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Activation Volume for Hf Diffusion in an Amorphous Ni 0.54Zr 0.46Alloy
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In this Letter we present the results of a diffusion study of Hf in a Ni0.54Zr0.46 amorphous alloy.
We have measured the diffusion properties with and without pressure, up to 1 GPa. From t
measurements we can deduce an Arrhenius behavior of the diffusion, with an activation energ
0.76 eV and a pre-exponential factor of7.4 3 10217 m2ys. The activation volume amounts to 8.5 Å3.
Activation volume and energy are related by the Keyes relationship. We then discuss to what e
presently proposed diffusion mechanisms, point defects, or collective processes can be tested a
these results. [S0031-9007(96)02084-4]

PACS numbers: 66.30.–h, 81.05.Kf, 81.15.Cd
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In equilibrium crystalline solids atomic diffusion takes
place by mechanisms involving point defects and the
mally activated jumps. On the other hand, diffusion i
equilibrium liquids does not involve point defects. There
fore starting with single crystals and increasing the degr
of disorder toward the liquid state, the diffusion mecha
nism must switch from a localized event involving a de
fect to a homogeneous and collective process. We wa
to know whether diffusion in amorphous metallic alloys i
defect mediated or due to a collective mechanism. T
existence of point defects is well established in cov
lent glasses, and has recently been shown in a Lenna
Jones model of glasses [1]. However, their contributio
to atomic transport is still a matter of debate in both cas
[2,3], despite a 13-year-old proposal of a vacancy mech
nism in amorphous alloys [4]. The crucial question o
the effect of the pressure upon the diffusion coefficientD,
namely, whether it is compatible with a vacancy forma
tion volume, is still controversial [5,6].

Early measurements under high pressures ha
shown an activation volume, defined asDV ­
2kT fd lnsDdydpg, of the order of one atomic volume,
V, for self diffusion in a (FeNi)0.80(PB)0.2 amorphous
alloy [5]. But later experiments led to anegativevalue,
of the order of20.1V, in a cobalt based glass [6]. On
the contrary recent results gave positive values, betwe
8 and 20 Å3, for Co diffusion in NixZr12x glasses
s0.42 , x , 0.62d [7]. These contradictions can be
due to the difficulties inherent to diffusion experiment
in glasses, since the metastability implies small me
squared displacements. The difficulties are even high
in the high pressure environment involving strong surfac
contamination, difficult temperature control, and shorte
durations. We decided to make new and very carefu
controlled determinations ofDV for self-diffusion in a
properly chosen amorphous alloy, using the best availa
techniques at all steps of the experiments. We chose
study self-diffusion in a Ni0.54Zr0.46 glass for this class
of alloy is believed to be prone to display collective
diffusion behavior, hence a lowDV according to some
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authors [8]. Given the well known chemical and siz
similarities between Zr and Hf we have used the Hf as
tracer for the Zr, since we can in this case use the SIM
(secondary ion mass spectrometry) method to determ
the concentration profiles, as done in Ref. [7].

Experimental procedures.—Given the very small mean
squared displacements accessible in amorphous allo
which renders any surface contamination very detrime
tal, we chose the use of buried tracer layers. The SIM
method is well suited in this case, and, in addition to an
lyzing the whole concentration profile, allows checkin
the Gaussian nature of the diffusion as well as detect
possible spurious artifacts.

In order to optimize the quality of the samples them
selves with respect to purity, composition, and structu
they were prepared by ion sputtering in a UHV dep
sition chamber including two computer controlled io
guns working with high purity argon gas. A rotating
target holder permitted switching one of the targe
between two different elements, here Zr and Hf.
this way we can insert buried layers of Ni0.54Hf0.46

inside the Ni0.54Zr0.46 matrix. The composition was
controlled to 1% atomic. The amorphous layers we
deposited on Si(100) wafers covered by 200 nm
SiO2. In order to improve the precision of the dept
determination we used two buried layers 4.5 nm thi
each, in a sample of 130 nm total thickness. The to
impurity content of the targets was given as bett
than 10 ppm for Ni, 500 ppm for Hf (excluding Zr)
and 600 ppm for Zr (mainly as Fe, excluding oxygen
Differential thermal dilatation between substrate an
sample, of the order of a few1026 at most, corresponds
to a negligible stress level of a few tens of MPa, at mo
during the diffusion annealings.

