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Abstract. The mass dependence of mbalt diffusion has been measured in ihe structurauy 
relaxed, melt-spun metallic glass Fe3uNiioBzr by meaos of the radioaacer tech@ique in 
conjunction with i o n 4 "  sputtering for serial sectioning. Within experimental accuracy no 
isotope effect E = (D,/Dp)/((ms/m.)'p - 1) was observed (E < 0.06). This result is 
interpreted in terms o f a  collective diffusion mechanism involving many atom. 

1. Introduction 

Investigations of diffusion in amorphous alloys are important for understanding basic kinetic 
processes such as structural relaxation and crystallization, as well as the changes in their 
structure-sensitive properties. In addition, metallic glasses are a paradigm of densely 
packed disordered structures and therefore of considerable interest for basic research [l]. 
Apart from the onset of crystallization, which restricts annealing time and temperature for 
diffusion experiments, metallic glasses undergo the phenomenon of structural relaxation. 
Here, the diffusivity of as-quenched samples drops, depending on the quenching process, 
by typically up to one order of magnitude, until it reaches, within experimental accuracy, 
a timeindependent plateau value [2].  Only in this metastable state can experiments of 
different groups be compared. 

One of the main questions of diffusion in metallic glasses is whether it is mediated, as 
in crystals, by vehicles, i.e. quasivacancies or whether the amorphous structure gives rise to 
a cooperative rearrangement of several atoms [3, 1, 4, 51. There are various experimental 
results that have been interpreted within a quasivacancy model, e.g. the Arrhenius behaviour 
of the diffusivity 01 the radiation-enhanced diffusion. On the other hand the large variation 
of the prefactor over more than 14 orders of magnitude and the activation energy in different 
alloys and the correlation between them [6,7] ~GS not expected for a vacancy model. These 
latter results have promoted the idea of collective diffusion involving several atoms [7]. 
Highly cooperative diffusion has also been predicted by recent extensions of the mode- 
coupling theory to the glassy state [SI. Moreover, a direct relationship between collective 
low-frequency relaxations and diffusion in glasses has been suggested [9, 101. 

Measurements of the isotope effect of diffision are a suitable tool for examining the 
diffusion mechanism [ll]. The definition of the isotope effect reflects a l / , h  mass 
dependence of the attack frequency of the tracer atoms and is usually expressed as 
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with D being the diffusivity of the tracers 01 and ,9, respectively. Accordingly, for a single- 
jump mechanism in densely packed structures E is generally of the order of unity (other 
than for diffusion of very dilute impurities that interact strongly with defects and thus cause 
strong correlation effects) [ 1 I]. On the other hand, a cooperative mechanism, where the 
mass effect is diluted by the participation of several atoms, always leads to very small 
isotope effects [12, IO]. 

The first isotope-effect measurements in metallic glasses were carried out in 
Co76.7Fe~Nb14.3B7 [12]. We found an extremely low E value of E = 0.1 in the well relaxed 
metal-metalloid glass [12,13]. In addition, the absence of a significant pressure dependence 
in this glass allowed us to rule out thermally generated defects as diffusion vehicles [14]. 
These results were interpreted in terms of a cooperative mechanism involving some ten 
atoms. Recently, measurements in the metal-metal glass Co,Zrl-, ( x  = 86.81) showed an 
even lower isotope effect of E < 0.04 [IO]. 

In this paper we present measurements of the isotope effect of CO diffusion in amorphous 
F~9NimB21, a well-known and characterized metal-metalloid glass. One measurement 
was also performed in a FeslSigBll glass. Like in amorphous CO-rich Co-Zr alloys no 
isotope effect was observed within experimental accuracy. Measurements of the pressure 
dependence of CO diffusion in the same Fe39N~B21 glass demonstrating no significant 
pressure dependence have been reported elsewhere [U]. 

2. Experimental details 

Sample preparation and characterization was the same as in previous investigations [15]. 
In particular, x-ray measurements showed no sign of crystallinity after all heat treatments 
(cf figure 1 in [15]). The ribbon was cut into pieces with a diameter of 15 mm by spark 
erosion. In order to reach the structurally relaxed metastable state, all Fe39NbBzz samples 
were preannealed for 420 min at 6OKK [21. In the case of FeglSigBll preannealing was 
carried out for 120 min at 673 K [161. Prior to tracer evaporation, the samples were 
chemically etched. Thereafter, about 180 nm of~the surface was removed by ion-beam 
sputtering. Tracer evaporation was performed in a high-vacuum chamber (p < Pa), 
where typically 40 kBq of a mixture of "CO and @'CO in carrier-free CoCl (Amersham 
Buchler) were first thermally decomposed and then evaporated from a tungsten boat onto 
the sample. This corresponds to about one monolayer of Co. The ratio of "CO to %o was 
chosen to yield nearly equal y-count rates in the Ge detector [17]. In order to avoid edge 
contamination, which could lead to severe artifacts in depth profiling, a mask was used to 
fix the samples onto the heating plate. Under these conditions, the thin film solution of 
Fick's second law 

c ( x )  = constant x exp -- ( :it) 
could be applied in all cases to determine the diffusivity D. Here x is the penetration depth 
and t the annealing time. 

