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Structure of the amorphous, massive-metallic-glass forming Ni25Zr 60Al15 alloy
from molecular dynamics simulations

M. Guerdane* and H. Teichler†

Institut für Materialphysik, Universita¨t Göttingen, D-37073 Go¨ttingen, Germany
~Received 13 July 2001; published 3 December 2001!

Results are reported from molecular-dynamics simulations on the structure of the amorphous, massive-
metallic-glass forming Ni25Zr60Al15 alloy. The applied atomic-interaction model predicts radial distribution
functions for the glass and specific-heat values for the melt that fit well to the experimental data in the
literature. Analysis of bond-angle distribution and nearest-neighbor numbers reveal two types of short-range
order in the system, related to the environments of Al and of Ni atoms. While Ni atoms have a trigonal
prismatic neighbor shell under avoidance of direct Ni-Ni contacts, the Al atoms show an icosahedral surround-
ing with a tendency to form short segments of Al chains. It is the particular feature of the ternary alloy that its
structure has to simultaneously accommodate both types of ordering. Even at high temperatures, the local order
leads to prepeaks in the Ni and Al structure factors that experimentally should be detectable in the melt above
the equlibrium melting point.
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I. INTRODUCTION

Although in the last decade a large amount of experim
tal work has been devoted to the study of the multicom
nent ‘‘bulk-metallic-glass’’ forming alloys,1–7 the micro-
scopic details of these exceptional new materials are stil
open question. In order to advance on the atomic scale,
basic understanding of the special properties of this no
class of amorphous alloys with their interesting technolog
perspectives, we present here results from molecu
dynamics~MD! simulations for one representative of th
class. MD simulations have been used successfully to a
lyze the structural, thermodynamic, and dynamic proper
of simple and binary amorphous alloys at a microscopic le
on a scale ranging from the vibration~1 ps! to the mesos-
copic (1 ms) times.8–13 For metallic glasses with more tha
two components, only a few computer studies have b
performed so far, e.g., for Ga15Zn15Mg70.14 Here we report
results of MD simulations on the thermodynamic and str
tural properties of the ternary amorphous all
Ni25Zr60Al15,15 which experimentally1 has a large glass
forming ability ~GFA! and belongs to the bulk amorphou
alloys. According to our best knowledge, this is the first M
simulation dealing with a ternary bulk-metallic-glass mod
system.

Experimentally, amorphous Ni-Zr-Al ternary alloys we
developed first by Inoueet al.1 They exhibit a wide
supercooled-liquid region and a high mechanical strengt
the Zr-rich composition side. In particular, the compositi
Ni25Zr60Al15 has a wide span between crystallization a
glass-transition temperature,DTx5Tx2Tg'80 K, which is
the largest for this class of amorphous alloys. Therefore,
selected this particular composition for our study. The hig
est value of the reduced glass transition temperature is
found in the vicinity of this composition, withTg /Tm
'0.64.

The present contribution is devoted to the analysis of
structural details of a ternary-alloy model and its possi
0163-1829/2001/65~1!/014203~10!/$20.00 65 0142
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differences to Zr-rich binary Ni12xZrx systems. The analysi
shows that in the ternary system two types of chemical sh
range order~SRO! prevail, related to the Al and the Ni sub
systems. It is the particular feature of the ternary alloy tha
has to accommodate simultaneously both types of struct
order, while the binary systems show only one type each

The particular order in the ternary Ni25Zr60Al15 model is
reflected in its medium range order~MRO!. MRO in liquids
and amorphous solids has attracted increasing inte
recently16–19 as it refers to the existence of structural ord
on a scale larger than the average nearest-neighbor dista
MRO gives rise to the so-called first sharp diffraction pe
~FSDP! in the structure factorS(Q) at aQ value smaller than
that of the main peak where the latter commonly is asso
ated with SRO. Our structural analysis reveals the existe
of well-defined FSDP’s in the partial Faber-Ziman structu
factorsSNiNi

FZ (q) andSAlAl
FZ (q), a clear signature for ordering

beyond the nearest-neighbor distance. Below, aspects of
order are described as visible in the bond-angle distribut
the pair distribution functions, the structure factors, and
stress distribution around the atoms.

In the literature, MRO is attributed to various mech
nisms. In the case of the network-forming ‘‘strong’’ glass
~for the classification see Angell20!, the FSDP is related to
the network structure following from the directional covale
bonding or the ionic-polarization effects~e.g., Refs. 19 and
21!. FSDP’s have been also observed in some ‘‘fragi
glasses.22–24In this case the MRO is attributed to the form
tion of structural units constituted of unlike atoms~good
mixing behavior! or like atoms~demixing tendency!. The
MRO in this case could be dictated by steric conditions~to-
pological order! or by chemical affinities between the diffe
ent atoms~chemical order!. These two orders are not nece
sarily independent of each other. A further interpretation
the FSDP is the void-based approach used by Sadighet al.18

to explain the MRO in a simple monoatomic liquid simulat
by MD methods.

