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The structure of amorphous Cu57Zr43 has been investigated by neutron diffraction using the 
isotopic substitution method with the isotopes 63Cu and 65Cu besides natural Cu. From the 
scattering contribution of concentration fluctuations to the measured structure factors and from 
the atomic distances chemical ordering is concluded to exist in amorphous Cu57Zr43. The 
structural results are compared with previous experimental and theoretical investigations of Cu-
Zr- and other binary metallic glasses formed by transition metals. Evidence is given that the 
topological as well as the chemical short range order is asymmetric in respect to both components 
in this type of metallic glasses. 

Introduction 

Metallic glasses f rom the Cu-Zr system, which 
can be produced since one decade [1, 2], are the 
most extensively studied ones belonging to the 
group of metal-metal alloys. The investigations in-
volve the atomic structure by X-ray- [ 3 - 9 ] and 
neutron- [10, 11] diffract ion as well as by E X A F S 
[12-15] , dynamical propert ies by inelastic neut ron 
diffraction [16, 17], inhomogenei t ies by small angle 
diffraction [18, 19], the glass forming abil i ty [1, 20], 
the stability as well as the relaxation and crystallisa-
tion behaviour [21-34] , magnet ic [ 35 -38 ] , elec-
tronic [5, 38 -49] , mechanical [31, 5 0 - 5 2 ] , the rmo-
dynamic [5, 30, 42, 53], and chemical [ 5 4 - 5 7 ] 
properties, superconductivity [58 -60 ] , N M R [61], 
positron annihilation [5, 6 2 - 6 5 ] , Mössbauer spec-
troscopy [66], radiat ion damage [67]. and technical 
applications [68-70] . Also a variety of theoretical 
studies on the structure [6, 7 1 - 7 4 ] and other prop-
erties [72, 73, 75, 76] can be found in the l i terature. 

Despite the many publicat ions deal ing with Cu-
Zr glasses one must state that their s t ructure is not 
yet cleared up reliably. This is obvious f rom the 
contradictory structural results found in the litera-
ture up to now: Random mixing of both con-
stituents follows f rom the values of coordina t ion 
numbers by X-ray- [9] and neutron- [10. 11] d i f f rac-
tion as well as by EXAFS [12, 13]. On the o ther 
hand, also by X-ray dif f ract ion [7, 8] and by E X A F S 
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[14, 15] chemical short range order (CSRO) was 
found in Cu-Zr glasses. The case of statistical 
distribution of both kinds of atoms, however, is very 
unlikely because of the following reasons: Those 
scattering experiments per formed up to now with 
metal-metal glasses which are. due to the scattering 
ampli tudes of their constituents, sensitive to C S R O 
effects (Cu-Ti [77], Ni-Ti [78. 79], Ni-(Zr, Hf) [80]) 
all showed up the presence of CSRO. Fur thermore , 
the electronic structure of amorphous Cu-Zr alloys 
[40, 41] reflects strong chemical interaction between 
the two kinds of atoms. 

Generally there is growing evidence that the 
chemical interaction between the components of an 
alloy is an important condition for its glass forming 
ability. 

Fundamentals 

For convenience of discussion of the experimental 
results the essential equations are given in the 
following: 

Faber Ziman Formalism 

According to the Faber Z iman definit ion [81] the 
total structure factor is obtained f rom the coherently 
scattered intensity per atom IC{Q): 

/ c ( 0 - [ < £ 2 > - < £ > 2 ] 

where 

Q = 4 Tr sin 0 / ; . , 
2 0 = scattering angle. 
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/. = wavelength of the radiat ion, 
<•b> = cAbA + cBbB, 
(b2) = cAbi+ cBbl, 
cA, CB = atomic concentrations of the components A 

and B, 
bA, bB= coherent scattering lengths of A and B. 

The total structure factor is a sum of the three 
weighted partial Faber Ziman structure factors 
OijiQ): 

S¥Z(Q) = 
clbl _ , clbl 
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The three partial pair correlation funct ions (ppc f ) 
Gjj(R) are defined as 

Gu(R) = 4nR QU(R) 
Qo 

where 

Qij(R)= pair density distr ibution funct ion of i - j 
pairs, i.e. n u m b e r of j a toms per unit 
volume at distance R f rom an i a tom, 

go = mean atomic n u m b e r density. 

The Gjj(R) are obta ined f rom the part ial struc-
ture factors by Four ier t ransformat ion 

2 x 
Gij(R) = - j ß K ( 0 - 1] sin (QR) d ß . (4) 

n o 

The interatomic distances are given by the posi t ions 
of maxima of the Gjj(R) functions. 

The partial radial distr ibution funct ions Ajj(R) 
can be calculated f rom the Gjj(R): 

Au(R) = Cj[47iR2eo+RGu(R)]. (5) 

F rom Ajj(R) the partial coordinat ion n u m b e r Z, 
can be evaluated: 

Ru 
Zij= SAu(R)dR. (6) 

In the present work the minima besides the main 
peak of Ajj(R) are taken as integration limits. 

For the total functions SFZ(Q), G(R), A(R), and 
the total coordination number N also (4), (5), (6) 
are valid, whereby in (5) Cj has to be d ropped . 

