
39

PHYSICAL REVIEW B 15 NOVEMBER 1999-IVOLUME 60, NUMBER 19
X-ray study of strains and dislocation density in epitaxial Cu/Ni/Cu/Si„001… films

K. Ha, M. Ciria, and R. C. O’Handley
Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 021

P. W. Stephens and S. Pagola
Department of Physics and Astronomy, State University of New York, Stony Brook, New York 11794-3800
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The strain state of epitaxial Cu~50 Å!/Ni~tNi!/Cu~2000 Å!/Si~001! films as a function of the nickel film
thickness (30 Å<tNi<2000 Å) has been studied using Bragg diffraction and grazing-incidence diffraction
with a synchrotron x-ray source. For 30 Å<tNi<150 Å both the in-plane and out-of-plane nickel strains show
a phenomenological (1/t)2/3 power dependence, which is significantly different from the 1/t law commonly
accepted in the literature. The Matthews’ theory, including the effect of the copper capping layer, is used to
account for the equilibrium strains of the nickel layer. The 500 and 2000 Å films show larger strains than that
predicted by the theory, consistent with other studies. The ratio of the nickel in-plane to out-of-plane strains is
21.1860.05, very close to the expected nickel bulk value of22c12/c11521.28. @S0163-1829~99!12743-7#
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I. INTRODUCTION

The effect of strain on magnetism, namely inverse m
netostriction, can be significant in thin films and multilaye
Perhaps the most dramatic manifestation of this effect is
existence of strong perpendicular magnetization in the
taxial Cu/Ni/Cu~001! system over a broad range of the nick
film thickness: the nickel magnetic moment prefers to po
out of the plane of the film for the nickel film thicknes
ranging from 20 to 120 Å.1–3 The broad range of the perpen
dicular magnetic anisotropy is due in part to the large
sidual strain in the nickel layer, which interacts with th
magnetic moment through the magnetoelastic coupling.
resulting magnetoelastic anisotropy energy~which favors
out-of-plane magnetization! can overcome the shape aniso
ropy ~which favors in-plane magnetization!. Because the
strain-induced anisotropy is a product of the magnetoela
coupling coefficient and strain, both quantities must
known if the magnetic anisotropy is to be understood a
controlled. In this paper, the strain state of the nickel laye
described; the strength of the magnetoelastic coupling
been discussed elsewhere.3

Although there have been studies in the past on the st
of the nickel layer as a function of the nickel film thicknes
they are inadequate for the study of the effect of inve
magnetostriction. For example, Chang4 investigated the
out-of-plane strain of the nickel in
Cu~1000 Å!/Ni( tNi!/Cu~1000 Å!/Si~001! films using x-ray
diffraction. Since only a small number of samples (tNi550,
100, 500, and 1000 angstroms! was investigated, little quan
titative information about the strain behavior could be e
tracted from the data, particularly in the thickness range o
which out-of-plane magnetization occurs. Another study
Müller et al.5 used low-energy electron diffraction~LEED!
to investigate the strain of ultrathin nickel films. Althoug
LEED is useful for the study of surface reconstruction a
relaxation, it is not suitable for investigating the avera
strain of films that are more than about ten-monolayers th
In addition to having a broad range of perpendicular m
PRB 600163-1829/99/60~19!/13780~6!/$15.00
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netic anisotropy, the Cu/Ni/Cu~001! system is a good candi
date for the study of strain relaxation in metallic films. Th
materials are simple metals. The misfit strain of the nickel
copper is about 2.6%, not too large that it could prohi
epitaxial growth. In fact, the Ni/Cu~001! system was one o
the first systems used to study the misfit accommodation
thin films.6,7

In this paper we present a strain study
Cu~50 Å!/Ni( tNi!/Cu~2000 Å!/Si~001! films as a function of
the nickel film thicknesses (30 Å<tNi<2000 Å) using syn-
chrotron x-ray diffraction. The in-plane and out-of-plan
strains were measured using the grazing-incidence diff
tion ~GID! and Bragg diffraction, respectively. For 30 Å
<tNi<150 Å, both the in-plane and out-of-plane strai
show a phenomenological (1/t)2/3 power dependence, whic
is significantly different from the 1/t dependence commonl
assumed in the literature.8 The effect of the capping layer o
the nickel is included by using the model proposed by B
son and Ball9 ~BB! ~which is an extension of the Matthews
equilibrium strain model10!. Large deviation from the equi
librium strain is observed in the 500 and 2000 Å films
agreement with other results.6,7 The ratio of the in-plane to
out-of-plane strain for the nickel films has the average va
of 21.1860.05, which is in good agreement with the rat
2c12/c11 deduced for a film under biaxial stress induced
the epitaxial growth: the bulk elastic constants gi
2c12/c1151.28.

