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The local atomic structure of an amorphous Niafloy was investigated using the anomalous wide-angle
x-ray scattering(AWAXS), differential anomalous scattering, and reverse Monte C@MC) simulations
techniques. The AWAXS measurements were performed at eight different incident photon energies, including
some close to the Ni and ZK edges. From the measurements eight total structure faS(d¢sE) were
derived. Using the AWAXS data four differential structure factors MRFE,,E,) were derived, two about
the Ni and Zr edges. The partial structure faciSggsy;(K), Syi-z(K), andS;,.2,(K) were estimated by using
two different methods. First, th8(K,E) and DSKHK,E,,,E,) factors were combined and used in a matrix
inversion process. Second, thr8€<,E) factors were used as input data in the RMC technique. The coordi-
nation numbers and interatomic distances for the first neighbors extracted from the partial structure factors
obtained by these two methods show a good agreement. By using the three-dimensional structure derived from
the RMC simulations, the bond-angle distributions were calculated and they suggest the presence of distorted
triangular-faced polyhedral units in the amorphous Bi&ructure. We have used the Warren chemical short-
range order parameter to evaluate the chemical short-range order for the amorphaguallsyZand for the
NiZr, compound. The calculated values show that the chemical short-range order found in these two materials
is similar to that found in a solid solution.
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[. INTRODUCTION isotopic mixture and the scattering measurements are carried
out using neutron sources. For example, in amorphous Ni-Zr
Amorphous materials have a great potential for applicaalloys the Ni atoms are replaced by a Ni isotdpEhe ad-
tion in technological devices, but their uses are limited byvantages of this method are limited by the availability of
several factors, one of which is the difficulty in obtaining adequate isotopes.
information about their atomic structures due to the lack of With the development of the synchrotron radiation
long-range order. This difficulty can be circumvented by aSOUrces, anomalous wide-angle x-ray scatte(iA@/AXS)

combination of different diffraction and spectroscopic tech-and differt_antial anomalous scatterifAS) .techniques bg-
niques as well as simulation and modeling. came available for structural study of multicomponent disor-

The structure of an amorphous binary alloy is describedjered materials. AWAXS utilizes an incident radiation that is
tuned close to an atomic absorption edge so that it interacts

hr ir correlation function&;;(r), which are th ) .
by t. €€ palr co gato unction&;;( )’. ch are the resonantly with the electrons of that particular atom. The
Fourier transformation of the three partial structure factors

. atomic scattering factor of each chemical component can
5ij(K). The total structure facta§(K, E), which can be de- o otore be varied individually and the chemical environ-
rived from scattering measurements, is a weighted sum

1 ) ent about each component in the material can be investi-
t_hese threes;; (K) factors. T_hus, to determine the three par- gated. Thus, in the case of an amorphous binary alloy, by
tial Sjj(K) at least three independe®(K,E) factors are

' using only one sample three independ&(K ,E) factors can
needed. Usually, the following methods have been used tge optained. However, the matrix formed by the weights of

obtain theseS(K,E) factors. _ the threeS(K,E) factors is ill-conditioned, compromising
(1) Isomorphous substitution: In this method one compo+he difficult determination of the thres; (K) factors.
nent of the amorphous alloy is substituted bipeesumably Fuoss and co-workets tried to overcome this difficulty

chemically similar one. For example, in amorphous Ni-Zrpy implementing the DAS approach, which was proposed by
alloys the Zr atoms are replaced by Hf atoms or the Ni atom$chevchill’ The DAS approach consists of taking the dif-
are partially substituted by Co or Fe atofihis method is  ference between the scattering patterns measured at two in-
not very accurate since one cannot be sure of the chemicaldent photon energies just below the edge of a particular
similarity of the two elements involved. atom, so that all correlations not involving this atom subtract

(2) Isotope substitution: In this method one component ofout since only the atomic scattering factor of this atom
the amorphous alloy is substituted by an isotope or by amhanges appreciably. Later, de Liregal.? following a sug-
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gestion made by Munrdcombined the differential scatter- and
ing factors DSKK,E,,E,,) and theS(K,E) factors. They
observed that this combination reduces the conditioning
number of the matrix formed by the weights of these factors,
allowing more stable values d;(K) to be obtained.

