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Self-diffusion of Fe in amorphous Fe,sZrs films has been studied over a wide temperature range by com-
bining secondary-ion-mass spectrometry and nuclear-resonance reflectivity measurements. Subnanometer ac-
curacy of nuclear-resonance reflectivity in diffusion length measurement allows quantitative determination of
time-dependent diffusivity of Fe during structural relaxation. A clear correlation between diffusivity and dif-
ferent types of structural relaxations is observed. It is found that in both structurally relaxed and unrelaxed
states, diffusive jumps occur via a collective motion of a group of atoms. However, the presence of excess free
volume in unrelaxed amorphous films causes the activation energy as well as the diffusion entropy to decrease,
suggesting that the average number of atoms participating in a diffusive jump is significantly less as compared
to that in the fully relaxed state. The typical diffusion length involved in annihilation of free volume is 0.7 nm,
which agrees with the length scale of structural fluctuations as seen in neutron- and Xx-ray-scattering

experiments.

DOLI: 10.1103/PhysRevB.78.214207

I. INTRODUCTION

Thin films of amorphous alloys have attracted a great deal
of attention in recent years, as they possess several advan-
tages over polycrystalline films in terms of various physical
properties such as magnetic, mechanical, and electrical
properties.' Due to the absence of grains and grain bound-
aries, amorphous films generally have low surface roughness
and thus present sharper interfaces in multilayer structures.
As a result, they find increasing applications in spin valve
and tunnel magnetoresistance devices.!> Because of the ab-
sence of long-range order, they possess isotropic properties
and are potential candidates for future applications in micro-
sized mechanical devices.® The absence of grain boundaries
also makes them useful as diffusion barriers in microchip
fabrication.*> However, the amorphous phase is metastable
in nature and thermal annealing may cause structural relax-
ation and/or its transformation to stable crystalline phases,
resulting in drastic changes in almost all of its physical prop-
erties. Since such structural transformations are governed by
atomic diffusion of the constituent species, self-diffusion in
amorphous alloys has been a subject of vital importance and
has been studied extensively.®~'® However, most of the stud-
ies in the literature pertain to the structurally relaxed amor-
phous state. It may be noted that in conventional applications
of amorphous alloy ribbons, generally, a fully relaxed state is
used, so as to avoid any variation in the properties with time.
On the other hand, applications of amorphous thin films per-
tain to unrelaxed or partially relaxed state only. This is be-
cause of the fact that the thermal annealing required to
achieve a fully relaxed structure may obscure the interfaces
in a multilayer due to excessive interdiffusion at the inter-
faces, resulting in deterioration of their properties. Therefore,
in view of the recent applications of amorphous thin films, it
is important to understand the atomic diffusion in unrelaxed
or partially relaxed amorphous state. Though, over the last
few years, the knowledge of the diffusion mechanism in the
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relaxed amorphous state has increased considerably, there are
still open questions on the diffusion behavior during struc-
tural relaxation.

