
VOLUME 79, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 15 DECEMBER1997

any

ous
and
r arises
ro-
llites.

4918
Thermal Vacancy Formation and Self-Diffusion in Intermetallic Fe3Si
Nanocrystallites of Nanocomposite Alloys

R. Würschum,1 P. Farber,1,2 R. Dittmar,1 P. Scharwaechter,1 W. Frank,1,2 and H.-E. Schaefer1

1Universität Stuttgart, Institut für Theoretische und Angewandte Physik, D-70550 Stuttgart, Germ
2Max-Planck-Institut für Metallforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany

(Received 28 July 1997)

Combined high-temperature studies of positron lifetime and59Fe tracer diffusion show ther-
mal vacancy formation and rapid self-diffusion in the nanocrystallites of intermetallic-amorph
Fe73.5Si13.5B9Nb3Cu1 nanocomposites. In combination with an intergranular amorphous phase
densely packed interfaces between these interlayers and the nanocrystallites the unique behavio
where self-diffusion in interfacial regions is slower than in crystallites. Slow atomic ordering p
cesses during crystallization are ascribed to low diffusivities on the Si sublattice of the nanocrysta
[S0031-9007(97)04755-8]
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The current interest in the field of nanocrystallin
(n-) solids arises from attractive potential application
which are related to crystallite sizes in the nm regim
[1]. A central issue in this respect is concerned wi
the structural stability of nanocrystalline solids at hig
temperatures. The high-temperature behavior is wid
determined by atomic diffusion and thermal vacan
formation, on which, in the case of n-solids, data are s
rudimentary and even missing, respectively. This is
fundamental importance because the formation of therm
vacancies in nanocrystalline materials is closely link
to general problems of solid state physics, namely, s
effects in fine-dispersed systems and clusters [2,3] a
characteristics of thermal defects in disordered system
such as interfaces and grain boundaries [4].

As an initial step towards an assessment of therm
defect formation in nanocrystalline solids, the prese
work aims at a combined study [5] of thermal vacanc
formation and Fe self-diffusion in the prototype nanocry
talline alloy Fe73.5Si13.5B9Nb3Cu1 prepared by crystal-
lization from melt-spun amorphous precursors [6].
this relatively stable nanocomposite structure with Fe-
nanocrystallites embedded in an amorphous intergranu
matrix (see, e.g., Refs. [7–10]) the thermal-equilibriu
formation of vacancies in nanometer-sized crystallites h
been detected by positron lifetime spectroscopy for t
first time. Based on these results the unique behavior
the FINEMET nanocomposite, i.e., the fact that the Fe d
fusion in the crystallites is faster than in the interface
can be understood.

In addition to the fast vacancy-mediated diffusio
in FINEMET, the present tracer-diffusion and positron
annihilation studies shed light on the ordering process
in the D03-type nanocrystallites which are substantial
determined by the slow atomic motion on the Si sublatti
of the nanocrystallites. This provides a guideline for th
understanding of the complicated crystallization kineti
[11] (see also [12] and references therein) and for t
tailoring of the soft-magnetic properties ofFINEMET [13].
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In the 59Fe diffusion studies the radiotracer atom
were evaporated on polished surfaces of melt-sp
Fe73.5Si13.5B9Nb3Cu1 specimens which were crystallized
at temperaturesTcrys between 793 and 818 K. After
diffusion annealing in vacuum the activity profiles wer
determined by ion-beam sectioning [14]. In the positro
lifetime studies (see [15]) up to 933 K a metallic58Co
positron source in a sandwich arrangement with melt-sp
ribbons was used.