The reverse Monte Carlo (RMC) simulation 2
techniqué®**has been successfully used for structural mod- (f(K,E)2=| > Cifi(KvE)} :
eling of amorphous structure§(K,E) factors or their Fou- !
rier transformations, the total reduced radial distributionqere, c; is the concentration andl,(K,E)=1f,(K)+f'(E)
functions G(r), can be used as input data. Applications of +if"(E) is the atomic scattering factor of the component of
this  technigue to polymerit| ~crystalline;> and  typei and f'(E) and f"(E) are the anomalous dispersion
amorphou¥’™*" materials are described in the literature. Interms, The total reduced distribution functiGir) is related

this paper, we report the determination of the th&€K)  to the S(K,E) factor through the Fourier transformation
factors obtained for an amorphous Njzilloy by two inde-

pendent ways: by making a combination of AWAXS and 2 (= _
DAS techniques and also by combining AWAXS and RMC G(r)= ;f K[S(K,E)—1]sin(Kr)dK,
simulation techniques. 0

(fAK,E)=2 GfA(K,E),

while the partial reduced distribution functio@;(r) are

[l. THEORETICAL BACKGROUND related to theS;;(K) by means of the Fourier transformation
A. Total and partial structure factors 2 (e
According to Faber and Zimanthe S(K,E) factor is ob- Gij(r)= ;fo KLS;j(K)—1]sin(Kr)dK.
tained from the scattered intensity per atbg(K,E) as fol-
lows: From G;;(r) the partial radial distribution functions

1(K,E)—[(f2(K,E))—(f(K,E))?] RDF,;(r) can be calculated by

S(K,E)= (F(K.E))? RDF;(r)=4mpoc;r>+rG;;(r).

non Interatomic distances are obtained from the maxima of the
=> > W;;(K,E)S;j(K), (1)  Gijj(r) functions and coordination numbers are calculated by
i=1j=1 integrating the peaks of the RRf) functions.
whereK is the transferred momenturs,is the incident pho-
ton energy, S;;(K) are the partial structure factors, and B. Differential structure factors and differential radial
W;;(K,E) are given by distribution functions

By using the Faber-Ziman formalish, the
2) DSK(K,E,E,) factor around the components obtained
(f(K,E))? as follows

Wij(K,E)=Ciiji(K’E)fi(K*E)

[la(K,Em) —1a(K,En) ]~ [LS(K,Ep) —LS(K,Ep) ]

DSK(K,E,E,)= =2, Uii(K,En,En)S;i (K), 3
(K,Em,En) HK.E—(T(K.E)? 2 ij (K.Em,En)S;j(K) (3)
|
where Fori#| the weightU;;(K,E,,E,) must be multiplied by 2.
The differential distribution function DDFr) can be calcu-

LS(K,E)=(f2(K,E))—(f(K,E))?, lated by

2r (=
_ _ DDFi(r)=4wpr2+—f K[DSF(K,E,En)—1]
is the Laue scattering term and m™Jo

X sin(Kr)dK.
Uij(K,Em,En) For a binary amorphous alloy, as compared to the total radial
_ distribution function RDF(), which is a sum of three
cici[fi(K,Ep)fi(K,E fi(K,E)fi(K,E . . o
_ GiCiLTi(K Emfi( 2’“) '( ”)2 i¢ ”)]. (4  RDF;(r) functions, this function is the sum of only two
(F(K,Em)) == (F(K,En)) RDF;(r) functions and is sensitive only to the environment
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around the atoms of type In this way it is similar to ex- where the sum is oven experimental points and is related
tended x-ray fine structu&XAFS), though there are impor- to the experimental error i(K,E). If the movement de-
tant differences due to the different sections Kfspace creasesy?, it is always accepted. If it increase#, it is
measured® accepted with a probability given by expAy?/2); other-
wise it is rejected. As this process is iteratg¢8l decreases
C. The matrix inversion method until it reaches an equilibrium value. Thus, the atomic con-