As described below, our studies show that in the tern
©2001 The American Physical Society03-1
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M. GUERDANE AND H. TEICHLER PHYSICAL REVIEW B65 014203
Ni25Zr60Al15 alloy the FSDP’s are induced by well-describ
chemical- and atom-size-related ordering effects in the m
and in the amorphous solids. The simulations predict that
structural order develops already at very high temperatu
well above equilibrium melting point, and thus should
experimentally detectable in the melt. In a study of a selec
group of Zr-based bulk metallic glasses, Buschet al.25 relate
the large GFA of these materials to the presence of a com
rable chemical order in the melt.

The paper is organized as follows. In the following se
tion some details of the potentials used in this investigat
are described. A thermodynamic study is given in Sec. III
Calculated structure data are compared with available exp
mental data in Sec. III B. In Sec. III C, an insight in th
topological ordering is given by analyzing the bond-an
distribution. The medium range order is discussed in S
III D. Some concluding remarks are added at the end.

II. MODEL AND METHOD

The MD calculations are carried out as isotherm
isobaric (N,T,p) simulations for an orthorhombic basis ce
containingN51100 atoms with cyclic boundary condition
The equations of motion of theN particles at temperatureT
and~zero! external pressurep are numerically integrated by
fifth-order predictor-corrector algorithm with time stepDt0
typically 2.5310215 s. Temperature here is introduced
the kinetic temperature determined from suitable time av
ages of the kinetic energy.

Well-relaxed structures are generated by cooling a
equilibrating the system, starting with a liquid configurati
at 3000 K. The equilibration time lies between about 0
3106 integration steps~2 ns! at highest temperatures an
203106 integration steps~50 ns! at lowest temperatures. I
order to evaluate the various physical parameters, data an
sis is carried out over about the last two-thirds of the equ
bration run. Taking into account the equilibration time, t
effective cooling rate is of the order of 1010-109 K/s.

In order to model the interatomic couplings of the bina
Zr-rich Ni12xZrx reference systems, we follow the approa
from Refs. 8 and 9 using short-ranged pair potentials, aim
at taking care of the electronicd-state interactions, and
volume-dependents-state partEVol(V). For the pair poten-
tials F IJ(r )(I ,JP$Ni,Zr%) an expression of a slightly gen
eralized Stillinger-Weber~SW! form26 is used,

F i j ~r !5A@~ar 2a1!2n21#expS 1

ar 2a2
D ~r ,a2 /a!.

~1!

For estimating the pair-potential parameters, we combine
formation from the Hausleitner-Hafner hybridized nea
free-electron tight-binding-bond model27 for Ni35Zr65 with
experimental data about the partial distribution functions
amorphous Ni35Zr65 ~Ref. 22! and its particle density. In
Table I are given the SW parameters for the NiZr-syst
used here.

In order to model the ternary Ni25Zr65Al15 alloy for the
Ni-Zr subset, the above-described pair potentials for the
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ordered binary alloy Ni35Zr65 are adopted. Regarding the A
coupling,FAl-Al is described by the pair potential suggest
by Pettifor and Ward28 for pure Al within the framework of
second-order pseudopotential theory,29

F~r !52
Z2

r (
n51

3

Ancos~knr 1an!e2knr , ~2!

with values given in Table II. As this potential is of a long
range nature due to the asymptotic Friedel oscilllations,
impose a cutoff radius at a distance of 5.5 Å.

For the remaining cross-interaction potentialsFNi-Al and
FZr-Al , we assume the empirical Stillinger-Weber form, E
~1!. The parameters of the potentials are deduced by fittin
the experimental values of the cohesive energyEc , the bulk
modulusB and the lattice constants of the crystallineL12
structures Ni3Al and Zr3Al. The experimental value of the
bulk modulus of Zr3Al is not available in the literature, to
our knowledge. We used, therefore, a value of 0.62 eV Å23

determined by Spangenberg30 in a first-principles linear
muffin-tin orbital ~LMTO! calculation, which is close to the
concentration-weighted average of the bulk moduli of pu
Zr ~Ref. 31! and Al,32 0.58 eV Å23 .

Table I presents SW parameters obtained by standar
routines,33 which describe well the input quantities under t
assumption of a short-ranged potential. Table III compi
the experimental values of the input quantities and their c
culated counterparts from the SW parameters.

In each subset~Ni-Zr, Ni-Al, and Zr-Al! the interaction
energy between the pair of unlike atoms is found to be low
than the mean interaction energy in like-atom pairs

F~r AB!,
1

2
uF~r AA!1F~r BB!u ~3!

for r i j , the potential minimum distances. This means
compound-formation tendency or a heterocoordination p
erence in the three binary subsets.29 This trend is experimen-
tally well established for the binary compounds as reflec

TABLE I. Stillinger-Weber potential parameters@Eq. ~1!# used
for the atom pairs indicated in the table.

