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A B S T R A C T

Tracer measurements with both radioactive, 55Fe, as well as natural, mainly 56Fe, isotopes are used to
investigate Fe diffusion in a Cu-Zr nanoglass in comparison to their diffusion rates in a homogeneous
amorphous counterpart. The columnar-structured nanoglass and the homogeneous amorphous films are
synthesized using radio-frequency magnetron sputtering. Ion beam sputtering (with the 55Fe radioisotope)
and time-of-flight secondary ion mass spectroscopy (with natural Fe) are used for the diffusion experiments.
Remarkably, faster Fe diffusion is observed in the columnar nanoglasses, supporting the concept of glass–
glass interfaces. The relative diffusion enhancement is explained within the excess free volume concept that is
supported by structural investigations using transmission electron microscopy. For the first time, the relaxation
dynamics in a nanoglass as well as in a homogeneous thin-film glass of identical composition are evaluated
via time-dependent diffusion measurements.
1. Introduction

One of the most impactful strategies for equi-compositionally en-
hancing the properties of a material with a crystalline structure involves
tuning the concentration of defects within it. It is widely recognized
that increasing the defect concentration can yield significant improve-
ments in e.g. mechanical properties [1,2] as well as enhancements
of diffusivity [3]. Until recently, these effects could not be harnessed
in amorphous materials, such as metallic glasses, due to the absence
of localized and tunable structural defects. However, the concept of
nanoglasses has emerged as a promising avenue, aiming to combine
the advantages of glassy materials with the potential to fine-tune their
properties through the introduction of structural defects [4].

In this sense, nanoglasses are composed of nanometer-scale amor-
phous domains (i.e. ‘‘cores’’), separated by amorphous interfaces that
present the structural ‘‘defects’’. Previous investigations have unveiled
that these materials can exhibit superior properties compared to their
homogeneous amorphous counterparts. Notable examples include re-
duced density, a lower coordination number of nearest-neighbor atoms,
distinct electronic structures [5], or an elevation of the ferromagnetic
transition temperature [6].

Today, several established methods facilitate the synthesis of nano-
glasses. For instance, inert gas condensation (IGC) [7–9] and magnetron
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sputtering [10–12] are two prevalent techniques, where magnetron
sputtering of columnar films offers a versatile and reproducible ap-
proach. By carefully adjusting the settings the deposition process can
be optimized to create columnar structured films with a nanoglass
structure [12]. While the synthesis of columnar structured amorphous
films has been previously documented [13,14], the fabrication of a
nanoglass using this particular method is considered to be a novel
advancement.

This present study is centered around tracer diffusion measurements
of Cu60Zr40 nanoglasses produced via magnetron sputtering. The com-
bination of copper and zirconium as principal constituents for a metallic
nanoglass has been explored in previous studies, yielding insights into
(micro)structure evolution [15] or notch sensitivity [16] via molecular
dynamics simulations. Moreover, there exists experimental evidence of
enhanced thermal stability, increased mechanical properties [17], or
the existence of glass–glass interfaces and their structural distinction to
the glassy cores [18].

Diffusion measurements have consistently served as a sensitive tool
to probe structural alterations [19–21], particularly in disordered mate-
rials where imaging techniques face limitations. Radiotracer diffusion,
in particular, proves versatile across a wide spectrum of diffusion
depths and corresponding diffusion coefficients due to its exceptional
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Fig. 1. (a) ‘‘Sandwich’’-like sample design used for ToF-SIMS analysis. Cu60Zr40 is
sputtered on a Si-wafer and at half-thickness of the sample a thin layer of natural
Fe is co-sputtered. ToF-SIMS analysis is done using a dual beam setup with one beam
for sputtering and one for analysis. (b) Schematic depth profile obtained by ToF-SIMS
showing a typical Gaussian-type peak for Fe. (c) Cu60Zr40 sputtered on a Si-wafer with
a 55Fe isotope deposited on the surface. An aperture (of ∼3.5 mm) attached to the
center of the sample surface induces a disk-shaped crater during subsequent ion beam
sputtering with Ar+ ions. (d) Schematic concentration–depth profile obtained by ion
beam sputtering for the 55Fe tracer.

detection efficiency. While mechanical grinding is generally suited for
relatively deep diffusion lengths beyond a few microns, ion beam
sputtering offers a convenient means to examine even extremely shal-
low tracer penetration profiles down to diffusion depths below 100
nm [22].