II. SAMPLE PREPARATION

The silicon substrates were dipped in dilute hydrofluo
solution ~5% by volume! for ten seconds to remove the n
tive oxide. They were then rinsed in de-ionized water
about 3 min and immediately transferred into a load-lo
chamber to be pumped down. The films were grown in
molecular-beam epitaxy chamber bye-beam evaporation
The base pressure was less than 2.0310210 torr. The depo-
sition pressures for the copper and nickel layers were in
low-1028 torr range. Both the copper and nickel growth rat
13 780 ©1999 The American Physical Society
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PRB 60 13 781X-RAY STUDY OF STRAINS AND DISLOCATION . . .
were 1.0 Å/s. Film growth started at a temperature of 20
and substrate temperature gradually increased to about 5
during the deposition due to the thermal radiation from
sources. Reflected high-energy electron diffraction~RHEED!
was used to monitor the film qualityin situ. The copper
buffer layers for all the samples except the 500 and 200
films were annealedin situ to about 150 °C for eight minute
and then cooled down to 20 °C prior to the deposition of
nickel layer. The annealing process improved the flatnes
the buffer layer surface. Figure 1~a! shows the RHEED pat
tern of a 2000 Å copper film on Si~001! before the anneal
The spottedness of the pattern indicates that the surfac
the copper film was atomically rough. Figure 1~b! shows the
RHEED pattern of the same film after the anneal. T
streaky RHEED pattern suggests that the the surface
atomically flat. The surface retains its smoothness after
deposition of the nickel and copper capping layer as c
firmed by RHEED patterns.

Annealing of epitaxial Cu~2000 Å!/Si~001! films above
200 °C appears to cause the formation of copper silic
through the copper buffer layer. Figure 2 is a scanning e
tron micrograph of a Cu~2000 Å!/Si~001! film that was an-
nealed at around 200 °C for about a minute. The ima
shows islands of copper silicide on the copper film as in
cated by Auger spectroscopy and microanalysis. X-ray st
confirms that at least some of the silicide was Cu15Si4, as
discussed later in the paper. However, no silicon could
detected by Auger spectroscopy on the surface of the co

FIG. 1. RHEED patterns recorded from a Cu~2000 Å!/Si~001!
surface in the@200# azimuth:~a! is the surface of the copper withou
the intentional anneal;~b! is the surface after the copper was a
nealed at 200 °C for about one minute.

FIG. 2. Scanning electron microscopy image of Cu~2000
Å!/Si~001! film annealed at 200 °C for about one minute. Islands
copper silicide threaded through the copper layer. The islands c
in two sizes.
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buffer layer that was annealedin situ at 150 °C for less than
eight minutes.

III. EXPERIMENTAL RESULTS AND ANALYSES

The x-ray experiments were performed using the bea
line X3B1 of the Brookhaven National Synchrotron Lig
Source. Synchrotron radiation was used for its high inten
and narrow collimation. The wavelength of the radiation w
selected to be 1.149 Å by a double-crystal Si~111! mono-
chromator; the scattered x-rays were analyzed by a Ge~111!
crystal to provide high-angular resolution. Both the Bra
and grazing-incidence diffraction setups were calibrated
ing an Al2O3 powder reference standard. The resolutions
both setups were on the order of 0.02° in scattering angleu.

Diffraction from the copper buffer layer was used to alig
the sample with the incident beam for both the in-plane a
out-of-plane lattice measurements. Since the lattice orie
tion of the copper buffer layer is known with respect to t
silicon substrate, namely Si^110&iCû 100&,11,12 the detector
was first set at an expected scattering angle 2u. The sample
was rocked about the angle 2u with respect to the inciden
beam to maximize the intensity at the detector. The condit
of maximum intensity is a Bragg condition. The crystal w
then aligned by settingu5umax. Once the copper film is
aligned, the nickel is also aligned by virtue of its epitax
growth on the copper, Cu^100&iNi^100&. This epitaxial rela-
tionship between the nickel and copper is confirmed by
diffraction experiments, as discussed below.