Bhatia Thornton Formalism 

Using the Bhatia Thorn ton formal ism [82] the 
structure of a binary system is described in terms of 
correlations between density f luctuat ions and con-
centration fluctuations, the Four ier t ransforms of 
them in ß - space being the partial Bhatia Thorn ton 
structure factors S N N ( 0 , Scc(Q), and SNC(0)-
Here another def ini t ion of the total s tructure factor 
is convenient: 

/c(0 
S B T ( 0 = 

(b2> ' 
(7) 

which in terms of the part ial structure factors is 

SBT(Q) = 
(b)2 . , cAcB(bA-bB)2 

<Z)2>W0+ <b2) 

2 (b)(bA-bB) 
+ 

(b2) 

Scc(Q) 

S N C ( 0 , ( 8 ) 

(3) where 

5 n n ( 0 = partial s t ructure factor of the correlat ions 
between n u m b e r density f luctuations, 

Scc(Q) = partial s t ructure factor of the correlat ions 
between concentrat ion fluctuations, 

S N C ( 0 = partial s tructure factor of the cross corre-
lations between concentrat ion fluctuations 
and density f luctuations. 

The three density concentrat ion correlat ion func-
tions are obtained f rom the partial s tructure factors 
by Fourier t ransformat ion f rom ß- space to R-space: 

Cnn(ä) = — f Q [ W 0 - 1] sin (QR) d Q, 

Gcc (R)= — $Q [Scc(Q) ~ 1] sin (QR) d ß , 
71 

CNC(R)= — J ß 5 N c ( ß ) s i n ( ß / ? ) d ß . (9) 
71 

GMN(/?) represents the topological short range 
ordering (TSRO), whereas Gqc(R) represents the 
chemical short range order ing (CSRO). G N c rep-
resents the size effect, which is caused by di f ferent 
a tomic volumes of the components . 

The description of the a tomic structure of an 
amorphous binary in terms of the Bhatia Thorn ton 
partial functions has a clear meaning if the con-
tribution of SMC is zero or at least small, that means 
if the a tomic d iameters d i f fe r not too much. In this 
case the T S R O as well as the C S R O is symmetr ic in 



respect to the two constituents and the alloy is 
designated as a substitutional one. The description of 
its structure only requires the two part ial funct ions, 
S N N and Scc- On the other hand, the structure of an 
amorphous alloy whose components have very 
different atomic sizes may be bet ter described in 
terms of the three Faber Z iman part ial s t ructure 
factors «AA, ABB, and #AB-

Experiments and Data Reduction 

Three amorphous Cu57Zr4 3 samples were pro-
duced by the melt-spinning technique in He a tmo-
sphere; one with copper with natural isotopic 
abundance (sample 2), one with the 6 3 Cu isotope 
(98.2% enriched, sample 1), and one with the 6 5 Cu 
isotope (96.7% enriched, sample 3). The r ibbons 
were cut into small shreds and packed in v a n a d i u m 
tubes with 0 . 1 m m wall thickness, 42 m m height , 
and 11.5 mm outer diameter . The neut ron d i f f rac -
tion experiments were pe r fo rmed with the D 4 
diffractometer at the Institute Laue Langevin, 
Grenoble [83]. Intensity profiles were recorded f rom 
20 = 1.3° up to 143° using neutrons with 0.69 A 
wavelength. The counting statistic per measured 
point corresponded to 0.5 pet statistical error. T h e 
necessary corrections for the evaluat ion of the 
coherent intensity f rom the measured data were 
essentially the same as described earlier [84], 
Smoothing of the measured curves was pe r fo rmed 
with a cubic spline fit procedure. For the macro-
scopic density the value 7.51 g / c m 3 was taken [85]. 

The absorption and scattering pa ramete r s of Cu 
and Zr used in the present work are listed in 
Table 1. As for the values of the scattering lengths 
b\, which have to be known accurately in isotopic 
substitution experiments, the fol lowing commen t s 

Table 1. Absorption- and scattering-parameters: a a = ab-
sorption cross section. a inc = incoherent scattering cross 
section, b = coherent scattering length. * See text. 

Component 
[barn] [barn] 
(/. = 0.69 A) 

[10~12 cm] 

Zr 
natCu 
63Cu (pure) 
65Cu (pure) 
63Cu (98.2% enr. 
65Cu (96.7% enr. 

0.064 [86] 
1.50 [87] 
1.79 [87] 
0.865 [87] 
1.77 
0.896 

0.11 [88] 

0.50 [88] 
0.006 [89] 
0.40 [89] 
0.013 
0.39 

0.716 [90] 
0.768 [88] 
0.652 * 
1.026* 
0.659 
1.014 

should be given: The ^/-values of n a tCu, 6 3Cu, and 
6 5Cu given in [86] turned out to be not consistent 
with the results of the present experiments. There-
fore. a set of three consistent values was derived 
f rom the scattered intensities: The three specimens 
have been prepared in such a way that the mass of 
the Cu-Zr material exposed to the neutron beam 
was known. Therefore, the ratios I\{Qy.Ii{Q):I\{Q) 
of the total scattered intensities per a tom could be 
evaluated. In the h igh-^- reg ion I)(Q) approaches to 

