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Molecular dynamics simulations and a systematic analysis of the local atomic structure have been done to
investigate the microstructure of liquid and amorphous Ni. Heody Gupta potential, based on the second
moment approximation of a tight-binding Hamiltonian, was used to model the metallic bonding of the system.
The calculated pair distribution functig®DF of liquid and amorphous Ni are in agreement with experimental
measurements. A decomposition of the first and second peaks of the PDF into components according to the
local environment of the pairs shows that the atomic coordination of the liquid phase contains a high abun-
dance of icosahedral and distorted icosahedral structures. Crystalline and icoséteetilal and distorted
atomic configurations contribute in approximately the same proportion to the short-range order of the amor-
phous phase. These results indicate titabdy interactions favor the formation of crystalline order in amor-
phous metals.

[. INTRODUCTION files of the structure factor and PDF observed
experimentally>? In particular, the modified dense random

A knowledge of the physical and chemical behavior ofpacking model of hard spherdDRPHS (Ref. 8 and the
non-crystalline transition metals is essential to optimize sevdense random packing model of Lennard-Jofled “at-
eral metallurgy industrial processéiuids) and to under- oms” (DRPLJ (Ref. 9 describe, qualitatively, the splitting
stand their exciting properties like high values of hardness,
strength and corrosion resistan@morphous In particular,
the study of structural properties of liquid and amorphous a
transition metals has been a very active field of resefreh, 3
both theoretically and experimentally. One interesting ques-
tion in liquid-state physics is whether the liquid structure of
transition and noble metals, having incomplédter f elec-
tronic shells, differs from that of simple metals such as alu-
minum. According to experimental datalthough these ma-
terials have incompletd andf shells, their structure factors
can be put into the same class as simple metals. This experi-
mental fact gives a surprisingly simple description for the
structure of most liquid transition and noble metalEheo- 0 1 2 3 4 5 6 7
retical studies on the structure of these systems are based on )
semiempirical approaches like embedded-atom method
(EAM) (Refs. 4 and § and more recently, on first principles 3
calculations (Car and Parrinello method for liquid G
Good agreement between calculated and experimental struc-
ture factors and pair distribution functioDF’s) have been 2l
found for several liquid transition and noble met&t§.

A comparison between the structural properties of amor-
phous and liquid transition metals shows that the general 1
features in the structure of the amorphous phase, are similar
to those of the liquid state, except for a shoulder in the sec-

a(r)

a(n

ond peak observed in both the structure facgfk), and the 0 : : : : : :
PDF,g(r).! A typical example of this difference is found in 0 1 2 3 vA) 4 5 6 7

Ni, which shows a clear splitting of the second peak in

S(k) andg(r) [see Figs. (@ and 1b)], when it is in the FIG. 1. Experimental pair distribution function ¢) liquid Ni

amorphous statk! Several models of disordered structuresat T=2020 K; (b) amorphous Ni at low temperature. The data are
have been proposed to describe and reproduce the basic ptaken from Ref. 1(liquid) and Ref. 7(amorphous
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mechanism in the PDF second peak of amorphous systems, Il. COMPUTATIONAL DETAILS
in terms of the formation of special atomic configurations
with relative dominant contributions. ) . ) o

An insightful approach to study the local structure of lig-  The metallic bonding of noncrystalline Ni is modeled
uid and amorphous states of matter is through the classificdrough a n-body potential that is based on Gupta's
tion of atomic configurations, according to multidimensional €XPressioff for the cohesive energy of transition and noble
potential energy minima, that can be reached by steepes?jetals' The attractive term of the interatomic interaction is
descent paths in computer simulations of these systéis. bgsed on th_e S_eCOr.‘d mc_)ment approximation .Of a_tight-
This “inherent structure” formalism is a way of partitioning _?_'r:]dmg I-:qmlltonl?q n Whlcmf-bOQy gffeths ar'(\a/l mclude(tj.
the configuration space for the vibrations afi-dbody system ialz fgiﬁ'&lﬁcggg ;ﬁ ijTr?e?atgﬁlirZVI(;itar?r-n- : teg?/(/rﬁ? en-
into various regions. Within each region there is one IocaI,I[en (:as e,
minimum of the potential energy surface which can be
reached by a minimization algorithm. This process is the
basis for the partitioning of configuration space and the V= EE
structure at the local minimum is the inherent structure of the 2=
corresponding region. The idea of resolving observable order
in liquid and amorphous materials into vibrational and inher-
ent structural parts offers a way to classify their microstruc-
ture and discover the kind of short-range order present in
these materials. where the parametens, A, p, g, andr, depend on the