Extensive research has been devoted to the diffusion behavior in
conventional glasses, including metallic glasses, unraveling intricate
insights into glassy dynamics [23–26]. While the diffusion coefficient
is often deemed time-independent in crystalline materials, it has been
demonstrated that this assumption does not hold for most glassy materi-
als at temperatures well below the glass transition [23,24,27–29]. This
behavior originates from the specific relaxation processes in glasses
that reflect the underlying so-called ‘‘glassy dynamics’’, featuring a
wide spectrum of relaxation processes and relaxation times. In glasses
relaxed (or ‘‘aged’’) for a long time, the diffusion coefficients follows an
Arrhenius relationship. Thus, diffusion measurements on aged glasses
can reveal the activation enthalpy, 𝑄, that is correlated with the size of
the solute atoms [25] and the composition [30]. The pre-exponential
factor for diffusion, 𝐷0, is thought to provide valuable information
about the excess volume stored within the glassy material [31].

Considering the presence of characteristic interface-like structures
within nanoglasses [1], it is reasonable to anticipate an increase in ex-
cess volume, thereby favoring enhanced diffusion rates in nanoglasses
as well as an impact of the glass–glass interfaces on the relaxation
behavior and thus on the time dependence of diffusion. The current
work presents the results of the first in-depth tracer diffusion analysis
on a nanoglass.

2. Methods

2.1. Sample preparation

Thin film samples were prepared from an alloy target of nominal
composition of Cu60Zr40 (at.%) using radio-frequency (RF) magnetron
sputtering to fabricate samples for two different experimental mea-
surement techniques: time-of-flight secondary ion mass spectroscopy
2

(ToF-SIMS), Fig. 1(a) and (b), and ion beam sputtering (IBS), Fig. 1(c)
and (d).

The magnetron sputtering system was used with a fixed distance
between the substrate, target of 100 mm and a target tilt angle of 20◦. A
background pressure in the deposition chamber below 5.0 × 10−8 mbar
was reached before deposition. Thin films were deposited continuously
on Si (100) wafers with a native oxide layer cut in pieces with a size of
7 × 7 mm. Sputtering was performed at a substrate temperature of 293
K and a power of 100 W with a substrate rotation velocity of 10 rpm.

As it was stated, films of two types, with either a homogeneous
structure or a columnar nanoglass one, were prepared. The homoge-
neous films were deposited at a working pressure of 2.8 × 10−3 mbar
and a constant Ar flow rate of 40 Sccm. Columnar films were deposited
at a working pressure of 8×10−3 mbar and a constant Ar flow rate of 100
Sccm. Sputtering times were adjusted to reach a thickness of about 1 μm
for IBS and about 400 nm for ToF-SIMS measurements. The thicknesses
of the films were measured with a Veeco Dektak 6M Stylus Profiler and
by scanning electron microscopy (SEM LEO 1530, Carl Zeiss AG).

For the ToF-SIMS measurements, a thin tracer layer of natural Fe
was co-sputter-deposited at middle thickness of the thin film sample,
using a second magnetron gun equipped with an iron target. Thus, the
sputter deposition of CuZr was not interrupted during the synthesis
process.

2.2. ToF-SIMS

Fe-containing homogeneous and columnar nanoglass samples were
annealed in a vacuum furnace under vacuum below 5 × 10−8 mbar, at
temperature of 573 K for 4 days, 598 K for 2 days, 623 K for 1 days,
648 K for 3 h and 673 K for 1 h. At each temperature, the samples of
homogeneous and columnar nanoglass were annealed in the furnace at
the same time. The temperature during annealings was controlled by a
Chromel-Alumel thermocouple with an accuracy of 2 K.

Diffusion measurements using ToF-SIMS were performed using a
custom-built instrument, which is equivalent to the IONTOF M6 com-
mercial version. The ToF-SIMS was operated at a pressure of <10−8 mba
Depth profiles, mainly of the 56Fe isotope (about 92% natural abun-
dance), were measured in a dual-beam mode, using a 30 keV Bi3+
primary ion source with a pulsed current of 0.02 pA for analysis and
a 2 keV O2+ source with a current of 500 nA for sputtering. Analysis
was conducted over 100 × 100 μm2 areas and sputtering was conducted
over 500 × 500 μm2 areas. Depth calibration was achieved assuming a
constant sputtering rate and ensuring that the iron peak was positioned
at the midpoint of the depth profile.

