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a b s t r a c t

We review radiotracer diffusion and isotope measurements in bulk glass forming alloys from the glassy
state to the equilibrium melt and compare diffusion and viscous flow. In the glassy as well as in the deeply
supercooled state below the critical temperature Tc, where the mode coupling theory predicts a freezing-
in of liquid-like motion, very small isotope effects indicate a highly collective hopping mechanism. Not
only in the glassy state but also in the supercooled state below Tc the temperature dependence of dif-
fusion is Arrhenius-like with an effective activation enthalpy. A clear decoupling takes place between
the diffusivities of the individual components of the alloys and between time scales related to diffusive
transport and viscous flow. While the component decoupling is small for the smaller components a vast
decoupling of more than 4 orders of magnitude is observed in Pd–Cu–Ni–P alloys between the diffusivity
of the large majority component Pd and of the smaller components at the glass transition temperature
Tg. The diffusivities of all components merge close to the critical temperature Tc of mode coupling theory.
Above Tc, the onset of liquid-like motion is directly evidenced by a gradual drop of the effective activation
energy. This strongly supports the mode coupling scenario. The isotope effect measurements show atomic
transport up to the equilibrium melt to be far away from the regime of uncorrelated binary collisions. For
Pd, in contrast to the behavior of single component molecular glass formers, the Stokes–Einstein equation
even holds in the entire temperature range below Tc over at least 14 orders of magnitude. Apparently, the

majority component Pd forms a slow subsystem in which the other elements move fast. Rearrangement
of the Pd atoms thus determines the viscous flow behavior. The decoupling of atomic mobility seems
to arise from a complex interplay between chemical short order and atomic size effects that gets more
pronounced on approaching the glass transition temperature. The ability of the bulk glass forming alloys
to form a slow subsystem in the liquid state appears to be a key to the understanding of their excellent
glass forming properties.
. Introduction

Even though metallic glasses, also termed amorphous alloys,
here first discovered 50 years ago they are currently among the
ost actively studied metallic materials with many novel, applica-

le properties [1–3]. Metallic glass forming alloys have also been
he focus of research advancing our understanding of liquids and
lasses in general [4,5].

The first metallic glasses, in order to prevent crystallization,
ere prepared by rapidly quenching (106 K/s) a melt of binary or

ernary metal–metalloid or of early-late-transition metal alloys,
esulting in very thin (d ≈ 50 �m) ribbons. Since then, continuous

lloy developments [6,7] allow low cooling rates now exceeding
K/min and hence bulk samples with the smallest dimension of

everal cm can be prepared. Thus, deeply undercooled metallic

∗ Corresponding author. Tel.: +49 431 880 6225; fax: +49 431 880 6229.
E-mail address: ff@tf.uni-kiel.de (F. Faupel).
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© 2010 Elsevier B.V. All rights reserved.

melts are now accessible on experimental time scales, which make
possible investigations around and above the caloric glass transi-
tion, where previous alloys immediately crystallized.

Since metallic glasses are metastable systems there exists a driv-
ing force to the crystalline equilibrium state. During the first heat
treatment near the glass transition structural relaxation occurs
[8–10]. Subsequently, the glass transition sets in, and finally the
sample crystallizes. All these processes are mainly governed by
diffusion. Diffusion and viscous flow are also crucial in melt pro-
cessing as well as from the fundamental point of view, particularly
with respect to the glass transition.

While for crystalline metals self-diffusion occurs via single
jumps involving thermal vacancies [11], the situation for metal-
lic glasses is much more complex. Early experiments were often
interpreted in terms of a conventional, vacancy-like mechanism

(for reviews see, e.g. [12,13]). Now, there is ample evidence form
radiotracer experiments [14–16] and molecular dynamics simula-
tions [17,18] that diffusion in the glassy state generally proceeds
via highly collective thermally activated jumps involving many

dx.doi.org/10.1016/j.jallcom.2010.11.123
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ff@tf.uni-kiel.de
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Fig. 1. 57Co-penetration profiles in the glass forming alloy Pd40Cu30Ni10P20 at tem-
peratures as given. Profiles were shifted on the y-axis for better comparison. Open
symbols are affected by surface artifacts and were not taken into account in the
A. Bartsch et al. / Journal of Alloy