The above approach has been used to study the micrenaterial. In this work we adopt the valups=9 andq=3,
structure of clusters, liquids and amorphous model systemghich have been used for transition metdlsThe value
using the LJ potentiat'*** and the common-neighbor A=0.101 036 is obtained when the cohesive energy of the
analysis(CNA) (Ref. 15 to systematically classify the abun- fcc metal at the equilibrium value of its nearest-neighbor
dance of inherent structures characteristic of these systems.distance converged. THé=3.40 eV and ,=2.49 A values
was found that a LJ liquid contains inherent structures withwere used after fitting the calculated lattice constant and co-
local fivefold symmetry, characteristic of icosahedralhesive energy to the experimental values of bulk fcc Ni. The
order?'3 The abundance of such structures is temperatur&upta potential given in Eq1) has been used to study struc-
independent at high temperatures, but slightly above theyral and thermodynamical properties of ftRefs. 20 and
glass transition temperature the LJ glass shows an increase ) and hcp transition metals and allo3/sThe ability of this
abundance of icosahedral structures with a decrease at th@tential to describe real materials has been tested by calcu-
same time, of configurations characteristic of fcc and hcpating point-defect properties, lattice dynamics and finite
crystalline phases. Local icosahedral order has also bee8mperature behavior, and by comparing the results with
found when the density of random hard-sphere packingther potential schemé$. Structural, dynamicai®=2*
increase$or in the pressure-induced glass transition of a Ldvibrational?® and fragmentatiofi properties of metal clus-
system.* ters have been extensively studied using the Gupkedy

In other computer simulation studies, using a nonadditiveyotential in molecular dynamics simulations. The effect of
LJ potential and Voronoi polyhedra analys?st was found  the n-body interaction on the physical behavior of metal
that in an amorphous Ni-Y alloy the atomic coordination clusters is shown through their structural and dynamical
resembles that of the crystalline species with very small presproperties when they are compared with results coming from
ence of icosahedral structures. It was pOintedJOlhtat the pairwise interaction%z__24|n this Work, we extend the range
scarcity of icosahedral clusters should be attributed to thef applications of this potential exploring its capability to

large nonadditivity of the interatomic forces: if nonadditivity describe structural properties of noncrystalline transition
is reduced icosahedral order increases. metals(Ni in this case.

In this work, we present results of a microstructural study
of liquid and amorphous nickel using molecular dynamics
simulations and steepest-descent method to find the inherent
structures of the multidimensional potential energy surface Molecular dynamic§MD) simulations at constant total
given by an-body Gupta potential, adequate to model theenergy were performed on a system of 256 particles using
metallic bonding. The main objective of the present work isperiodic boundary conditions. The Newton’s equations of
to investigate the kind of short-range order present in thenotion were solved using the Verlet algorithhwith a time
local environment of a transition metal in liquid and amor- step of 7.8<10 %6 s. This time step assures conservation of
phous phases, usingnabody potential interaction. A decom- total energy, even in the longest run flime stepy within
position of the first and second peaks of the PDF, using &.5%. The initial values of the atomic coordinates corre-
method to systematically classify the inherent structures, wilsponded to a fcc lattice and the initial momenta were chosen
allow us to characterize the local order to gain additionafrom a Maxwell-Boltzmann distribution of velocities. From
insight into the structural properties of noncrystalline transi-this initial configuration, the system was equilibrated and
tion metals. In Sec. Il, we present the model potential andhen heated up in a steplike manner scaling the atom veloci-
computational details used in this simulation. Section lllties up to a temperature beyond the melting point. The mean-
contains the results and a discussion of them. A brief sumsquare-displacement as a function of time was calculated to
mary and the conclusions of this work are given in Sec. IV.monitor the degree of diffusional motion of the system. At a

