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Abstract. — Analysing the quasi-elastic neutron scattering from 8 at. % hydrogen in the metallic
glass NipsZrsg, we find that the hydrogen motion can be described in terms of anomalous
diffusion. This process is analogous to that which leads to a strong frequency dependence of the
conductivity in fast ionie conducting glasses. The data can be well described by an effective
medium caleulation based on a model with a broad distribution of activation energies. The same
model can also successfully be applied to describe the anomalous temperature dependence of
proton spin relaxation in amorphous metals.

Hydrogen diffusion in amorphous metals has attracted much attention in the last years
because of its interesting features which differ appreciably from hydrogen diffusion in
crystalline metals. From NMRI[1,2], Gorsky relaxation([3] and electrochemical dif-
fusion [4, 5] studies it emerged that the hydrogen motion can be discussed in terms of a
broad distribution of activation energies which appear as saddle point energies between
adjacent interstitial sites. Such a distribution has also been calculated theoretically [6].

Neutron quasi-elastic scattering can reveal much information on the details of the
hydrogen motion because of its sensitivity to microscopic scales both in space and time. For
a conventional diffusion process based on Fick’s law one expects a Lorentzian spectrum the
width of which is proportional to the diffusion coefficient D. A neutron quasi-elastic
scattering investigation of amorphous NiyZry, on the contrary, has shown a marked
deviation from the Lorentzian shape [7] which on first sight looks like a superposition of two
Lorentzians the widths of which differ appreciably (*). Similar features have been found
later also in amorphous Pdg;Si;; [8]. It has been speculated that the hydrogen motion could
be characterized by two separated processes, a «fast» and a «slow» one, correspondig to two

(1) It has been stressed in ref.[7] already that one cannot distinguish, by fitting the data with
Lorentzians, whether the experimental S(k, w) is composed of two or of a distribution of more than two
Lorentzians.
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kinds of interstitial sites[8]. This hypothesis has been corroborated by a vibrational
spectroscopy investigation [9]. Such a model, however, does not appear to have a reasonable
physical justification, and it is in conflict with the current ideas of a continuous activation
spectrum emerging essentially from all other investigations.

In what follows we report on a more thorough re-investigation of the NiyZry data,
combined with new data measured by an instrument with a different resolution. We find
evidence for anomalous diffusion of the protons in the frequency range of observation, i.e.
2:-10°s'<sw=<4-10°s"!. Anomalous diffusion means that in the time scale of interest the
mean square distance walked by the diffusing particle increases sublinearly instead of
linearly with time. This implies that the generalized kinetic coefficient v(w) (= complex
frequency-dependent hopping rate) which describes the jump diffusion becomes strongly
frequency dependent. Such a behaviour is well known from ionic conducting glasses in which
v(w) can be measured directly because it is proportional to the dynamic diffusivity D(w) and
hence to the dynamic electric conductivity o(w). The real part of the latter has been reported
to vary as ¢'(») < »'* in a large number of cases [10, 11], where 0 <« < 1. Since D'(w) is the
Fourier transform of the velocity autocorrelation function[12] a D'(w)o<w'™ law
corresponds to a time dependence of the mean square walk distance according to (r2(t)) o« t=.

In terms of w(w) the quasi-elastic incoherent scattering law S(k, ) can be written as [13]

~lgel 1

Sk, w) = Re {iw ) v(cu)} ' W
Here f(k) is a generalized Chudley-Elliott function [14] to be specified below. For small k we
have the model-independent relation f{k) v(») = k2D(w) which follows from particle conser-
vation [12]. In the regime where |w|>> |f(k) v(w)| (1) reduces to

Sk, w) < v (w)e?. 2)

If, for example, v'(w) * '~ we obtain S(k, w) x &=+,

As an example in fig. 1 we have plotted the combined spectra for & = 15nm™! obtained
with two different spectrometers (IN10 and IN13 of the ILL Grenoble). The high-frequency .
tail of the data seems to follow a w™*® law with a =~ 0.43. Data at other wavenumbers and
temperatures show similar behaviour. We interpret this as evidence for the anomalous dif-
fusion of the protons.

It has been shown in a number of theoretical investigations[13, 15, 16] that anomalous
diffusion in disordered systems can be interpreted as the result of statistically distributed
microscopic jump rates. In other systems, such as liquids near the glass transition[17],
crystalline fast ionic conductors [18], or fractals [19], anomalous diffusion can also be caused
by interactions or by fractal topology.

In the following we show by means of the effective medium approximation (EMA)
developed by Movaghar et al. [20-22] that the S(k, w) data of hydrogen in amorphous NiyZrqg
can be described by a classical over-the-barrier hopping model with a broad distribution of
activation energies[13]. By comparison with several numerical simulations of hopping
transport the EMA has been shown to be an excellent approximation scheme for calculating
D(w) [21, 23, 24] (see also ref. [16], p. 210).