As-deposited films may contain a large density of struc-
tural defects in terms of excess quenched-in free volume,
internal stresses, etc. Subsequent thermal annealing is known
to produce structural relaxation in the system, as it tries to
minimize the internal energy and evolves toward the local
thermal equilibrium structure. Such structural relaxation re-
sults in significant changes in almost all physical properties
of amorphous alloys, and therefore has been studied exten-
sively in the literature.''~'7 Generally, structural relaxation is
studied by monitoring one of the physical properties such as
mass density, electrical resistivity, or magnetic properties as
a function of annealing temperature and time.'>~'> Micro-
structural changes as observed using diffraction,'®!7 or spec-
troscopic techniques,'® have also been studied in order to
understand the structural relaxation in amorphous alloys. It
may be noted that structural relaxation is primarily governed
by atomic diffusion of the constituent species. However, very
few studies exist in the literature on the variation in atomic
diffusivity with structural relaxation. Although it was real-
ized rather early that structural relaxation affects signifi-
cantly the atomic diffusion and vice versa in amorphous
alloys,'® very few systematic studies exist on the effect of
structural relaxation on atomic diffusion. One of the difficul-
ties in the study of the effect of structural relaxation on
atomic diffusion is the small diffusion lengths involved dur-
ing structural relaxation, which lie in the range of a few
nanometers to a fraction of a nanometer. On the other hand,
typical depth resolution of conventional depth-profiling tech-
niques such as secondary-ion-mass spectrometry (SIMS) or
radioactive tracer technique is on the order of a few nanom-
eters. Thus, for studying the effect of structural relaxation on
atomic diffusion, experimental techniques are needed which
are capable of measuring diffusion lengths down to a fraction
of a nanometer.
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Measurements of diffusion lengths in subnanometer range
is also important in the case of multilayer structures where
even a small interdiffusion at the interfaces can drastically
affect their physical properties.’*?> Since the typical thick-
ness of interfacial regions in multilayer nanostructures is on
the order of a nanometer, it is necessary to measure diffusion
lengths with subnanometer accuracy, in order to understand
the role of interfaces in determining the properties of the
multilayer.

Nuclear-resonance reflectivity (NRR) from composition-
ally homogeneous isotopic multilayers introduced in Ref. 23
is a technique capable of measuring self-diffusion of the con-
stituent species with subnanometer resolution. In the present
work we have studied the inter-relation between structural
relaxation and self-diffusion of iron in an amorphous Fe-Zr
alloy using NRR. The diffusivity at higher temperatures is
studied using SIMS. The two techniques combined together
provide self-diffusivity of iron in the system over a wide
temperature range. While SIMS measurements provide infor-
mation about diffusivity in structurally relaxed state, NRR
measurements are used to follow the evolution of diffusivity
with structural relaxation in the system.

II. EXPERIMENTAL DETAILS

Thin films of amorphous Fe-Zr alloy were prepared by
ion-beam sputtering of a composite target of Fe and Zr with
an Ar (99.9995% purity) ion beam of 800 eV energy and a
beam current of 25 mA.?* The ion gun used was a 3 cm
broad-beam Kaufman-type hot-cathode gun (Commonwealth
Scientific Corporation). With a base pressure of 1
X 1077 mbar, the Ar gas flow in the chamber was controlled
using a mass flow controller (MKS-MFC 1179A) at 5.0
SCCM (standard cubic centimeters per minute at STP). Ini-
tially the chamber was flushed repeatedly with argon gas to
remove contamination of other gases. The ion beam was in-
cident at the target at an angle of 45°, and the substrate was
kept at a distance of about 20 cm in a direction parallel to the
target. Small pieces of zirconium (99.95% purity) were fixed
on the iron target. The area covered by the Zr target was
controlled in order to achieve the desired composition of the
deposited alloy. Two different targets, one with natural Fe
(99.99% purity) and the other one enriched in >'Fe (better
than 99.99% elemental purity), were used in order to deposit
layers with different isotopic abundances of iron. Two sets of
samples, one with an isotopic multilayer structure and the
other with an isotopic marker layer, were prepared. The
nominal structure of the isotopic multilayer sample was float
glass  substrate/[°'Fe,sZrys(3 nm)/Fe;sZrys(4 nm)] X 10,
while that of the marker layer sample was float glass
substrate/Fe;sZry5(30 nm)/°"Fe;5Zr,5(4 nm)/Fe;5Zr,5(30
nm). Both the isotopic marker layer and multilayer samples
of amorphous Fe;sZr,s were prepared in the same run and
under identical conditions so that both the samples are
chemically homogeneous and have the same chemical com-
position. The multilayer was used to study self-diffusion of
iron at lower temperatures using NRR, while the marker
layer was used for studies at comparatively higher tempera-
tures using SIMS.
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FIG. 1. XPS spectra of FeZr film covering the binding-energy
ranges corresponding to Zr 3ds,, and Fe 2p;3,, levels.

