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I. Phys.: Condens. Maner 4 (1992) 9709-9720. Printed in the UK 
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AbslrneL homalous small-angle x-ray scattering measurements were perlormed an 
as-sputtercd lb ,Cu~_,  (z = 0.25 and 0.65) amorphous allays below the Cu K cdgc 
and the T% 411 edge. in order to determine Ihe nature 01 the particles dispersed in 
the amorphous matrk  For technical reasons, measurements were also amied  oul an 
amorphous Gd,Cu-, (z = 0.29 and 0.7) and the isomorphous bchavioun of the two 
alloys were checkcd. For the samples studied, the changes in the scattering ring intensily 
measured near both edges are mnsistent with the existence at rare-earth hydride pariicles, 
the associated decrease in the rare-earth concentration in lhc amorphous malrk k i n g  
included in Ihe anomalous scattering wrialians. Fmm one sample to anolher, the hydride 
panicles have radii of gvralion ranging from 5 to 30 h and occupy volume fractions 
from 5 to 20%. Their molecular volumes are close to that of the rare-earth trihydride 
(V,,, 2 40 h'); some prosily in he hydride particles muld explain the larger values 

(aboul 48 A3) laund in two samples. 

1. Introduction 

The medium-range order in Tb,Cu,-, (0.22 < z < 0.65) metallic glasses prepared 
by spullcring has bccii cxlciisivcly uivcsliyated ill d~flerznl lemperalures (2.6K < 
T < 300 K) by means of small-angle neutron scattering (SANS) (Boucber et al 
1983, 1986, 1988, Boucher and Chieux 1991). The nuclear SANS intensity of such 
glasses is characterizcd at low momentum transfer values (q  = (47rsinO)/X) by 
a strong decrease and at  higher q by a well defined ring. For the composition 
Tb,,Cu,,, the existence of a nuclear scattering ring a t  q 0.2 A-' was associated 
preferentially with Tb hydrides (contamination by hydrogen was clcarly revcalcd by 
large-angle neutron scattering (Chieux el a1 1984)). For T < 20 K a magnetic 
ring also obsewed at 0.2 A-' showed large magnetization per unit volume and was 
attributed to asperromagnetic Tb rather than to Tb hydrides which by analogy with 
clystalline Tb hydrides would be expected to be sperromagnetic (Boucher et a1 1986). 
For z = 0.33 and 0.5, such an interpretation would still be valid. For 1: = 0.65, 
the size of the magnetic bubbles was found to be half that of the nuclear bubbles; 
this difference was interpreted as due to magnetic moments which are better ordered 
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at the centre. From magnetic SANS measurements, the asperromagnetic character of 
the magnetic order in bubbles is wcll indicated; therefore Tb bubbles seem to be 
the more probable solution. However, asperromagnetic amorphous Tb hydride as 
another solution cannot be completely eliminated. 

Since the magnetic and nuclear scattering rings stem from the same particles, 
another technique for determining the nature of these particles is anomalous small- 
angle x-ray scattering (ASAXS) using synchrotron radiation, which is based on the 
rapid change in the x-ray scattering factor of one element whcn approaching one of 
its absorption edges. Since the s u s  intensity of two-phase systems is proportional to 
the square of the difference between the mean electronic densities of the two phases, 
measurements at different energies chosen near one absorption edge of both elements 
must allow U$ to identify these particles. This technique was applied successfully to 
the study of clusters of titanium hydrides in amorphous CuTi (Goudeau el al 1987) 
and recently to segregation in amorphous (FeMn),SY,s (Maret et nl 1989). 