/•(oo) = k [(b2) + «(7 , nc> + erm s ) /4 i i \ , (10) 

where crms is the mult iple scattering contr ibut ion 
and k a normalizat ion factor, which cancels out in 
the ratios. Using the values for crinc f rom Table 1 
and assuming that the values &(n a tCu) = 0.768 
• 10~ l 2 cm and b(Zr) = 0.716 • 1 0 - 1 2 c m are correct, 
a set of three coherent scattering lengths for the 
three Cu-materials was calculated, which was con-
sistent with the ratios / | ( c c ) : / 2 ( o c ) : / 3 ( o o ) and 
with (10). The 6,-values for the pure isotopes 6 3 Cu 
and 6 5Cu (see Table 1) were then derived taking 
into account the isotopic enrichment of the Cu-
materials used in the present work. It should be 
noted that the experimental value of a i n c for n a tCu in 
Table 1 agrees with the corresponding one which 
can be calculated f rom o [nc of 6 3 Cu and 6 5 Cu, 
whereby the isotopic incoherence has to be added . 
From this we conclude that the values for crinc in 
Table 1 which enter into the calculation of the 
values for bj, according to (10), are correct. Finally, 
a consistency check can be made using (11): 

b(mlCu) = 0.691 £( 6 3 Cu) + 0.309 6 ( 6 5 C u ) , (11) 

where the weighting factors are the natural isotopic 
abundances of 63Cu and 6 5Cu. This equat ion is 
fullfilled by the values given in Table 1, but not, 
for expamle. by the corresponding values reported 
in [86], which have been used by Kuodo et al. [10]. 

Results and Discussion 

Structure Factors 

From the coherently scattered intensities IC(Q) 
the total structure factors S„Z(Q) for the three 
alloys were calculated with (1) and plotted in 
Figure 1. To illustrate the statistical f luctuat ions of 
the measured data in the insert of Fig. 1, also part of 



Fig. 1. Total structure factors SF Z(Ö). N: Neutron diffrac-
tion, X: X-ray diffraction. 

the unsmoothed measured S i F Z ( 0 - c u r v e is given. 
Furthermore, the total S x z ( 0 measured by X-ray 
diffract ion with Mo-K a - rad ia t ion is plotted. 

Compared to the X-ray s t ructure factor, the 
neutron structure factors show two remarkab le 
features in the l o w - 0 r e g i o n : W h e r e a s Sx z is zero at 
low 0 s , S f z , 52

f z , and S3
FZ ex t rapola te to 0.13. One 

may suppose that this behav iour is caused by a 
certain amount of hydrogen inserted dur ing the 
preparat ion of the specimens which would in fact 
give rise to a constant background level due to the 
large incoherent neutron scattering cross section of 
hydrogen. A check of this p rob l em was m a d e by 
an additional neutron scattering exper iment with a 
crystallized na lCu57Zr43 sample. After the back-
ground corrections — same a m s as for the a m o r p h o u s 
sample but no subtraction of the Laue monoton ic 
scattering term - the corresponding value for 5 ( 0 ) 
at low 0 s was zero within the error limits. Af ter 
crystallisation the sample contains at least the same 
hydrogen impurit ies as the a m o r p h o u s samples. 
Therefore the high level of the neutron s tructure 
factors of the amorphous samples at low 0 s is not 

caused by hydrogen but ra ther by the a m o r p h o u s 
structure itself. 

The second interesting fea ture of the neut ron 
curves is the appearance of a so-called p repeak in 
front of the main m a x i m u m , which is not observed, 
however, with the X-ray curve. This prepeak, which 
is caused by concentration f luctuations, SCC, clearly 
shows up the presence of a chemical short range 
order effect in a m o r p h o u s Cu57Zr43. A rough 
estimation of the strength of the C S R O effect can 
be made by dividing the ampl i t ude of the p repeak 
by the weighting factor of See in (8). Th is shows 
that in spite of the small ampl i tudes of the p repeaks 
in Fig. 1 the C S R O nevertheless must be strong in 
amorphous Cu-Zr, because of the very small 
weighting factors (see ( 1 3 a - c ) , below). 

Corresponding to (2) the total SN
FZ(Q) ob ta ined 

with specimen number n is expressed in te rms of 
the partial structure factors ): 

S f z ( 0 = 0.308 acucu(ß) + 0.198 aZrZr{Q) 

+ 0.494 flcuzr(ß), (12a) 

S!Z(Q) = 0.346 flcucu(ß) + 0.169 AZRZR(Q) 

+ 0.484 a C u Z r ( 0 , (12b) 

S 3 F Z ( 0 = 0.435 A C u C u ( 0 + 0.116 A Z r z r ( 0 

+ 0.449 flcuzr(ß), (12c) 

S £ z ( 0 = 0.240 tfCuCu(0 + 0.260 aZrZr(Q) 

+ 0.500 ö c u z r ( 0 . (12d) 

Corresponding to (8) the total 5 ® T ( 0 are expressed 
in terms of the Bhatia Thorn ton part ial s t ructure 
factors: 

S P T ( 0 = 0.998 W 0 + 0.002 S c c ( ö ) 

- 0.164 S N C ( 0 , (13a) 

S 2
b t ( 0 = 0.999 S N N ( 0 + 0.001 S C c ( 0 

+ 0.142 S N C ( 0 , (13b) 

S 3
b t ( 0 = 0.973 W 0 + 0.027 S c c ( 0 

+ 0.656 S N C ( 0 , (13c) 