2.3. Ion beam sputtering

55Fe dissolved in HCl and highly diluted in double distilled water
was used as a tracer element for the radio tracer diffusion analyses.
About 1 to 3 μl of the solution, equivalent to 5 to 10 kBq activity, is
placed on the center of the sample surface and dried, Fig. 1(c). The
sample is placed in a vacuum furnace system, where the chamber is
pumped to a pressure better than 10−6 mbar and afterwards purged
with purified Ar gas (5N) and subsequently remains in this atmosphere
for the respective diffusion time and the selected diffusion temperature
(at temperature of 573 K for 7 days; 598 K for 5 days; 623 K for 1 days;
648 K for 3 h and 673 K for 1 h). After annealing, the sample is cleaned
using cotton sticks with ethanol to remove remaining radiotracer from
the surface. It is then placed in the sputtering chamber which is pumped
to a vacuum of about 10−6 mbar. An Ar+ plasma emitted by a 3 cm DC
Ion Source ion gun, with an acceleration voltage of 1 kV and a beam
current of 20 mA, impacts the center of the sample’s surface that is
isolated by an aperture. The material that is sputtered-off is caught on
a foil which is spooled on a cassette and subsequently separated into
20 to 40 individual sections. The sections are individually dissolved
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Fig. 2. HAADF-STEM image showing top views of (a) the homogeneous thin film glass and (b) the columnar structure of the CuZr nanoglass.
and analyzed in a liquid scintillation counter (LSC, TRI-CARB 2910TR,
Perkin Elmer).

To calculate the depth of the sputtered area, the mass difference be-
fore and after the sputtering is measured using a microbalance (Satorius
Supermicro S4) with an accuracy of 10−4 mg. A constant sputtering rate
has been assumed. The sputter current has been controlled and was
found to be constant within ±5%.

3. Results and discussion

3.1. Characterization

Structural analysis was conducted using an FEI Titan Themis 60–
300 (Thermo Fisher Scientific) transmission electron microscope (TEM)
equipped with an image C𝑠 corrector and a monochromator.

The samples were analyzed by high-angle annular dark field scan-
ning transmission electron microscopy (HAADF-STEM). Fig. 2 indicates
HAADF-STEM images in top view for both structure types. While the
nanoglass sample features a grain-like structure with darker channels
and a brighter matrix, a uniform contrast distribution, as expected,
is obtained for the homogeneous amorphous film. The amorphicity,
i.e. the absence of crystalline fractions of the structures was confirmed
for both samples [18]. Previous TEM studies also revealed that during
the sample production a significant amount of up to 35 at.% oxygen
was introduced into the sample and further investigations using X-ray
photoelectron spectroscopy (XPS) showed that this leads to a mixture
of metallic and oxide bonding states. For a more detailed description
of the TEM sample preparation, microstructural and chemical analysis,
the interested reader is referred to [18].

3.2. ToF-SIMS measurements

For ToF-SIMS analyses, the samples were sputtered until the signal
of the Si-substrate was measured. As an example, a raw ToF-SIMS pro-
file is shown in Fig. 3 for the initial (as-prepared) columnar nanoglass
sample. All measured intensities were divided by the values correspond-
ing to the Cu signal which is the major component of the alloy. This
procedure eliminates all device influences and potential variations of
the sputtering rates. The peak signal corresponding to the deposited
natural Fe was fitted by a Gaussian function and defined as the middle
point of the sample. Together with the measured thickness of the film
a proper depth calibration was obtained for the entire measurement,
where the peak position of the Fe tracer was defined as the zero position
of the depth coordinate 𝑥.

Diffusion-induced broadening was observed in both (positive and
negative 𝑥) directions with respect to the defined zero position, but for
the further evaluation only the flank of the tracer peak pointing to the
3

Fig. 3. ToF-SIMS profiles of the columnar sample in the as-deposited state. While the
Fe signal shows a peak in the center of the sample, the Zr and Cu signals remain
virtually constant. The Si signal corresponds to the background and rises at the end of
the measurement when the Si substrate was reached.

original free surface of the film, i.e. the left-hand side from the peak in
Fig. 3, was used for the analysis to minimize the artefacts from sputter
broadening.