In order to determine the threg; (K) factors using the figuration corresponding to equilibrium should be consistent
eight S(K,E) and four DSHK,E JE ) factors, a least- with the experimental total structure factor within the experi-
) M\ E=mstn > . ; RMC i
squares method was used. First of all, we define the functiomental error. By using theGii™(r) functions and the
SEMY(K) factors the coordination numbers and interatomic

M 2 2 | 2 distances can be calculated. In addition, the bond-angle dis-
f(K)=|§l P SF|(K)—§1 le hi; (K)S;j(K) | tributions can also be determined.

For 1=<I1=8, SF|(K) indicates theS(K,E,) factors and for

9<I|=<12 it stands for the DSEK,E,,E,) factors, as de- ll. EXPERIMENTAL PROCEDURE
fined by Egs.(1) and (3). In the same way, for £1<8,
h!j(K) indicates theW;;(K,E,) weights and for SI<12 it . o
stands for theJ!j(K'Em'En) weights, as seen in Eq®) and Amorphous NiZg thin films were pr_epared on a NaCl-
(4). P, is a weight that allows us to vary the contribution of cooled substrate by the sputtering triode technique at the
any SF,(K) factor. HereP,=1, V |, andM=12. By taking  Argonne National Laboratory. In order to eliminate the sub-
the derivatives of theF(K) function with respect to the Strate a metallic holder with a central rectangular hole was
Sij(K) factors and setting them equal to zero, a linear systerglued on the thin film, and the set was immersed in water to
formed by three equations can be found. These three lineglissolve the NaCl substrate. The thickness and density of the
equations can be written as a matrix equation through thin films were 2um and 7.32 g/cri, respectively.

A. Sample and holder

3: \7\/3” y .
B. Apparatus and data collection
and by inverting this matrix equation thg§;(K) can be
found. There are several methods to invert a matrix, and we,
have adopted the singular value decompositi@VD)

method?®

The AWAXS scattering experiments were performed
me years ago on the D4 beamline at LUREsay, France
using the DCI synchrotron radiation source. All measure-
ments were performed using a two-circle diffractometer in
the vertical plane described elsewh@& equipped with a
D. The RMC method two-crystal S{220 or Gg400) monochromator and a Si:Li

The basic idea and the algorithm of the standard RMGenergy-sensitive detector that is sufficient to discriminate the
method are described elsewh@ré® and its application to large K, resonant Raman or fluorescence signal when inci-
different materials is reported in the literatdfe?’ In the  dent photon energy is tuned close to the Ni ancKZedges
RMC procedure, a three-dimensional arrangement of atomgut insufficient to distinguish the small elastik,;, and
with the same density and chemical composition of the alloycompton signals. The &20 and G¢400) crystal mono-
is placed into a cellusually cubi¢ with periodic boundary  chromators were used to collect data around the Ni and Zr
conditions and th&[;""(r) functions corresponding to it are edges, respectively. The sample was sealed, under vacuum,

directly calculated through into a cell containing a large kapton window fixed around the
diffractometer horizontal rotation axis to reduce air scatter-
RMC niFfMC(r) ing. In order to take into account the time decrease of the

Gij ()= m' beam, the incident intensitl, was measured by placing a

Nal photomultiplier tube between the monochromator and

wheren™(r) is the number of atoms at a distance betweerfh€ diffractometer. Absorption measurements were per-
r andr +Ar from the central atom, averaged over all atoms.formed on the Ni and ZK edges for energy calibration. For
By allowing the atoms to movéone at each timenside the egch incident photon energy listed in Table I, the energy
cell, theGf"'“(r) functions can be changed and, as a conseWindows for Ka, resonant Raman or fluorescendeg,

quence, thes;;(K) andS®MS(K) factors are changed. Thus, Compton, and elastic signals were defined by measuring the
the SRMC(K E) factor is compared to th&(K,E) factor in scattered intensities at two different angular positions: The
' ! beginning of the windows was defined at the lowest scatter-

ing angle and their ends at the highest one. Scattering pat-

terns were collected using the symmetrical reflection geom-
1 m etry. To improve the quality of the data, at least four

