is significantly
larger for liquid Ni-Zr than for pure Ni and AlgyNi,, and the
absolute values of the Ni self-diffusion coefficients in the
range of 0.45-2.3X 107 m?/s are more than 1 order of
magnitude smaller than the diffusivities reported for liquid
AlggNiyg. This might be a result of the different topological
short-range order in these systems.
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