Using the thin film solution of the diffusion equation for infinitely
thick samples [32], the depth profiles obtained on the as-deposited
films were fitted by Gaussian functions:

𝐶(𝑥) =
𝑀0

√

𝜋𝐷𝑡
⋅ exp

(

− 𝑥2

4𝐷𝑡

)

+ 𝐶𝑏𝑐𝑔𝑟, (1)

where 𝑀0 is the initial tracer amount, 𝑥 the depth, 𝑡 the annealing time,
𝐷 the diffusion coefficient, and 𝐶𝑏𝑐𝑔𝑟 the background intensity.

For the annealed columnar samples, the semi-infinite-sample ap-
proximation in Eq. (1) is not fulfilled anymore, since Fe diffusion was
sufficiently fast to penetrate the entire thickness of the nanoglass film.
Thus, a finite-system solution was used as the fitting function of the
diffusion profile [33]:

𝐶(𝑥) = 1
2
𝐶0 ⋅

∞
∑

𝑛=−∞

{

erf

(

ℎ + 2𝑛𝑙 − 𝑥

2
√

𝐷𝑡

)

+ erf

(

ℎ − 2𝑛𝑙 + 𝑥

2
√

𝐷𝑡

)

}

, (2)

where 𝑙 is the thickness of the sample and ℎ is a factor considering the
thickness of the deposited layer (used as a fitting parameter).

In Fig. 4(a) the diffusion broadening is shown for the columnar
(nanoglass) sample. The plot shows the intensity of the Fe/Cu sig-
nal ratio for the initial, as-deposited sample in comparison to the
Fe/Cu signal ratio after annealing for one hour at 673 K, which is
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Fig. 4. Diffusion profiles measured for nano- (a) and homogeneous (b) glasses at 673 K as analyzed by ToF-SIMS. As-deposited initial (red open symbols) and diffusion-annealed
(blue closed symbols) profiles are compared. The intensity of the Fe/Cu ratio is normalized to the starting value. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
Fig. 5. Diffusion profiles measured for nano- (a) and homogeneous (b) glasses at 673 K using ion beam sputtering (blue closed symbols). The diffusion profiles obtained after
spike-annealing treatments, see text, are shown by red open symbols. The solid lines correspond to the fits according to Eq. (3). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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the highest temperature used in this work. The respective diffusion
profiles obtained at identical temperatures and diffusion times for the
homogeneous amorphous thin film sample are shown in Fig. 4(b).

The tracer diffusion coefficients are calculated by subtracting the
diffusion-related broadening of the initial profile from the profiles
obtained on the annealed samples.

3.3. Ion beam sputtering measurements

The activities measured by the liquid scintillation counter followed
by background subtraction are then divided by the section mass and
thus transformed into the specific activities. Since the activities are
not calibrated to the absolute rates of the radioactive decays, we have
plotted and analyzed the relative specific activities, which is sufficient
for a reliable estimation of the diffusion rates in the present case. The
data are fitted distinguishing three contributions:

𝐶(𝑥) = 𝐶1 ⋅ erfc
(

𝑥
𝜎1

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
Surface effects

+ 𝐶2 ⋅ erfc
(

𝑥
𝜎2

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
Diffusion broadening

+ 𝐶3 ⋅ exp(−𝜎3𝑥)
⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟
Sputter broadening

, (3)

here 𝐶(𝑥) is the relative specific activity, 𝑥 the penetration depth, and
1, 𝐶2, 𝐶3, 𝜎1, 𝜎2 and 𝜎3 are the respective fitting parameters, and erfc
enotes the complementary error function.

The diffusion coefficients, 𝐷, are calculated using the parameter
2, whereas 𝜎1 leads back to surfaces effects for the initial tracer
olution. The exponential function corresponds to a fraction of the
racer broadening caused by the sputtering [34] alongside with some
ontribution to the second term in Eq. (3).

Moreover, a so called spike annealing was used to evaluate precisely
he zero profile and thus the sputtering-induced transformation of the
4

eal concentration profile. For this reason, a sample deposited with
racer was annealed for less than 5 min to bond the radiotracer material
o the sample surface. This profile corresponds to a ‘‘zero’’ diffusion
epth and allows a careful evaluation of the profile broadening induced
y ion beam sputtering [22].