JA(E)== 2 [S(K;,E)—SRMC(K, ,E) 2, scattering measurements were performed at the incident pho-
oi=1 ton energies shown in Table 1.

order to minimize the differences between them. The func
tion to be minimized is
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TABLE I. f{ andf{ values used here. D e o e e e e LR
Energy(eV) f i f2 f2 I ]
8210 —3.895 0.491 —0.347 2.167 b 1
8330 —7.333 0.658 —-0.367 2.167 I
9659 —0.964 3.051 —0.586 1.629 ]
11867 —0.063 2.158 —0.950 1.126 S -
16101 0.254 1.287 —1.985 0.648 d 1
17398 0.269 1121 —2.999 0.563 7
17987 0.269 1.057 —-7.371 0.734 ]
19200 0.264 0.940 —1.953 3.315 )

C. Determination of the anomalous scattering factors
. . K&
In order to interpret the scattering data correctly, the real

and the imaginary partg’ and f” of the atomic scattering FIG. 1. S(K,E) factors for energie€,;=8210 eV (curve A),
factor were determined accurately following a procedure deE,=8330 eV (curve B), E;=9659 eV (curve C), and E,
scribed by Dreieet al3? X-ray absorption coefficients were =11867 eV(curveD).

measured over a broad energy range near the Ni anidl Zr

edges on the sample afiti was calculated using the optical Wagner—Krogh-Moe—Norman method to put the scattered
theorem. The absorption measurements were performed dhtensities on a per atom scale including those around the Ni
the XAS beamline at LURE, in transmission mode, and twoedge, for which theK data range is smaller Kiyax
standard ionization chambers were used as the detecting sys8 A~1). The good quality of the total structure factors
tem. Outside the region of measurement, theoretical viluesshown in Figs. 1 and 2 corroborates the accuracy of the
of f” were used to extend the experimental data set over grocedure used. The Compton scattering contribution was
larger energy range arfd was calculated using the Kramers- calculated according to the analytic approximation given by
Kronig relation. For the measurements away from te Pdinkas®

edges, thé’ andf” values were taken from a table compiled

by Sasak?* The obtained values for the incident photon en- IV. RESULTS AND DISCUSSION

ergies 8330 eV and 17987 eV are listed in Table | together
with Sasaki values. The atomic scattering factor away from
the K edge,fy(K), of neutral Ni and Zr atoms were calcu-
lating according to the analytic function given by Cromer Figures 1 and 2 show th§(K,E) factors for the incident
and Manre® photon energies described in Table I. 1§ ,E) factors for
the energies greater than 16 101 @¢e Fig. 2 show a pre-
peak located at abott=1.65 A", which reaches the maxi-
mum intensity close to the Zr edge. It is absent in the

Each scattering pattern was treated separately. Due to th§{K E) factors for the smallest energiésee Fig. 1 Since
diffractometer characteristics, the polarization correction was

disregarded. The measured scattered intensities away from 7 (Y[t =[r—] =TT
the Ni and ZrK edges were corrected for detector nonlineari-

ties and reabsorption effects being then put on a per-atom
scale and the Compton scattering eliminated. For those mea-
sured close to the Ni and Zr edges, besides the corrections
above, the contribution of thi€ 8 fluorescence to the elastic 4
scattering was eliminated. This contribution was evaluated,

A. Total structure factors, differential structure factors, and
differential distribution functions

D. Data analysis

6

after corrections for reabsorption effects, by usingKh#to ; 3F 1
Ka ratio, which was measured at an incident photon energy 1 F |
above the edge, because they were completely separated.