A. Symmetric Bragg diffraction

The out-of-plane lattice constant of the nickel,a'
Ni , was

measured using the symmetric Bragg diffraction meth
The intensities from the~002! planes of the copper an
nickel are shown in Fig. 3. Note the logarithmic scale in t
y axis. The copper peak position stays at its bulk value for
the nickel film thicknesses; the nickel peak evolves tow
its bulk value with the increasing nickel film thickness. Th
500 and 2000 Å films still show significant vertical contra
tion, signifying that they are not fully relaxed.

There is a peak between that of the copper and nic
which is particularly pronounced for the thinner films. W
believe it comes from the diffraction by the~521! planes of
the e-Cu15Si4 cubic phase, which is buried in the Cu buffe
layer, near the Cu/Si interface. Thed spacing calculated from
the diffraction peak is 1.756 Å; the reported value in t
literature is 1.767 Å.13 Other peaks of the Cu15Si4 phase were
also detected in the annealed samples using a labora
source with CuKa radiation. However, it must be pointe
out that other workers had reported the copper silicide at
Cu/Si interface to beh9-Cu3Si phase.11,12,14

For the thinner nickel films (30 Å<tNi<150 Å), since
there is a large difference in the intensity between the cop
and nickel peak, the fitting of the nickel peak is very sen
tive to the profile of the tail of the copper peak. The follow
ing procedure was used to extract the nickel diffraction da
the copper peak was first fitted with more weight bei
placed on its left tail. The fitting was best achieved with
mixture of a gaussian and lorentzian function. The fitt
curve was then used to subtract the copper contribution f

f
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13 782 PRB 60HA, CIRIA, O’HANDLEY, STEPHENS, AND PAGOLA
the reflectivity data. The remaining intensity was assume
be that of the nickel and Cu15Si4, each of which was fitted
with a gaussian. For the 500 or 2000 Å nickel film, both t
nickel and copper capping layer were fitted simultaneou
with strictly Gaussian functions. The intensity from the co
per silicide can be safely neglected for these two nickel fi
thicknesses. The computed lattice constants~using the Bragg
formula! are tabulated in Table I. It must be said that t
contribution of the copper capping layer was ignored in
analysis. The capping layer peak is so weak that the buf
copper peak overlaps it completely and therefore hinders
determination of the lattice constant of the capping cop
layer.

As expected from epitaxial~002! films, no ~111! diffrac-
tion peaks could be detected in theu22u scan. Further, the
grazing-incidence diffraction confirms true epitaxy betwe
the Ni and Cu layers, as we shall now discussed.

B. Grazing-incidence diffraction

The in-plane lattice constant of the nickel was measu
in the grazing-incidence diffraction~GID! geometry.15 In this
setup, the sample plane is inclined slightly from the verti
scattering plane~defined by the incident beam and the cen
of the detector!. The incident beam meets the surface a
grazing angleg of 0.3 to 0.6°, while the detector accep
radiation from the grazing exit angle between zero and ab
one degree. The diffraction from Bragg planes that are
actly or nearly perpendicular to the surface of the sampl

FIG. 3. X-ray reflectivity from the~002! Bragg planes of the
copper and nickel layer in Cu/Ni/Cu/Si~001! films. The wavelength
of the radiation is 1.149 Å. All curves are displaced by arbitra
amounts.
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collected. Figure 4 shows the intensity diffracted from t
~200! planes withg50.6°. As before, the peak of the th
copper buffer layer~if observed! stays at its bulk value for al
the nickel films, and the nickel peak evolves toward its bu
value with the increasing nickel film thickness. Note that t
~521! Cu15Si4 peak was not observed in grazing incidenc