toms [19]. Molecular dynamics simulations suggest a connection
etween the low-frequency excitations in glasses observed at low
emperatures and collective long-range diffusion at elevated tem-
eratures. Only for large atoms, vacancy-like defects seem to play
role [20] and may give rise to an opposite Kirkendall effect [21].
acancy-like defects may also enhance diffusion in as quenched
etallic glasses prior to structural relaxation [9] although this

ffect is not seen in all systems [10]. Diffusion in the glassy state of
etallic glass formers has recently been reviewed [19]. Here we
ill focus on diffusion and viscous flow above the caloric glass

ransition.
As mentioned above, for the so-called bulk glass forming alloys,

he undercooled melt above the caloric glass transition tempera-
ure becomes accessible. This allows testing of recent theories of the
lass transition and the dynamics of undercooled systems. Among
hese the most advanced theory describing the slowing down of
iquid-like motion is the mode coupling theory (MCT) [22,23]. In
his extension of the hydrodynamic theory of fluids a kinetic freez-
ng of microscopic (liquid-like) viscous flow is predicted at a critical
emperature Tc far above the caloric glass transition temperature Tg.
elow this critical temperature only thermally activated hopping
rocesses should be possible and are envisioned as highly collec-
ive medium assisted hopping in an augmented version of the mode
oupling theory which includes the behavior below Tc [22,23].

Bulk glass forming alloys, for the first time in metallic systems,
llow diffusion experiments to be carried out from the glassy state
p to the equilibrium melt. In conventional metallic melts, due to
heir low viscosity, diffusion experiments are normally affected by
onvection [24].

In simple liquids and melts, where diffusion and viscous flow
ake place by uncorrelated binary collisions, the Stokes–Einstein
quation

(T) = kT

6� r�(T)
(1)

enerally holds. Here, D and � are diffusivity and viscosity, respec-
ively, k is the Boltzmann constant, T the absolute temperature and r
s the radius of the diffusing species [12]. In the supercooled state of

etallic glass forming alloys a break down of the Stokes–Einstein
quation has already been reported by Geyer et al. [25]. Recent
olecular dynamics simulations on a binary Lennard–Jones mix-

ure have shown the breakdown of the Stokes–Einstein relation
t a temperature between the melting temperature and the critical
emperature Tc [26]. The breakdown of the Stokes–Einstein relation
as also observed in single component glass formers [27]. Now,
ost explanations are centered around the concept of dynamical

eterogeneity, i.e. the existence of spatially correlated regions of
elatively high or low mobility that persist for finite lifetime in
he supercooled liquid, and that grow in size as the temperature
ecreases [28,29].

In the present review we report on our recent results of radio-
racer diffusion experiments in bulk glass forming Pd-alloys from
he glassy state to the equilibrium melt and compare them with vis-
osity data from the literature [30–32]. For the first time, a complete
et of data for all components is available over the whole relevant
emperature range. Special attention is devoted to the change in
tomic dynamics around Tc where the decoupling behavior is now
ccessible for the individual components. In addition, a comparison
f the equilibrium melt with the dynamics of simple liquids will be
ade.

. Experimental methods
The glasses were prepared as published in, e.g. [33]. The
aloric glass transition temperatures were determined by means
f differential scanning calorimetry (DSC) at a heating rate of
evaluation. The resolution function of the microsectioning technique is shown, too
(from [39]).

20 K/min to 577 K. All samples were checked by X-ray diffrac-
tion for crystallinity before and after thermal treatment. Diffusion
experiments were performed with the well established radiotracer
technique, as described in, e.g. [34,35]. Tracers were either com-
mercially available (32P, 57Co, 60Co) or produced by irradiation of
a suitable non-radioactive isotope in the research reactor of the
Hahn–Meitner Institute in Berlin (103Pd). After cutting the samples
(diameter 10 mm, thickness 1 mm) and polishing the samples the
tracer elements were flash-evaporated onto the sputter-cleaned
surfaces. The samples were annealed on a heated copper plate or in
specially designed graphite crucibles for temperatures and times
deduced from the TTT diagram [36,37].