Two methods were tested to put the scattered intensities on a 1 E 4
per-atom scale: that described by WagtteKrogh-Moe3’

and Normaf® and one based on the high-angle 0 .
proceduré®> For the elastic scattered intensity around the S R R R TR RTRCE
Zr edge, for which theK data range is larger K(nax KA

~13 A1), both methods gave the same result. Rhdata
range was reduced and the Wagner—Krogh-Moe—Norman FiG. 2. S(K,E) factors for energie&s=16 101 eV(curveE),
method was then applied. The normalized signal was identiE,=17 398 eV (curve F), E,=17987 eV (curve G), and Eg
cal to that obtained previously. So, we have kept the=19 200 eV(curveH).
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display the first coordination shell located at a mean distance
] r=2.77 A. The contribution of the Ni-Ni and Ni-Zr pairs to
] them is not resolved. This can be related to the sialkta
] range of the measured scattered intensities. The weight
Unini(K) to the DSK,(K,E,E,) factor is about 25%, and
it is almost four times larger than the weighiy;_y;(K) for
the S(K,E) factors, allowing a more realistic determination
of the number of Ni-Ni first neighbors.

By considering the atomic radius of Ni and Zr atoms, the
subshells located at the distanades2.64 A and 3.23 A in
the DDF,(r) functions were directly attributed to Zr-Ni and
Zr-Zr correlations. This fact allowed us to deconvolute their
first shells and, consequently, also the first shells of the
DDFy;(r) functions, by assuming a Gaussian shape for them.

KA&Y To do this, we explicitly took into account th€ dependence

FIG. 3. DSF(K.E,, .E,) factors. DSK(K.E,..E,) for energies by Fourier transforming into th& space the Gaussian dis-

(E,.E,) (curveA) and €,,E;) (curveB). DSFy(K,E,,,E,) for tributions multiplied by the weights;;(K,E,,E;,) and back
ene,rgies E..E;) (curveC) and €;.Es) (curve Dr). meen Fourier transforming over the sarerange used to calculate

the DDR(r). The structural parameters extracted from the

. . deconvolution are listed in Table II.
S(K,E) is a weighted sum ofS;;(K), we calculated the

weights W;;(K,E) for the Syini(K), Sniz(K), and

Sz.7«(K) factors. Their contributions for th§(K,E) factor

at 8330 eV are about 4%, 32%, and 64% while for the

S(K,E) factor at 17987 eV they are about 10%, 43%, and

47%, respectively. Thus, the determination of Ni-Ni first

neighbors is more difficult than for the Ni-Zr and Zr-Zr first method

neighbors. By considering the eightS(K,E) and the four
We have used the scattered intensities on a per-atom scdlSFK(K,E,,,E,) factors, a reduction of a factor of 1&t K

obtained at the incident photon energy pai®210, 8330 =1.65A"1) and 7 (at K=7.65 A1) in the conditioning

eV), (8330, 9659 eV, (16101, 17987 ey and (17987, number of the matri¥V was reached when compared to the
19200 eV to calculate four DSEK,Er,,Ey) factors around  yse of the eightS(K,E) factors only. To obtain the three
the Ni and Zr atoms. Figures 3 and 4 show them and thelgij(K) factors, theS(K,E) and DSHK,E,,,E,) factors
DDF,(r) functions. Figure 3 shows that the chemical envi-yere restricted to Kmax=7.65 AL, The Syini(K),
ronment around Ni and Zr atoms_ is very d|ﬁerent. For iN- Sz (K), and Sz.z(K) factors (thin lines obtained are
stance, a broad shoulder on the right side of the first peak ighown in Fig. 5. From this figure, th8y; »(K) andSy,.,(K)
the DSKk;(K,Em,E;,) factors is seen that is absent in the factors seem to be of good quality, especially betwen
DSF(K,En,Ep) factors. The DDE(r) functions show the =1 5 A~ andk=3.5 A%, where the conditioning number
first coordination shell split into two subshells, located atpresents the largest changes. On the other handthe(K)
aboutr=2.64 A and 3.23 A, while the DD{(r) functions  factor displays a minimum apparently without physical
meaning in this region. Théy;.z(K) factor shows a mini-