TABLE I. In- and out-of-plane nickel lattice constants (ai and
a' with estimated errors of60.005 Å! are tabulated for the variou
nickel film thicknesses using the~200! and~002! diffraction peaks,
respectively. Strains~610%! are computed by using the formul
(a2ab)/ab whereab (53.5241 Å) is the bulk lattice constant o
nickel. The in-plane strains are calculated using theg50.6° data
except for the 50 and 70 Å films, theg50.3° data are used to
calculate the strains. The value for 2c12/c12 is found by taking the
ratio of e' to e i.

tNi @Å# a' @Å# e' @%#
ai @Å#

(g50.6°)
ai @Å#

(g50.3°) e i @%# 22c12/c11

30 3.4180 23.01 3.6038 2.26 1.33
50 3.4433 22.30 3.5884 3.5908 1.89 1.21
60 3.4514 22.07 3.5878 1.81 1.14
70 3.4604 21.82 3.5774 3.5767 1.49 1.21
100 3.4779 21.31 3.5652 1.17 1.12
120 3.4834 21.15 3.5626 1.09 1.06
150 3.4873 21.04 3.5557 0.90 1.16
500 3.4945 20.84 3.5482 0.68 1.23
2000 3.5107 20.38 3.5353 0.32 1.20

FIG. 4. Grazing incidence diffraction~with g50.6°) from the
~200! Bragg planes of the copper and nickel layer
Cu/Ni/Cu/Si~001! films. The wavelength of the radiation is 1.149 Å
All curves are displaced by arbitrary amounts.
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PRB 60 13 783X-RAY STUDY OF STRAINS AND DISLOCATION . . .
which suggests that the silicide is buried well below t
nickel/copper buffer interface.

The penetration depth of the radiation could be varied
changing the grazing angleg.16 Figure 5 shows the diffracted
intensity of the 50 and 70 Å nickel films with two differen
values ofg ~0.3° and 0.6°!. Very little scattered intensity wa
observed from the copper buffer layer forg50.3°. These
results show, as expected, that the diffraction intensity
very sensitive to theg parameter. It must be said that there
a considerable error~60.1°! in determining the absolute
value of g. The major source of the error comes from t
mounting of the sample that might not be completely flat
the sample holder.

The GID intensities were fitted with Gaussian function
Since the diffracted intensity from the copper layer is co
parable to that of the thin-nickel film due to the shallowne
of the incident angleg, both peaks were analyzed at the sa
time. For the cases withg50.3°, only one gaussian wa
needed. We assume the capping layer is completely cohe
with the nickel for nickel thicknesses below 150 Å. Thus, t
contribution of the copper capping layer was ignored in
fitting, except for the 2000-Å Ni film data, where there is
clear peak asymmetry that we attributed to the capping la
The computed in-plane lattice constants are tabulated
Table I.

The diffraction from the~220! Bragg planes was als
studied by GID on the 30- and 60-Å nickel films. Figure
shows the diffraction intensity of these samples withg
50.3° and 0.6°. The in-plane lattice constants calcula
from these~220! peaks are in good agreement which tho
was found from the~200! peaks, and they are tabulated
Table II. One advantage of using the~220! peaks is that they
show more separation than do the~200! peaks. For bulk cop-
per and nickel, the separation is 1.5° for the~220! peaks and
1.0° for the~200! peaks. The disadvantage is that the inte
sity of the former is about half of that of the latter.

FIG. 5. Grazing incidence diffraction from the~200! Bragg
planes of the copper and nickel layer in Cu/Ni/Cu/Si~001! films at
two incident angles~0.3° and 0.6°!. The wavelength of the radiation
is 1.149 Å. All curves are displaced by arbitrary amounts.
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To confirm that these films are indeed epitaxial~002!
films ~as opposed to just highly textured films!, the incident
x-ray beam was deliberately misaligned~about a few de-
grees! away from a@100# crystallographic direction of Ni.
Then, the~200! and~220! peaks were scanned. As expecte
no diffraction peaks could be detected.