A. Model potential
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B. Molecular dynamics and inherent structures
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temperature close to the melting point the calculated diffu-
sion coefficient was 0.4010™ 4 cm?/s. This value compares a
well with those obtained in MD simulations of liquid Ni
using EAM potential$®?® 0.385<10°* cm?s and
0.391x 10 “ cm?/s. For liquid Ni no experimental values of 2
the diffusion coefficient are known. Once the liquid state was
reached, a run of about 80 ps was donelat2000 K to
calculate its structural properties. During this MD run the 1l
steepest-descent method was coupfeeliminating the ef-
fect of thermal motion, to determine a series of independent
inherent structures, characteristic of the liquid state. ] :
The simulated amorphous sample was obtained using a 6o t+ =2 3 4 5 6 7
fast quench from the liquid phase &t=2000 K to a low
temperature state, at a cooling rate-e10*2 K s 1. Having 5
reached a temperature of 100 K, the system was let free to
evolve for 10 ps. In order to better stabilize the structure, the ar
system was led to an annealing cycle during which, the tem-
perature was raised to 700 K and then allowed to evolve for 3t
10 ps. The temperature was reduced again to 100 K and then
the system was equilibrated. After annealing, the system was 2t
allowed to evolve for about 80 ps during which temporal
averages were taken. The effects of the quenching rate and 1r J

g()

g(r)

annealing on the amorphous structure and properties have

been studied befor¥, indicating that the glass transition 0 2 3 2
temperature increases with the cooling rate. The quenching- r(A)

annealing procedure described above was used in the amor-

phization of materials like Ni! Si? and Ge** A good FIG. 2. Calculated pair distribution function féa) liquid Ni at
agreement of the calculated structural properties with experif=2000 K; (b) amorphous Ni af' =100 K.

mental data was obtained, indicating that this process is ef-

fective to generate amorphous simulated samples. Inheregass: the splitting of the second peak. The first peak is sym-
structures of amorphous Ni were obtained during the MD rufmetric and its maximum is located af=2.40 A. The two

at T=100 K, using the steepest-descent method to suppresgjitted subpeaks are aj=4.22 A andr;=4.70 A, giving
vibrational motion effects, in the same way as it was done fogatip values ofr,/r,=1.76 andrs/r;=1.96, respectively.

the liquid phase. The comparison of these values with experimental results
(ro/ry=1.71 andr3/r;=1.95) indicates that the calculated
Ill. RESULTS AND DISCUSSION subpeaks are slightly shifted to larger distances. Although the

overall shape of the calculated PDF is in agreement with the
experimental curve reported by Ichikawashown in Fig.

Using the atomic coordinates of the configurations col-1(b), they differ in the heights of the first peak. This differ-
lected during the MD simulation, we obtain the pair distri- ence could be associated to a possible higher temperature
bution functiong(r) of liquid and amorphous Ni. They are value of the experimental sample with respect to the simu-
displayed in Figs. @) and 2Zb), respectively. A comparison lated one.
with the experimental curves of Figs(al and Xb) show a A widespread interpretation of the characteristic shape of
good agreement in the overall shape. In the liquid case, Fighe PDF for amorphous metals associates the short-range or-
2(a), the calculatedy(r) at T=2000 K, shows a symmetric der of near neighbors with the atomic arrangement of the
first peak with its maximum at a position=2.34 A. The crystalline staté.However, from the similarity irg(r), the
second maximum is placed ay=4.36 A, giving a ratio fundamental configuration of atoms in the amorphous state
r,/r,=1.86, characteristic of simple liquid metals and in should be considered as liquidlike. Several models of disor-
agreement with the experimental vafualthough the ratio  dered structures, like the microcrystalline disordered model
r,/rq is well reproduced, the peak positions are shifted byand the topological disorder model have been used to get
about 5% to lower values than those reportedinsight into the atomic configurations of amorphous metals.
experimentally. This difference is expected since the poten-The topological disorder model based on the dense random
tial parameters were not optimized to obtain a perfect agreepacking of hard sphere®RPHS, extended by Ichikaw,
ment with experimental data. It is notorious, however, thatsuggests the formation of distorted tetrahedrons as the fun-
the main properties of the PDF for liquid Ni can be obtaineddamental units of a close-packed disordered atomic distribu-
from the Guptan-body potential, extending its range of ap- tion. This distribution is relatively distinct in comparison
plications to liquid metal systems. A better agreement withwith that of liquids, being the packing more rigid in the
experimental values is expected if we use a set of parametessnorphous state than in the liquid one. This model explains
obtained through a more complex optimization procedtire. qualitatively the splitting of the second peakgdfr) for the