DSF(KE .E)
Ao = N W R UL ® O
l?l L] L} L] L]
>
[=~]
0 v}
o 0 o 0 . 8 B o 0 o 8 . 8

B. Partial structure factors obtained from the matrix
inversion and RMC methods

1. Partial S;(K) factors obtained from the matrix inversion

140

120

DDE(r)

20

0

100}
sof
60
40

mum atK=2.2 A~1 which was already observed in the
DSKy(K,E,E,) factors, while theS,.(K) factor displays
a shoulder at thiX value. Although theSy;.ni(K) factor is
very noisy, it is possible to see a weak prepeak at abBout
=1.5 A~! which was already observed in ti#K E) fac-
tors around the Zr edge and also some weak halos beyond
K=35A"1

Figure 6 shows the RDRr) functions (thin lines ob-
tained by Fourier transformation of tit; (K) factors. From
this picture one can see that the RRE(r) function shows
a very weak first coordination shell, located at about
=2.64 A, while the second and third ones, located at about
r=45A and 6.7 A, respectively, are very intense. The
RDRi.z(r) function displays a well-isolated first coordina-
tion shell, located at about=2.77 A; a small shoulder at
aboutr=3.83 A, and well defined and intense second and

FIG. 4. DDFR(r) functions. DDK(r) for energies Eq,E5)
(curveA) and E,,E3) (curveB). DDF,(r) for energies Es,E-)
(curveC) and [E7,Eg) (curveD).

third coordination shells, located at about5.4 A and 7.9
A. The RDF;,,(r) function shows the first coordination
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TABLE II. Structural parameters determined for theNiZr, M BN B e BN B A LA L
alloy.
Zr-Zr
Deconvolution of DDKr) functions
Bond type Ni-Ni Ni-Zr Zr-Ni Zr-Zr
N 1.3 8.4 4.2 11.6
r (A 2.67 2.67 2.76 321
<
“
Matrix inversion
Bond type Ni-Ni Ni-Zr Zr-Ni Zr-Zr
N 2.3 7.5 3.8 10.8
r(A) 2.64 2.77 2.77 3.24
RMC
Bond type Ni-Ni  Ni-Zr®  Zr-Ni® Zr-Zr
K (A
N 32 69 23 35 11 10.1
r (A) 2.68 2.73 3.62 2.73 3.62 3.25 FIG. 5. Snini(K), Sniz(K), and Sz.z(K) factors obtained

from the matrix inversior(thin lineg and RMC simulationgthick
lines) techniques.

Crystalline NiZp compound
Bond type Ni-Ni  Ni-Zr Zr-Ni zZr-Zr® lations we used the RMC programs available on the
Internet*? The S(K,E) factors obtained at the photon ener-

N 2.0 8.0 4.0 1.0 20 40 40 gies 8330 eV, 17398 eV, and 19200 eV were used as input
r &) 2.63 219 279 2.82 317 330 347 (apa, TheseS(K,E) factors were cut at the sani€ value.
The S(K,E) (solid lineg and S”MS(K,E) factors (square
) lines) are shown in Fig. 7 and they show a good agreement.
- Amorphous NisZres alloy’ The SEM(K) factors(thick lines are also shown in Fig.
Bond type Ni-Ni  Ni-Zr Zr-Ni il 5, together with those obtained from the matrix inversion
N 3.3 8.6 4.8 11.0 method. The agreement among them is very good, mainly for
r (A) 2.45 2.85 2.85 330 the S7.7(K) factor. For instance, the shoulder previously

observed in th&y, 7(K) factor and the peaks located around
K=258 A1, 43 A1 and 6.2 A1 are also seen in the

Amorphous NigZrs alloy? SBMS(K) factor; the minimum at<=2.1 A"* and peaks

Bond type Ni-Ni Ni-Zr Zr-Ni Zr-Zr
N 2.3 7.9 3.9 9.1
r (A 2.66 2.69 2.69 3.15

There are 9.2 Ni-Zr pairs gr)=2.95 A.
PThere are 4.6 Zr-Ni pairs gr)=2.95 A.
There are 11 Zr-Zr pairs gt)=3.29 A.

shell well isolated, located at abaut 3.3 A; the second one
splits into two subshells, located at abost5.18 A and 6.35

A, which are very weak. The interatomic distances and co-
ordination numbers for the first neighbors obtained from
these functions are listed in Table II.