Structural characterization of the samples was carried out
with x-ray reflectivity (XRR) and grazing incidence x-ray
diffraction (GIXRD) using a Bruker D8 x-ray diffractometer
with Cu K« radiation. The composition of the film was ob-
tained from x-ray photoemission spectroscopy (XPS). The
XPS data were collected using 1486.6 eV Al K« radiation.
The base pressure in the chamber during the measurement
was better than 2X 10~ mbar. Before recording the XPS
patterns, the sample was sputtered with 4 keV Ar* ions for
120 min with a small ion current of 10—15 A in order to
remove the surface contamination without changing the com-
position of the sample. The annealing of the samples for
diffusion measurements was performed in a vacuum furnace
with a vacuum better than 107® mbar. The temperature in the
furnace was controlled with an accuracy of =1 K.

For diffusion measurements, the concentration profile as a
function of depth was measured using a CAMECA IMS5F
secondary-ion-mass spectrometer. The primary ions used for
sputtering were Cs* ions of energy 4 keV and the ion current
was 30 nA. The secondary ions were detected by a double-
focusing magnetic mass spectrometer.

Nuclear-resonance reflectivity of the multilayer samples
was measured at the beamline ID18 of European Synchro-
tron Radiation Facility, Grenoble.> The storage ring oper-
ated in 16-bunch mode, providing short pulses of x rays ev-
ery 176 ns. The radiation from the undulator source,
optimized for the 14.4 keV transition in iron, was filtered by
a double Si (111) reflection followed by a high-resolution
nested monochromator. The delayed events, resulting from
the nuclear-resonance reflectivity, were separated from the
prompt events using a fast avalanche photodiode detector
and the associated electronics with a time resolution of 1 ns.
While the prompt events (0-5 ns) gave the usual electronic
reflectivity, the delayed events (10-160 ns) were used to ob-
tain the nuclear-resonance reflectivity.

III. RESULTS

A. Microstructural studies and thermal stability

Figure 1 shows the XPS of the FeZr sample. The spec-
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FIG. 2. X-ray reflectivity of the as-deposited amorphous
Fe;sZr,5 isotopic multilayer sample taken using Cu K« radiation.

trum shows the peaks at binding energies corresponding to
the core levels of Fe 2p5,,, Fe 2p,,, and Zr 3ds,,. Apart from
these, an additional peak is at binding energy corresponding
to ZrO,. The stoichiometry of the film as obtained from the
XPS data is Fes5Zr,5. A small amount of oxygen was also
detected which may be due to an incomplete removal of
surface contamination.

Figures 2 and 3 show the x-ray reflectivity patterns of the
isotopic multilayer and the marker layer samples, respec-
tively. Both the reflectivity patterns exhibit only the Kiessig
oscillations due to the total thickness of the film. The ab-
sence of any Bragg peak corresponding to the bilayer peri-
odicity in Fig. 2 suggests that the chemical compositions of
the isotopic layers are the same and thus they differ only in
the isotopic abundance of Fe. X-ray reflectivity data were
fitted in order to get the total thickness of the films, which
were used as normalization factors in order to determine the
exact thicknesses of individual layers.

Figure 4 shows the SIMS depth profiles of *’Fe, >*Fe,
%7r, and '°0 in the as-deposited Fe,sZrys isotopic marker
layer film. >’Fe shows a Gaussian peak at the marker layer
position, whereas >*Fe shows a dip at that position, so that
the overall composition of the film remains constant. The
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FIG. 3. X-ray reflectivity of the as-deposited amorphous
Fe;sZr,5 isotopic marker sample taken using Cu K« radiation.
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FIG. 4. (Color online) SIMS depth profile of various elements in
as-deposited Fe;sZr,5 marker sample.

oxygen content in the bulk of the film is negligibly small.
S'Fe enrichment in the marker layer comes out to be
40 at. %. A closer look at the depth profile of >’Fe reveals
that the peak is somewhat skewed toward higher sputtering
time or larger depths. Such an asymmetry in the depth profile
is due to radiation damage and small intermixing induced by
the 4 keV Cs* ions used for sputtering the samples. A cor-
rection for this irradiation broadening of the profiles is ap-
plied to the primary concentration profiles. The concentration
profiles are corrected to yield the true ones according to the
following equation:?%-?’