Annealing was performed in situ without breaking the vacuum. Temperature was 
measured and controlled with a Ni-NiCr thermocouple within il K. Depth profiling was 
carried out by microsectioning in high vacuum with an intense, electronically controlled 
beam of 600 eV argon ions [17]. The specimen was mounted on a motor-driven copper 
holder and the material sputtered off was collected on a foil which was advanced like a film 
in a camera after each section by a dc motor without interrupting the sputtering process. 
The sputtering rate (-2 nm min-') was calcubted from the total weight loss of the sample 
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Figure 1. Diffusion profile of 57Co i n  amorphous Fe3yNwB~1 at T = 623 K and f = 8.1 x l@ s 
and resolution function of the present microsectioning technique. The activity, which is 
proportional to the vacer concentration, is plotted in arbitrary units against the penemtion 
depth x .  (a) a fit through the original data (b) normalized to the same activity. 

and the sputtering time. After sputtering, the film was cut into pieces corresponding to 
the individual sections. Special care was taken to ensure a reproducible counting geometry 
[13]. An intrinsic Ge detector was instrumental in counting the y-activity of each section. 
In the measurement of very small isotope effects the influence of a slight detector-specific 
counting-rate dependence of the activity ratio Ico-57/IcO-6o has to be taken into account. 
This influence was markedly reduced by choosing longer sputtering times for deeper sections 
thus avoiding large differences in count rate. The standard procedures for taking account of 
y background, isotope lifetimes, electronic drift and small errors resulting from final section 
thicknesses were applied. 

3. Results and discussion 

Figure 1 shows a typical penetration profile together with the .resolution function of the 
present technique. At very small penetration depths the limits of the depth resolution 
originating from the sputtering process have to be considered. These limits can be 
determined by measuring the ‘penetration profile’ of a non-annealed specimen. As can 
be seen in figure 1, this resolution function has only a little influence on the evaluation 
of diffusivities. Moreover, the effect is nearly the same for all measurements performed 
here. In particular, it is the same for both isotopes after the establishment of steady state 
conditions, which occurs during the sputtering of the very first monolayers. Therefore, it 
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has no influence on the determination of the isotope effect. Nevertheless it was taken into 
account. 
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Figure 2. A typical penetration profile and the corresponding isotope-effect profile of CO 
diffusion inla amorphous Fe,uNwBz, at T = 623 K and r = 8.1 x 104 s. Only filled symbols 
were used for the linear fits displayed. Open symbols represent data points affected by surface 
effects (see the text). 
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Figure 3. Isotopeeffect profiles of CO diffusion in amorphous Fe3uNwBz1 for different 
temperatures and in amorphous FegiSigBll at 649 K. From the slope of the lines the isotope 
effect E was calculated via equation 1. The symbols are explained in table 1. Open symbols 
represent data points affected by surface effects and were not taken into account. 

Figure 2 shows a representative diffusion profile (left scale) and the corresponding 
isotope-effect profile (right scale), plotted against penetration depth squared. One notes 
the well-known phenomenon that the ratio of the two isotopes is more sensitive to surface 
effects (e.g. contamination or a thin oxide layer) than the simple profile of one isotope. 
Therefore, the first points were ignored in the evaluation of the isotope effect and diffusion 
profiles. 

Figure 3 shows all measured isotope-effect profiles in Fe39NmBzl and FeslSiaBl~ on a 
In(c,/cp) against In c, scale. The isotope effect can be calculated directly from the slope 
of the straight lines fitted to the data and the mass of the isotopes according to equations 
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(3) and (1). Equation (3) follows from equation (2) and reads 

(3) 

The resulting E values are Iisted in table 1. The errors stated are the statistical errors from 
the least-square fits. 

Table 1. Isotope effect of CO diffusion in fully relaxed amorphous FewNwB21 and FeslSiB 11. 

Alloy . T (0 lime(min) E k A E  Symbolin figure3 

F ~ N i a ~ B ~ l  613 1440 -0.03 iO.12  V 

Fes9NwB21 623 1440 -0.01 k0.13 
FesiSiB11 649 1440 -0.06&0.12 + 
Fq9Ni4oBii 620 15W 0.02k 0.20 

The data do not exhibit any temperature dependence. Therefore, an average isotope 
effect of E = (-0.007 f. 0.07) was calculated for Fe39NiaB21. Apparently, the diffusivity 
of CO in amorphous Fe,gNiaBzl and FQlSisBll is almost independent of the isotope mass. 
Within the small experimental error margins no isotope effect can be detected. 