RDF (1)

2. Partial S;;(K) obtained from the RMC simulations

In order to perform the simulations we have considered a 0
cubic cell with 1800 atom$600 Ni and 1200 2, §=0.01,
and a mean atomic number density pg
=0.054 719 atoms/A The minimum distances between at- F|G. 6. RDFRini(r), RDFyiz(r), and RDE,(r) functions
oms were fixed at the beginning of the simulations afy;  obtained from the matrix inversiotthin lineg and RMC simula-
=22 A ryz=2.4 A, andr,,.,=2.6 A. To make the simu- tions (thick lines techniques.
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3t ) i ) ) ) ) E = l8330 e.V r 5 Ni-Ni-Ni Zr-Zr-Zx
1
ol s 1.0}
1 ~ 0.5
> @
ok
' ' ' ' ' ' ' ' 4.0} Z&-Ni-Zx Ni-Zr-Ni
3t E6=17398eV' _
<
2 8 os
=) °
e .5
“2 L
o} d Zr-Ni-Ni Ni-Zr-Zr
' ' ' ' ' ' ' ' 10
3t E8 =19200 eV 1 ?
< 05
2} °
@" 0.0
M 1 1 -1.0 -0.5 0.0 05 -0.5 0.0 0.5 1.0
e
“ cos 6 cos 6
(¢] B
1 > 3 4 G S 7 8 FIG. 8. ®;_;_(cos6) functions obtained by the RMC simula-
- tions.
KA

tion functions give only a one-dimensional description of the
atomic arrangement.

Hausleitner and Hafn&r investigated several amorphous
alloys formed by transition metals using molecular dynamics
aroundk=2.7 A1, 52 A1 and 7.6 A observed in the Simulations. They obtained the structure factors, coordination

Snize(K) are also seen in the ti@RMS(K) factor; and it is numbers, interatomic distances, and also the bond-angle dis-

interesting to note that the minimum previously observed intrIbUtlon functions. According to them, if the components of

the Syi.ni(K) factor is now replaced by a well-defined maxi- an allqy have a large d|ﬁerence_ In .the numbed.mﬂ'ectrons.,
mum in theSRMS(K) factor. Other peaks observed before inthere is a pronounced nonadditivity of the pair interactions
Ni-Zr ' and a strong interaction between unlike atoms. Therefore, in

theSN,b—lléi(K) factor are also seen in thEN; (K) factor. The  certain amorphous alloys the interatomic distance of het-
RDF;"“(r) (thick lines functions are also shown in Fig. 6. eropolar bonds can be shorter than the distance of homopolar
The interatomic distances and coordination numbers for thgnes2342This also favors the formation of trigonal-prismatic
first neighbors extracted from tf@"“(r) and RDF;"“(r)  units. The shortening effect was not observed in this study.
functions are also listed in Table I1. The bond-angle values of triangular and square faces of a

It is interesting to note that although we have used eightjistorted prism are found arourt=60°, 90°—100°, 109°,
independens(K,E) and four DSKK,E,,E,) factorsto ob-  and 147°. Thus, the bond angle values shown in Fig. 8 sug-
tain the threesS;;(K) factors by the matrix inversion method, gest that distorted polyhedral units with triangular faces are
the Syini(K) factor shows a minimum betweerK  present in the atomic structure of the amorphous Niioy,
=1.5 A *and 3.5 A, which has no physical meaning. On and if there are square-faced polyhedral units, they are found
the other hand, using only thre¥K ,E) factors as input data in a very small quantity. The presence of this kind of units
in the RMC method, we have obtained excellent results, evefyas already reported in amorphous ¢fVi,, (Ref. 23,
for the Syini(K) factor. NigsTigy (Ref. 25, Pd;,Siig (Ref. 26, and NisBss (Ref. 27)