In Fig. 5(a), the profiles obtained after spike-annealing and after
nnealing at 673 K are shown for the columnar-structured nanoglass
ample; a broadening of the profile obtained after annealing at 673

is clearly observed. Furthermore, the sputtering-induced effects are
learly seen as deviations from an anticipated 𝛿-function like profile.

In the same way the results obtained for the homogeneous amor-
hous thin-film sample after spike-annealing and after annealing at
73 K are presented in Fig. 5(b). A clear difference between the
rofiles corresponding to the spike- or diffusion annealing at 673 K
s visible. Furthermore, it is noticeable that sputtering-induced effects
re material-depended, when comparing the profiles measured after
he spike annealing treatments on columnar and homogeneous samples
hown in Fig. 5.

The respective diffusion coefficient 𝐷 at a temperature 𝑇 is then
etermined by subtracting the profile broadening induced by the spike
nnealing,

=
𝜎22 − 𝜎22,Spike

4𝑡
. (4)

An important note is due here. The presence of fast diffusion pathways,
which correspond to the regions with a higher excess free volume,
raises an important question regarding an appropriate scheme for
analyzing diffusion profiles. In the case of nanoglasses, the existence
of glass/glass interfaces can formally be considered equivalent to the
presence of grain boundaries in crystalline materials. Therefore, a

similar analysis of concentration profiles may be required.
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The analysis of grain boundary diffusion is formally based on the
Fisher model [35], and the specific analytical approach depends on
the kinetic regime introduced by Harrison [36] for a homogeneous
polycrystalline material [37]. Let us consider our nanoglass, which
consists of columns with a size of ten nanometers separated by a few
nanometer thick matrix region, as shown in Fig. 2. Due to the increased
excess free volume in the columnar structures, we can assume that the
corresponding diffusion coefficients 𝐷𝑐𝑜𝑙, are larger than those for the
separating matrix, 𝐷𝑚. In other words, 𝐷𝑐𝑜𝑙 > 𝐷𝑚 or even 𝐷𝑐𝑜𝑙 ≫ 𝐷𝑚.
This leads to an ‘‘inverted’’ grain boundary diffusion model, where the
presence of ‘‘grain boundaries’’ in the matrix material retards diffusion
compared to the columnar material. Note that this situation is formally
similar to that observed previously for Au diffusion in polycrystalline
Si [38,39] and for the analysis of the corresponding GB diffusion
problem one may use the formalism developed in those papers.

Under the present conditions, which correspond to the A-type ki-
netics according to Harrison’s classification, where

√

𝐷𝑐𝑜𝑙𝑡 > 𝑑 (with
being the diameter of the columns), we expect a single contribution

o the resulting penetration profile. This means that there will not be
separate ‘‘grain boundary tail’’, and an effective diffusion coefficient,
𝑒𝑓𝑓 , can be measured. 𝐷𝑒𝑓𝑓 is calculated as 𝐷𝑒𝑓𝑓 = (1 − 𝑓 )𝐷𝑐𝑜𝑙 +
𝐷𝑚, without considering potential solute segregation at the ’’grain
oundaries’’. Here 𝑓 ≈ 3𝛿∕𝑑 represents the volume fraction of the grain
oundary material, with 𝛿 being the width of the ‘‘grain boundary’’.

This formalism can be applied to the case of diffusion in a nanoglass
n a relatively straightforward manner. However, in our specific case,
he measured effective diffusion coefficients will represent weighted
ums of the diffusion coefficients mentioned above, without know-
ng the exact relationships between them. Additionally, since we are
easuring the diffusion of Fe, it is expected that there will be some

egregation of Fe atoms to the glass/glass interfaces. This segregation
eeds to be properly taken into account if we want to estimate the
alues of 𝐷𝑐𝑜𝑙 and 𝐷𝑚 separately. Since any such estimate would
nvolve a number of approximations and speculations, we are reporting
he effective values 𝐷 here, Eq. (4).