The crystallization temperatures of our samples
a heating rate of 1±Cymin, for example, 813 K for
Ni0.60Zr0.40 or 770 K for Ni0.46Zr0.54, were checked by
electron microscopy and x-ray studies, and found in go
agreement with literature results [9]. We have relaxed t
samples at 330±C before the diffusion anneals [10], an
© 1997 The American Physical Society 697
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controlled that they were indeed relaxed. Among oth
tests we used varying annealing times for Hf diffusio
from 20 to 100 h at the same temperature (see Fig.
The pressure experiments were done in a Bridgman-ty
high pressure cell according to the procedure develop
in Ref. [5]. The pressure needed to detect a chan
of D being of the order of 100 MPa at least, th
experiments done under vacuum, at ambient pressure
at 20 MPa, can all be told zero pressure experimen
The temperature is measured by a chromel thermocou
inside the pressure vessel, which enabled the temperat
to be known to better than 1±C [5].

The SIMS determination of the Hf diffusion profile was
done in a Cameca ion microproble, model I.M.S. 3f, usin
5 keV Xe primary ions, while the sample was flooded b
O2. After annealing under pressure an oxide layer abo
6 nm thick was found. The bulk oxygen contaminatio
detected by SIMS and ESCA (electron spectroscopy
chemical analysis) was not significantly higher than
the nonannealed samples. The determination of the t
tracer profile was further improved by correcting th
experimental profile from the perturbations introduced b
the irradiation damage of the primary Xe1 beam [11].
A complete description of the experimental procedure
given in Ref. [10].

Results.—We show in Fig. 1 the results obtained fo
the diffusion coefficient of Hf tracer in a Ni0.54Zr0.46

alloy at zero pressure. The measurements were done
a standard furnace under vacuum, except for the one
412±C, obtained in the high pressure setup at 20 MP
in order to control the coherency between the two se
of measurements, with and without pressure. Figure
gives the results obtained as a function of pressure
a temperature of 412±C. In both cases the uncertainty
amounts to 20%, from the reproducibility of the results a
well as from the analysis of the possible errors.

FIG. 1. Arrhenius plot of diffusion coefficients for Hf trans-
port in Ni0.54Zr0.46 at negligible pressure. The value at 412±C
was obtained in the high pressure setup, at 20 MPa. The du
tions of the annealings were 10 h at 412±C, 40 h and 70 h at
376±C, 50 h at 358±C, 90 h at 356±C, 20 h, 80 h, and 100 h at
338±C, 50 h at 325±C, and 100 h at 308±C.
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The pre-exponential factorD0 had a value of7.4 3

10217 m2ys, the activation energyQ amounted to 0.76 eV
per atom, and the activation volumeDV was 8.5 Å3. In
this system the mean atomic volume is 16 Å3 and the Zr
atomic volume is 23 Å3. The results at ambient pressur
are in good agreement with those published by Wu on
Ni0.49Zr0.51 glass [12]. On the other hand, the activatio
volume corresponds only partly to the results of Höfler
NixZr12x glasses quoted above and shown in Table I [7

It has been shown by Keyes [13] under the hypothe
that the activation energy corresponds to a strain ene
of the solid during the activated step of diffusion, and
the limit of the macroscopic elasticity, thatQ andDV are
related byDV ­ kxQ, with x the compressibility of the
material andk a coefficient of the order of 4–5 relate
to the Grüneisen constantg by k ­ 2g 2 0.66 [13]. In-
deed in this approach the activation volume is due to
pressure effect on the elastic constants, i.e., to the an
monicity of the interatomic interactions. This result ca
also be obtained in the framework of the dynamical theo
of the jump [14]. Strictly speaking the Keyes relationsh
should then work only for an interstitial mechanism
the migration part of a vacancy one. However, diffusio
experiments show in this last case that it works for t
whole diffusion event, i.e., including also the formatio
part. Using simple models of interatomic interaction o
can check that it works also for the vacancy formation e
ergy, with a coefficientk of the same order of magnitude
[13]. Experimentallyk is found to be almost indepen
dent of the material, and of the mechanism, but to depe
on the structure: it is larger in compact metals than
noncompact ones, amounting to 5.5 in fcc against 2.3
bcc [10]. The general validity of the relation comes fro
the fact that the anharmonicity of the interactions affe
in a parallel manner the pressure variation of the elas
constants, relevant in a macroscopic deformation, and
variation with interatomic distances of the Kanzaki forc
at work during defect formation and migration. In this re
spect it seems probable that the relations should work