In a previous study, Leet al* and Mizoguchiet al® re-  alloys.
ported the S;;(K) factors obtained for the amorphous  Havingaet al*® reported crystallographic data for several
NigsZres and NigZrg, alloys, respectively. Leet al. used  compounds with CuA(C16)-type structure. We have used
alloys containing mixtures of Co and Fe in small quantitiestheir data for the NiZr compound in thecRYSTAL OFFICE98
while Mizoguchiet al. used the isotopic substitution method. softwaré* to obtain the interatomic distances and coordina-
A comparison among theS;"“(K), GiM(r), and tion numbers for the first neighbors listed in Table Il. Its
RDFM(r) functions obtained in this work, by using only structure has angles arourft=53°-56°, 64°, 96°-112°,
one sample, with those reported by them shows that they a@nd 143°-154°. For the amorphous NiZalloy the
in a good agreement. 0;_7_,(cosh) functions § and| can be Ni or Zr atoms

By defining the partial bond-angle distribution functions found are very similar to those present in the NiZom-
0;_j_i(cosh), wherej is the atom in the corner, we calcu- pound. On the other hand, kg _\;;(cos#) functions show
lated the angular distribution of the bonds between firstsome important differences. The Ni-Ni-Ni sequence in the
neighbor atoms. The si®; _;_(cos¢) functions found are compound is linear §=180°) while in amorphous NiZr
shown in Fig. 8. This kind of information cannot be obtainedalloy it can also be found at triangular angle&=60° and
by the matrix inversion method because the partial distribu112°); the Zr-Ni-Ni and Zr-Ni-Zr sequences found in the

FIG. 7. S(K,E) (solid lineg and S”MS(K,E) (square}factors
for the amorphous NiZralloy.
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amorphous NiZs alloy show bond angles aroun@=180°  combining AWAXS and RMC simulation techniques. The
that are not found in the compound. These data suggest théhi-z«(K) and Sz..z(K) factors obtained by both combina-
in the amorphous alloy the local structure around a Ni atonflons showed an excellent agreement, but the simulations
can be more distorted than around a Zr atom. gave the best result for th&,;.\;(K) factor. The coordination
The chemical short-range order parameter is a quantite{lumbers and .interatom_ic distances calculated from the
tive measurement of the degree of chemical short-range oRDF;(r) functions obtained by these two combinations
der. There are several definitions of chemical short-range 02"0W & good agreement among themselves and with those
der parameter® We have adopted the Warren chemical €xtracted from the deconvolution of the Dlaf) and
short-range ordefCSRO parameter; (Ref. 46 given be-  DDFz(r) functions.

low to compare the amorphous NiZalloy and the NiZ The results achie\_/ed in _this study suggest that the combi-
compound: nation of the _RMC 5|mulgt|ons method and AWAXS can be
used to obtain more reliabl§;;(K) factors than those ob-
Niz tained by the matrix inversion method, in particular for the
=l (5) Ni-Ni pairs, which have the smallest weighting factor. This
Ca(C1N3+CoN7) was already observed in a neutron diffraction study per-

1 1 1_ formed in a CuBr alloy/ which is also an ill-conditioned
Here, N1p=Nwize and Ni=Nniy Nz and No=Nz .z, roblem similar to ourz In addition, this combination gives
+ Nz, are the total coordination numbers in the first shell.P ' ' 9

By using the coordination numbers given in Table II, weYS SOMe evidence of the presence of _distorted polyhedral
RMC_ NinZZ' units with triangular faces in the atomic structure of the

found oy __0'0?9 and for the compoundyzl amorphous NiZs alloy. The calculated Warren CSRO pa-
—0.024. The chemical short-range order in the amorphousymeter indicated that the chemical short-range order found
NiZr, alloy is similar to that found in a solid solution, for , the amorphous Nizralloy is similar to that found in a
which «,=0. The same behavior is observed in the MiZr gqjig solution, and there is some resemblance with that found
compound. in the NiZr, compound.
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