Details of the hopping theory based on the EMA have already been described
elsewhere [13, 16, 20-22]. We start with a master equation of the form

dn, (£ _

at -2 Wyn(8) + 3 Wyn, (D), 3)
J J
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Fig. 1. - IN10 data (T'=440K, crosses) and IN13 data (T=450K, circles) at £ =15nm™! com-
pared with the theoretical expression (eqs. (1) and (5) taking x=0.25eV, vo=1.6-10'1s71,
fle=15nm™1) = 0.45, Z, = 8), convoluted with the corresponding resolution functions. The dashed line
indicates an w™1*® law. Insert: f(k) obtained by treating the Chudley-Elliott function as fit parameter
for T=371K (triangles), T =403 K (diamonds), T'=429K (squares), and T =440 K(circles). The full -
line is f(k) as given by eq. (11) with B = 0.15 nm. The fluctuations in the results of the fits of f{k) are due
to the rather different performances of the analyser-detector system (different statistical accuracy and
resolution of the spectra).

where n; denotes the occupation probability of site ¢ and W; are (symmetrized) jump rates
from i to j parametrized as

Wij = W(Tij’ Eu) = Vo("”ij) exp [— Eif/kB r]. (4)

E ; is the energy barrier (%) leading from i to j and r; is the separation between the two sites.
The attempt frequency v, is assumed to depend on » only through a cut-off R:
vo(r) = vo68(R — 7). Such a model has been shown to successfully describe diffusion and ionic
conduction in nonmetallic glasses [13]. The functions v(w) and f(k) are then obtained in the
effective medium approximation as

P(E)
1 exp[E/ksT)’
; +
i + v(w) ay Vo

®

ww) =2, f dE
0

(®) The present version of the EMA is a simplification of a more general treatment [20] in which the
W are not symmetric but retain their detailed balance property. In this theory one does not average
over a distribution of energy barriers but over a distribution of site energies, similar to the approach of
Kirchheim[4]. While using this more sophisticated EMA is essential for describing thermoelectric
effects [20] and energy relaxation[25], the simplified version is sufficient for describing particle
transport. This has been checked explicitly for d.c. [20] and a.c. [26] variable-range hopping transport.
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R .
J drrip(r) (1 - Sm;f”)

Stk =" = : 6)
j drrip(r)
0

Here a,=exp[—1], Z, is the site coordination number, P(E) is the distribution of energy
barriers and p(r) is the radial distribution function of sites.
In particular in the limit £ — 0 one obtains the diffusivity D(w) as

Diw)= % (r2) vlw) )
with
R
f drrip(r)
(r¥) = 0—1—2————. ®
f drr2p(r)

0

The long-range diffusion coefficient D = D(0) is obtained by putting v = 0 in eqs. (5) and (7).
It has been shown in ref.[13] that for models with vy(r) < 6(R ~r) the temperature
dependence of D follows always an Arrhenius law D o« exp[— w/ksT'] in the regime kpT < u
irrespective of the details of P(¥). In this regime u and P(E) are related by (5) as

l1=a,Z, f PE)AE. )
0

For describing the quasi-elastic neutron secattering data we have utilized a Gaussian
energy barrier distribution

P(E) = Pyexp [— % (E—;—E—"ﬂ . (10)

The width parameter A has been chosen (}) to agree with the width of the activation
distribution for hopping along a particular pair of sites i —j as calculated for amorphous Pd
by Richards [6]. The position of the maximum E, was determined to yield the measured [5]
activation energy of H diffusion in a-NigZrg (2 = 0.25eV) via eq. (9) with Z, = 8 (octaedral
sites). Together with the normalization condition this gives P,=2.67eV~!, E;=0.307 eV,
and A4 =0.153eV. For simplicity we have set p(r)=1. The Chudley-Elliott function f{k) is
then a unique function of R:

3
(kRY

fk)=1+

(cos (kR) — M) .

kR (D)

(®) One can also obtain a fit to the data with a much broader activation spectrum. However, the
parameters vy and R obtained by such a fit have values which are physically less reasonable than those
obtained by using the present P(E).
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The remaining parameters v, and R were used as adjustable parameters for the frequency
and wavenumber scale.

In fig. 2 we have plotted the function v'(w) (which is proportional to the velocity
fluctuation spectrum D'(w), see eq. (7)) as calculated from (5) corresponding to the present
model for three temperatures.
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Fig. 2. Fig. 3.

Fig. 2. - Frequency dependence of v'(w) for three temperatures; the parameters are the same as those
in fig. 1.

Fig. 8. — Temperature dependence of 77 measured in a-ZroPdH, g¢ (ref. [2]) (O) and calculated from
eqs. (1), (6) and (12) with vp=23.7-10%s7}, Eq=0.422eV and f(ko) =0.017 (—).