This paper is devoted to the analysis of the scattering ring observed in Tb,Cu,-, 
metallic glasses using the ASAXS technique. In order to select reliably the most 
probable solution of the possible heterogeneities, it is necessary to perform ASAXS 
measurements near the absorption edges of both species: here the L.,,, edge of Tb 
(7515 eV) and the K edge of Cu (8979 eV). However, quantitative measurements 
near the Cu K edge were expected to be difficult because of thc closeness of 
the L, (8716 eV) and I.,, (8252 eV) cdgcs of Tb, which would give a large lcvel 
of fluorescence superimposed on the scattering signal. In order to reducc the 
fluorescence of Tb due to the L edges, we decided to substitute Tb by Gd atoms 
since the L, (8376 eV) and L,, (7930 eV) edges of Gd are farther from the Cu 
edge than are the L edges of Tb. The isomorphous behaviours of Tb and Gd atoms 
were checked. Nevertheless the fluorescence was still too intense in the samples 
15 p m  thick, previously used in SANS measurements. ASAXS measurements were 
finally performed in thinner (410 pm) amorphous films deposited on a mica shcct 
and compared with the results obtained for thicker samples. 

2. Experimental technique 

2.1. Sample preparation 

The samples of Tb,Cu,-, (z = 0.25 and 0.65) and Gd,Cu,-, (z = 0.29 and 0.7) 
were prepared by sputtering in an argon plasma. Amorphous films thicker than 15 p m  
were deposited directly on an aluminium holder coolcd to about 77 K The films 
thinner than about 10 pm were too brittle to be used subsequently in the sample 
changer of the ASAXS spectrometer; they were then deposited on an intermediate 
mica sheet from 20 to 40 p m  thick pressed on the aluminium holder. The nominal 
compositions and thicknesses are given in table 1 for samples SI-SS. It is wcll known 
that the sputtering process introduces variations in composition depending on the 
apparatus quality. n u s ,  the ratios of rare-earth (RE) to copper in the thin films 
controlled by microprobe analysis could differ from the nominal compositions of the 
target by from 1 to 3 %  impurities such as argon, oxygen and silicon were alS0 
detected. Previous measurements also showed the existence of hydrogen the amount 
of which depends on the fabrication process and is not perfectly reproducible. 
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2.2. ASAXS measurements 

The ASAXS experiments were performed on the beam line D22 of the synchrotron 
radiation facility of the Laboratoire d'Utilisation du Rayonnement ElectromagnLtique 
in Orsay using a double Ge,,, monochromator and a linear position-sensitive detector 
(Dubuisson et al 1986). The anomalous measurements were carried out over the 
following x-ray energy ranges: (6525, 7224 eV] below the Gd L,,, edge at 7243 eV, 
[all, 7495 eV] below the Tb L,,, edge at 7515 eV and (8700, 8973 eV] below the Cu 
Kedge at 8979 eV Xvo sample-to-detector distances of 296 and 523 mm were used for 
the thick films and the thin films, respectively, de osited on mica, allowing us to cover 
the respective [0.05, 0.55 A-'] and [0.015, 0.25 q-ranges. The amorphous films 
Were placed perpendicular to the incident x-ray beam (0.3 mm high and 1-3 mm wide) 
in the automatic sample changer under vacuum. The transmission measurements 
were made through two monitor scintillators facing polymer films placed before and 
after the sample. lb reduce the fluorescence-noise-to-elastic-signal ratio, a zinc filter 
(about 50 pm thick) was placed after the sample. This Zn filter absorbs twice thc 
amount of L-edge fluorescence as it does elastic scattering and therefore increases 
the signal-to-noise ratio by a factor of 2. 

The scattering intensities were corrected (Lyon and Simon 1987) for background, 
and eventually for the mica and zinc filters, sample absorption and detector efficiencies 
in position and in energy and were normalized with respect to Ni fluorescence. Finally, 
the remaining q-independent contributions of fluorescence and Raman scattering 
were subtracted assuming a Porod asymptotic scattering behaviour in q-4 at large 
momentum transfers. 

2.3. AIomic scamring faclon 

At small momentum transfers, the x-ray atomic scattering lactors depend only on thc  
photon beam energy E and are expressed as 

f , ( E )  = Zi + f : ( E )  + if/ '(E). 