S$T(Q) = 0.975 S N N ( 0 + 0.025 S c c ( 0 

- 0.637 S N C ( 0 . (13d) 

The three neutron d i f f rac t ion experiments , in prin-
ciple, provide a set of three equat ions for the 
extraction of the three part ials a,j, (12a , b, c), and 

S f Z : N ; 6 3 C u 5 V Z r , 3 

S 2
F Z :N ; n a t C u 5 7 Z r , 3 

:N, 6 5 C u 5 7 Z r , 3 



of the three partials SNN, SCC- and SNC , (13a, b, c). 
In practice, however, it turned out that it was not 
possible to extract reliable ^ - f u n c t i o n s . This can 
be understood f rom the fact that due to the badly 
conditioned system of the three equat ions (12a, 
b. c). whose normal ized de te rminan t has the very 
low value of 2 • 10~3, even very small exper imenta l 
uncertainties lead to drastic uncertaint ies in the 
resulting partial functions. It should be noted that 
even better count ing statistics than that of the 
present work cannot overcome this p rob lem, but 
that rather systematic errors in the correction pro-
cedures and in the tabula ted scattering and absorp-
tion cross sections nowadays requi re a much bet ter 
conditioned system of equat ions. 

For the case of the Bhatia Thorn ton part ial 
structure factors the coefficients in (13a, b, c) show 
that the evaluation of the part ials S N N and S N C 

should be possible, whereas the contr ibut ion of Sec 
is too small to allow its separat ion. This is readily 
seen from the value of the de te rminant which 
equals 7 • 10~3 for the system of the three equat ions , 
but which becomes 3 • 10 - 1 for (13 a, b) for S N N and 
SMC alone when Sec is neglected. Figure 2 shows 
the partials S N N and S N c resulting f rom (13 a, b, c). 
The dotted part of the curves below Q = 2A~] 

should indicate that in this range, where the pre-
peak occurs, the results are uncertain, because the 
main contribution of SCc lies in this range and is 
thus there not necessarily small. The run of S N c 
shows that the size effect in a m o r p h o u s Cu-Zr , as 
expected from the dif ference of the a tomic d iam-
eters. plays an impor tan t role in the structure. As 
this function f requent ly was theoretically calculated 
[79] or even neglected [77] in structural researches it 
is interesting to compare the exper imental S N c -
function with the corresponding theoretical Ashcroft 
Langreth hard sphere funct ion [91], Figure 2 shows 
the result as dashed curve, whereby the a tomic 
diameters were chosen as dCu = 2.59 A and dZr = 
3.28 A. and the density as 7.51 g /cm 3 . Compar i son 
shows that the general features of both curves agree 
in the ß - range where the main peak of S N N lies, but 
that the oscillations of the hard sphere S N c are 
more pronounced by a factor two compared to those 
of the experimental curve. 

The prepeak occuring in the in Fig. 1 is most 
pronounced in the S3 curve, which is in accordance 
with the fact that in this case the weighting factor of 
the SCC function is larger than in Si and S 2 (see 
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Fig. 2. ö-Cu37Zr43: Bhatia Thornton partial structure fac-
tors S N N ( 0 and S N C ( 0 . 

(13)). On the other hand , in the X-ray s tructure 
factor S®T this weighting factor is as large as in S f T , 
and nevertheless we observe even not a trace of a 
prepeak. This behaviour must be due to the con-
tribution of the partial S N c , which is as large in S®T 

as in S®T but opposi te in sign, and we must 
conclude that in the X-ray case the oscillation of 
S c c in front of the main peak is cancelled by that 
of S N C . 

Comparison of this observat ion with structural 
data for other amorphous metal-metal alloys found 
in the literature seems to be qui te interesting and is 
shown in Table 2. All alloys have the c o m m o n 
feature that the a tomic d iamete r ratio is clearly 
below unity. We state that those alloys for which a 
CSRO effect is clearly demons t ra ted by neu t ron 
diffraction exhibit no p repeak in the X-ray d i f f rac-
tion case if the weighting factor of S N c is large bu t 
negative, that means where the scattering power of 
the smaller constituent A is distinctly weaker than 
that of the larger consti tuent B. This observat ion 
again reflects the impor tant role of the size effect in 
the structure of metal-metal glasses. F rom the fore-
going one can show that the chemical order ing is 
asymmetric with respect to both constituents in that 
way that the oscillations of the See funct ion are 
mostly caused by a larger pseudoper iod of the 
ordering of the smaller componen t : 



Table 2. d, = atomic diameter; w^ - weighting factors of the a,j in Eqn. (2); vvnc = weighting factors of the partial structure 
factors in Eqn. (8): Qp. Q\ = position of the prepeak, main peak of 5 ( 0 ) ; /p = amplitude of the prepeak measured from 
SV7(Q ^ 0) as baseline. * S ( 0 defined according to Eqn. (7). 

Sample dA X: X-ray W,j W'nc bA prepeak <?P ' P 

A - B dB N: Neutron AA BB AB NN CC NC bs in 5 ( 0 ) 0 . 

