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Collective interdiffusion in compositionally modulated multilayers
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Interdiffusion in Fe–Ti, Ag–Bi, Fe–Mo, Ni–Si, Mo–Si, Nb–Si, and Ag–Si multilayers~MLs! was
investigated by anin situ low-angle x-ray diffraction technique. Temperature-dependent
interdiffusivities were obtained which can be described as Arrhenius relations. The interdiffusion
characteristics of the MLs were summarized. The extremely small values of the prefactorD0 and the
marked correlation between theD0 and activation energyHe for interdiffusion suggest that a
collective atomic jumping mechanism involving 8–15 atoms govern the interdiffusion in the MLs.
© 1999 American Institute of Physics.@S0021-8979~99!07220-5#
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I. INTRODUCTION

Physical properties and fundamental phenomena in m
tilayers ~MLs!, such as interfacial structure, stabilization
nonequilibrium structure and strains, coupling interactions
magnetism, and transport behavior, are of scientific imp
tance as well as potential application in microelectro
technology.1 Interdiffusion is closely related to these ph
nomena in the MLs. Thus a knowledge of the interdiffusi
data and mechanism is highly desired for understanding
physical properties and phenomena in the MLs. The disc
ery of solid state reaction in the MLs added to the imp
tance of interdiffusion investigation. However, despite ma
years of effort, the interdiffusivity in MLs has remaine
poorly quantified due to the measurement difficulties ass
ated with low diffusivity ~less than 10223m2/s) and compli-
cated interfacial reactions. The difficulties are even highe
the MLs with nanometer scale modulation period, beca
the measurements must be done at a sufficiently low t
perature to avoid the occurrence of interfacial reactions.
therford backscattering, Auger electron spectroscopy,
secondary ion mass spectrometry, which are normally u
to measure the diffusivity in thin films are difficult to mea
sure diffusivity less than 10223m2/s which is often the case
for the MLs.2 Therefore, the general diffusion characterist
and mechanism in the MLs are still unclear.

Interdiffusion in MLs can be determined from the rate
homogenization of compositional modulation structure of
MLs according to the theory developed by Cahn.3 By assum-
ing that the linear decay of the intensity@ I (t)# of the first-
order modulation peak represents the process in the iso
figurational condition, I (t) is related to the effective
interdiffusivity (De), and the modulation period~L! in the
kinematic diffraction approximation by2,3

a!Corresponding author; electronic mail: whw@aphy.iphy.ac.cn
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We developed anin situ low-angle x-ray diffraction~XRD!
technique based on the linearized diffusion theory4,5 to study
the interdiffusion in Fe–Ti, Ag–Bi, and Fe–Mo metal–met
MLs and Mo–Si, Ni–Si, Nb–Si, and Ag–Si MLs. The inte
diffusivity is obtained by carefullyin situ monitoring the
intensity changes of the low-angle XRD modulation pe
with annealing time. It is indeed possible for this techniq
to measure interdiffusivities as low as 10227m2/s in MLs
with L of a few nanometers. The measurement difficult
mentioned above can be overcome, and the interdiffus
process in the MLs can be discriminated from the crysta
zation, precipitation, and interfacial reactions in the measu
ment process. The technical details are publish
elsewhere.4,5 Our obtained interdiffusion data are in goo
agreement with those reported in many other MLs measu
using various methods and were also verified by a serie
other studies.6–8

II. EXPERIMENTS

Compositional modulated MLs were prepared by i
beam sputtering with a base pressure of 131027 Torr.
Single-crystal Si~100! wafers were used as substrates a
cooled by water through a substrate holder. The total thi
ness of the films was about 0.8mm. The values ofL for the
MLs ranges from 2 to 10 nm. There are approximately m
than 100 modulation periods for the investigated MLs. D
tails of the sample preparation were described at length
previous publications.4,5 The MLs were found to pass
through two distinct processes depending on the annea
temperature ranges: a pure interdiffusion process and an
terfacial reaction process. The pure interdiffusion proc
precedes the interfacial reaction during the low tempera
range.4,5,7 The high-angle XRD and transmission electr
microscope observations show no phase transitions du
2 © 1999 American Institute of Physics
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the interdiffusion measuremental processes. This indic
the interdiffusion investigations were made without the
fluences of the interfacial reactions. The modulated struc
of the MLs was examined by low-angle XRD and cros
sectional high-resolution transmission electron microsc
~HRTEM!. The cross-sectional HRTEM specimens we
prepared by mechanical grinding, polishing and finally,
gon ion milling in liquid nitrogen cooling stages with
power of less than 4 keV. The HRTEM image was carr
out in a JEM-200CX operating at 200 kV.