The calculated PDF of amorphous Ni is shown in Fig.amorphous phase and the absence of it for the liquid one. In
2(b). It clearly shows the main characteristic of a metallicthe next subsection, we describe a method to systematically

A. Structural properties
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analyze the microstructure of liquid and amorphous Ni
through the classification of their inherent structures. This a
procedure will allow us to obtain the atomic configurations Q Q Q
that generate the characteristic short-range order in these

noncrystalline materials. Q

O~ 0O O'Q Q.Q

1331 1321 1421

B. Microstructural analysis

In the past subsection we have shown that hkody
Gupta potential reproduces quite well structural properties of
liquid and amorphous Ni. This resemblance between theory
and experiments suggests that a similar resemblance should O Q
exist between the simulated atomic configurations and the Q Q O ' Q
real noncrystalline material. To obtain a detailed three- OO OO
dimensional description of the local atomic configuration, we
used a method to classify the inherent structures resulting 1541 1551 1661
after applying a steepest-descent minimization technique to
liquid and amorphous configurations at 2000 and 100 K, re-
spectively. This method is able to decompose the first and | b

O
OO0

second peaks of the PDF by characterizing the local environ- Q O
ment surrounding each atomic pair that contributes to the . Q . . .

peaks ofg(r), in terms of the number and properties of Q 0.0
common nearest neighbors of the pair under consideration.

The earlier version of this method was introduced to analyze 2101 2211 2321

three-body effects on the energy of small clusteamd then
extended to study structural properties of one-component LJ
clusterd? and structural relaxations in one- and two-
component LJ liquid$® Recently, Faken and desont® gen- O
eralized such a method, introducing the common neighbor
analysis(CNA) method to systematically analyze the local O' O
atomic structure in combination with three-dimensiofsi)
computer graphics.
In this work, we use the common-neighbor method as 2331 2431 2441
implemented by Blaisten-Barojd$assigning to each atomic
pair, contributing to the PDF, a set of four indices under the ) , ) _
following criterion. (i) The first index denotes to what peak _ FIG. 3. Ato_mlc configurations of inherent structures correspond-
of the PDF belongs the pair under considerati6in. The ing to (a) the_fl_rst peak of_the PDF_ angh) the second_ peak of the
second index counts the number of common nearestF-)D,F' The pair is s.hown with Qark qrcles. The open qrcles represent
neighbors of that paifiii ) The third index specifies the num- 1€l common neighbors which define the local environment of the
ber of nearest-neighbor bonds found between the number B The four indices given below specify each configuration.
particles denoted by the second indéix.) A fourth index
sometimes is necessary to distinguish configurations with thepectively. The quantities are normalized such that the total
same first three indices but being topologically different. Thenumber of pairs contributing to the first peak of the PDF is
position of the first and second minima of the PDF are usedinity. The first PDF peak of liquid Ni is mainly due to 1551,
as a cutoff distance to define the nearest-neighbor and secodf41, and 1431 pairs. The last two pgit$41 and 143)lare
nearest-neighbor particles, respectively. This method is ablf®rmed when regular 1551 structures deformed, if a bond is
to distinguish between various local structures like fcc, hcpbroken? Therefore, their presence is an indication of the ex-
bce, and icosahedral environments. Different types of pairsstence of distorted icosahedral order. The contribution of
are associated to different types of local order. For example]l551 pairs, corresponding to fivefold symmetry structures, is
fcc order only have pairs of the type 1421, whereas the hc@7% of the total contribution to the first peak, whereas an
crystal has equal number of 1421 and 1422 pairs. The differequal proportion is due to 1541 and 1431 pairs producing
ence between 1421 and 1422 pairs is the topological arrangdeformed fivefold structures. fcc structures are present
ment of the two bonds between the four neighbors. The paithrough the existence of 1421 pairs, but only in a small pro-
1551, corresponding to a pentagonal bipyramid, is characteportion (~4%).
istic of icosahedral order. Figureda® and 3b) show the Three types of pair62101, 2211, and 233%re the main
atomic configurations of inherent structures more frequentlcomponents of the second peak of the PDF. The relative high
obtained after using the above method. The structures showproportion of the 2331 pair, characteristic of pentagonal bi-
in Fig. 3(@) correspond to pairs of the first peak and thosepyramid structures, confirms the presence of atomic configu-
shown in Fig. 8b) are coming from the second one. rations with fivefold symmetry in liquid Ni. Since the pairs
Tables | and Il show the normalized abundance of secorresponding to inherent structures with pentagonal symme-
lected pairs at three different times during the MD run andtry (regular and distortgdare the more abundant in the first
the corresponding average for liquid and amorphous Ni, reand second peaks of the PDF, the short-range order in liquid
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TABLE I. Normalized abundance of inherent structures for lig- approximately the same proportion-@0%). As we have
uid Ni at T=2000 K, calculated at three different times, using seen, 1551 pairs are associated to pentagonal bipyramids
steepest-descent method and the atomic configurations obtainsﬂgrming icosahedral structures, whereas pairs of the type
during the MD run. The average was calculated using the value§sa1 ang 1431 are characteristic of distorted icosahedral or-
shown in the first three columns. Data for less abundant structureaer The presence of 1421 pairs indicate that in the local
are not shown. o P pair .