A ~eV! a(Å 21) a1 a2 n

Ni-Ni 1.150 0.417 0 1.527 5
Ni-Zr 3.350 0.387 20.135 1.665 5
Zr-Zr 5.166 0.337 20.025 1.829 3
Ni-Al 3.060 0.429 0 1.717 3
Zr-Al 1.305 0.339 20.068 1.830 12

TABLE II. Pair-potential parameters@Eq. ~2!# for pure Al after
Pettifor and Ward~Ref. 28!.

n An ~eV! kn(Å) kn(Å) an /p

1 57.317 0.546 2.776 20.441
2 9.176 2.254 2.443 0.832
3 0.216 3.353 0.977 0.431
3-2
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STRUCTURE OF THE AMORPHOUS, MASSIVE- . . . PHYSICAL REVIEW B 65 014203
by a pronounced negativity of their respective heats of m
ing and a strong tendency to short-range order in th
structure.22,35,36The heterocoordination seems to be stron
for the binary systems Ni-Al and Ni-Zr than for Zr-Al. Thi
feature implies that there may be a competing mechanism
the chemical short-range order in the ternary alloy Ni-Zr-A

III. RESULTS

A. Enthalpy and specific heat

In this section, we report results of the simulations co
cerning thermodynamic quantities of the binary and tern
model. Figure 1 presents the enthalpy per atom reduce
the energy of the harmonic oscillator,H23kBT, as a func-
tion of temperature. Experimentally and from MD simul
tion, this quantity is found to undergo significant changes
the glass-transition region, which commonly are interpre
in the way that the system falls out of equilibrium belowTg .
The changes manifest themselves in our simulations at
temperatureT'1050 K for the ternary and atT'1200 K
for the binary Ni40Zr60 alloy. We identify these temperature
as the caloric glass temperatures for the correspon
model.

Since in our case the cooling rates in both cases are c
parable, the higherTg for the binary system suggests, thu
that there structural relaxations take place more slowly t

TABLE III. Experimental values of Ni3Al and Zr3Al properties
used in the fit of the parameters of the Stillinger-Weber pair pot
tials FNi-Al andFZr-Al , respectively.

Ni3Al Zr3Al
Expt. Calc. Expt. Calc.

a(Å) 3.57a 3.54 4.37b 4.38
Ec ~eV! 4.57a 4.45 5.89c 5.90
B(eV Å23) 1.03a 1.05 0.62d 0.65

aReference 32.
bReference 34.
cReference 35.
dReference 30, determined by Spangenberg using first-princi
LMTO calculation.

FIG. 1. EnthalpyH23kBT per particle versus temperatureT for
the ternary Ni25Zr65Al15 and binary Ni40Zr60 alloys.
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in the ternary system. This reflects slower atomic dynam
in the binary model or a reduced probability for transitio
into altered configurations, in the spirit of the potentia
energy-landscape picture.

By differentiating the enthalpyH with respect to the tem-
perature, we obtain the specific heat at constant pressureCp .
Cp can be, alternatively, evaluated from the time-avera
fluctuations of the enthalpy at a given temperature,37,38

^~dH !2&5^H2&2^H&25kBT2Cp . ~4!

The validity of this formula supposes that the system is
thermodynamic equilibrium. Use of Eq.~4! is particularly
favorable when the enthalpy data are spoilt by noise or
sufficiently precise to allow the evaluation of the derivativ

The values ofCp at temperatures aboveTg are calculated
here by using the fluctuation formula~4!. For temperatures
belowTg , this formula turns out to underestimateCp , which
is probably due to the fact that forT,Tg the simulation time
scale is too short to describe all possible fluctuations of
system. Therefore, we evaluatedCp in this temperature range
from the direct differentiation of the enthalpy. The results a
displayed in Fig. 2. There also are included the experime
results Cp,exp from the differential scanning-calorimetr
~DSC! measurements for the amorphous Ni25Zr65Al15 alloy
by Inoue et al.,1 for the undercooled melt by Zappel an
Sommer39 and for the melt by Zhou and Sommer.40 Addi-
tionally we show in Fig. 2 the interpolation curve deduced
Zhou and Sommer40 for the undercooled melt in the frame
work of their associate model. Our MD-simulation data e
trapolate quite well experimental data to higher tempe
tures, indicating that our model describes sufficiently w
the density of states in the equilibrium melt.

At very low temperatures, the experimental and the c
culated values ofCp tend both to the classical Dulong-Pe
value expected for a harmonic solid (Cp'25 J K21 g21).