Cu57Zr43 0 . 8 0 0 X 0 . 2 4 0 0 . 2 6 0 0 . 5 0 0 0 . 9 7 5 0 . 0 2 5 - 0 . 6 3 7 0 . 7 2 5 No 
this work N (63Cu) 0 . 3 0 8 0 . 1 9 8 0 . 4 9 4 0 . 9 9 8 0 . 0 0 2 - 0 . 1 6 4 0 . 9 2 2 Yes 0 . 5 3 0 . 0 3 

N (natCu) 0 . 3 4 6 0 . 1 6 9 0 . 4 8 4 0 . 9 9 9 0 . 0 0 1 0 . 1 4 2 1 . 0 7 4 Yes 0 . 5 5 0 . 0 3 
N (65Cu) 0 . 4 3 5 0 . 1 1 6 0 . 4 4 9 0 . 9 7 5 0 . 0 2 7 0 . 6 5 6 1 . 4 1 8 Yes 0 . 5 8 0 . 0 8 

Ni60Nb40 0 . 8 4 9 X 0 . 2 7 3 0 . 2 2 7 0 . 4 9 9 0 . 9 6 5 0 . 0 3 5 - 0 . 7 5 6 0 . 6 8 3 No _ 
[ 9 2 ] N (natNi) 0 . 4 7 0 0 . 0 9 9 0 . 4 3 1 0 . 9 6 7 0 . 0 3 3 0 . 7 3 5 1 . 4 9 3 Yes 0 . 6 2 M M ) [ 9 2 ] 

N (58Ni) 0 . 5 6 6 0 . 0 6 1 0 . 3 7 2 0 . 9 0 7 0 . 0 9 3 1 . 1 9 0 2 . 0 8 7 Yes 0 . 6 2 0 . 1 8 
Ni35Zr65 0 . 7 7 5 X 0 . 0 7 5 0 . 5 2 7 0 . 3 9 8 0 . 9 7 6 0 . 0 2 4 - 0 . 6 5 4 0 . 7 0 0 No - -

[ 8 0 ] 

Ni4oTi6o 0 . 8 4 4 X 0 . 2 1 1 0 . 2 9 3 0 . 4 9 7 0 . 9 8 6 0 . 0 1 4 0 . 4 8 5 1 . 2 7 3 Yes 0 . 6 2 0 . 1 1 

[ 7 8 , 7 9 ] N 3 . 9 2 0 . 9 6 1 - 3 . 8 8 3 0 . 0 8 8 0 . 9 1 2 1 . 1 5 5 - 3 . 0 2 9 Yes 0 . 6 7 1 . 6 3 * 

Co->5Ti75 0 . 8 5 0 X 0 . 0 8 4 0 . 5 0 4 0 . 4 1 2 0 . 9 9 1 0 . 0 0 9 0 . 4 2 6 1 . 2 2 7 Yes 0 . 5 9 0 . 0 6 

[ 9 3 ] 

CU(*Ti34 0 . 8 7 1 X 0 . 5 3 0 0 . 0 7 4 0 . 3 9 6 0 . 9 8 5 0 . 0 1 5 0 . 5 1 7 1 . 3 1 8 Yes 0 . 5 9 0 . 0 6 

X: [93], N: [77] N 1 . 6 7 8 0 . 0 8 7 - 0 . 7 6 6 0 . 3 5 7 0 . 6 4 3 0 . 6 4 3 - 2 . 2 6 Yes 0 . 6 0 1 . 2 5 * 

We express Sec and S N c in terms of the a^ for 
sake of simplification for the case of cA = cb = 0.5: 

S c c = 1 + (aAA + am-2aAB)/4, (14) 

S N C = (FLAA- « B B ) / 8 . ( 1 5 ) 

We know that C S R O (pseudoper iod) leads to a 
positive peak of aAA and tfBB and to a negative peak 
of «AB in front of the main peak. These peaks sum 
up to the so-called SCc p repeak , (14). If the C S R O 
is symmetric with respect to A and B, öaa = #BB and 
SNC = 0. But if the C S R O is asymmetr ic in such a 
way that «AA > «BB in the range of the prepeak, then 
S N C shows there, according to (15), also a peak, 
which may cancel that of SCc if the factor wN C of 
S N c is large and negative. Fo r the case of AAA< öBB, 
however, negative factor vt'NC of S N c would enhance 
the prepeak. 

Finally we sum up these considerat ions by stating 
that the metal-metal a m o r p h o u s alloys where one 
component is an early and one componen t is a late 
transition metal, do not belong to the subst i tut ional 
type. It may be noted that this asymmetr ic struc-
tural behaviour is found to be much more r igorous 
in metallic glasses of the metal-metal loid type. In 
this type of glasses direct ne ighbourhood between 
the smaller metalloid a toms is avoided and thus the 
partial metal l iod-metal loid structure factor shows a 

peak at lower (2-values than the ma in peak of the 
total X-ray structure factor [84], It is there fore 
suggested that this asymmetr ic behaviour , more or 
less pronounced, is a c o m m o n fea ture of all types of 
metallic glasses. 