atomic structure of amorphous Ni, crystalline short-range or-

der exists and, according to the data of Table Il, in a propor-

Pair t=25 ps t=50 ps t=75 ps Average ; . - .

tion comparable to icosahedral and distorted icosahedral or-
1321 0.03 0.01 0.02 0.02 der. Our data shows that as a result of the amorphization
1421 0.03 0.05 0.04 0.04 process the amount of icosahedral and distorted icosahedral
1431 0.13 0.14 0.12 0.13 order present in liquid Ni reduce in favor of the formation of
1541 0.13 0.15 0.15 0.14 crystalline order. This effect is not obvious since the first
1551 0.25 0.25 0.32 0.27 peak of the PDF in liquid and amorphous Ni are similar.
1661 0.14 0.14 0.14 0.14 However, the microstructural analysis allows us to discover

the formation of crystalline atomic configurations through
2101 1.01 1.06 1.09 1.06 the increase in the abundance of 1421 pairs in the amorphous
2211 1.05 1.02 0.97 1.02 sample with respect to the liquid one. This increment of crys-
2321 0.09 0.08 0.06 0.07 talline order after amorphization was not observed in simu-
2331 078 0.82 0.88 0.83 lations done for LJ systenté!® Instead, fivefold structures
2431 0.01 0.01 0.01 0.01 became more abundant and a slight decrease of crystalline
2441 0.05 0.07 0.07 0.06 structures was observed. The origin of this difference has

been attributed to the effects of nonadditive fortesaore
icosahedral structures are present when nonadditivity is re-

Ni is dominated by local icosahedral order. Local icosahedrafluced. A molecular dynamics simulation for amorphous
order means order characteristic of a 13 atom icosahedrofi-Y alloys™ using a nonadditive LJ potential indicated that
namely the presence of 1551 and 2331 pairs and absence 0mic coordination in the simulated glass resembles that of
1421, 1422, and 2441 paifgypical of fcc and hcp struc- the crystalline species and icosahedral clusters are quite rare.
ture9. A system with local icosahedral structure need not!n the present work, we are using a Gupta potential which
contain a complete 13 atom icosahedron, but only the prinmcludesn-body terms in the attractive part of the interaction.
cipal structural motifs characteristic of the icosahedfon. The nonadditivity of this potential has been effective in ex-
Then, the microscopic picture emerging from the presenplamlng the experimentally observed contraction of the first
analysis indicates that the short-range order of liquid Ni igayer of transition metal surfacsand the Cauchy discrep-
dominated by icosahedral and distorted icosahedral inhere@CYy: C12# Cyy.™ Therefore, our results support the idea
structures. Similar results were found for the microstructuréhat nonadditive forces due t-body potentials favor the
of a LJ liquid!? This agreement suggests that not only theformation of crystalline short-range order and at the same
overall shape and peak positions ratio of the PDF for liquidtime reduce the content of icosahedral order in amorphous
transition metals like Ni coincide with those of simple lig- transition metals. _ .
uids, but also the local atomic configuration of the liquid ~ Other application of the present microstructural analysis
microstructure. is the decomposition of the second peak of the PDF for
The amorphous Ni microstructural analysis is resumed iRmorphous Ni. Table Il shows the percentage of pairs with
Table Il. It shows that the first peak of the PDF is composedhe highest relative abundance. A comparison with the data