The experimental glass temperatureTg,expt from DSC
heating measurements for the binary NiZr2 and the ternary
Ni25Zr65Al15 alloy are around 652 K~Ref. 41! and 720 K,1

-

es
FIG. 2. Specific heatCp versus temperatureT for the ternary

Ni25Zr65Al15 and binary Ni40Zr60 alloys as calculated from ou
model ~circles!. The experimental results are measurements in
glassy state~full squares! ~Ref. 1! and in the undercooled liquid
~triangles and star! ~Refs. 39 and 40!. The dashed line is calculate
Cp ~Ref. 40! using the associate model.
3-3
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M. GUERDANE AND H. TEICHLER PHYSICAL REVIEW B65 014203
respectively. These data are well below the values of
calculations, 1200 K for the binary and 1050 K for the te
nary system determined from the bend in the energy d
The deviations can be partly attributed to the cooling-r
dependence ofTg . The cooling rate used in our MD simu
lations ('1010 K/s) lies at least 4 decades above typic
cooling rates used in experiments (,106 K/s for conven-
tional glasses and,102 K/s for bulk amorphous alloys! and
about 8–10 decades above typical heating rates of DSC m
surements ('10 K/s). For the binary system, nevertheless
more detailed comparison of calculated and experimentaTg
is possible. From heating experiments on Ni34Zr66, Lück
et al.42 deduced a raise of the glass temperature to about
K for a heating rate of 1012 K/s. Furthermore, in Ref. 12 i
was established that for the simulation model of Ni50Zr50
based on Hausleitner-Hafner potentials the calculated m
ing temperature has to be reduced by about 21% to get
experimental one. Assuming that the same overestima
holds for Tg in Ni40Zr60, yields a reducedTg,red'950 K,
which surprisingly well compares to the estimate
Lück et al.

B. Radial distribution functions

Figure 3 shows the calculated partial pair-correlat
functionsgi j (r ) in the glassy state atT5300 K. Table IV
displays the nearest-neighbor numberszi j deduced therefrom
by integrating the partial densities up to the first minimum
the radial distribution function.

gNi-Ni(r ) exhibits only a weak nearest-neighbor pea
which becomes smaller with decreasing temperature.
first peak ingNi-Zr(r ) is very intense, even more than that

FIG. 3. Partial pair-correlation functionsgi j (r ) of Ni25Zr65Al15

at T5300 K.
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the Zr-Zr distribution. This manifests the tendency for
atoms to be preferentially surrounded by Zr as nearest ne
bors. Such an ordering between Ni and Zr atoms has b
already observed experimentally22,43 and confirmed
theoretically23 in binary Ni-Zr alloys, and is attributed to th
strong negative heat of mixing or the pronounced nonad
tivity of the pair potentials as argued by Hausleitner a
Hafner.23

In the subsystem Zr-Al, the pronounced first peak and fi
minimum ingAl-Al (r ) deserves particular attention. While th
peak has a marked height, its integrated intensity, tha
zAl-Al , is around 1. This value, on the one hand, refle
suppression of direct Al-Al contacts below the value 1.8 f
lowing from random Al distribution. On the other hand, th
peak height indicates that the remaining Al-Al pairs have
rather narrow distance distribution. Closer inspection of
MD data reveals for the Al atoms a tendency to form sho
linear-chain segments, as visible in the snapshot in Fig
This latter observation implies the existence of an appro
ate number of isolated Al atoms with regard to the lo
zAl-Al .

As already mentioned, the three binary systems Ni-
Ni-Al, and Zr-Al show good compound-forming behavior.
is obvious that the final structure of the ternary syst
Ni25Zr60Al15 is determined by the competition of the mixin
ability of the binary subsystems. The bonding strengths
the two minority species Ni and Al to the majority species
is of particular importance here. Since the compoun
forming tendency of Ni-Zr seems to be stronger than tha
Al-Zr, it is expected that Al-Zr heterocoordination will b
weakened by the stronger Ni-Zr preference. From that,
Al-Al clustering tendency can be inferred. The atom-size
fect may be an additional cause for the formation of
chains. Moreover, Ni atoms, with their small size, are mo
appropriate than Al atoms to match into the Bernal holes
the Zr matrix. Total demixing into Al clusters is, neverth
less, hindered by the marked Al-Zr and strong Ni-Al hete
coordination.

From the partial coordination numberszi j in Table IV,
total coordination numbers can be deduced, yieldingNNi
'9, NZr'15, andNAl'12. The values for Ni and Zr are
close to the estimates known from simulations for the Zr-r
amorphous Ni12xZrx alloys.23 In contrast to this, the value o

TABLE IV. Nearest-neighbor distancesdi j and coordination
numberszi j in amorphous Ni25Zr60Al15. The experimental results
are from measurements of Matsubara and Waseda~Ref. 44!.

di j (Å) ~calc.! di j (Å) ~expt.! zi j ~calc.! zi j ~expt.!