Correlation Functions 

From the total s tructure factors SFZ(Q) the total 
correlation functions G(R) were der ived according 
to (4) and plotted in Figure 3. The total G(R) are 
weighted sums of the Gjj(R), where the weight ing 
factors are the same as in ( 1 2 a - d ) . Thus it is 
obvious that the calculation of the part ial Gl} by 
solving a set of three equat ions analogous to 
( 1 2 a - c ) fails as was a l ready stated for the case of 
the partial structure factors a,j. F igure 4 a shows the 
main peak of the three neutron curves G\, G2, and 
G3. They are slightly di f ferent , which can be under-
stood by the weighting factors n',y in (12): The rise of 
the level of the curves near R = 2.6 A going f rom Gi 
to G2 and then to G3 scales well with the rise of the 
weighting factor H'CuCu in ( 1 2 a - c ) . This means tha t 
the main contribution of GC u C u falls into this Ä-range. 
Simultaneously the shoulder at the right hand side 
near 3.2 A decreases with decreasing u'Z r Z r , which 
thus is identified as the contr ibut ion of G Z r Z r . 

In order to de te rmine the d i f ferent a tomic dis-
tances three dif ference curves A\ , A 2 , and A3 were 



calculated choosing the factors of G\ and G3 in such 
a way that in each case one of the three G,y cancels 
out. The three d i f ference curves are plotted in 
Figure 4b. 

A, = G3 - 0.910 G, = 0.115 Gcucu ~ 0.064 GZrZr, 

A: = 1.411 G , - G 3 = 0 .248 G C u z r+0 . 1 6 3 GZ r Z r , 

A3 = 1.706 G 3 - G, = 0.434 G C u C u + 0.273 GC uz r • 

From A\ the values RcnCu = 2.58 A (positive peak) 
and RztZt= 3.28 A (negative peak) and f rom A2 the 
value flcuzr = 2.80 A were taken (see arrows). J 3 

shows one peak at 2.67 A which is formed by the two 
not resolved Gcucu and GCuz r- The a tomic distance 
between unlike a toms (2.80 A) is smaller than the 
mean value of the distances between like a toms 
(2.93 A) by 5 ptc. This fact is explained by prefer red 
chemical interaction between the two consti tuents in 
amorphous Cu-Zr. 

Based on the known in tera tomic distances we 
tried to fit the first m a x i m u m of the total neutron-
G(R) curves by three partial Gjj(R)-curves: The 

Fig. 3. Total pair correlation functions G(R). N: Neutron 
diffraction. X: X-ray diffraction. 

starting curve was one constructed asymmet r ic func-
tion whose m a x i m u m position, height , and width 
was varied in order to p roduce three G,y which 
reproduce the run of the total neut ron curves. The 
results are shown in Fig. 5 a, together with the 
experimental curves. The final values for Rjj and Z ( / 

thus obtained are listed in Table 3. 
It turned out that f rom the fit of the three 

measured total funct ions G\, G 2 , and G3 in each 
case the same Rj, and widths resulted, but that 
different Z,y had to be chosen to op t imize the fit 
which led to the range given in Tab le 3 for their 
values. The fact that there is no un ique set of three 
Z,j which fits s imultaneously the three total G(R) 
again reflects the statement given above that 
straight-forward calculation of the G ( /( /?) f rom the 
totals was not possible. The resulting part ials G(/ (R) 
are plotted in Figure 5 b. 
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Fig. 5. a) Main peak of the total pair correlation functions. 
experimental from Fig. 3, by Fitting, see text. 

b) Partial pair correlation functions GCxlcu(R)i GCuZr(R)> 
a n d GZTZT . by f i t t i ng of G], • • • o f G2, of G 3 . 

From the partial Z / 7 the War ren Cowley short 
range order paramete r [94] a, can be calculated 
referring either to a central Cu- or a central Zr-
atom: 

where i = Cu or Zr and j = Zr or Cu. 
Table 3 shows that a C u as well as a Z r comes out as 

nearly zero within the error bars. This result is in 

disagreement with the observed C S R O effect in Cu-
Zr glasses, which means preference of unlike neigh-
bours, i.e. negative values of a,. Cargill and 
Spaepen [96] def ined an al ternat ive short range 
order parameter which accounts for the possibili ty 
that the ordering around both kinds of a toms may 
be different. It should be ment ioned that with the 
partial coordination numbers of the present work 
also this parameter nearly becomes zero within the 
error bars. 

Comparison with the Literature 

A variety of experimental and theoretical s tudies 
on the structure of Cu-Zr glasses has been per-
formed heretofore; the results of them shall be 
compared with the results of the present work in the 
following section. Hereby in Fig. 6 a, b the first 
maximum of the curve G\, where the shoulder at 
the right hand side, belonging to the Zr-Zr con-
tribution is most distinctly observed, is chosen for 
the comparison. The a tomic distances, the coordi-
nation numbers, and the resulting short range order 
parameters are summar ized in Table 3. W e note 
that the curves from the literature were taken graph-
ically from plots and digitalized using a c o m p u t e r 
graphic input routine. 

Experimental Data from Literature 

Kudo et al. [10, 11] reported structure factors of 
Cu57Zr43 up to 11.4 A - 1 which were measured using 
the same isotopic substi tut ion technique as in the 
present work. N o hint on a prepeak was given by 
the authors. They derived part ial G,7 funct ions as 
well as Rij- and Z ( / -values (see Table 3). F r o m the 
values of the Z /y absence of C S R O was concluded in 
[11]. In Fig. 6a the main m a x i m u m of our experi-
mental curve Gi (solid line) is compared with a 
corresponding one which, according to (12 a), was 
composed f rom the ppcf taken f rom [10] (line with 
small dots). Rather large di f ferences are observed, 
especially at the right hand side, where the com-
posed curve does not show a separate shoulder , 
maybe due to the relatively small ^ Z r Z r = 3 . 1 5 Ä and 
the rather large widths of the G,7 in [10]. 