mainly of 1551, 1541, 1431, and 1421 pairs, all of them incorresponding to liquid Ni indicates the increase of 2101
pairs after amorphization. This type of pairs are linear trim-

TABLE Il. Same as Table | for amorphous Ni &t=100 K. ers that are present in either crystallifiec or hcp or icosa-
hedral structures. Since the data for the first peak shows that
Pair t=25 ps t=50 ps t=75 ps Average fivefold symmetry structures reduce upon fast quenching,
these pairs should be related to crystalline structures. The
1321 0.01 0.01 0.01 0.01 reduction in the abundance of 2331 pairs is consistent with
1421 0.21 0.22 0.21 0.21 the decrease of icosahedral structures for the amorphous
1431 0.21 0.22 0.22 0.22 phase. In contrast, the increment in the relative abundance of
1541 0.25 0.23 0.24 0.24 2441 pairs in the amorphous state with respect to the liquid
1551 0.21 0.18 0.17 0.18 one, confirms the formation of crystalline structures as was
1661 0.04 0.05 0.05 0.05 found from the microstructural analysis of the first peak of
the PDF.
2101 1.51 1.50 1.51 1.51 To explore the splitting mechanism of the PDF second
2211 1.02 1.07 1.05 1.05 peak, in terms of the formation of special inherent structures,
2321 0.07 0.08 0.08 0.08 we have plotted in Fig. 4 the partial contributions gffr)
2331 0.77 0.73 0.71 0.74 due to the more abundant types of pairs. It is found that pairs
2431 0.02 0.02 0.03 0.02 type 2210 and 2331 are giving the main contributions to the
2441 0.17 0.22 0.17 0.19 first subpeak, whereas the second subpeak clearly arises from

the 2101 pair. Therefore, the splitting of the second peak in
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These results are consistent with those obtained by Ichfkawa
using a modified DRPHS model, for amorphous Ni, and by
Clarke and Josson for a LJ glass.

IV. CONCLUSIONS

We have presented a constant-energy MD simulation
study of liquid and amorphous Ni, using a Guptebody
potential to describe the metallic bonding in the system. The
noncrystalline structure of the liquid and amorphous metallic
states, characterized through the PDF, was found in agree-
ment with experimental data. A microstructural analysis, us-
ing a method to classify inherent structures, allows us to
make a decomposition of the PDF to gain additional insight
3.5 f(;f) 5.5 into the atomic configurations characterizing the non-

crystalline states of Ni. The classification of inherent struc-
tures obtained for liquid Ni indicates that the short-range
order is due to icosahedral and distorted icosahedral struc-
line, total PDF; solid thin line, the 2101 component; short-dashe ures. The microstructure of amorphous Ni 1S characterized
line, the 2211 component; large-dashed line, the 2331 componen oy the .presence of icosahedraegular and dlstorte)c!and

crystalline order. The present study supports the idea that

-body interactions, like those existing in metallic systems,
enerates crystalline order at the expenses of icosahedral or-
ler characteristic of the liquid state, during the amorphiza-
ion process.

a(n)

FIG. 4. Partial components of the second PDF peak for amor
phous Ni(averaged over three atomic configuratiporSolid thick

the amorphous Ni PDF is mainly due to the formation of"
specific inherent structures distributed around a characterist
range of distances. In the pairs type 2210 and 2331 the di
tribution of the atom-atom distances in the seed pair is in th
region underlying the first subpeak. The corresponding dis- ACKNOWLEDGMENTS
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