Ni-Ni 2.65 0.50
Zr-Ni 2.63 2.67 3.02 2.2
Ni-Zr 2.63 2.67 7.25
Zr-Zr 3.30 3.17 9.93 10.3
Ni-Al 2.60 1.20
Al-Ni 2.60 2.00
Zr-Al 3.02 2.25 0.0
Al-Zr 3.02 8.99
Al-Al 2.59 1.06
3-4
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STRUCTURE OF THE AMORPHOUS, MASSIVE- . . . PHYSICAL REVIEW B 65 014203
NAl indicates for these species a novel type of atomic en
ronment, not present in the binary systems. Regarding thzi j
in Table IV, good agreement is found in case ofzZr-Ni and
zZr-Zr when comparing the experimental estimates by M
subara and Waseda44 with our MD-simulated values. Ther
seems a significant difference in the numberszZr-Al from ex-
periment and simulation. Considering the enormous diffic
ties to extractzZr-Al from the experiments, this discrepanc
however, should not be considered as too serious.

The atomic structure of Ni25Zr65Al15 amorphous alloy was
investigated exprimentally by Matsubara and Waseda,44 who
used anomalous x-ray scattering~AXS! in combination with
the ordinary x-ray diffraction to determine the ordinary a
the environmental radial distribution functions~RDF!. The
results of these measurement are reproduced in Fig. 5
gether with the calculated RDF from our MD simulations

The curves at the top of Fig. 5 correspond to the ordin
RDF’s that represent the radial distribution around the av
age atom, independently of the atom species. It is
weighted sum of the six partial pair-correlation functio
gi j (r ),

4pr 2r~r !54pr 2(
i , j

(
5Zr,Ni,Al

ci f i f j

^ f &2
gi j ~r !, ~5!

with ^ f &5( ici f i . ci and f i are the atomic concentration an
the atomic scattering factor of the elementi, respectively.

The curves at the center and the bottom of Fig. 5 co
spond to the environmental RDF’s for Zr and Ni, respe
tively. The experimental curves have been determined by
AXS method. The environmental RDF provides the weigh
average over all atomic pairs around a given elementA

FIG. 4. Cross section of a simulated amorphous Ni20Zr65Al20

configuration at 800 K.~Large light spheres, Zr; small dark, N
intermediate gray, Al. Box length'60 Å.!
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4pr 2rA~r !54pr 2 (
i 5Zr,Ni,Al

Re@ f i~E1!1 f i~E2!#

W~E1 ,E2!
gAi~r !,

~6!

W~E1 ,E2!5(
i

ciRe@ f i~E1!1 f i~E2!#, ~7!

wheref i is the total x-ray atomic-scattering factor, a compl
number that contains an anomalous dispersion term in a
tion to the usual atomic-scattering factor. The measurem
have been carried out at two energiesE1 andE2 below the
absorption edge of the considered atom. Re denotes the
part of the values in the brackets. For more details we re
to Ref. 44.

Figure 5 demonstrates that qualitatively as well as qu
tatively the experimental and the calculated curves ag
well. The height and the location of the peaks are sufficien
reproduced. The peaks positions, as given in Table IV,
found to be within 4% of the values obtained by Matsuba
and Waseda. However, the splitting of the first peak in
calculated RDF of Zr is somewhat larger than the measu
one, where the latter shows only a weak hump at the sa
location~note that this hump becomes more and more imp

FIG. 5. The ordinary~top! and environmental RDF’s for Zr
~center! and Ni ~bottom! of Ni25Zr65Al15 amorphous alloy at 300 K.
Calculated~solid line! and measured~filled diamond! data are com-
pared. The experimental results are measurements of Matsubar
Waseda~Ref. 44!.
3-5
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M. GUERDANE AND H. TEICHLER PHYSICAL REVIEW B65 014203
tant with annealing and crystallization44!. The hump repre-
sents the Ni-Zr correlation whereas the main peak res
from Zr-Zr correlations. The discrepancy reflects the fact t
our model slightly underestimates the Ni-Zr interatomic d
tance and simultaneously overestimates the Zr-Zr one, as
be seen from Table IV.

C. Bond-angle distribution

A first insight in the topological order present in the stru
ture of Ni25Zr65Al15 can be obtained from the distributio
function of the bond angles around each atom species.
triple-correlation function is defined as an average of bo
angles between a reference atom and the pairs of at
within a radiusRmax, choosen here as the first minimum
the total radial correlation functiongtot(r ), Rmax'4.1 Å.
The results of this analysis are displayed in Fig. 6.