Chen et al. [8] est imated the ppcf for Cu50Zr50 
by means of the anomalous X-ray scattering tech-
nique. Concerning this technique it should be noted 
that it yields a system of three equat ions for the 



Table 3. Comparison between structural data of Cu-Zr glasses. 

RcuCu ^Z.rZr ^ C u Z r Z c u C u ZquZT ZzrCu ZzrZr »Zr System Reference 
[A] [atoms] 

2.59 3.28 2.77 8.1-8.3 4.7-5.4 6.2-7.1 4.8-5.7 0.11- 0.15 0.01-0.05 Cu57Zr43 this work 
2.65 3.15 2.80 5.4 5.0 6.7 5.9 - 0.12 0.07 Cu57Zr43 [10, 11] 
2.53 3.15 2.75 5.8 5.6 5.6 5.0 0.02 - 0.06 Cu50Zr50 [8] 
2.47 3.14 2.74 — 4.6 5.1 — - 0.03 Cu46Zr54 [13] 
- 3.13 2.67 - 4.34 4.43 - 0.18 Cu60Zr40 [12] 
2.52; 3.00 3.15 2.71; 3.05 3.75; 2 4.5; 2 1:3 4 - 0 . 3 3 - 0.19 Cu60Zr40 [14. 15] 
2.55 3.15 2.80 - - - - - - Cu57Zr43 [71] 
2.63 3.24 2.80 4.9 5.4 5.4 7.7 - 0.05 0.18 Cu5oZr50 [73] 
2.43 3.04 2.75 - — - - — - Cu57Zr43 [74] 
2.54 3.12 2.71 3.6 6.3 5.2 7.7 0.05 - 0 . 2 2 Cu33Zr67 [72] 

partial alt whose normalized de te rminant is worse 
by at least one order of magn i tude than that of 
( 1 2 a - c ) . The values of the Z,7- (Table 3) were 
explained in [8] by a more or less r andom distri-
bution of both kinds of a toms in Cu-Zr glasses, 
whereas preferred interaction of unlike a toms was 
concluded f rom the shape of the a,/-curves. 
Figure 6a shows the total G(R) of Cu50Zr50 (dashed 
line) composed f rom the part ial f rom [8] with 
the appropria te weighting factors. T h e discrep-
ancies between this curve and the experimental G\ 
cannot be explained by the concentrat ion di f ference 
alone. 

Cu-Zr glasses have been also studied by EXAFS. 
Haensel et al. [13] fitted E X A F S data f rom Cu 4 6 Zr 5 4 

(Cu- and Zr-K-edge) by asymmetr ic correlat ion 
functions f rom which they got the figures in Table 3. 
They found correspondence of the coordinat ion 
numbers with the composi t ion of the alloy, which 
means random mixing, but d i f ferent pai r distri-
bution characters, i.e. symmetr ic for Zr-Zr and 
asymmetric for Cu-Cu and Cu-Zr . 

Wong et al. [12] reported EXAFS data f rom 
Cu60Zr40 (Zr-K-edge). The small value /?cuZr = 
2.67 A compared to the sum of the Goldschmid t 
radii of Cu and Zr is explained by chemical inter-
action. On the other hand they conclude random 
mixing of Cu and Zr f rom the scaling of coordi-
nation numbers with the composi t ion of the glass. 

Sadoc et al. [14. 15] proposed a two-subshell 
model for the quant i ta t ive description of their 
EXAFS data f rom Cu 6 0 Zr 4 0 (Cu- and Zr-K-edge), 
where both for the Cu-Cu- and the Cu-Zr-dis t r ibu-
tion two coordination shells were taken (Table 3). 
As the coordination numbers of this model clearly 
yield negative values for acu and aZ r it is interesting 

Fig. 6. a) Comparison between the present work and 
experimental data from literature. G\ (R) from 
Figure 3. • Fit of C, (R) as in Figure 5 a. Other curves see 
text, b) Comparison between the present work and theoret-
ical data from literature. C, (R) from Figure 3. Other 
curves see text. 
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to check whether those Z /y do fit the G(R) curves 
obtained by neutron scattering. Wi th the R t j , Z,7 , 
and the widths a^ of the five dis t r ibut ions given in 
[15] a total G(R) corresponding to Cu6oZr4o was 
simulated as sum of five Gaussian curves using the 
appropriate weighting factors. Mathemat ica l detai ls 
are described in previous papers [84, 95], F igure 6 a 
(dash dotted curve) shows the result, and one can 
see that the agreement is poor. 

Resuming the experimental f igures in Table 3 one 
can state that in each case the a tomic distance of 
Cu-Zr pairs is smaller than the mean value of the 
Cu-Cu and Zr-Zr distances. This gives evidence for 
preferred interaction between unlike a toms in Cu-
Zr glasses. From the partial coordinat ion numbers , 
however, preferred coordinat ion of unlike neigh-
bours, which one would expect f r o m the chemical 
interaction, cannot be concluded. 