.4. Relaxation

The diffusion rates in glasses depend strongly on their relaxation
tate and may be time-dependent [40,41]. Since a time-independent
iffusivity, 𝐷∗, can only be measured in a completely relaxed sample,
ne has generally take the evolution of the diffusion coefficients during
he annealing time, 𝑡 into account:

= 1∕𝑡∫

𝑡

0
𝐷′(𝑡′)𝑑𝑡′ (5)

here 𝐷′(𝑡′) is the diffusion coefficient at the time 𝑡′. To evaluate
his behavior, time-dependent radiotracer diffusion measurements were
erformed at a constant temperature. A temperature of 573 K was cho-
en, because the relaxation times for the higher temperatures are likely
oo fast to observe a significant time dependence of the diffusivity.

While the usual annealing time was 7 days at this temperature,
iffusion annealing treatments were performed for both, shorter and
onger times. For the homogeneous samples, shown in Fig. 6 (blue
ars), annealing treatments for 24 h, 14 days and 7 days were used.
oreover, the diffusion coefficient measured for a relaxed sample is

ndicated by a horizontal line. In this work, a ‘‘relaxed’’ sample is
efined as a sample annealed for 14 days at 573 K before applying
he tracer on the sample surface. Since diffusion in the nanoglass
Fig. 6, red bars) is significantly faster, reliable measurements of the
enetration profiles created by annealing for 14 days was not possible,
ecause the tracer would diffuse through the entire thickness of the
ample and formally 𝜎2 → ∞ in Eq. (3).

Fig. 6 suggests the existence of certain relaxation processes in
oth nanoglassy — and homogeneous samples. Indeed, the measured
5

ffective diffusion coefficients decrease towards the values established
Fig. 6. The measured diffusion coefficients at 573 K as function of the diffusion time.
For the homogeneous glass (blue bars) the samples were annealed for 1, 7, and 14 days.
The columnar nanoglass (red bars) was annealed for 1 and 7 days. For both sample
systems another measurement was performed on a relaxed state (prepared by annealing
at 573 K for 14 days before applying the tracer), setting the diffusion annealing to 7
days. The corresponding diffusion coefficients are indicated by horizontal lines. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

for the relaxed state with increasing diffusion time. This has to be
considered in the interpretation of the diffusion data. Considering the
inherent variability in the relaxation process, where different annealing
temperatures would require varying annealing times, it is impractical to
achieve complete relaxation for the ‘‘sandwich’’ samples. Therefore, to
ensure comparability, similar temperature and annealing time parame-
ters are selected for both the homogeneous and the nanoglass samples.
This approach allows for the attainment of comparable results, which
is the primary objective of the current study.

3.5. Temperature dependence of the diffusivities

The determined tracer diffusion coefficients are shown in an Arrhe-
nius plot for the columnar nanoglass (Fig. 7(a)) and the homogeneous
glass (Fig. 7(b)). Based on a direct comparison of the measured values,
it is evident that the diffusion rates of Fe are higher in the nanoglass
samples, as depicted in Fig. 8. In general, the diffusion coefficients ob-
tained from two distinct methods exhibit similar magnitudes, indicating
an acceptable level of agreement.

By fitting a common Arrhenius-type function to the diffusivities
measured by IBS and ToF-SIMS, the activation enthalpy, 𝑄, of Fe
iffusion in the two glassy states is determined. The activation enthalpy
s found to be (1.43 ± 0.22) eV for the columnar sample, while it is
(1.65 ± 0.14) eV for the homogeneous sample. The results indicate that
the values of 𝑄 are similar within the uncertainties for the two glassy
states. The obtained values for 𝑄 are generally in the range that can
be expected for tracer diffusion in a metallic glass, see e.g. a review of
Faupel et al. [41].