The feature of interest is the strong frequency dependence of v'(w) in a certain frequency
range. This frequency dependence is caused by the disorder, i.e. by the broad spectrum of
activation energies. Note that in the present treatment this distribution does not enter via
an incoherent superposition of exponentially decaying relaxation functions but via the self-
consistent EMA equation (5) which, for example, treats correctly the percolative aspects of
hopping transport [13, 16]. The range where v'(w) strongly depends on frequency is bounded
from below by wo=v(0) and from above by w;=v, as can be easily shown by eq. (5).

It can be seen from fig. 2 that for wy<w<w; v'(w) only approximately follows a
v'(w) < " law with « = 0.43. This is because the present model does not involve any fractal
structure. The frequency dependence of v'(w) has to be calculated numerically from eq. (5)
and is nonuniversal, i.e. depends on the particular form of P(E).

For o <w,; a transition from anomalous to normal diffusion occurs. It is interesting to
note thit at the lowest temperature (7' =250K) this transition takes place in the 10°s™!
region (*).

We would like to emphasize that the frequency dependence of D’(w) predicted by the

(*) It should be noted that the «normal» frequency region contributes to the measured intensity
albeit in an unresolved way.
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present model is very similar to that observed via the electrical a.c. conductivity in ionically
conducting glasses[10, 11, 13, 27].

The samples were made up of melt spun ribbons of which one was loaded with about 8
at. % hydrogen. An unloaded sample was measured under identical experimental conditions.
This measurement was used to remove the scattering from the metallic glass so that the
dynamic structure factor of the incoherently scattering hydrogen alone could be determined.
However, for w values larger than 10 s™! (IN10), 4- 10°s~? (IN13) the resulting data could
be affected by the subtraction procedure. A V-spiral of the same dimension as the samples
was used to determine the resolution function for each of the scattering angles. Both
experiments were made using the backscattering spectrometers at the HFR of the ILL in
Grenoble. The parameters for the experiment at IN10 (IN13) were: incident energy 2.08
(16.5)meV, range of energy transfers + 15(— 39 to + 97) ueV, resolution of the order of 0.8
to 1.5 (~10)ueV depending on the performance (polished or unpolished) of the analyser
crystals. All necessary corrections were applied in the determination of the dynamic
structure factor.

The full lines in fig. 1 have been obtained by convoluting S(k, w) as calculated from egs.
(1), (5), and (6) taking vo=1.6-10"s"? and R =0.155nm (corresponding to f(k) =0.45 at
k =15nm™) with the resolution function measured at the same k-value. We have checked
that this convolution procedure does not affect the anomalous frequency dependence. (The
change of the apparent exponent « is only of a few percent.) With these parameters we
obtain from (7) and (8) a (tracer) diffusion coefficient D = 1.44 - 10~8cm? s~ (T = 445 K) which
is of the same order of magnitude as the value D =38.45-10"8cm?s™! determined from the
electrochemical data in a-NigZrg reported in ref. [5].

We have fitted the IN10 data using various wavenumbers and temperatures with the
same model keeping v, fixed and using the Chudley-Elliott parameter f(k) as fit parameter.
The result is shown in the insert of fig. 1 together with the theoretical curve (eq. (11)) for
R =0.15nm showing that the trend is represented correctly. In view of the scatter of the
data it does not seem reasonable to try to use a more sophisticated model for f(k).

An important method for investigating diffusive motion in this frequency domain is
nuclear spin relaxation. It is therefore interesting to consider the temperature dependence
of the proton spin-lattice relaxation rate predicted by the present model. Experimental data
in amorphous metals [1, 2] exhibit a strong deviation from the BPP [28] behaviour expected
for normal diffusion. In order to estimate the temperature dependence of the nuclear spin-
lattice relaxation rate T7! we use the rule-of-thumb formula [18, 29]

Tvl—1 o S(kO; w) ’ (12)

where o is an integer multiple of the Larmor frequency and k, a typical wavenumber
characterizing the spatial fluctuations of the hyperfine fields. In fig. 1 we compare the
temperature dependence of T, measured in a-Zr,PdH; g (w = 20, = 3.9-10°s7!, see ref. [2])
with that predicted by the present model using eq. (12), where we have put E,=0.422¢eV to
obtain agreement with the measured activation energy of D (« =0.86eV), v, =38.7-10%s7,
and flk,) = 0.017. Although the agreement is not perfect it is clearly seen that the present
description accounts for the strong asymmetry of the data (BPP predict a symmetric
minimum).

In conclusion we found evidence for the anomalous diffusion of hydrogen in amorphous
metals both on the time scale of quasi-elastic neutron scattering as well as nuclear spin
relaxation. These findings which cover a large frequency and temperature range can
consistently be explained as the result of an activated jump diffusion process with a broad
distribution of activation energies. This is in agreement with previous considerations [1-5].