C,(x+h)=Ca(x)+hM, (1)
dx

where C,(x) and C,(x) are the experimentally determined
and true profiles, respectively, and 4 is a parameter that rep-
resents strength of intermixing due to Cs*-ion bombardment.
The value of & was determined by applying this correction
on the as-deposited samples with known concentration pro-
files. The same value of & was used for correcting the depth
profiles of the samples annealed at different temperatures.
Figure 5 shows the depth profile of >’Fe in as-deposited film,
as obtained experimentally and after correction for irradia-
tion broadening.

Figure 6 gives the x-ray diffraction (XRD) pattern of the
marker layer film in pristine state as well as after annealing
at different temperatures for 1 h each. The XRD pattern of
the pristine film exhibits a broad hump in the angular range
of 30°-50°, characteristic of an amorphous structure. The
broad hump persists up to an annealing temperature of 673
K. Annealing at 773 K results in the appearance of an addi-
tional peak superimposed on the broad hump. The position of
the additional peak corresponds to the (110) reflection of
a-Fe. This shows that the amorphous structure is stable at
least up to 673 K, while annealing at 773 K results in partial
crystallization of the film, a-Fe being the primary phase pre-
cipitating out during crystallization. Furthermore, with ther-
mal annealing, the shape of the amorphous hump exhibits
significant variation, indicating structural relaxation. The
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FIG. 5. (Color online) Depth profile of Fe in as-deposited
Fe;5sZr,5 marker sample, as obtained experimentally and after cor-
recting for irradiation-induced intermixing.

broad hump is fitted with a Gaussian in order to yield the
position and width of the same. The position of this peak is
related with the average first-nearest-neighbor distance a
through the relation®® a=1.23\/2 sin 6, where @ is the mean
position of the broad maxima and \ is the wavelength of the
x ray used (A=0.154 nm). On the other hand, the width of
the peak is a measure of the degree of disorder in the amor-
phous structure.

The variation in the average first-nearest-neighbor dis-
tance as well as the width of the amorphous hump as a func-
tion of thermal annealing temperature is shown in Fig. 7.

Intensity (arb. uits)

Pristine

30 35 40 45 50 55 60
20 (degree)
FIG. 6. (Color online) Grazing incidence x-ray-diffraction pat-

tern of Fe;sZry5 film after annealing at different temperatures for 1
h each.
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FIG. 7. Variations in (a) first-nearest-neighbor distance and (b)
width of the amorphous hump, as functions of annealing tempera-
ture, as obtained from fitting of the XRD data.

Both these parameters exhibit significant variation with ther-
mal annealing, indicating structural relaxation in the film.
Structural relaxation in amorphous alloys is known to occur
via two orthogonal atomic processes:'®?° radial atomic mo-
tion results in changes in the density of the glass, while the
short-range order of the glass is influenced by local atomic
motion which conserves the density. The first process affects
the average interatomic distance, while the second process
affects the width of the diffraction maximum. The average
nearest-neighbor distance is expected to decrease with ther-
mal annealing as a result of the annihilation of the excess
free-volume in the film. From Fig. 7(a) one may note that
annealing at 473 K results in about 5% decrease in the
nearest-neighbor distance. Further annealing up to 673 K re-
sults in only a small additional decrease. This suggests that
most of the excess free volume in the film is annealed out
after annealing at 473K for 1 h.
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FIG. 8. SIMS depth profile of SFe in as-deposited amorphous
Fe;sZr,5 marker sample as well as sample annealed isothermally at
563 K for different times. The scattered points (0) represent the
experimental data and the solid line (—) represents the fitted Gauss-
ian profiles.