A thorough examination of Fig. 7 reveals that the deviations be-
tween the diffusion coefficients measured by the Time-of-Flight Sec-
ondary Ion Mass Spectrometry (ToF-SIMS) or Ion Beam Sputtering
(IBS) techniques at the same temperature are somewhat larger for the
columnar nanoglass samples compared to the measurements conducted
on the homogeneous amorphous samples. This observation suggests the
presence of heterogeneity in the thin films on a millimeter or sub-
millimeter scale. The area analyzed by IBS, determined by the aperture
diameter of approximately 3.5 mm, is significantly larger than the
sputtered area of 100 × 100 μm2 acquired by ToF-SIMS. In the case of
the homogeneous amorphous samples, the small deviations between
the two techniques confirm a fully homogeneous structure. However,
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Fig. 7. Arrhenius diagrams for the diffusion coefficients measured for the columnar CuZr nanoglass (a) and the homogeneous glass (b) determined by either ion-beam sputtering
(red symbols) or ToF-SIMS analysis (blue symbols). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 8. (a) Fe diffusion rates for the homogeneous glass (blue lines) and the nanoglass (red lines) determined in the present study in comparison to the diffusion rates of Fe in
Vitreloy 1 (black line) and Vitreloy 4 (gray line) [30]. The values determined in this work for the homogeneous glass are generally in line with the data for the Vitreloys below
the kink (solid lines). At higher temperatures, the Vitreloys show a kink behavior which is indicated by dashed lines. As a guide to the eye, the low-temperature diffusivities are
extrapolated as dotted lines. (b) Comparison of the diffusion rates for the homogeneous glass and the nanoglass with the diffusion rates measured for 59Fe in amorphous FeZr with
arying composition [42]. The diffusion coefficient of Fe in amorphous NiZr measured at 573 K [43] is marked by a black star. (For interpretation of the references to color in
his figure legend, the reader is referred to the web version of this article.)
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or the nanoglass samples, local heterogeneity in the structure is ex-
ected [18]. This heterogeneity on the micrometer scale may arise
rom regions with significantly higher or lower frequencies of channels
ithin the sample. It is important to note that the SIMS analysis and the

adiotracer method have previously demonstrated good reproducibility
or crystalline materials [44].

.6. Estimation of the excess free volume

Given the absence of significant changes in the activation enthalpy,
t is reasonable to suggest that the higher diffusivities of the columnar
anoglass are related to differences of the diffusion pre-factors 𝐷0.

Indeed, using a model based on the assumption of excess volume-
elated ‘‘diffusion defects’’ [45], the pre-factor 𝐷0 can be written
s [31],

0 = 𝛾𝑎2𝑓𝜈𝑐𝑑 exp(𝑆∕𝑘), (6)

here 𝛾 is a geometrical factor, 𝑎 the jump distance, 𝑓 the correlation
actor, 𝜈 the jump attempt frequency, 𝑐𝑑 the concentration of ‘‘diffu-
ion’’ defects, 𝑆 the activation entropy and 𝑘 the Boltzmann constant.
he main parameter of the model, the ‘‘diffusion defect’’ concentration,

∗ ∗
6

𝑑 , is given by exp(−𝛾𝛺 ∕𝛺), where 𝛺 is the critical volume needed
o create a ‘‘diffusion defect’’ and 𝛺 is the excess free volume in a
lass [31].

By assuming that 𝛾, 𝑎, 𝑓 , 𝜈 and 𝑆 are approximately the same for the
omogeneous amorphous glass and the nanoglass, the ratio between
he diffusion pre-factors is given by:

𝐷hom
0

𝐷col
0

= exp
(

−𝛾𝛺∗
[

1
𝛺hom

− 1
𝛺col

])

(7)

Furthermore, introducing 𝛥 as the relative increase of the excess free
volume in the nanoglass, 𝛺col, with respect to that in the homogeneous
glass, 𝛺hom, we may write 𝛺col = 𝛺hom(1 + 𝛥). Since 𝑐𝑑 in the relaxed
glassy alloys is estimated [31] as ∼ 10−6, we arrive at 𝛾𝛺∗∕𝛺hom =
− ln(𝑐𝑑 ) = ln(106).

Since the fitted value for 𝐷0 usually has large uncertainties ex-
ceeding an order of magnitude, the above estimate was applied to the
ratios of the absolute diffusion rates, 𝐷hom∕𝐷col. In this way we obtain
ten values for 𝛥, one for every temperature and measurement method.
From these values the average and standard deviation are calculated.
As a result, the value of 𝛥 is estimated as (18 ± 10)%.

It has to be stated at this point that the difference estimated from
the diffusion data is averaged over a large sample area containing a
huge number of channels, so that a change of about 18% on average

seems quite reasonable, accounting also for the approximations made.
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A previous study [18] using nano-beam diffraction patterns to de-
termine changes of the specific volume via analyzing the shift of the
magnitude of the 𝑘-vector of the dominant diffraction ring arrived at a
value for the difference of the specific volume of matrix and channels
between 10% to 28% for a columnar structured Cu60Zr40 nanoglass.
Those changes also include density changes caused by variations of the
composition. Considering the changes of the compositions of matrix
and interface regions (i.e. ‘‘channels’’) leads to a difference of the excess
volume of (10 ± 6)%. It should be noted that typical changes of
the excess volume caused by relaxation or rejuvenation are less then
2% [46–50]. The changes of the excess volume observed by TEM and
diffusion exceed this value by far and indicate significant differences of
the atomic structure between homogeneous and nanoglasses.