The distributions of the angles formed by bonds cente
at the Zr and Ni sites present the same features as t
calculated by Hausleitner and Hafner23 for the binary sys-
tems Ni50Zr50 and Ni33Zr67. In ~Ref. 23! it is pointed out that
the peaks in these angular correlations are compatible w
local trigonal-prismatic order similar to that in the crystallin
CrB (B33) structure. Patterns of other trigonal-prisma
structures, like Fe3C, are also detected in the bina
systems.23 In CrB-type compounds, like NiZr, the trigona

FIG. 6. Partial bond-angle distributions in amorpho
Ni25Zr60Al15 alloy. X means that all atom species are consider
The vertical lines indicate the bond angles in a regular icosahe
(u563.5,116.5,180).
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prisms form layers with B~Ni! atoms centering the prisms
The B~Ni! atoms being arranged in zigzag chains within th
configuration.

Interpreting the here deduced bond-angle distributions
the light of the picture advanced by Hausleitner a
Hafner,23 the bond angles centered at Zr sites correspon
those on the triangular and square faces of a prismu
'60°, u'90° –100°) and to the rotation of two edge
sharing prisms (u'145°) ~like in a Fe3C structure!. The
bond angles centered at Ni sites,u'75° andu'135°, cor-
respond to angular correlations between a Ni atom cente
on the prism and two other atoms on the vertices. The ve
ces are occupied in this model by Zr atoms predominan
The pronounced peak atu'110° in the Ni-Ni-Ni angular
correlation is very close to the chain angle ofu5110° in the
CrB structure.

The distribution of the bond angles at Al sites shows
different pattern than those around Zr or Ni sites. It exhib
well-defined peaks atu'60°, u'120°, andu'180°, which
are very close to the icosahedral bond angles (u'63.5°, u
'116.5°, andu'180°). This suggests that Al atoms occup
sites with a predominantly icosahedral symmetry, in contr
to Ni atoms that occupy sites with trigonal-prismatic symm
try. The coordination numbersNNi'9 for Ni and NAl'12
for Al ~see Table IV! are compatible with this assumptio
too.

D. Static structure factors and medium-range order

The partial Faber-Ziman~FZ! structure factor is defined
as the Fourier transform of the partial RDF~Ref. 45!

Si j
FZ~k!511r0E 4pr 2@gi j ~r !21#

sin~kr !

kr
dr, ~8!

where r0 is the averaged number density of thei -j sub-
system. The results are displayed in Fig. 7.

The FZ structure factors of the binary Ni40Zr60 and ter-
nary Ni25Zr65Al15 systems are on the whole very simila
except that the main peak ofSZr-Zr

FZ (q) is broader in the case
of the binary system. For both systemsSNi-Ni

FZ (q) exhibits a
well-defined prepeak at the left of the main peak, cor
sponding to the nearest-neighbor peak ingNi-Ni(r ). The pre-
peak at the wave vectorq'1.9 Å21 seems to result from a
correlation on a length scale of about 3.3 Å, after the c
ventional relation,l 52p/q. The main peak, at the wave vec
tor q'2.8 Å21, corresponds to a length ofl'2.3 Å. This
later value is, however, clearly smaller than the location
the first peak ingNi-Ni(r ) ~about 2.7 Å), which shows tha
the conversion relation above gives underestimated len
values~by about 20%). This can be further confirmed in t
case of Ni-Zr and Zr-Zr correlations. Taking into account th
correction, we obtain in the case of the prepeak a correla
length of about 3.9 Å. It seems plausible to attribute t
length to the first split of the second peak ingNi-Ni(r ). Fur-
thermore the slight hump at the left end of the prepe
which is independent of the truncation value used for
Fourier transform, correlates well with the second sp
There is no prepeak in the structure factorSZr-Zr

FZ (q).

.
on
3-6
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The appearance of a prepeak inSNi-Ni
FZ (q) reflects the ex-

istence of chemical medium-range order~CMRO! in the
atomic configuration of the binary as well as the ternary s
tem, in other words the preference for Ni atoms to be s
rounded by Zr atoms, as discussed in Sec. III B.

In the subsystem Zr-Al,SAl-Al
FZ (q) also exhibits a well-

defined prepeak at a wave vectorq'1.3 Å21, a clear sig-
nature of a structural order on a length scale of about 5.8
~corrected value!. The peak related to the Al-Al neares
neighbor distance is aroundq'2.6 Å21, and shows an
usual shoulder on the larger-q side.

Both prepeaks are associated with concentration fluc
tions in the amorphous ternary system. The question how
describe these fluctuations in terms of atomic arrangem
can be answered in the light of the results of the preced
two sections. In the picture of the trigonal-prismatic stru
tural ordering~of the subsystem Ni-Zr!, the location of the
prepeak in the Ni-Ni correlation may be related to an aver
distance between neighboring trigonal prisms, where the
atoms occupy the centers of these prisms. This interpreta
has been suggested by Suzukiet al.24 for the prepeaks in the
metal-metalloid amorphous alloys Pd-Ge and Pd-Si. The
atoms are constrained to group into the space between t
Ni-Zr units. According to Fig. 4, they apparently form pr
dominantly linear-chain segments with a next neare
neighbor distance of about 5.8 Å.