FIG. 2. Pressure effect upon diffusion of Hf tracer at 412±C
in a Ni54Zr46 glass.
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TABLE I. Activation energies, activation volumes, and Keye
coefficients for Co [7] and Hf (this work) diffusion in NixZr12x
amorphous alloys. The last column shows the value of t
coefficientk involved by the Keyes relationship.

Tracer x Q (kJymol) DV sÅ3yat.d DVyxQ

0.42 154 8.9 2.8
0.52 187 20 5.2
0.57 162 18 5.4

Co

0.62 165 7.9 2.3
Hf 0.54 73 8.5 5.3

all materials, including glasses, whatever the mechani
involved, provided the activation energy has a strain p
as main term.

It is therefore not surprising to get a value ofk ­ 5.3
in our Ni0.54Zr0.46 alloy, metallic glasses being almost a
compact as fcc phases. We have shown in the last colu
of Table I the value ofk in NixZr12x glasses, according
to Höfler et al. [7] and us. This relationship is also
obeyed in a Fe40Ni40P14B6 amorphous alloy, withk > 4
[5]. Therefore some of Höfler’s results appear doubtfu
Among the four values ofDV published, two of them,
those forx ­ 0.52 and 0.57, comply with the Keyes rule
with k ­ 5.2. But the other two appear a bit too smal
Moreover the jump from 18 to 8 Å3 betweenx ­ 0.57
and 0.61 is hard to explain since the activation energy,
the contrary, varies smoothly with concentration [12].

Can we now deduce from these two results som
clue to the mechanism of diffusion? Proposals ha
been made in two directions: a point defect mechanis
vacancy or interstitial, as in crystals, or a collectiv
mechanism as in liquids, generally of an unspecifi
nature. In the second hypothesis, proposals are made
the basis of experimental data, the pre-exponential fact
D0 [8,15]. Alternatively collective excitations specific to
the amorphous state have been claimed, from a theoret
point of view, to constitute a possible mechanism.

In crystalline metals for a vacancy mechanism, ac
vation energy and cohesion are quite nicely related
the Van Liemp rule stating thatQ > 0.14Tm, Q in
kJymol, Tm the melting temperature. In hexagonal Z
the intrinsic activation energy is deduced to be of th
order of 3.1 eV [16]. In this respect our present findin
0.76 eV for self-diffusion, is small. Conversely, accord
ing to Keyes, the activation volume also is quite sma
as compared to the Zr atomic volume. At first our re
sults as compared to pure Zr do not seem to be in fa
of a vacancy mechanism. Moreover in crystals whenev
a jump mechanism prevails, the pre-exponential term
given by D0 ­ bfna2 expsDSykd, b being a numerical
coefficient,f the correlation factor, of the order of one
a the jump distance,n the so-called attempt frequency,k
the Boltzmann factor, andDS the activation entropy. In
the hypothesis of a simple defect mechanism an entro
of the order of a fewk is expected.
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Assuming theD0 expression to be valid, and usin
measuredD0’s, one can calculateDS, and, under vari-
ous assumptions, transpose it into a number of atoms
volved. In a Fe24Zr76 glass, similar to the present one
it has been proposed that theDS deduced in this way
can be transformed into an activation volume by assu
ing that it corresponds to the entropy variation due to t
density fluctuation during the activated step. One g
thenDV ­ aDSyx with x the compressibility anda the
volume dilatation coefficient. In this systemD0 amounts
to 7 3 106 m2ys, and corresponds, according to the a
thors, to an activation volume of 60V, or 60 atoms in-
volved, pointing to a strongly collective mechanism [8
However, this is a very high activation volume which
clearly ruled out by allDV measured presently. Moreove
D0 terms are prone to large experimental errors and c
not, except in the simplest cases, be directly related to
atomic mechanism, particularly in disordered systems [
The proposals made on these bases seem to us too fr
to be followed in the absence of other reasons [10].