From Fig. 7(b) one finds that the width of the amorphous
hump shows only a small variation up to an annealing tem-
perature of 473 K. Above 473 K the width exhibits a faster
decrease. As the width of the amorphous hump is a measure
of the degree of disorder and is related to the topological
short-range order (TSRO) in the system,!®?° a decrease in
the width indicates an increase in the TSRO. Thus, up to 473
K, changes in the TSRO occur rather slowly, while beyond
this temperature TSRO exhibits rapid improvement. The
above results show that up to 473 K the structural relaxation
mainly consists of the annihilation of the excess free volume,
while above 473 K topological reordering dominates and
continues at least up to 673 K.

B. Iron self-diffusion study using SIMS

Figure 8 gives typical SIMS depth profiles of the *’Fe
marker layer as a function of annealing time at 563 K. These
profiles have been corrected for sputtering-induced intermix-
ing at the interfaces using Eq. (1).

As the Y'Fe layer diffuses, its depth profile broadens and
the diffusion length can be obtained using the relation

L¢21 = cr,2 - (Té, (2)

where o, is the standard deviation of the >’Fe depth profile
after annealing for a time ¢. The diffusion length in turn is
related to the diffusivity D(7) at a given temperature T
through the relation

L;=2D(D)t. 3)

Figure 9 gives the plot of the square of the diffusion length
as a function of annealing time at three annealing tempera-
tures, namely, 563, 623, and 653 K. One may note that ini-
tially Lfi increases rapidly with annealing time and gradually
reaches a steady rate. Such a behavior of Lfl with annealing
time is a result of structural relaxation in amorphous phase.
In the presence of structural relaxation the instantaneous dif-
fusivity can be written as>’-3°
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FIG. 9. (Color online) Annealing time dependence of the square
of the diffusion length Lfl of iron in amorphous Fe;sZr3, isotopic
marker layer film at various temperatures from SIMS
measurements.

D(1) =A exp(—t/7) + Dgg, (4)

where Dgy is the diffusivity in the structurally relaxed state,
7 is the relaxation time associated with the structural relax-
ation in the sample, and A is a quantity related to the diffu-
sivity in the unrelaxed state. The average diffusivity (D(z))
=L3(1)/2¢ is related to instantaneous diffusivity through the
relation
Lit) 1 f Lo

0 = D(t")dt' . (5)

0

(D(1)) =

Accordingly, the time dependence of Lﬁ(t) can be written as
L3(1) =2A7(1 — ™) + 2Dgpt. (6)

The time dependence of L in Fig. 9 is fitted with Eq. (6), in
order to extract Dgg, 7, and A at each temperature. The dif-
fusivity in the structurally relaxed state has been used to
calculate the activation energy for diffusion using the rela-
tion

E
Dgr =Dy exp(— ﬁ) , (7)
B

where E is the activation energy for diffusion and Dy is the
pre-exponential factor which is related to the mechanism of
diffusion. In Fig. 10, the natural logarithm of diffusivity in
the relaxed state is plotted as a function of the inverse of
annealing temperature. Fit of this data with a straight line
yields the value of activation energy E=(1.2+0.3) eV and
the pre-exponential factor Dy=exp(-29 +5) m?/s.

C. Iron self-diffusion study using nuclear-resonance reflectivity

At low temperatures diffusion length becomes small,
making it necessary to do the measurements with higher ac-
curacy as achievable using NRR. Therefore, diffusivity mea-
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FIG. 10. Arrhenius plot for iron self-diffusion in structurally
relaxed amorphous Fe;sZr,5 isotopic marker layer sample.

surements at temperatures of 563 K and below were done
using NRR on isotopic multilayer samples. Figure 11 gives
the NRR of the isotopic multilayer annealed for different
periods of time at 533 K. The intensity scale is multiplied by
g*, in order to remove the background due to Fresnel
reflectivity.?! In addition to the peak at critical angle for total
reflection (¢=0.056 nm™'), the first Bragg peak due to iso-
topic periodicity is clearly visible. This is due to a strong
scattering contrast between > Fe and "“Fe layers at the
nuclear-resonance energy corresponding to the first excited
state of >’Fe nucleus (Mdssbauer transition).23:3233