The temperature dependence of the prepeaks from
glassy state up toT55000 K is displayed in Fig. 8. The
intensity of both prepeaks increases continously upon c
ing, marking thereby the increase of the structural order
with decreasing temperature.

FIG. 7. Faber-Ziman structure factorsSi j
FZ(q) of Ni25Zr65Al15 at

T5300 K. For comparison, the FZ structure factors of the bin
Ni40Zr60 alloy are included by dotted lines.
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In the simulations the prepeaks are observed even at
peratures as high asT55000 K, which indicates that the
structural organization develops already at these very h
temperatures. According to our results, the FSDP, as an i
cation of local order in the system, should be visible in
experimental structure analysis of the melt above the e
librium melting temperature. The persistence of a we
defined MRO even far above the melting temperature se
to be a common feature of glass formers with bonding for
of covalent nature, like network-forming and transitio
metals glassy systems.21

E. Atomic-level stress distribution

The approach of Egamiet al.46 allows to characterize the
local atomic structure in the amorphous systems in term
the distribution of internal stresses on the atomic level. T
stress tensor acting at the atomi in a system ofN atoms is
given by

s i
kl5

1

V i
Fmivi

kvi
l1

1

2 (
j Þ i

N
]F~r i j !

]r i j

r i j
k r i j

l

r i j
G , k,l 51,2,3,

~9!

wherer i andvi are the coordinates and the velocities, resp
tively, of the particlei, r i j the vector joining particlei to
particle j, andFi j 52]F(r i j )/]r i j the force exerted by par
ticle j on particlei. The summation extends over all the a
oms within the cutoff radii of the potentials.V i is the local
atomic volume that can be identified with the volume
Wigner-Seitz cell of atomi, approximated as46

y

FIG. 8. Temperature dependence of the prepeaks associated
the Ni-Ni and Al-Al correlations. The indicated temperatures cor
spond to the sequence of the curves from the bottom to the to
given at the prepeak~first peak!.
3-7
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V i
1/35

(
j Pnn

r i j
21

2 (
j Pnn

r i j
22

, ~10!

where the summation extends over the atoms within
nearest-neighbors (nn) shell of the atomi. In our case, we
identify the nn shell with the volume of a sphere whos
radius corresponds to the first minimum in the partial R
gi j (r ).

In analogy to the atomic pressurepi

pi5
1

3 (
k51

3

s i
kk , ~11!

the von Mises shear stresst i gives the magnitude of the
shear stress at an atomic level independent of the coord
system.t i is defined as47

t i5H 1

6
@~s i

xx2s i
yy!21~s i

yy2s i
zz!21~s i

zz2s i
xx!2#1~s i

xy!2

1~s i
yz!21~s i

zx!2J 1/2

. ~12!

The distribution for the atomic-level pressurepi is dis-
played in Fig. 9 and that for the shear stresst i in Fig. 10 for
each species in the binary and the ternary systems aT
5800 K. The pressure distribution averaged over all spe
is balanced by hydrostatic pressure due to the electron
term of the potential,EVol . The two distributions around N
and Zr atoms show similar features in both systems. T
pressure distribution around Ni is somewhat shifted to hig
pressures with respect to the Zr distribution. According to
notation of Egamiet al.,46 the Ni sites arep-type interstial-
like defects~with higher-than-average densities!. This obser-
vation provides support to the one discussed in Sec. I
about the existence of a pronounced topological order in b
amorphous systems and to the fact that Ni atoms reside in
centers of well-defined optimally packed narrow structu
units, in our case the trigonal prisma.

FIG. 9. Distribution of the atomic-level pressure in the terna
Ni25Zr60Al15 ~full symbols! and the binary Ni35Zr65 ~open symbols!
alloys atT5800 K. Circles, Ni; diamonds, Zr; plus signs, Al.
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Striking in Fig. 10 is the large shift of the pressure dist
bution of Al to negative pressures, as well as the shift of
shear-stress distribution of the same species to lower s
stresses too. This attributes an-defect vacancylike characte
to the Al sites~with lower-than-average densities!. It follows
therefrom that alloying of Al to the binary Ni-Zr melt intro
duces additional free volume in the system. The particu
local symmetry and the specific stress distribution around
Al atoms reflect the fact that these atoms neither are a s
stitution for Ni nor for Zr when forming the ternary structur
from the binary one. Alloying with Al clearly induces a sig
nificantly different, complex amorphous configuration.

IV. CONCLUDING REMARKS

Molecular-dynamics~MD! simulations have been used
this work to gain insights in the structural properties of t
metallic-glass forming ternary alloy Ni25Zr60Al15. The simu-
lations are based on a model for interatomic couplings
terms of pair potentials and a globalsp-electron-gas term.