The 59Fe diffusion profiles in nanocrystalline
Fe73.5Si13.5B9Nb3Cu1 exhibit Gaussian shapes (Fig. 1)
This is due to the structural stability during the F
diffusion process, whereas in nanocrystalline pure m
als strongly curved penetration profiles occur due
concomitant crystallite growth and interface migratio
[16]. Unlike a decrease of the diffusivity which usually
occurs upon crystallization [17], a59Fe diffusivity,
Dnano, higher thanDamorph in the amorphous state is
observed in nanocrystalline Fe73.5Si13.5B9Nb3Cu1 (Figs. 1
and 2). With increasing crystallization temperatur

FIG. 1. 59Fe diffusion profiles in relaxed amorphous () and
nanocrystalline ( , ≤) Fe73.5Si13.5B9Nb3Cu1 (FINEMET) crys-
tallized at Tcrys ­ 810 K for ta ­ 1 h (A: specific radioactiv-
ity). Td and td denote the diffusion temperature and time
respectively.
© 1997 The American Physical Society



VOLUME 79, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 15 DECEMBER1997

r
o
t
f

u

ta
t

t
e

a
n
li

i
in
s

to

t
a

s
u
e

h

fi-
s

u-
k)
(2)

ous
ic

ine
se

the

ll

ual

in
e
are
he

us
di-

ce
nd
-
ich
c-
ers
d
ed
in
of
al-

an

al-
on
d

FIG. 2. Arrhenius plots of 59Fe-tracer diffusivities in
nanocrystalline Fe73.5Si13.5B9Nb3Cu1 (FINEMET) crystallized at
Tcrys ­ 793 K (◊), 810 K ( ), 813 K ( ), 818 K (±), and in
the relaxed amorphous state (, preannealed at 723 K) prio
to crystallization. Literature data are shown for comparis
(extrapolations are dotted): Fe diffusion in cluster-compac
nanocrystalline Pd (, [16]), in the ferromagnetic phase o
crystallinea-Fe (c-Fe, [34]), in grain boundaries of Fe (g-Fe,
[23]) as well as in the intermetallic compounds D03-Fe79Si21
and D03-Fe82Si18 [18].

the diffusion coefficient increases to a maximum val
Dnano . 14 3 Damorph (Fig. 2).

The enhanced diffusivity in n-Fe73.5Si13.5B9Nb3Cu1 is
ascribed to the rapid Fe diffusion in the Fe-Si nanocrys
lites which are formed upon crystallization. According
x-ray diffraction (present study and [7,10]) and Mössbau
spectroscopy [7–9] the Fe-Si nanocrystallites exhibi
D03 structure with a Si content of 18–21 at. %. Singl
crystalline D03-type Fe-Si compounds within this compo
sitional range show extremely high59Fe diffusivities [18],
which originate from a high concentration of thermal v
cancies [19]. Since the diffusion in the nanocrystalli
state appears to be slower than in the single-crystal
state (Fig. 2), we conclude that the diffusion process
limited by the crystallite interfaces. This is an exception
case which is not considered in the Harrison classificat
scheme of interface diffusion [20]. Self-diffusion faster
crystallites than in interfaces has been taken into con
eration for ZrO2-based ionic conductors [21]. In this cas
the diffusivity in the crystalline state is very high due
a high concentration of dopant-induced oxygen vacanc
[21]. In the present case of a metallic nanocomposite
high crystal diffusivity is again due to a high concentr
tion of vacancies which are, however, formed in therm
equilibrium (see below).

A simple diffusion model in which the crystallite
(diameterd 12 nm) and the interfaces with the amorpho
intergranular phase (thicknessd) are treated as successiv
layers perpendicular to the direction of diffusion yields t
relationship

d 1 d
Dnano

­
d

DIF
1

d
DV

(1)
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between the experimentally determined diffusion coef
cientDnano and the diffusion coefficients in the crystallite
(DV ) and the interfaces (DIF). In the present case of rapid
diffusion in the crystallites,DV ¿ Dnano, Eq. (1) reads

DIF ­
d

d 1 d
3 Dnano ­ 0.12 3 Dnano , (2)

with the interface thicknessd ­ 1.6 nm as estimated from
the volume fraction (40%) of the amorphous intergran
lar phase obtained from x-ray diffraction (present wor
and Mössbauer spectroscopy [7]. Together with Eq.
the experimental resultDnano ­ 10 2 14 3 Damorph af-
ter crystallization atTcrys ­ 818 K (Fig. 2) leads to the
conclusion that the diffusivityDIF in the amorphous inter-
faces is similar to that measured in the relaxed amorph
state prior to crystallization (Fig. 2) which is characterist
of Fe-B-Si amorphous alloys [22].