With increasing annealing time, as the various isotopes of
iron interdiffuse, the scattering contrast between the adjacent
layers decreases, resulting in the decrease in the height of the
Bragg peak. The diffusion length L, is related to the change
in the intensity of the Bragg peak through the relation*3>
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7T2 2
ln(%) =-4A2" L2, ®)

where A is the bilayer periodicity of the multilayer, n is the
order of the Bragg peak, 7(0) is the height of the Bragg peak
in as-deposited sample, and () is the height of the Bragg
peak after annealing the sample for a time ¢ at a particular
temperature 7. Figure 12 gives the plot of Lﬁ versus time for
four different annealing temperatures, namely, 398, 473, 533,
and 563 K, as obtained from NRR measurements. One may
note that the diffusion length at 563 K, as obtained from
SIMS measurement, is consistently higher than that obtained
from NRR measurements. For example, after annealing for
8400 s, L; from SIMS comes out to be 1.2 nm, while from
NRR it comes out to be 0.9 nm. This difference may be due
to possible minor differences in the preparation condition of
the two samples (marker layer and multilayer), and due to
different approximations involved in arriving at Egs. (2) and
(8). However, looking at the accuracy of measurements, par-
ticularly of SIMS, this difference is not very substantial. The
data in Fig. 12 are fitted using Eq. (6) in order to extract Dgg,
7, and A. The diffusivity in the relaxed state Dqg at 398, 473,
and 533 K comes out to be zero within the limits of experi-
mental error. However, the relaxation time 7 exhibits a sys-
tematic variation with annealing temperature (Fig. 13). The
value of 7 at 563 K as obtained from NRR measurements
agrees with that obtained from SIMS measurement within
experimental error. Since the variation in diffusivity with an-
nealing time at a given temperature essentially occurs due to
structural relaxation in the amorphous film, the relaxation
time 7 represents the time scale for structural relaxation.

IV. DISCUSSIONS

SIMS measurements provide the activation energy for dif-
fusion of Fe in structurally relaxed state as FE
=(1.2%0.3) eV and the corresponding pre-exponential fac-
tor Dy=exp(—29+5) m?/s. It may be noted that a linear
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FIG. 12. (Color online) Annealing time dependence of the
square of the diffusion length Lf, of iron in amorphous Fe;sZrs
isotopic multilayer film at various temperatures from NRR
measurements.

correlation exists between In Dy, and E in the form%36-37

In Dy=1n a+ E/B, 9)

which holds for both amorphous and crystalline alloys. How-
ever, the values of o and S are very different in the two
cases. In the case of amorphous alloys a=10"" m?/s and
B=0.055 eV and for crystalline alloys a@=10"7 m?/s and
B=0.41 eV.° Figure 14 gives the plot of In D vs E for vari-
ous amorphous and crystalline alloys. The dotted line shows
the correlation of In Dy with E for amorphous alloys. The
values obtained for the Fe;sZr,s alloy in the present case
agree very well with this correlation. Following Shewmon?3?
the pre-exponential factor D, can be expressed as®

AS
In Dy =In(ga’fu,) + (—) , (10)

kg
where g is a geometric factor, a is the effective jump dis-
tance, v, is the effective jump frequency, f is the correlation

factor, and AS is the entropy of diffusion. Comparing Egs.
(9) and (10) one finds

a=ga*fyy and B=kgE/AS. (11)

Taking the known value of 8 for amorphous alloys, the value
of entropy for diffusion in the present case comes out to be
about 22kp. This large value of AS as compared to that in the
case of crystalline alloys reflects a different mechanism of
diffusion in amorphous alloys, which involves collective
jumps of a large group of atoms.%°

From Eq. (4), the diffusivity at =0, i.e., in the unrelaxed
state, is given by

D(0)=A + Dgp. (12)