The serial sectioning has been performed either by the sput-
tering technique, employing an Ar-ion beam similar to the one
described in [34] or for larger penetration depths, serial section-
ing was performed by mechanical grinding using emery paper of
different grain sizes. After serial sectioning the tracer concentration
of the respective tracer was determined in each section by use of
an intrinsic Ge-detector (57Co, 60Co, and 103Pd). In the case of 32P,
a suitable method for the detection of the �-decay with the liquid
scintillation counter taking into account the simultaneous usage of
57Co had to be established.

The diffusivity was obtained from the thin film solution of Fickı̌s
second law.

c(x, t) = I0√
�Dt

· exp

(
−x2

4Dt

)
(2)

Here, D denotes the diffusivity, t is the annealing time, x is the
penetration depth and, I0 is the initial layer thickness. Typical pen-
etration profiles are shown in Figs. 1 and 2(a). Only closed symbols
represent long-range diffusion and were taken into account for the
determination of the diffusivities whereas data points shown as
open symbols are affected by surface hold-up or sputtering arti-
facts, respectively. These effects are well-known from earlier work
[39]. The resolution function of the sputtering technique is also
shown in Figs. 1 and 2(a). To obtain this function, serial section-
ing was performed on a non-annealed sample. The tail at large
penetration depths originates from tracer atoms that were first dis-
tributed onto components other than the collector foil and then

sputtered off again. The resolution function shows that effects on
the evaluation of diffusivities and isotope effects are negligible
within experimental errors.
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Fig. 2. (a) Typical penetration profile of Co diffusion in Pd40Cu30Ni10P20 at 603K,
annealed for 1 h (above). The activity is plotted vs. the square of penetration depth.
The resolution function of the sputtering technique is shown, too (open squares). (b)
A typical isotope effect profile of Co diffusion in Pd40Cu30Ni10P20 is shown below.
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Fig. 3. (a) Temperature and (b) mass dependence (isotope effect) of Co-diffusion
in Pd40Cu30Ni10P20 and Pd43Cu27Ni10P20. The temperature dependence is plotted as
ln D vs. 1/T (Arrhenius plot) together with diffusion data from quasielastic neutron
scattering (QNS) (open squares [33], for a detailed discussion of these data see text).
The open circles refer to the glassy state, the solid symbols refer to the supercooled
he activity ratio of 57Co and 60Co is plotted vs. the 57Co activity on a logarithmic
cale. The dotted line yields an isotope effect of E = 1 and is shown for comparison.

The diffusivities were calculated from the slopes m = −1/(4Dt) of
he straight lines fitted to the data according to Eq. (2). The exper-
mental errors in the absolute diffusivity are about 20% and are
maller than symbol size in the following figures. The major contri-
utions originate from uncertainties in the depth and temperature
easurements [10,39].
The isotope effect E is defined as:

= D˛/Dˇ − 1√
mˇ/m˛ − 1

(3)

E is defined thus that E = 1 for an ideal singe jump diffusion
echanism with exhibits a 1/m1/2 mass dependence arising from

he attempt frequency.
It can be calculated from the following equation

n

[
c˛(x, t)
cˇ(x, t)

]
= const. −

[
D˛/Dˇ − 1

ln c˛(x, t)

]
(4)

hich results from simple rearrangement of the thin-film solution
or the two isotopes.

A typical result is shown in Fig. 2(b). One notes that the isotope
ffect in the present Pd-based alloy in the supercooled liquid state
s close to zero, much smaller than the value of unity, expected for
n ideal single jump process.

The (almost) vanishing isotope effects were also observed in
he glassy state of conventional metallic glasses [10,14,16]. They
ere interpreted as a result of the strong dilution of the ordinary
−1/2 mass dependence of the attempt frequency by coordinated

opping of a large number of atoms. This view is consistent with
he results from molecular dynamics simulations, where mainly
hain-like displacements were observed [42].
liquid state and the equilibrium liquid state, respectively. The quasieutectic melting
temperature Tm is displayed.

3. Diffusion in Pd based alloys

Fig. 3 shows the diffusivities of Co and the corresponding iso-
tope effects in Pd40Cu30Ni10P20 and Pd43Cu27Ni10P20 alloys. The
upper part displays the Arrhenius plot for Co-diffusion in the two
Pd–Cu–Ni–P alloys [35,38,43]. Here, filled symbols correspond to
the well-relaxed supercooled liquid state. The temperature depen-
dence follows an Arrhenius-like behavior. This is in accordance with
the aforementioned linear Arrhenius plots reported for other bulk
glass forming alloys in the deeply supercooled melt. One must point
out that the Arrhenius parameters have to be regarded as effective
quantities due to the structural changes occurring in the metastable
equilibrium state with increasing temperature.