IV. DISCUSSION

Epitaxial nickel on copper is under a biaxial tensile stre
due to the lattice mismatch in their bulk forms. The latti
mismatch gives rise to isotropic strain in the~001! plane
(exx5eyy[e i), and an out-of-plane compressive strain@e'

52(2c12/c11)e i# due to the Poisson effect. The misfit stra
of nickel on copper is 2.6%. Figure 7 shows both the
plane and out-of-plane average residual strain of the nic
layer as a function of the nickel film thickness. The stra
are calculated using the formula (a2ab)/ab wherea is the

FIG. 6. Grazing incidence diffraction from the~220! Bragg
planes of the copper and nickel layer in Cu/Ni/Cu/Si~001! films at
two incident angles~0.3° and 0.6°!. The wavelength of the radiation
is 1.149 Å. All curves are displaced by arbitrary amounts.

TABLE II. In-plane lattice constants (ai with estimated errors
of 60.005 Å! were calculated using the~220! diffraction peaks with
g50.3° and 0.6°. The strain~610%! is calculated using the for-
mula (a2ab)/ab whereab (53.5241 Å) is the bulk lattice constan
of nickel.

tNi @Å# g ai e i @%#

30 0.3 3.6066 2.34
30 0.6 3.6016 2.20
60 0.3 3.5894 1.85
60 0.6 3.5912 1.90
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13 784 PRB 60HA, CIRIA, O’HANDLEY, STEPHENS, AND PAGOLA
measured lattice constant, andab53.5241 Å, is the bulk lat-
tice constant of nickel.17 The values are also given in Table
The ratio2e' /e i has the value 1.1860.05, which is very
close to the ratio in a bulk nickel crystal, 2c12/c1151.28
~Ref. 18! ~see Table I!. The relarionship between2e' /e i

and 2c12/c11 can be found using the strain-stress relatio
ships, using the fact that the stress along the axial direct
szz50 in the nickel film. The Poisson’s ratiov is calculated
to be 0.3760.1 using the formula 2c12/c1152v/(12v).

One simple way of analyzing and predicting the thickne
dependence of the strain is to first fit the in-plane strain d
~better resolution than out-of-plane! using the phenomeno
logical equatione i5h(tc /tNi)

p whereh(52.6%) is the mis-
fit strain of the nickel on copper,tc and p are the fitting
parameters. Withtc527 Å, andp52/3, the power law gives
a good fit to the data~see Fig. 7!, if it is restricted only to
films that are less than 150-Å thick. The out-of-plane str
curve found by the formulae'52(2c12/c11)h(tc /tNi)

p, is
in good agreement with the experimental result. A natu
interpretation, coming from the dimensionality of the para
eter tc is that it is the critical thickness below which th
nickel is coherent with the copper buffer layer. But it mu
be warned that there is no theoretical basis to think that
is indeed the true critical thickness~in fact, it is not, as we
shall see!. One justification for restricting the nickel thick
nesses range in the fitting is that both the in plane and ou
plane strain are better fitted if the data from the 500 and 2
Å film are excluded. A better justification comes from a
equilibrium theory, which is now discussed.

Thermodynamic equilibrium theory of misfit strain rela
ation in epitaxial films is based on minimizing elastic a
dislocation energy. The method was first introduced
Frank and van der Merwe in 1949.19 The model proposed by
Basson and Ball~the BB model! ~Ref. 9! is an extension of
the Matthews model10 from single to multilayered films.
Since the capping layered film thickness is comparable

FIG. 7. In-plane and out-of-plane strain as a function of
nickel film thickness. The data are fitted with three different mo
els: the 1/t law, (1/t)2/3 fit, and Basson and Ball equilibrium mode
-
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that of the nickel film, it seems appropriate to employ the B
model in analyzing the strain data. With some assumpti
~which will be stated later!, the equilibrium value of in-plane
biaxial strain, as predicted by the BB model, can be obtai
using the following equation:

e i
35

b

cosc sinb

~12n cos2 b!

8p~11n!

1

tCu1tNi
lnS tCu1tNi

b/a D
1

tCu

tCu1tNi
h ~1!

Here, b is the length of the Burgers vector,tCu is the cap
copper film thickness.c is the angle between the interfaci
plane and the slip plane of the dislocation;b the angle be-
tween the Burgers vector and dislocation lines.a is anad
hoc factor to account for the core energy of a dislocation. F
metals, its value is between 0.5 and 2;20 a51 is used in our
analysis. The first term in Eq.~1! can be interpreted as th
strain of the film whose thickness is the sum of the fi
thicknesses of the copper capping and nickel layer; the
ond term accounts for the fact that copper and nickel h
different bulk lattice constants, weighed by the thickness
the capping layer. Notice that fortCu50, we get the Mat-
thews’ expression for the strain of a single epilayer,10 as
expected.