Figure 15 depicts the variation in In[D(0)] versus 1/T for all
the temperatures covering both SIMS and NRR measure-
ments. One can discern two distinct temperature regimes: the
data in the temperature range of 533-623 K can be fitted
with a straight line, yielding the activation energy for diffu-
sion as (1.0+0.1) eV. At lower temperatures, In[D(0)] ex-
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FIG. 13. (Color online) Plot of the relaxation time 7 vs anneal-
ing temperature 7. The results of both SIMS and NRR measure-
ments are depicted.

hibits a systematic deviation from this curve, yielding a
lower activation energy of (0.32£0.05) eV. It is interesting
to note that in the temperature regime of 533-653 K, the
activation energy for diffusion in the unrelaxed state comes
out to be the same as that in the fully relaxed state, while in
the lower-temperature regime the activation energy in the
unrelaxed state is substantially lower than that in the relaxed
state. From Fig. 7(a) one finds that thermal annealing at 473
K for 1 h results in almost complete annihilation of the ex-
cess free volume. Therefore, in the higher-temperature re-
gime (533-653 K) which is well above 473 K, excess free
volume is expected to get annihilated in a short time. Thus,
the observed time dependence of diffusivity in this tempera-
ture range arises mainly due to time-dependent relaxation of
topological short-range order. As a result, the extrapolated
value of D(0), as obtained from the time dependence of av-
erage diffusivity using Eq. (6), pertains to a partially relaxed
state in which topological relaxation has not yet occurred,
while excess free volume is largely annihilated out. On the
other hand, in the lower-temperature regime, the time depen-
dence of diffusivity mainly arises due to annihilation of ex-
cess free volume (as the topological structural relaxation oc-
curs at a very slow rate in this temperature range). Therefore,
the extrapolated value of D(0) pertains to the truly unrelaxed
state, in which neither the relaxation of topological short-
range order nor the annihilation of excess free volume has
taken place. The fact that in the higher-temperature regime
the activation energy for D(0) is comparable to that in the
relaxed state suggests that it is mainly the presence of excess
free volume that results in the lowering of the activation
energy for diffusion in the unrelaxed state.

As discussed earlier, the correlation of the activation en-
ergy with In(D,) provides information about the mechanism
of diffusion in the system. The data points corresponding to
the two regimes of diffusivity in the unrelaxed state are also
plotted in Fig. 14. One may note that both points lie along
the correlation line corresponding to the amorphous alloys.
This suggests that, even in the unrelaxed state, the mecha-
nism of diffusivity remains the same; i.e., it involves a col-
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FIG. 14. (Color online) Plot of In Dy vs E for various amor-
phous and crystalline alloys showing correlation between the two
quantities. Amorphous and crystalline systems exhibit distinctly dif-
ferent In Dy—E correlations. Data points for amorphous Fe;(Zr, in
both relaxed and unrelaxed states, as obtained in the present work,
are also plotted.

lective jump of a group of atoms, although the diffusivity in
the unrelaxed state is substantially higher than in the relaxed
state. Using Eq. (11), the entropies for diffusion AS in the
two regimes of diffusivity in the unrelaxed state come out to
be 20kz (higher-temperature regime) and 6kg (lower-
temperature regime). In some recent studies,*>*' a possible
difference in the mechanism of diffusion in unrelaxed and
relaxed states of amorphous CoZr alloy films has been stud-
ied through the isotope effect, defined as

g 2Pic 1 (13)

\’(m ]/ m,-) -1

where D; (D;) and m; (m;) are the diffusivity and mass of the
isotope i (j), respectively. It has been found that the isotope
effect remains negligible in both relaxed and unrelaxed
states. Small /E values were interpreted as resulting from a
strong dilution of the mass effect through participation of a
group of atoms in the diffusion process. In contrast to this,
measurements of self-diffusion in densely packed crystalline
metals result in a high isotope effect of IE~0.7,* and are
interpreted as single-atom jumps via vacancies. In molecular-
dynamics simulation of atomic diffusion in Feg Zry, it is
found that an artificial introduction of vacancies in a relaxed
glass structure results in higher self-diffusivities. However,
these vacancies are dynamically unstable and dissolve after a
few jumps.*? These studies again support a collective mecha-
nism for atomic diffusion in amorphous alloys. The present
results, while in agreement with these earlier findings,0:41:43
provide a deeper insight into the mechanism of diffusion in
the unrelaxed state: we find that although the mechanism of
diffusion involves a collective jump of a group of atoms in
both unrelaxed and relaxed amorphous states, the average
number of atoms participating in a diffusive jump exhibits