On the other hand, two kinds of excitations specific
the glassy materials have been detected in experiment
numerical simulations. The first one observed at low te
perature, of the order of 10% of the glass temperature
most, corresponds to groups of 10 to 40 atoms, involv
in bistable positions [17]. The tunneling transitions b
tween the two equilibrium positions, distant in energy b
1024 eV, are responsible for the well known linear ex
cess of specific heat below 1 K, and at a higher tempe
ture anharmonic excitations in the double wells produ
a peak in theCyyT3 curve [18]. Conversely at a much
higher temperature, at or above the glass transition, it
been shown that small groups of atoms, 3 to 5, could
change their position [19], in manner reminiscent of t
ring mechanism proposed for crystals by Zener [20] a
much later detected by Nguyen in bcc metals [21].

It can be proposed that these excitations can form
base of a defectless mechanism. However, for providin
diffusion mechanism two conditions must be met. At fir
they must be present in a sufficient concentration so e
atom can participate in several of them. This is probab
not a severe requirement for high temperature events,
is far from proved in the other case. One has also
assume that these excitations are described by a v
broad distribution, in order to match the proper ener
scale of diffusion, say from 1 to 2 eV. In both cases
more precise test against our results is not possible si
we do not know their thermodynamical properties. In th
respect molecular dynamics simulations would be of
great help, for the determination of theoretical activati
energy and volume.

However, the defect hypothesis is not necessarily ru
out by the very low activation parameters we ha
obtained. Indeed the self-diffusion inhexagonalZr can
only be understood if the role ofextrinsic vacancies
trapped by Fe impurities, unavoidable in Zr, is taken in
699
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account [16]. These extrinsic vacancies are believed [2
to be at the origin of the very low, 1.1 eV, apparen
activation energy observed between 1100 and 900
in aZr, which in this case corresponds simply to th
migration term [23]. We have built a simple model takin
into account this effect [10]. By fitting the model to the
experimental behavior ofaZr, we found a true activation
energy of 3.1 eV, matching well the melting point in
agreement with Hood [16], a solution energy of F
amounting to 1.15 eV and an Fe-vacancy binding ener
of 1.4 eV, all values in agreement with the estimations
King [22].

In the present glass, either due to the high concentrat
of nickel or to the unavoidable iron impurity, the sam
extrinsic effect is possible. Using our model, and takin
simply into account the disordered state which implies
smaller energy scale, and then a lower temperature ran
we have obtained a good fit of our present diffusion da
for an intrinsic activation energy of 2.2 eV, a binding
energy of 1.4 eV, and a solution energy of 0.7 eV. Th
apparent activation energy amounts now to 0.8 eV,
good agreement with our value. The question now is
verify whether the iron impurity can have the same effe
in the glass as in theaZr. In this respect experiments in
crystalline Ni-Zr alloys would be much more interesting
Following the Keyes rule this small activation energ
will probably correspond to a small activation volume
A symmetric case is known in crystalline Al-Cr and
Al Mn alloys, where a large activation energy due t
a strongly repulsive solute-vacancy interaction has be
found, linked to a very large activation volume [24] by
Keyes relationship involvingk ­ 4.6.

In conclusion, we propose therefore that in NixZr12x

glasses the activation volume for self-diffusion is positiv
and of the order of, but less than, the relevant atom
volumes. The activation volume and energy are related
the Keyes relationship for the same reasons as in cryst
independently of the diffusion mechanism. Since bo
conclusions are valid in the other main class of amorpho
alloy [5], the metal-metalloid one, they are likely to b
valid for all metallic glasses. We have shown that th
relatively small activation volume and energy we hav
measured are not incompatible with a vacancy mechani
if the extrinsic regime of diffusion due to Fe impurities
well known inaZr, is supposed to work also in this glass
The collective proposal based onD0 values have been
shown to be incompatible with experimental results. F
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a meaningful comparing of our results with the theoretic
proposals of a collective mechanism, however, we ne
more detailed information on their characteristics.
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