For species i, Zi is the atomic number and &'(E) and fy( E) are the dispersion 
terms. The values of f : ( E )  and, f ; ( E )  used for Cu, 7b and Gd elements are 
those obtained by Sazaki (1984) corrected for the wide energy band of the Ge,, ,  
monochromator. For the b,, edge, & ( E )  varies from -8 electrons (6811 eV) to 
-1G clcctrons (7495 cV) and, for the K edge, f & ( E )  varies from -3 electrons 
(8700 ev) to -7 electrons (8973 eV). 

3. Results 

Figures 1 and 2 illustrate the changes in the intensity I a , ( q ,  E) (in electrons squared 
per atom) of the scattering ring centred around 0.2 A-' measured for a RE-rich 
amorphous alloy of Gd,,Cu, (18 p n  thick; sample S3) near the Gd and Cu edges, 
respectively. A decrease in the intensity is recorded when moving near the Gd and 
Cu edges. Rgures 3 and 4 show the changes in the scattering ring centred at 0.07 8, 
for a RE-pOOr alloy of T ~ , , C U , ~  (11 @m thick; deposited on mica; sample S6) which 
are strongly different from those of sample S3, i.e. a small increase in I a t ( q ,  E) when 
moving near the Tb edge and a large decrease near the Cu edge. In comparison with 
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the data shown in figure 2, the accuracy of those in figure 4 is clearly better; this is 
due to the position of the ring at smaller q and also to the thinness of the sample. In 
table 1 are listed the most relevant quantities obtained from the S A X S  measurements 
such as the maximum q, of the scattcring ring, thc mcasurcd particle radius RE of 
gyration and the integrated intcnsitics f( E) averaged Over an edge. The values of 
RE were deduced from Guinier fits calculated beyond the maximum. The integrated 
intensities per volume unit are given by 

qmix is the upper limit of the investigated q-range and uam is the mean atomic volume 
of the amorphous alloy for the nominal composition (vam = xi zi$, i = RE, Cu and 
U: are the atomic volumes of pure metals). The q-4 Porod asymptotic behaviour is 
too inaccurate to give a reliable corrected value of f( E). Ncvertheless, since qmax 
was usually about twice the ring position 2qm, the underestimation of f( E) is about 
10-20%. As will be shown in the next scction, the scaling functions of the different 
samples have roughly the same shape; the choicc of an almost fried q-range in relative 
units [ O S c & ,  IT 2qm] therefore allows a comparison of the samples. 

Figure 1. Change ifi !he xa!!ering in!rnsi!y wi!h pho!nn cficrgy ficzr the Gd L<!I n l g e  
for the assputtered Gd.ioCu,o glass (sample S3): A ,  6515 eV; +, 6965 e% 0, 7129 C V  
x ,  1191 ev; 0, 1224 eV. 

The relative wriations A I / I  in the scattering ring intensity, given in table 2, are 
calculated using integral values in order to improve the statistics such as 
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Figure 3. Change in lhe scattering inlensity with photon energy near the Tt 1.111 cdgc 
for lhc as-spuriered I h z ~ C u 7 ~  (sample S6):  A ,  6811 eV 0, 7402 eV; 0 ,  7495 eV, 

Emi, and E,,, are respectively the farthcst and the nearest cnergics from the 
absorption edge. The q-range is chosen as the most significant. 

From table 1, it is worth emphasizing that, for all the amorphous films deposited 
directly on the aluminium holder, the scattcring ring is centred at around 0.2 A-' and 
associated with particles of the same size (about 5 A); it confirms that the Tb,Cu,_= 
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Figure 4. Change in the scattering inlensity with photon energy near the Cu K edge 
for the as-sputtered ?b25Cu75 (sample Sh): A,  6700 ev; +, 8880 eV, 0. 8940 ev; x ,  
8966 ev; 0. 8973 eV. 

and Gd,Cu,-, alloys exhibit similar small-angle scattering. By contrast, the thin films 
deposited on mica present various positions of the ring from 0.03 to 0.15 A-' and 
different sizes of particles; these results suggest that thc thin films were not uniformly 
cooled and that particles were able to grow during the preparation. 