The absence of an isotope effect has also been observed in the aforementioned 
investigations of CO diffusion in Co-rich CO-Zr glasses [IO], but has never been reported 
in any other material. In some crystalline alloys relatively small isotope- effect values have 
been observed under certain conditions. Examples are fast diffusion of very dilute impurities 
1111 or diffusion of the minority constituent in some highly ordered alloys [181. In these 
cases it is well known that diffusion is highly correlated and occurs through single-atom 
jumps into thermally generated vacancies. However, the vanishing pressure dependence 
of CO diffusion in the amorphous Fe39NiaBzI alloy utilized for this study [15] shows 
that thermally generated vacancies can he excluded as carriers of diffusion in this alloy. 
Moreover, due to the chemical similarity, no strong chemical interaction between the CO 
tracer atom and the main constituents of the alloy, e.g. Fe and Ni, is to be expected. 
Therefore, the present results can certainly not be explained by a highly correlated single- 
jump mechanism. They rather corroborate the concepts, mentioned in the introduction, of 
strongly cooperative rearrangement of many atoms. A cooperative diffusion mechanism is 
to be expected in a densely packed structure if the assistance of vacancy-like defects can 
be ruled out. 

In a cooperative diffusion process the mass effect is strongly 'diluted' because of the 
participation of many atoms. A rough quantitative description is obtained by introduction of 
an effective mass M of all atoms, excluding the tracer atom, that contribute to the diffusion 
process. This yields [lo]: 

D N l/m. (4) 
Here, M has to be regarded as a weighted average quantity. Substitution of equation (4) 
into equation (1) results in: 

The extremely small isotope effects in this paper suggest effective masses of the order of 
M = 50 m. With an upper limit of E = 0.06, M / m  is at least above 15. 
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Such large effective masses are not physically implausible. Effective masses of the same 
order of magnitude have been found in localized low-frequency vibrations and relaxations 
at low temperatures [9, 191. Both processes, which seem to be universal phenomena in 
glasses, are closely related to each other. It has been demonstrated that the number of 
atoms participating in localized relaxational jumps increases at higher temperatures [ZO] and 
it was proposed that the localized collective relaxations may lead to long-range diffusion 
at high temperatures [9, 101. This would immediately explain the observed absence of a 
measurable mass dependence of diffusion. While the present results give further evidence 
of highly collective diffusion in structurally relaxed metallic glasses, it has to be stressed 
that completely different mechanisms may opemte in as-quenched glasses [ZI]. 

Acknowledgments 

The authors have carried the isotopeeffect measurements at the hstitut fur Metallphysik 
of the University of Gottingen in the group of Th Hehenkamp. We would like to thank H 
Hilzinger (Vakuumschmelze Hanau) for providing the amorphous ribbon and K Hanke for 
performing the x-ray measurements. We are also indebted to H Schober, R Willecke and 
Th Hehenkamp for many helpful discussions. This work has been supported by Deutsche 
Forschungsgemeinschaft. 

References 

[l] Faupel F 1992 Phys. Statur Solidi a 134 9 
[21 HorvAth J and Mehrer H I986 CQSK Lanice DefectvAmo?ph. Marer. 13 1 
[3] Averback R S 1991 MRS Bulletin XV147 
I41 Kranmiiller H 1995 Springer Lecture Notes on Physics (Berlin: Springer) at press 
[SI S i "  S K, Banerjee S, Kuldeep and lain A K 1989 3. Mater. Res. 4 603 
161 Kronmdllcr H, Frank W and H6mer A 1991 Mafer. Sei. Eng. A 133 410 
[7] Frank W, Hawith J and Kronmiiller H 1988 Mnur Sci. Enx. 97 415 
[SI S j 6 p n  L 1990 Z Phy.  B 79 5 
191 Sehober H R 1993 Physic0 A 201 14 

[IO] Heesemann A. %tzke K, Faupel F. H o f f m n  I and Heinemann K, 1995 Eumphys. Len. 29 221 
[Ill Adda Y and Philiben J 1966 La D~@sion dnnr les Solides (Paris: Press Universitaires de France) 
[121 Faupel F, Huppe P W and RAtzke K 1990 Phys. Rev. Len. 65 1219 
[I31 Hiippe P Wand Faupcl F 1992 Phys. Rev. B 46 120 
I141 Ritzke K and Faupel F 1992 Phys Rev. B 45 7459 
[IS] RHtzke K and Faupel F 1995 1. Non-CV.rr, Solids 181 261 
[I61 Ulfm W. H o ~ S t h  1, Frank W and Kronmiiller H 1989 CQSI. Lattice Defecrrs Amorph Mater. 18 519 
1171 Faupel F. Huppe P W. Rstzke K. Willecke R and Hchenkamp Th I992 J. Vac. Sei. Technul. A 10 92 
I181 Rokosch H I and He- C 1984 PhiL Ma& A 49 717 
[191 Schober H R, Oligschleger C and Laird B B 1993 1. Non-Cvsr. Solids 156-158 965 
[ZO] Oligschkger C and Schober H 1995 Solid SIme Commun 93 1031 
[211 Ram K, HUppe P W and Faupel F I992 Phyx. Rev. Len. 68 2347 