Open symbols, seen at lower temperatures represent samples
that were annealed for relatively short times not allowing relax-
ation into the supercooled equilibrium state. Here the diffusivity
is much higher (note the logarithmic scale) indicating an enhance-
ment caused by incomplete relaxation to the supercooled liquid
state. Therefore, these data points can be attributed to the non-
equilibrium glassy state [44]. The drop of the diffusivity is mainly
related to the annealing of excess volume during relaxation.

We were able to measure the isotope effect E in the glassy and
in the supercooled liquid state [38] during isothermal structural
relaxation. The isotope effect data are displayed in Fig. 3 together
with the diffusivities. Though the diffusivity decreases by an order
of magnitude during relaxation from the glassy to the supercooled
liquid state at 543 K, there is no change in isotope effect. The iso-
tope effect is very small in the whole supercooled liquid range as
well as in the glassy state. This lends strong support to the view
[19,38,40,43] that the diffusion mechanism does not change at the

caloric glass transition and that diffusion occurs by highly collec-
tive hopping in the glassy and in the supercooled liquid state well
below Tc. In particular, we can rule out a change in the diffusion
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echanism at Tg from single atom hopping (below Tg) to pre-
ominantly collective diffusion as proposed in the literature for
e in Vitreloy 4 [45–47]. The absence of a change of the diffusion
echanism at Tg corroborates results from computer simulations

48,49] and is in agreement with the mode coupling theory, which
redicts a freezing in of liquid-like motion at Tc well above Tg

50,51]. As mentioned above, below Tc, the augmented mode cou-
ling theory [22,23] envisions diffusion as medium assisted highly
ollective hopping. Apparently, diffusion between Tc and Tg pro-
eeds by solid-like hopping (although highly collective) despite the
act that macroscopically the samples are in the (highly viscous)

olten, i.e. liquid state. A clear signature of highly collective hop-
ing was also seen in our earlier isotope effect measurements in
he supercooled liquid state of Zr-based systems [40].

As shown in Fig. 3, the diffusion and isotope effect data
btained in one of the most stable metallic glass-forming alloys
d43Cu27Ni10P20 below Tc are in full accordance with the data for
d40Cu30Ni10P20 and also encompass the range above Tc up to the
quilibrium melt. Below T = 700 K one notes Arrhenius type behav-
or. Although there are minor differences in the absolute values of
he diffusivities in these two alloys, the values of the Arrhenius plot,
articularly in the overlapping temperature range, demonstrate
hat the general tendency in the two alloys is the same.

Moreover, in the equilibrium melt on notes that the diffusivi-
ies determined from quasi-elastic neutron scattering experiments,
eflecting mainly the Cu and Ni diffusivities [33], agree very well
ith the Co-diffusivities from the present work. Since measure-
ents of diffusivities from neutron scattering are not prone to

onvection, the excellent agreement with our radiotracer data
hows that the latter are not affected by convection. This is in con-
rast to many previous experiments in metallic melts with lower
iscosity [24]. We note that our results are in full accord with �g
xperiments performed by Griesche and coworkers during FOTON
ission [52,53].
The neutron scattering experiments also allowed monitoring of

he fast �-relaxation. From these data the critical temperature Tc

see Fig. 3) and the exponent � of the mode coupling theory were
etermined [33]. Knowing Tc, one can directly test predictions of
he mode coupling theory. In particular, our data shown in Fig. 3
learly provide evidence of a change in the atomic dynamics at Tc.
ere the effective activation energy −k ∂ lnD/∂ T−1 (slope in Fig. 3)

tarts to drop gradually as expected from the onset of liquid-like
otion in the mode coupling scenario. Due to the increasing influ-

nce of liquid-like motion the nearest neighbor barriers should
radually decrease as the temperature is increased above Tc. As
entioned earlier, above Tm in the equilibrium melt, our Co dif-

usivities are within the statistical error equal to the diffusivities
erived form inelastic neutron scattering [33]. We note that at Tm

he diffusivities are 2 orders of magnitude smaller than that of
rdinary liquids [54].