For one alloy composition thc relative variation in intensity when near an edge 
varies from one preparation to another and there is no straightforward correlation 
between A7/7  and q,, Nevertheless, for the lu-poor amorphous films, the sign of 
A I l I  for both edges is the same for both Gd29C~7,  and ' n ~ ~ , C u , ~  and their orders of 
magnitude are rather similar; this again confirms the isomorphism of the two alloys. 
For the RE-rich alloys, there are some discrepancies which will be analysed in the 
ncxt section. 

4. Discussion 

4.1. Two-phase model 

For a system of volumc V containing Nip particlcs of volume Vp ar.d homogeneous 
electronic density p,( E )  dispcrsed in a matrix of mean electronic density pa,,( E ) ,  thc 
s u s  intensity per cubic Angstrom can bc cxpressed as 

r ( q ,  E )  = (N ,V ,Z /V)[p , (E)  - P,(E)I[P,(E)  - p,(E)l'S(q). (3) 

S( q )  is the Fourier transform of the Patterson function of particles, and the asterisk 
indicates the complex conjugate. pi(E) = f i ( E ) / v i  (i 3 m, p); f , ( E )  and 
f & E )  are the mean scattering factors of the surrounding matrix and thc particle, 
respectively. U, is the mean atomic volume of the matrix and up the mokcular 
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volume of the particles. The integrated intensity per cubic Angstrom of this two- 
phase system is given by 

f ( E )  = 2rZv(1 - v)[p,(E) - Pp(E)llP,(E) - PP(E)l*. (4) 

~p represents the volume fraction occupied by the particles (p = NpVp/V), 
From equation (3) the relative variations in the intensity obtained near an edge 

must allow us to identify the nature of the particles by comparison with the theoretical 
values calculated for the possible kinds of particle. After having identified the 
particles, the values of the integrated intensities can then be used for estimating 
their volume fractions from equation (4). 

Note that from the values of A l l 1  we cannot distinguish between RE particles, 
Cu particles or particles of composition RE,CU,-~. In fact, on the assumption that 
the RE concentrations in the amorphous matrix and in the particles arc equal to z 
and y and that the partial volumes uRE and U ,  of the two constituents are identical 
in the two phases, the s a s  intensity can be rewritten from the work of Marct et a1 
(1989) as 

I(97 E )  = (N,V;/v)(""RE/".. - Y"RE/vp)2[fRE(E)/%E - f,(E)/7JC,l 

x [ f R E ( E ) / V R E  - fc.(E)/uc,I'. ( 5 )  

Therefore, the E-independent term which contains the conccntrations z and y 
does not appear in A I / I .  In tdbk 2 we give for each edge the values of A l / I  
corresponding to different kinds of particle distributed in the amorphous matrix, 
as detected by microprobe analysis. The molecular volumes of the dihydrides and 
trihydrides arc those of the crystalline hydrides (Libowitz and Maeland 1979). 

4 . 2  Nature of purticles 

The comparison between the experimental and calculated AI/I-values given in 
table 2 indicates that the scattering ring cannot be attributed to a segregation of RE or 
Cu atoms, since they are associated with values of A I / I  near the Ledge much larger 
than the experimental values. Oxide particles or contaminant elements, such as Si 
and AI, can also bc excluded, leading to values near the K edge either too negative 
or not su lk ien t ly  negative. The AI/I-values calculated for rare-earth dihydride 
and trihydride particles show that for any alloy composition, when the hydrogen-to- 
metal atom ratio is increased from 2 to 3, A I / l  near the L edge decreases whilc 
A l / I  near the Cu edge increases. Tne values given for hydrogen bubbles or voids 
would be the limits for very high ratios. For samples S1, S4, SS, S7 and S8, the 
expcrimcnlai values corresponding to both cdgcs iirc :cxgh!y betwee" th%C of !hC 
two stoichiometric hydrides, while the values measured for samples S2, S3 and S6 are 
between those corresponding to R E H ~  and hydrogcn or voids. 