III. RESULTS AND DISCUSSION

The modulation structure of the MLs was examined
ing the low-angle XRD and HRTEM. All of the investigate
as-deposited MLs have good modulation structure.4,5 As a
representative example, the cross-sectional TEM image
the as-deposited Ni–Si ML is shown in Fig. 1~a!. It can be
seen that the ML consists of clearly layer structure. Fig
1~b! exhibits the HRTEM picture of the as-deposited ML. A

FIG. 1. ~a! Cross-sectional TEM image of the as-deposited Ni–Si ML.~b!
Cross-sectional high-resolution TEM picture of the as-deposited Ni–Si M
~c! Cross-sectional HRTEM picture of the Ni–Si ML after annealing at 6
K. The inset is the low-angle XRD pattern (CuKa radiation! of the as-
sputtered Ni–Si ML withL54.80 nm.
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a result of intermixing in the deposition process, the M
evolves into two alternative amorphous sublayers with co
position gradient. However, the ML still has a compositio
ally modulated structure as shown in Fig. 1~b!. The x-ray
modulation peaks induced from the compositionally mod
lated structure are shown in the inset of Fig. 1. The Ni–
ML has a sharp modulation peak at 2u51.80° and a weak
peak at 2u53.75° which means that a good compositio
modulation along the film growth direction is maintained
the MLs despite considerable intermixing at the interfac
The modulation periodL derived from the modulated peak
by a modified Bragg law9 is 4.8 nm; the value agrees we
with that obtained from the cross-sectional HRTEM pictu
The cross-sectional HRTEM image for the Ni–Si ML aft
613 K annealing is shown in Fig. 1~c!. The picture shows
that no crystalline phase forms in the annealing tempera
range of 423–613 K. The result confirms that the effect
the annealing is to homogenize the composition gradien
the ML. The modulated structural and compositional data
these investigated MLs are presented in Table I.

Figure 2 represents a typical result we obtained byin situ
low-angle XRD method, which shows the logarithm of th
normalized intensity of the first modulation peak versus ti
at various annealing temperatures for Fe–Ti ML. The inte
sity exhibits a more rapid nonexponential decay in the ea
stage of the annealing~0–1.0 h!. The enhancement in inten
sity decay is attributed to the presence of a large numbe
nonequilibrium defects in the as-deposited ML.2 These data
points were not taken into account. A relative steady ex
nential decay state was obtained after 1.0 h annealing.De

was determined by linear fit from the linear part of the i
tensity curves in Fig. 2. The temperature dependence ofDe

for Fe–Ti ML is shown in the inset of Fig. 2. The data can
fitted by a straight line over the whole measuremental te
perature range yielding an activation energyHe50.29 eV
and a pre-exponential factorD051.50310222m2/s. The
temperature dependence of the effective interdiffusivities
Fe–Ti, Fe–Mo, Ag–Bi, Ni–Si, Mo–Si, Nb–Si, and Ag–S
MLs obtained using the same method is summarized
Arrhenius plot in Fig. 3. The interdiffusion data display e
cellent Arrhenius behavior as shown in the figure. TheHe ,
D0 , and the bulk interdiffusivitiesDn ~at 458 K! derived
from Cahn’s theory3 for the MLs, are presented in Table I
The important interdiffusion characteristics are summariz
in the following:

.

TABLE I. Modulated structural and compositional data for the investiga
MLs. N is the number of the XRD modulation peaks. The total thickness
the MLs is about 0.8mm. There are approximately more than 100 modu
tion periods for each investigated ML.

System L~nm! Composition~at. %! N

Fe–Ti 2.0 50.0 Fe 2
Ag–Bi 9.0 45.0 Ag 4
Fe–Mo 2.74 50.0 Fe 2
Mo–Si 2.6 35.0 Mo 2
Ni–Si 4.8 49.2 Ni 2
Nb–Si 3.2 50.0 Nb 2
Ag–Si 6.7 43.0 Ag 4
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~a! The interdiffusion data for various systems displ
excellent Arrhenius behavior. This is a key test by which
determine whether a method can be used to correctly m
sure the interdiffusivity in solids as a function o
temperature.10 The Arrhenius behavior ofDe for these MLs
suggests that thein situ low-angle XRD is the most sensitiv
method available to probe the interdiffusion in MLs wi
shorterL.