The present comparison corresponds to a view that the ‘‘matrix’’ in
the nanoglass reveals a similar structure as that of the homogeneous
glass, while the ‘‘channels’’ represent the regions with an enhanced
excess free volume.

3.7. Diffusion in zr-based glasses

In Fig. 8(a) the diffusion rates measured in this work are com-
pared with the diffusion data reported for Fe in Vitreloy 1 (V1,
Zr41Ti14Cu12.5Ni10Be22.5) and Vitreloy 4 (V4, Zr46.75 Ti8.25 Cu7.5 Ni10
Be27.5) glasses [30]. The data suggests that the absolute values of the
diffusion coefficients are relatively similar, although characteristic de-
viations of the temperature dependencies are apparent. The activation
enthalpy is significantly higher for the Vitreloy materials compared to
the homogeneous- and nanoglass thin films in the high temperature
region, above about 600 K (Fig. 8(a); dashed lines). On the other hand,
the effective activation enthalpies of diffusion below 600 K (Fig. 8(a);
solid lines) in both Vitreloy glasses become significantly lower, with
𝑄 found to be (1.91 ± 0.2) eV and (2.11 ± 0.2) eV respectively, and
they match closely those determined for the homogeneous- and the
nanoglass thin films.

This comparison provides a further strong hint that the deposited
thin film samples investigated in this work are in a non-relaxed state.
Moreover it shows the difference between the diffusion behavior of
sputtered samples in comparison with bulk glasses. After sputtering,
the samples seem to be in a less relaxed state compared to the rapidly
quenched Vitreloy samples. This difference can be explained by the
different effective cooling rates of the different preparation methods.

Additionally, it is worth comparing these values to those of the
binary amorphous Ni50Zr50 alloy. Previous research [43] reported Fe
diffusion in this alloy at a single temperature of 573 K, with a dif-
fusion coefficient of 3 × 10−21 m2 s−1, which closely aligns with the
values obtained for the homogeneous amorphous sample in our current
study (Fig. 8(b)). Furthermore, the estimated activation enthalpy (𝑄 =
1.64 eV) for Ni50Zr50 [43] is similar to the values documented here.

Moreover, Fe diffusion rates were measured in other binary alloys
containing Zr by Hovath et al. [42] using FeZr, as shown in Fig. 8(b).
Generally, the diffusion rates increase with higher Fe content, while
still remaining close in magnitude to those ones obtained for the
homogeneous glass and the nanoglass. Notably, for the Fe28Zr72 and
Fe24Zr76, the activation enthalpy is significantly higher at 2.3 eV and
2.6 eV, respectively. On the other hand, for Fe91Zr9, the activation
enthalpy is of the order of 1.5 eV, similar to the values obtained in
this study.

4. Summary and conclusions

Thin film Cu60Zr40 nanoglasses and homogeneous amorphous glasses
were produced using magnetron sputtering. Tracer diffusion measure-
ments were performed using ion beam sputtering as well as ToF-SIMS
analyses. Enhanced diffusivities related to the glass–glass interfaces in
7

the nanoglasses are observed. In fact, significantly higher diffusivities
are measured for the nanoglass in the entire range between 573 K and
673 K when compared to the homogeneous amorphous counterpart.

Moreover, a quantitative estimate of the excess volume difference
between the nanoglass and the homogeneous glass of similar chemical
composition was obtained. The result shows an increase in excess
volume of about 18% for the nanoglass state. This value is significantly
larger as any relaxation-induced density changes and also fits well with
previous measurements using TEM-based local methods.

Additionally, the annealing time for the diffusion measurements was
varied to obtain insights about the relaxation kinetics in a nanoglass for
the first time. The results indicate that both sample types, homogeneous
glass and nanoglass are not in a fully relaxed state, especially at the
lower temperatures investigated here. Thus the diffusivity decreases
with increasing annealing time. With the strongly increased excess
volume of the nanoglass, this behavior is somewhat unexpected and
indicates that local structures and bonding types need a thorough
investigation.
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