As quoted in table 2, the molecular volume of the stoichiometric hydrides 
increases with increasing hydrogen-to-RE ratio, Let us assume the existence of the 
hydride EH"; its electronic density is given by 

pp(E) = [fRECE) + n f l l l / v h y d  

and p,( E )  varies mainly with the volume uhyd (since fH < FRE( E)) .  From equation 
(3), the A I / I  variations arc then mainly dependent on whyd. The variations in 
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Al l1  with uhyd illustrated in figures 5 and 6 for alloys of compositions Gd,,Cu,, 
and Tb,Cu,, (bold full and broken curves) are calculated by increasing regularly 72 
from 0 to 4 when uhyd increases from 33 to 48 (this increase is deduced from the 
molecular volumes of R E H ~  and REH,). The experimental points are given on these 
curves; in figure 5, for sample S4 the values of A I / I  measured near the L and K 
edges correspond to the values of ubyd q u a l  to 38 .k3 and 41 8?, respectively, and 
for sample S3 a value of about 48 8? can be measured for the K edge and an even 
larger value for the L edge. In figure 6, for samples S6 and S7 of T ~ , , C U , ~ ,  each 
pair of values converges towards similar values of uhyd close to 48 A' and 38 A3, 
respectively. From the average values of uhyd and the corresponding hydrogen-to-RE 
ratios, the scattering contrast pm - pp can be calculated and using equation (4) the 
volume fraction of hydride particles is deduced from the average integrated intensities 
(given in table 1). 

GdH, GdH, 
-00 , , . ' .  , . , , , , , , , , 

33. 30 43. 48. 

Figure 5. Relative variations in the scaltering ring 
intensity when near the 411 cdgc (-, -) 
and the K edge (- - -, - - -) as a function of 
the molecular volt"  ot hydride particlc for alloy 
compositions Gd,oCu,o (-, - - -)and Gd64Cu36 
(-, - - -). Ihe lallcr composition is that of thc 
remaining amorphous malrk containing a hydride 
volume fraclion of 0.18. ?he MIUCS of A I J I  
mcasurcd ncar Ihe 411 and K edges arc indicated, 
respectively, by triangles and circles lor sample S3 
(A, 0 )  and sample S4 ( A ,  0). 

.... Cu K-edge 

Vhyd ( is) 
Figure 6. Relative wriations in Ule scattering ring 
intensity when near the 411 edge (-, -) 
and the K cdge (- - -, - - -) as a funclion 01 
the molecular volume of hydride particlc for alloy 
compositions TbIb,5Cu75 (-, - - -) and T b ~ C u s i  
(-, - - -). Ihc lattcr composition is that of the 
remaining amorphous matrix containing a hydride 
volume fraction of 0.13. The values of AI11 
measured near the hl1 and K cdgcs arc indicated, 
respectively, by triangles and circles for sample S5 
(v), sample S6 (A, 0) and sample S7 ( A ,  0). 

For large valucs of 'p (i.e. 'p > 0.1 for a RE-POOI alloy and 'p > 0.2 for a RE-rich 
alloy) the composition of the remaining amorphous matrix is recalculated taking into 
consideration the number of RE atoms included in the hydride particles. Therefore 
the contrast is changed as wcll as A l / I  = f (uhyd).  dlustrdtcd in figures 5 and 
6 (thin lull and broken curves), a significant decrease in the RE concentration in thc 
remaining amorphous matrix modifies the CUNCS of A I / I  such that the measurcd 
A I J I  correspond to larger molecular volumes of hydride (as indicated by the arrows 
for samples S4 and S5). It is worth noting that a significant decrease in the RE 