Above Tc the idealized mode coupling theory (that neglects mass
ransport via hopping below Tc) predicts

1
D

∝
[

(T − Tc)
Tc

]�

(5)

The dashed line in Fig. 3 represents Eq. (5) using the Tc = 710 K
nd the exponent � = 2.7 from the analysis of the localized cage
otion as measured by inelastic neutron scattering [33]. Our dif-

usion data are even in quantitative agreement with the MCT
redictions. The singularity at Tc is not expected in real systems,
nd the augmented MCT that takes into account hopping processes
22,23] predicts a smooth transition to Arrhenius behavior in the

ay reflected in our data (Fig. 3).

It has to be pointed out that other theories, including the free
olume theory first introduced by Cohen and Turnbull, which
lready involves the cage effect, also predict a change in the slope
57Co-data, shown as open circles, are from [35].

of the Arrhenius plot in the supercooled liquid state (for reviews
see Refs. [54,55]). However, our observation that liquid-like motion
sets in exactly above the critical temperature Tc of MCT is striking.

In the present alloys the viscosity is still two orders of magnitude
higher at the melting point compared to simple metallic melts, and
the isotope is very low in the equilibrium melt (E ≈ 0.05). Below Tc

and in the glassy state such low values have already been discussed
above and were attributed to highly collective thermally activated
hopping processes. The low E-values in the equilibrium melt, how-
ever, show that the present Pd–Cu–Ni–P melt is still far away from
the hydrodynamic regime of uncorrelated binary collisions. This is
in strong contrast to simple melts such as liquid Sn, which shows a
rather large isotope effect [56]. In the absence of significant corre-
lation, the isotope effect should be of the order of unity in simple
liquids [53]. Molecular dynamics simulations indicate a relation-
ship between isotope effect and density of the liquid. This suggests
the present very low E-values to be due to the small density dif-
ference between glassy and liquid state of only about 3% [49]. The
strongly coordinated atomic motion evidenced by the low isotope
effect value in the equilibrium liquid appears to be crucial to the
excellent glass forming ability.

Very recently, we measured the tracer diffusivities of various
elements in Pd43Cu27Ni10P20 to investigate the decoupling behav-
ior [41]. The results are shown together with some data from the
literature in Fig. 4. Comparing the 57Co diffusivities of this work
in the undercooled melt to the ones previously measured in our
laboratory (also depicted in Fig. 4), one can see a small difference
[35,43]. Both series of measurements were done in a similar way but
with different Pd43Cu27Ni10P20 batches. Both batches were checked
with DSC as well as EDX, and no differences were found within the
high accuracy of the methods used. We assume that even very small
differences in the composition of the alloy in the steep multidimen-
sional eutectic valley can have a noticeable influence on diffusivities
(this could also explain some discrepancies in the literature, see
below). We remark that the 57Co diffusivity is rather similar to the
Ni diffusivity as shown earlier [19 and references therein]. We note,
however, that the present difference of a factor of two is quite small

in comparison to the orders of magnitude effects concomitant with
the investigated decoupling behavior.
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As seen in Fig. 4, decoupling of the diffusivities sets in some-
hat above Tc and reaches several orders of magnitude between the

astest and slowest component near Tg. Decoupling is a signature
f solid-like hopping over barriers, which – unlike in crystals – is
nvisioned as a highly collective process. The barriers are expected
o freeze in at Tc and to decay quickly somewhat above Tc, which is
s much as 128 K above the caloric glass transitions temperature Tg

at 20 K/min) in the present metallic glass former. We note that the
lowest element is not phosphorous but the majority component
alladium in contrast to expectations stated in the literature were
hosphorous was discussed as a covalent network former [58].