Comparison of the calculated radial distribution functio
~RDF! with the experimental results of Matsubara a
Waseda44 shows that the model reproduces the structural f
tures of amorphous Ni25Zr60Al15 with good accuracy. Good
agreement with the experiments is also found regarding
specific-heat data. Our MD-simulation values extrapol
rather well to higher temperatures the measured data of Z
and Sommer40 and their interpolation in the associate mod

Analysis of the thermodynamics shows that the calo
glass-transition temperatureTg is shifted to lower tempera
tures by alloying Al to Ni-Zr alloy. Since in our case th
cooling rates used for the binary and ternary systems
comparable, we conclude that the dynamical processes
given temperature of the undercooled state are slower in
binary system than in the ternary one.

The structural analysis in Sec. III D reveals the existen
of well-defined prepeaks in the Faber-Ziman structure fac
SNi-Ni

FZ (q) and SAl-Al
FZ (q). Both reflect the existence of pro

nounced chemical and topological medium-range or
~MRO! in the system. The Ni prepeak is associated with
weak Ni-Ni coordination as can be seen from the anomal

FIG. 10. Distribution of von Mises shear stress in the tern
Ni25Zr60Al15 ~full symbols! and the binary Ni35Zr65 ~open symbols!
alloys atT5800 K. Circles, Ni; diamonds, Zr; plus signs, Al.
3-8
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reduced first peak ingNi-Ni . The length related to the N
prepeak is'3.9 Å and is associated with the second-near
Ni-Ni pair correlation. The low nearest-neighbor numb
(zNi-Ni'0.5) reflects the good mixing behavior in the bina
Ni-Zr and Ni-Al subsystems, which makes the enthalpy
Ni-Ni pairs much more unfavorable than unlike pairs. R
garding Ni, the here observed features of the ternary sys
seem rather similar to those found by Hausleitner a
Hafner23 for the binary Ni-Zr melts from MD simulations
and, e.g., Suzukiet al.24 from neutron-scattering experi
ments.

The Al atoms on average have a coordination numbe
NAl'12 with an average Al-Al nearest-neighborzAl-Al '1,
which means thatzAl-Al is well below the value 1.8 for ran
dom occupation of the neighbor sites. Despite the small
eragezAl-Al , there is a tendency in the Al system to for
short-chain segments as displayed by Fig. 4. They appare
give rise to the rather narrow range of Al-Al neares
neighbor distances reflected by the sharp first peak ingAl-Al .
The prepeak inSAl-Al

FZ (q) corresponds to concentration fluc
tuations on a length scale of about'5.8 Å, which may be
associated with intrachain next-nearest-neighbor distanc

A study of the bond-angle distribution in Sec. III C show
that the angular correlations at Ni and Zr sites are compat
with a local trigonal-prismatic order similar to that found
binary Ni-Zr alloys.23 The Al atoms predominantly occup
sites with an icosahedral symmetry. This indicates that
atoms have a local environment significantly different fro
that of Ni and Zr atoms. This finding is confirmed by th
analysis of the atomic stress distribution, showing that
atoms neither are a substitute for Ni nor for Zr when formi
the ternary structure from the binary one.

The simulations predict that the prepeaks shall be
served even at temperatures as high asT55000 K. This
indicates that the structural organization develops at te
peratures well above the melting point. The persistence
c

01420
t

f
-
m
d

f

-

tly

le

l

l

-

-
a

well-defined MRO even far above the melting temperatu
seems to be a common feature of glass formers with pur
partial covalent bonding, like network-forming an
transition-metal glassy systems.21 In a study on a selected
group of Zr-based bulk metallic glasses, Buschet al.25 relate
the presence of such a chemical ordering in the melt with
large GFA of these materials. Atom-probe field-ion micro
copy and small-angle neutron-scattering experiments sh
that this chemical ordering can result in clustering or pha
separation.48

From the analysis of the short-range order we see
there are two different features in the ternary amorpho
structure compared to the binary Ni-Zr system: First, the
are two different types of local order around the Ni and t
Al atoms which have to form the global complex-order
structure of the amorphous alloy. Combination of two typ
of local order may give rise to a much larger variety
global structures than possible in a binary SRO melt or gla

Secondly, while the Zr-rich binary amorphous alloys pr
dominantly gives structure elements with nine neare
neighbors atoms around Ni and more than 14 atoms aro
Zr, alloying by Al introduces elements with icosahedral sym
metry and 12 neighbors on average. This may be of imp
tance when interpreting the local structure within the po
tetrahedral model49 of the liquid ~or glass!. According to this
model, icosahedra form the regular elements of the struct
while lower or higher coordination atoms are related to d
clinations in the arrangement. Our finding thus means t
addition of Al to the binary Ni-Zr amorphous alloy intro
duces regular structure elements to the system, definitely
sent in the binary alloy.
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