The interfacial diffusivity is substantially lower than
in grain boundaries of coarse-grained or nanocrystall
pure metals (see Fig. 2 and [16]) and reflects a den
intergranular phase. This conclusion is supported by
activation energyQSD ­ 1.9 eV for the 59Fe diffusion
following from the temperature dependence ofDnano,
which is higher than the activation energyQGB ­ 1.7 eV
of the grain-boundary self-diffusion in Fe [23] and sti
higher than the valueQGB which might be expected
for grain boundaries in D03-Fe79Si21 on the basis of
the activation energyQV ­ 2.04 eV of the Fe volume
diffusion [18].

According to the preceding considerations, the unus
diffusion behavior ofFINEMET appears to arise from the
combination of a high thermal-vacancy concentration
the nanocrystallitesand a dense interface structure du
to an intergranular amorphous phase. Both properties
confirmed by positron lifetime studies, as discussed in t
following.

In nanocrystalline Fe73.5Si13.5B9Nb3Cu1 the existence
of the same type of free volumes as in the amorpho
state, but of smaller size than a lattice vacancy, is in
cated by the single positron lifetimetIF ­ 144 ps ob-
served at ambient temperature (Fig. 3 and [24]). Sin
positrons in nanocrystalline materials are trapped a
annihilated in interfacial regions [25,26], this demon
strates that both the amorphous intergranular layers, wh
are deduced from x-ray diffraction or Mössbauer spe
troscopy [7], and the interfaces between these interlay
and the Fe80Si20 nanocrystallites exhibit a densely packe
structure. This direct evidence for a densely pack
structure of the crystallite-amorphous interfaces is
accordance with the low specific energy of this type
interfaces [27] and supports structural models of cryst
melt interfaces [28].

The reversible high-temperature increase of the me
positron lifetime t (Fig. 3) is due to the trapping of
positrons at thermally formed vacancies in the cryst
lites. Since, because of the small crystallite size, positr
trapping at the interfaces is entirely reaction controlle
4919
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FIG. 3. Thermal vacancy formation in Fe73.5Si13.5B9Nb3Cu1
(FINEMET). Mean positron lifetimet in the nanocrystalline
state after annealing at 813 K for 1 h (±) or 21 h (≤) and
in the microcrystalline state after annealing at 993 K for 31
( ). The solid curve is a numerical fit according to Eq. (3
The dotted straight lines showt in the absence of therma
vacancy formation, assuming a linear temperature varia
tnano ­ tnano,293 K 3 f1 1 1024sT 2 293 Kdg like in the free
state of pure metals [15].

(specific trapping ratea) [26], at high temperatures

t̄ ­
s6ayddtIF 1 sCV tV

6ayd 1 sCV
(3)

is the trapping-rate averaged value of the positron li
times in the interfaces (tIF) and the thermal lattice vacan
cies (tV ) which compete as positron traps. A numeric
fit of Eq. (3) yields for the vacancy formation enthalp
HF

V ­ 1.1 eV, assumingtV ­ 175 ps and a preexponen
tial factor of the trapping ratesCV as in single-crystalline
D03-Fe79Si21 [19] as well asa ­ 200 mys as estimated
for grain boundaries in Zn alloys [29]. The low valu
of the vacancy formation enthalpy is identical with th
in D03-Fe79Si21 [19] indicating a negligible particle-size
effect on the thermal vacancy formation in these cryst
lites. This is in agreement with calculations of the c
hesion energy of metal clusters which reaches the b
value when the cluster size exceeds,1000 atoms [3]. Fur-
thermore, this supports the aforementioned conclusion
cording to which the increase of the57Fe tracer diffusiv-
ity in Fe73.5Si13.5B9Nb3Cu1 upon crystallization is due to
a rapid diffusion in the nanocrystallites similar to that
single-crystalline D03-Fe79Si21 [18]. Other causes of the
enhancedD value inFINEMET thus appear rather unlikely
For example, an enhanced diffusivity in the intergranu
amorphous layer due to a chemical composition which d
fers from that of the initial amorphous state may be saf
excluded [5].