ASAXS study of amorphous Tb,Cu,_,  and Gd,Cu,-,  9719 

concentration leads the curves of A l l 1  = f(vhyd) corresponding to the two edges 
to become farther apart, while at a fixed concentration a decrease in the atomic 
volume of the amorphous alloy due to chemical order effects would bring the two 
curves closer together (not shown) and the experimental d u e s  of Al l1  would then 
correspond to smaller molecular volumes of hydride. In table 1 we report for all the 
samples the values of the molecular volumes and the volume fractions of the hydride 
particles (vhyd and 'p are the avcrage d u e s  deduccd from the measurements near the 
two edges and corrected for the decrease in the RE concentration in the remaining 
amorphous matrix). 

4.3. Scaling functions 

A way to compare the different patterns is to calculate the scaling function 
F(q /q , ,  E )  defined as 

F ( q l q t ,  E )  = d I ( q ) E ) l r ( E ) .  

q, is the first moment of I (q) .  This function was defined for the late stages of phase- 
separating systems (Lebowitz et a1 1982). In these stages the precipitate volume 
fraction is almost constant and thus there is for the system only one pertinent Scaling 
length proportional to l / q l :  the width A S  of the scaled interference ring. From the 
work of Bley el a1 (lYYl), A X  decreases slightly when increasing the volume fraction 
from about 0.8 for f = 0.04, to 0.6 for f > 0.15. 

Figures 7 and 8 show the functions F ( q / q l ,  E )  calculated for the samples S3 and 
S6 and corresponding to the different energies chosen below the L edge; for both 
samples all the curves are well superimposed. Note that the functions corresponding 
to the energies below the K edge (not prcscnted in figures 7 and 8) are also 
superimposed on these CUNCS. 

1.00 

0.0 0 5  1.0 1.5 2.0 

4/4, 

Figure 7. Scaling functions of the %altering 
intensilim corresponding 10 the five energics chosen 
below the Gd LIII edge for the amorphous alloy 
Gd,uCu,u (sample S3). q1 b the tint momenl of 
I ( q ) .  

0 . O O ~ l  
0 0  0 5  1 0  1 5  2 0  

4/4, 

Figure S Scaling functions of the scattering 
inlensilies corresponding 10 lhc five energies chosen 
below the ?b 411 edge for the amorphous alloy 
TbZCUR (sample S 6 ) .  
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The shape of the scaling functions calculated for the other samples is similar to 
those shown in figures 7 and 8 and indicates that the interference effects between 
particles are independent of the hydride composition. Here, most of the samples 
exhibit a width equal to unity, except sample S8 (AX = 0.93). The  fact that A X  
is too large and does not vary with could be  attributed to a large distribution of 
particle sizes in a given sample. Such a distribution would also explain why the I q 4  
versus q plots of these amorphous alloys do not present a well defined maximum 
as observed for narrow-sized dispersions such as in A-Zn alloys (Guilarducci et al 
1987). 

4.4. Concluding remark.! 

Evcept for samples S3 and S6, the compositions of the hydride particles deduced from 
the values of vhyd given in table 1 are  close to that of the trihydride. The molecular 
volumes for samples S3 and S6 are much larger than those of the trihydrides and 
for sample S3 the  value of A l / I  measured near the L edge is equal to the value 
calculated for hydrogen bubbles. These large molecular volumes of hydride are, 
however, not associated with the largest volume fractions. Since the compositions 
of the crystalline RE hydrides d o  not extend beyond a RE-to-hydrogen ratio of 3, 
we suggest that in samples S3 and S6 the trihydride articles contain some porosity 

those in sample S3 ( R  - 5 A), the definition of a phase becomes difficult and there 
is no  clear structural difference between bubbles of hydrogen atoms and particles of 
porous RE hydrides. 

which can explain molecular volumes as large as 48 1. For small particles, such as 
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