Our 32P diffusion coefficients agree well 32P diffusion coeffi-
ients measured by Yamazaki in a similar alloy [58]. These authors
lso measured one diffusion coefficient for Cu in their alloy and
ound it nearly two orders of magnitude higher than the corre-
ponding phosphorous diffusivity and similar to 63Ni diffusivities
rom Nakajima et al. in another Pd–Cu–Ni–P alloy [59]. Yamazaki
t al. concluded that this large difference between their phospho-
ous diffusivity on the one hand, and the Cu and Ni diffusivities on
he other hand, is indicative of the strongly covalent bond char-
cter of phosphorus in the present alloy. However, comparing our
7Co diffusivities with those of 63Ni measured by Nakajima et al.
n a Pd40Cu30Ni10P20 alloy one can see again a large difference by
wo orders of magnitude. Since neither the time dependence of the
iffusivities nor all of the diffusion profiles were reported by Naka-

ima et al., it is difficult to assess the origin of the differences. One
ossible explanation could be differences in the sample prepara-
ion resulting in different alloy compositions. As discussed above,
ven relatively small differences in composition may cause large
ifferences in the diffusivities.

The crucial role of Pd is also reflected in the fact that a vast decou-
ling of more than 4 orders of magnitude is observed between the
iffusivity of Pd and of the smaller components, at the glass tran-
ition temperature Tg whereas little decoupling is seen among the
mall components. We point out that this decoupling of the dif-
usivities of the individual components (component decoupling)
as to be clearly discriminated from viscous decoupling, i.e. the
ecoupling of diffusion and viscous flow discussed in the follow-

ng section. The viscous decoupling could be regarded as just a
onsequence of the effect of the broadening of the distribution of
obilities and the different ways transport and relaxation sample

hat distribution, i.e. viscous decoupling (because it involves two
ualitatively different physical quantities) may be considered as
eflecting something rather general about the statistics of dynam-
cs. In contrast, the component decoupling must have an explicit
tructural origin and reveals information on the relation between
omposition and atomic dynamics.

. Comparison of diffusion and viscous flow in Pd based
lloys

In addition to the decoupling behavior of the diffusivities, an
mportant characteristic of the atomic dynamics is the relationship
etween diffusion and viscous flow. Fortunately, for the glass form-

ng alloy Pd43Cu27Ni10P20 viscosity data are available form Refs.
30,31]. In particular, it has to be noted that the viscosities are not
ignificantly dependent on concentration, indicating that chemical
ffects are of minor importance and packing fraction plays a major
ole [60]. These viscosities are plotted in Fig. 5 together with vis-
osities calculated from the individual diffusivities in Fig. 4 from
he Stokes–Einstein (SE) equation (Eq. (1)) [41]. One sees that the

tokes–Einstein equation holds perfectly in the equilibrium melt
nd down to near Tc where it starts to break down. The dispar-
ty reaches 4 orders of magnitude in the supercooled liquid state
ear the caloric glass transition. A striking observation, however,
glass transition temperature Tg (DSC, 20 K/min).

is that despite this strong decoupling (see also Fig. 4) the SE equa-
tion holds rigorously for the majority component palladium which
also has the largest atomic size. Apparently, Pd forms a slow sub-
system in the supercooled melt inside which the smaller elements
carry out fast diffusion. This is even more surprising because Pd is
not expected to form a covalent network in this metallic system.
Obviously, viscous flow requires the subsystem to break up because
rearrangement of the Pd atoms and viscous flow occur on the same
time scale according to our results.

The present observation of the validity of the SE equation for Pd
over at least 14 orders of magnitude is also striking in view of its
aforementioned recently observed breakdown in a single compo-
nent molecular glass formers [29] and the fact that the beak down
of the SE equation is now generally attributed to dynamic hetero-
geneity [28,29]. Even though our observation does not challenge
this explanation it appears to be quite unexpected and rises inter-
esting new questions with respect to the bonding characteristics
in the bulk glass forming alloys and on the origin of the formation
of slow subsystems [61]. In this connection we note that Kumar
et al. [62] in their molecular dynamics simulations of hard sphere
fluids with size disparity also found remaining ‘sedentary’ particles
which formed a slow subsystem and were unaware of the break-
down of the SE equation. This also shows that the formation of
slow subsystems does not require covalent bonding similar to oxide
glasses. Concerning the contrasting behavior to the single compo-
nent molecular glass formers, their glass forming ability is not due
to dynamic asymmetry caused by size disparity or chemical short
range order but results from a complex and highly asymmetric
structure. In systems with dynamic asymmetry like multicompo-
nent metallic glass formers, the building up of a slow subsystem
appears to be the crucial factor in glass formation.
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