It should be mentioned briefly that after further anne
ing at Ta ­ 933 K where crystallite growth occurs an
Fe-B phases are formed additionally, the positron li
times change (Fig. 3). The decrease of the positron l
time at ambient temperature indicates partial annihilat
4920
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in the free state of the crystallites when the crystallit
size exceeds the diffusion length of positrons [26]. Th
high-temperature increase oft is due to thermal vacancy
formation in the microcrystalline multiphase structure.

Remarkable features of the present studies are t
substantial variations of the diffusion behavior and th
thermal vacancy formation with the temperature or tim
of crystallization (Figs. 2 and 3). As a consequenc
both tracer diffusion and positron annihilation may serv
as specific indicators of the atomistics of crystallization
This will be exploited in the following.

The increase of the Fe diffusivity by a factor of 4
upon increasing the crystallization temperature from 79
to 818 K (Fig. 2) is,183 higher than the value which
is expected from the concomitant minor increase of th
degree of crystallization from 55% to 60% accordin
to Eq. (2). The assumptionDV ¿ Dnano leading to
Eq. (2) is therefore not applicable to the nanocomposi
structure produced by crystallization atTcrys ­ 793 K.
The diffusivity in the crystallites of this structure is
reduced in comparison to that after higher crystallizatio
temperatures; it is of the same order of magnitud
as in the intergranular phase. This variation of th
diffusivity with Tcrys is confirmed by the variation of
the positron lifetime with the crystallization time where
thermal vacancies could only be detected after long tim
of crystallization at 813 K (± and ≤ in Fig. 3). The
behavior at reduced crystallization temperatures (Tcrys ­
793 K) or correspondingly small crystallization times is
attributed to a reduced Si content or a lower degre
of order of the nanocrystallites. In fact, in the coarse
grained intermetallic compound Fe3Si the Fe diffusivity
is observed to decrease with decreasing Si content
degree of order [18] due to a decrease of the therm
vacancy concentrationCV [19]. The decrease ofCV may
arise from a concomitant decrease of the fraction of th
Fe sites with 4 Si atoms on nearest-neighbor (nn) sit
where thermal vacancy formation is favored due to a lo
nn-bond energy.

Structural ordering or change of composition of th
Fe3Si nanocrystallites requires diffusion on both subla
tices. The processes which lead to increases of the
diffusivity (Fig. 2) and the thermal vacancy concentratio
(Fig. 3) with increasing temperature or time of crystalliza
tion are therefore controlled by the Si diffusivity, which
is much slower than the Fe diffusivity [18]. This is sub
stantiated by considering the processes which are relev
for structural changes. Provided these changes occur d
to atomic transport over half the crystallite size (6 nm
on the time scale of crystallization (1 h), a diffusivity
of D . 5 3 10221 m 2 s21 must be involved. This com-
pares well with the Ge diffusivityDGes818 Kd ­ 2.5 3

10221 m2 s21 in D03-Fe82Si18 which is expected to be sim-
ilar to the diffusivity of Si [18]. Furthermore, the anneal-
ing of the stress-induced magnetic anisotropy inFINEMET

[13] on the time scale of 1 h at 813 K or 20 h at 753 K
can be quantitatively understood if it is controlled by suc
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a low Si diffusivity. Presumably, this slow process al
triggers structural modifications at small crystallite grow
rates in the advanced state of crystallization whose
currence was recently concluded from Mössbauer sp
troscopy [9,30], x-ray diffraction [31], and measuremen
of electrical resistivity [11,32]. On the other hand, the
diffusivity and therefore structural changes are negligib
at reduced temperatures or short times where the struc
of the nanocomposite is sensitively probed by the rapid
diffusion (Fig. 2).

In conclusion, we state that combined high-temperat
studies of positron lifetime and59Fe-tracer diffusion have
led to the detection of vacancy-mediated rapid se
diffusion in nanocrystallites of n-Fe73.5Si13.5B9Nb3Cu1.
These investigations may be extended to structura
stabilized nanocrystalline metals [33] in order to ass
the relation between thermal vacancy formation a
diffusion in grain boundaries of metals [4].
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