The assumptions used in writing Eq.~1! are:~i! the films
are mechanically isotropic;~ii ! both the nickel and coppe
capping layer have the same Poisson’s ratio and shear m
lus; ~iii ! the copper capping layer is completely cohere
with the nickel. Although the BB model makes a distinctio
between cases for which the average linear spacing of
dislocations is greater or less than twice the total film thic
ness 2(tCu1tNi), we find that the difference is not significan
for our films. For simplicity, we assume the cases.2(tCu
1tNi) for all nickel-film thicknesses.

If the dislocations in the nickel are assumed to be pur
60° dislocations on$111% slip planes, then cosc51/),
cosb51/2, andb5aNi /&, whereaNi is the lattice constan
of the nickel layer. Using these numbers, the in-plane eq
librium strain can be found, and it is plotted in Fig. 7~BB
model!. The equilibrium critical thickness of the nickeltc

e

~the thickness below which it is energetically more favora
for the nickel film to be coherent on the copper buffer lay!
is calculated to be 15 Å using Eq.~1! with e i

e52.6%. This is
in agreement with the result reported by Inglefield,21 which
is that tc must be between 15 to 20 angstroms. The out-
plane strain is found by the formulae'52(2c12/c11)e i .
Note that for the thinner nickel films, the predicted equili
rium strains agree well with the measured values. This
expected because the misfit strain between the nickel
copper is large~2.6%!. However, the thicker films~500 and
2000 Å! show large deviation from the equilibrium strain
which is in agreement with other studies.6,7 The reason for
this departure is not well understood. It has been argued
Matthews and Crawford6 that the misfit dislocations have no
reached their equilibrium density due perhaps to the tang
of dislocations. Figure 7 also shows the 1/t curve usingtc
527 Å. The critical thickness of 27 Å~instead of 15 Å! is
used for two reasons:~i! a useful comparison with the
(1/t)2/3 law can be made;~ii ! it gives better fit than that if

-



1
ue

c

e

ion
ons
to

ne
ntly
re-
its
to
xi-

sly
to
an
d
ne
er

i-

ce
-
p-
a-
al
of

of
31.

o-
es
a

PRB 60 13 785X-RAY STUDY OF STRAINS AND DISLOCATION . . .
tc515 Å is used. Observe that the strain predicted by thet
law drops much faster than that of the experimental val
and the BB model. The failure of the 1/t law, as it is applied
in this system, is due mainly to the exclusion of the influen
of the capping layer in its derivation.

The linear dislocation densityr can be estimated from th
strain data using the following formula22

r5
h2e i

b sinb cosc
~2!

FIG. 8. The solid line is the equilibrium linear density of disl
cation. The dash line is the equilibrium dislocation spacing. Th
lines come from the Basson and Ball model. The discrete points
the data calculated from the diffraction peaks.
d

-

.

pl

n

/
s

e

The result for both the equilibrium and measured dislocat
densities are plotted in Fig. 8. As expected, the dislocati
densities increase with increasing nickel film thickness
reduce the strain energy. The dislocation spacing,s51/r, is
also plotted on the same figure.

V. CONCLUSIONS

The strain in a series of Cu/Ni/Cu/Si~001! films has been
studied using x-ray diffraction. Perpendicular and in-pla
strains of the nickel films have been measured independe
using symmetric Bragg and grazing-incidence diffraction
spectively. The 2000 Å copper buffer layer maintains
bulk lattice constnat, even with nickel films that are up
2000 Å in thickness. The Ni misfit strain decrease appro
mately as (1/t)2/3 rather than the often assumed 1/t form. Its
absolute values are significantly larger than those previou
reported. The BB equilibrium model seems to be able
account for the strain in the nickel films that are less th
150 Å thick. The equilibrium critical thickness is predicte
to be about 15 Å. The ratio of out-of-plane and in-pla
strain agrees well with the bulk value. The strain in thick
Ni films ~500 and 2000 Å! is appreciably larger than equ
librium strain, in agreement with the earlier work.
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