From (16) follows 

zla, 1 - oc, Zn 

0Cj cij Zjj + Zu 

where A denotes an absolute error of the corre-
sponding value. 

If we assume the errors in the part ial coord ina t ion 
numbers to be of the order of 10% and Z,7 « Z,7 , 
(17) yields as error in a, 110%, 60%, and 43% for 
a, = — 0.1, - 0 . 2 , and —0.3, respectively. This illus-
trates that small negative values of a, lying in the 
range between - 0 . 1 and - 0 . 2 hardly can be evaluat-
ed f rom experimental partial coordinat ion numbers . 

Theoretical Data from Literature 

Figure 6 b shows besides the exper imenta l corre-
lation function G\ (R) theoretical curves which were 
composed from partial pair correlat ion funct ions 
found in the li terature up to now. 

Kobayashi et al. [71] reported the ppcf of 
amorphous Cu 5 7Zr 4 3 obtained by a compu te r s imu-
lation study using modif ied Lennard-Jones 8-4 
potentials between the atoms. Hereby the equi l ib-
r ium Cu-Zr distance and the cohesive Cu-Zr energy 
were chosen as the average of the respective values 
for the Cu-Cu and Zr-Zr pairs. This impl ies that the 
model doesn't account for C S R O effects. F igure 6 b 
(dashed line) shows that the peak for the result ing 
composed total G(R) is lower than the exper imenta l 
one. 

Fuj iwara et al. [73] calculated the ppcf by means 
of a relaxed dense random packing model for 
Cu5oZr5o. The total G(R) curve in Fig. 6 b (dashed 
dotted line) is nearly as high as the exper imenta l 
one, but the detailed features are not r eproduced , 
which certainly is not due to the composi t ion 
difference. The values of y.Cu and a Z r for the mode l 
do not reflect a C S R O effect. 

Beyer et al. [74] determined the partial pa i r 
correlation functions of Cu 5 7 Zr 4 3 by molecular 
dynamic calculations based on Lennard-Jones 12-6 
potentials. N o special interaction between the Cu 
and the Zr atoms was introduced in the potent ial 
parameters, so that this model does not include 
C S R O effects. Accordingly the a tomic dis tance 
between unlike a toms is the average of those be-
tween the like atoms. The G(R) funct ion in Fig. 6 b 
(dotted line) according to the model exhibi ts a 
shoulder at its left hand side rather than at the right 
hand side, where the experimental one shows up the 
Zr-Zr contribution as a shoulder. 

Harris et al. [72] used Lennard-Jones 12-6 poten-
tials in a structure relaxation of a dense packing of 
hard spheres in order to s imulate the s t ructure of 
amorphous Cu33Zr67. They introduced C S R O by 
preferred interaction between unlike atoms. This is 
reflected by the value of /?cuzr, which is smal ler 
than (RquCu + ^zrz r) /2 , and also by the negat ive 
value of a Z r , but not by the value of a C u (Table 3). 
Because of the rather large dif ference of the com-
position to that of the present work no composed 
G(R) curve for this model is included in Figure 6 b. 

Summarizing the figures listed in Table 3, we 
state that the ten experimental and theoret ical 
investigations, respectively, which are compared in 
this chapter, do not allow the extraction of the 
nature of the topological and chemical order ing 
within the first coordinat ion shell of Cu-Zr glasses. 
Only RquZt shows the tendency to be smaller than 
the average of RcuCu and RZ tzt , which reflects the 
chemical interaction between Cu and Zr in amor -
phous Cu-Zr. 

Conclusion 

The isotopic substi tution method has been 
applied in order to study the structure of amor -
phous Cu 5 7Zr 4 3 . It turned out that the system of 
three equations was not condit ioned well enough in 
view of the remaining experimental uncertainties, to 

zlZ u A Zu 
Zu 

(17) 



allow a s t raightforward calculation of the three 
partial correlation functions. Therefore , these three 
functions had to be estimated by a fitting procedure 
to the experimental total pair correlation functions. 
The Warren Cowley as well as the Cargill Spaepen 
short range order parameter were found to be in the 
range of zero. 

On the other hand, the occurence of a prepeak 
in the neutron structure factors, which is caused by 
pronounced concentration fluctuations, as well as 
the evaluated atomic distances, showing preferred 
interaction between unlike atoms, give evidence for 
presence of a chemical short range order effect in 
the Cu57Zr43-glass. The review of experimental and 
theoretical data derived up to now for Cu-Zr 
glasses, including those of the present work, demon-
strates that the kind of this chemical order ing is still 
unknown, although Cu-Zr glasses are the most com-
prehensively studied ones with two metall ic com-
ponents. 

From the discussion of the prepeak occuring in 
the structure factors measured with neutrons, but 

not observed with X-rays, it is suggested that the 
size effect plays an impor tan t role in the amorphous 
structure. There is evidence that the topological as 
well as the chemical short range order is asymmetr ic 
with respect to the two components , the order ing of 
the smaller a toms rather exhibit ing a larger pseudo-
period than that of the larger atoms. Compar i son 
with literature suggests that this behav iour is a 
common feature of metal-metal glasses. Fur ther 
experimental investigations are needed, in which 
attention should be focussed on this ques t ion* . 
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