~b! The obtained values ofDe for the MLs are quite low
(10223– 10225m2/s) compared with extrapolation of the pu
lished high temperature diffusion data in bulk alloy

FIG. 2. Typical decay of the intensity of the first-order modulation peak
Fe–Ti multilayer (L52.0 nm) with annealing time at various annealin
temperatures. The inset is the temperature dependence of the interdiffu
De for the Fe–Ti ML.

FIG. 3. Arrhennius plots of the interdiffusivityDe of the various MLs.
a-

,

metals,11 and crystalline silicon (c-Si).12 However, they are
similar to those reported in many other MLs8,9 and amor-
phous alloys~a-alloy!.13,14The reduction of the interdiffusiv-
ity was attributed to the defects in the MLs, which act
trapping centers which trap the diffusion atoms tempora
and make the atoms undergo a trap-retarded diffusion,
then reduce the interdiffusivity by15

De5D f /@11Ct exp~Ht /kT!#, ~2!

where D f is the diffusivity in a hypothetical trapping-fre
MLs. Ct and Ht are the atomic fraction of traps and th
binding enthalpy, respectively. The smallDe in MLs may
result from the atoms having to pass through large numbe
the trapping centers in MLs.

~c! The obtainedD0 (10217– 10222m2/s order! is much
smaller than the typical values of those in crystalline ma
rials (1025– 1027 m2/s order!. The differences are found to
be more than ten orders of magnitude. This feature is sim
to that of liquid metals anda-alloys which is normally much
smaller than that of corresponding crystalline materials.2

~d! The values of activation energy in the MLs are le
than 1.0 eV and similar to that of the interstitial diffusion
and/or interstitial-like diffusions in other solids, e.g., tran
tion metals diffusion in a-Zr,16 c-Si,12 a-Si, and
a-alloys.13,14Strains in the MLs may result in the small valu
of the He . Strain frequently exists in the MLs with high
density interface because of the thermal expansion mism
with the substrate and coherency strains between the sub
ers. Even if the strains can be relaxed by annealing, t
were found to remain, at least partially, throughout the wh
interdiffusion.8 The strains may cause easier passage of
interstitial diffusers through another sublayer and reduceHe .

~e! The interdiffusion parametersD0 andHe for the MLs
and Zr-baseda-alloys11 correlated as shown in Fig. 4. I
spite of the relative large scatter, the diffusion parameters
obviously correlated according to the relation

ln D05 ln A1He /B, ~3!

whereA and B are 9.85310221m2/s and 0.053 eV, respec
tively. A similar correlation has also been observed for d
fusion parameters of crystallinea-Zr,16 a-Ti,17 and c-Si12

with A and B as 1.631027 m2/s and 0.37 eV, respectively
Diffusivities, if they are based on a common diffusio
mechanism, are expected to satisfy Eq.~2! with the same
specific parametersA and B.18 The parametersA and B are
almost the same within experimental error to those repo

f

ity

TABLE II. Bulk interdiffusivities Dv and interdiffusion parametersD0 and
He of the MLs.

System
Dv(458 K)

~m2/s!
He

~eV!
D0

~m2/s!

Ag–Bi 2.0310223 0.21 4.30310221

Fe–Ti 1.75310224 0.29 1.50310222

Fe–Mo 4.1310225 0.33 2.13310221

Mo–Si 5.2310225 0.37 6.20310221

Ni–Si 4.12310224 0.69 2.13310217

Ag–Si 8.22310224 0.24 2.02310220

Nb–Si 2.68310224 0.55 2.20310218
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for other a-alloys.18,19 The value ofA and B in crystalline
a-Zr, a-Ti, and Si are quite different from the values
a-alloys and MLs, which means that completely differe
diffusion mechanisms dominate. The observed relation
tween a-alloys and MLs indicates that a similar diffusio
mechanism is operating in MLs anda-alloys.