PHYSICAL REVIEW B 78, 214207 (2008)
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FIG. 15. (Color online) Arrhenius plot for iron self-diffusion in
unrelaxed amorphous Fe;sZrps. Results of both SIMS and NRR
measurements are depicted.

variation in different regimes. In the lower-temperature
range, where the quenched-in excess free volume is still not
annihilated out, the average number of atoms participating in
a diffusive jump is only 6, as compared to 22 in the relaxed
state. Thus, the present results show that the presence of
excess free volume in unrelaxed amorphous films results in
significant modification in the atomic-level processes in-
volved in diffusion: (i) activation energy for diffusion is sub-
stantially reduced, and (ii) diffusive jumps are less coopera-
tive in nature, involving a smaller number of atoms. These
results can be understood in terms of the free-volume model
developed for liquids and also applied extensively to metallic
glasses and polymers,*~#7 according to which the diffusivity
can be written as

.
Z ) (14)
vy
where v* is the critical volume of a void, created as a result
of random redistribution of free volume, sufficiently large for
an atom to move in, o is the mean free volume per atom,
and v is an overlap factor with value between 0.5 and 1. The
temperature dependence of vy, e.g., due to thermal expan-
sion, leads to temperature dependence of diffusivity. The
presence of an excess free volume in the unrelaxed state
would result in an increase in v £ thus resulting in a decrease
in the activation energy. Further, the viscosity 7 of metallic
glasses is known to increase with the annihilation of excess
free volume.*® A higher viscosity means a more cooperative
motion of atoms and involvement of a larger group of atoms
in a diffusive jump. This would lead to an increase in AS
when the excess free volume is annealed out due to structural
relaxation.

These results are significant in the context of amorphous
thin films since physical vapor-deposition technique, which
is generally used for depositing amorphous films, has a much

D =D, exp(—
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higher effective quenching rate as compared to amorphous
ribbons produced by melt spinning. This would result in a
higher quenched-in free volume, thus modifying the diffu-
sion behavior.

In Sec. IIT A it was seen that annealing at 473 K for 1 h
results in annihilation of most of the excess free volume.
From Fig. 12 one finds that the diffusion length achieved
after such an annealing treatment is ~0.7 nm. This is also
consistent with the length scale of the structural fluctuations
seen by neutron small-angle scattering in metallic glasses*
and also in x-ray scattering.'®

V. CONCLUSION

In conclusion, self-diffusion of Fe in amorphous Fe5Zr,5
alloy has been studied over a wide temperature range from
398 to 653 K by combining the results of SIMS and NRR
measurements. The high accuracy with which diffusion
length can be measured using NRR allows one to follow
quantitatively the diffusivity during structural relaxation. A

PHYSICAL REVIEW B 78, 214207 (2008)

distinct correlation of diffusivity with various types of struc-
tural relaxations in the system has been observed. In the fully
relaxed state the activation energy for diffusion comes out to
be (1.2%0.3) eV. The observed value of the pre-exponential
factor D, suggests that similar to other amorphous alloys,
diffusion jumps in this system involve a large group of at-
oms. It is found that, even in unrelaxed or partially relaxed
states, the diffusion mechanism involves collective motion of
a group of atoms and not a vacancy-mediated jump. How-
ever, the presence of excess free volume results in a decrease
in the number of the atoms participating in a diffusive jump,
and also in a decrease in the activation energy. The present
study shows that the typical diffusion length involved in an-
nihilation of excess free volume is ~0.7 nm. This length
scale is consistent with that of structural fluctuations seen by
neutron small-angle scattering.
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