W. SCHIRMACHER et al.: ANOMALOUS DIFFUSION OF HYDROGEN ETC. 529

% sk ok

We are indebted to Prof. Dr. H. RUDIN for the preparation of our samples and to Prof.
Dr. R. KiRcHHEIM for providing us with the thesis of Dr. W. KIENINGER. We are thankful
to M. WAGENER for helpful discussions.

REFERENCES

[1] BowmaN R. C. jr., MAELAND A. J. and RHIM W.-K., Phys. Rev. B, 26 (1982) 6362,

[2] BowmMaN R. C. jr., ATTALA A., MAELAND A. J. and JOHNSON W. L., Solid State Commun., 47
(1983) 779.

[3] BERRY B. S. and PriTCHET W. C., Phys Rev. B, 24 (1981) 2299.

[4] KircHHEIM R., SOMMER F. and SCHLUCKEBIER G., Acta Metall., 30 (1982) 1059; KIRCHHEIM
R., Acta Metall., 30 (1982) 1069.

[6] KIENINGER W. (Thesis), Max-Planck-Institut fiir Metallforschung, Institut fiir Werkstoff-
wissenschaften, Stuttgart (1989).

[6] RicHARDS P. M., Phys. Rev. B, 27 (1983) 2059.

[7]1 Suck J. B., RupiN H., KUNzI H. U. and HEIDEMANN A., in Rapidly Quenched Metals, edited
by S. STEEB and H. WARLIMONT (Elsevier Science Publishers B.V., Amsterdam) 1985, p. 1545.

(8] DRIESEN G., HEMPELMANN R. and RICHTER D., in Atomic Transport and Defects in Metals by
Neutron Scattering, edited by C. JanNor, W. PETRY, D. RICHTER and T. SPRINGER,
Proceedings in Physics, Vol. 10 (Springer-Verlag, Berlin, Heidelberg) 1986, p. 126; RICHTER D.,
DRIESEN G., HEMPELMANN R. and ANDERSON I. S., Phys. Rev. Lett., 57 (1986) 731.

[9] RusH J. J., Upovic T. J., HEMPELMANN R., RICHTER D. and DRIESEN G., J. Phys.
Condensed Matter, 1 (1989) 1061,

[10] JoNsCHER A. K., Nature (London), 267 (1979) 673.

[11] Near K. L., Comments Solid State Phys., 9 (1979) 127.

[12] HaNsSEN J. P. and McDoNALD L. R., Theory of Simple Ligquids (Academic Press, London) 1976.

[13] ScHIRMACHER W., Solid State Ionics, 28-30 (1988) 129.

[14] CHUDLEY G. T. and ErLLiOoTT R. J., Proc. Phys. Soc., 77 (1961) 353.

[15] MotT N. F. and DAvis E. A., Electronic Processes in non-Crystalline Materials (Clarendon
Press, Oxford) 1971.

[16] BOTTGER H. and BRYKSIN V. V., Hopping Conduction in Solids (Akademie-Verlag, Berlin)
1985.

[17] GOrzZE W., in Amorphous and Liquid Materials, edited by E. LUSCHER, G. FRITSCH and G.
Jacuccr (Nijhoft, Dordrecht) 1987, p. 34.

[18] FuNkE K., Z. Phys. Chem. Neue Folge, 154 (1987) 251.

[19} ALEXANDER S. and ORBACH R., J. Phys. (Paris) Lett., 43 (1982) 1.-625.

[20] MOVAGHAR B. and SCHIRMACHER W., J. Phys. C, 14 (1980) 859.

[21] MOVAGHAR B., POHLMANN B. and SCHIRMACHER W., Solid State Commun., 34 (1980) 451,

[22] MovAGHAR B., POHLMANN B. and SAUER G. W., Phys. Status Solidi B, 97 (1980) 533.

[23] Ries B. and BASSLER H., Phys. Rev. B, 35 (1987) 2295,

[24] McINNES J. A., BUTCHER P. N, and CLARK J. C., Philos. Mag. B, 41 (1980) 1.

[25] GRONEWALD M., MOVAGHAR B., POHLMANN B. and WURTZ D., Phys. Rev. B, 32 (1985) 8191.

[26] GRUNEWALD M., private communication,

[27] WoNG J. and ANGELL C. A., Glass Structure by Spectroscopy (Marcel Dekker, New York, N.Y.)
1976.

[28] BLOEMBERGEN N., PURCELL E. M. and PouND R. V., Phys. Rev., 73 (1948) 679.

[29] SCHIRMACHER W. and SCHIRMER A., Solid State Ionics, 28-30 (1988) 134.