From Fig. 3, one can see that the values ofD0 in the
MLs are several orders of magnitude smaller than in
a-alloys, even though they correlate according to Eq.~3!.
This characteristic is generally believed to result from
pre-existing nonequilibrium defects in the MLs.2,8 D0 is re-
lated to defect concentration byD05D0

f /Cta,15 whereD0
f is

the pre-exponential factor in a hypothetical defect-free M
a the parameter related to the binding entropy, the atte
frequency for a diffuser atom, and the number of defect s
available around a defect. The difference of concentration
the defects,Ct , between crystal Si~0.1 ppm%! and amor-
phous Si~,1%!15 formed by deposition was found to be le
than the order of 107. So, the difference ofCt between a
hypothetical defect-free ML and the studied ML should
roughly in the same order of 107. Therefore, the significan
difference inD0 cannot be totally attributed to the fraction o
the defect in MLs, it supports peculiar diffusion mechanis
in the MLs. It is known thatD0 can be written as

D05a2c fn0 expS DS

k D , ~4!

wherea is the mean jump distance,c the geometric factor,f
the correlation factor,n0 the jump attempt frequency, an
DS the change in the activation entropy during the jum
process.D0 is determined by the five terms. The significa
D0 differences more than ten orders of magnitude betw
crystalline solids and MLs must result from the lar
changes in these terms. Since the local microstructures o

FIG. 4. Plot of lnD0 andHe for the MLs, Zr-based amorphous alloys~see
Ref. 14!, and crystallinea-Zr ~see Ref. 16!, a-Ti ~see Ref. 17!, and Si~see
Ref. 12!.
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crystalline solids and MLs are similar,c and a could not
significantly differ between them. For any reasonable dif
sion mechanism and structure,f would vary between 5 and
10 at most. The small changes of the three terms can
account for the extremely largeD0 differences between crys
talline solids and MLs.n0 , usually taken to be the order o
the Debye frequency in crystal, is 1013/s. In a-alloy, n0 was
observed to be in the order of 109/s.20 The values ofn0 for
the MLs should be roughly the same order of magnitude
those of thea-alloys, which is only about 104/s in magni-
tude. Thus, the largeD0 differences would be attributed t
the entropy term exp(DS/k), e.g.,DS have to be large and
negative. For diffusion in crystalline solids,DS is of (3 – 5)k
which corresponds to the single atom diffuse with inters
tialcy or monovacancy mechanism. In the MLs,DS is esti-
mated to be2(8 – 15)k. The large and negative value ofDS
indicates that the basic diffusion step in the MLs is no
single atom jumping into a vacancy or replacing an inter
tial site in the case of diffusion in crystalline solids, but th
collective motion of a group of atoms. The entropy
2(8 – 15)k roughly corresponds to a 8–15 atoms clust
The cluster may move in a complicated way through
nonequilibrium extended defects in the MLs. The extend
defect in MLs involves a large number of neighboring atom
rather than an interstitial site or mono-vacancy which h
been shown to govern the diffusion in crystalline materia
This suggestion is also consistent with the smallerHe and
the marked correlation between theD0 and He found for
interdiffusion in these MLs. The extremely small values
D0 andHe , displaying an goodD0–He correlation accord-
ing to Eq.~3!, are generally taken as evidence for a collect
atomic mechanism.18 The jumps of clusters of atoms hav
been observed in the molecular dynamics studied of mo
glasses and a binary soft sphere mixture near the glass
sition. During these jumps, groups of atoms are found
move in a caterpillar-like motion between two nearby eq
librium positions corresponding to a small activatio
energy.21 Highly collective diffusion has also been suggest
in a-alloys;22 there are several reasons to support the p
posal fora-alloys. The MLs with a high density of interfac
and large number of nonequilibrium defects are in the me
stable state, its local microstructure is close to that
a-alloys. The interdiffusion is known to be governed large
by the local microstructure and defects in solid. Therefo
the similarity in diffusion behavior and mechanism betwe
the MLs anda-alloys is reasonable.

IV. CONCLUSIONS

Interdiffusion in the MLs was studied by anin situ low-
angle XRD method taking advantage of the compositiona
modulated structure of the MLs. The obtained interdiffusi
ties can be described well by Arrhenius relations. The dif
sion characteristics of the MLs are analogous to those in
amorphous alloys. The extremely small values of the dif
sion prefactorD0 and the marked correlation between theD0

and the activation enthalpyHe for interdiffusion in the MLs
indicate that a collective atomic diffusion mechanism go
erns the interdiffusion. The atomic jump is a highly coope
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tive process involving about 8–15 atoms. These atoms
lectively move in liquid-like fashion in the MLs.
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