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Perpendicular magnetic anisotropy and strain in NiÕCuÕNi60Cu40ÕCu„001…
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We report that for epitaxial Cu/Ni60Cu40/Cu~001! and for Cu/Ni/Cu~001! structures, the in-plane lattice
parameter (ain) for Cu increases with increasing Cu overlayer thickness. For the Cu/Ni~30 Å!/Cu/Ni/Cu~001!
structures, the value ofain of the 30-Å Ni film directly depends onain of the Cu underlayer. Magneto-optic
Kerr effect measurements on a Cu/Ni/Cu/Ni60Cu40~001! structure reveal an increase in the magnetoelastic
anisotropy with increasing Cu spacer layer thickness and, surprisingly, suggest no significant difference be-
tween the interface anisotropy of the Ni-Cu and the Ni-Ni60Cu40 interface. The stronger perpendicular magnetic
anisotropy for Cu/Ni/Cu~001! structures compared to Cu/Ni/Ni60Cu40/Cu~001! is therefore attributed to an
increased magnetoelastic anisotropy contribution.
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Perpendicular magnetic anisotropy~PMA! has been ob-
served in a wide range of ultrathin magnetic films. H
eroepitaxial systems that show PMA include f
Fe/Cu~001!,1–4 bcc Fe/Ag ~001!,5,6 Co/Pd superlattices,7,8

and Co/Au~111! thin films and superlattices.9 In particular,
epitaxial Cu/Ni/Cu~001! sandwiches show PMA over a larg
thickness range from about 25 to 140 Å.10–15In order to gain
an understanding of the PMA, an independent determina
of the magnitudes of the contributions to the total magne
anisotropy energy, such as shape, magneto-crystalline, m
netoelastic, and interface anisotropy is crucial. The magn
film thickness dependence~t! of the effective magnetic an
isotropy energy (Keff) is often separated into a bulk magne
anisotropy (KV) and an interface contribution (KS):

Keff5KV12KS/t. ~1!

KV includes the magnetostatic energy, the bulk magnetoc
talline energy (KMC

b ), and the magnetoelastic anisotropy, r
spectively.KS includes the Ne´el-type interface anisotropy
(KN),16 originating in the broken symmetry of the interfac
atoms. It has been furthermore proposed that a strain de
dent part of the interface anisotropy, i.e., the surface mag
toelastic anisotropy, should be included into the interfa
anisotropy;15,17 Keff can then be described as

Keff522pMS
21KMC

b 1Bb«1~KN1Bs«!/t. ~2!

HereBb andBs are the bulk and surface magnetoelastic c
pling coefficient,« the strain tensor, andMS the saturation
magnetization. Magnetoelastic anisotropy energies h
been found to be different to the bulk for several system
such as polycrystalline NiFe/Ag/Si, FeNi/Cu/Si thin films17

and Ni/Ag multilayers.17,18 For Cu/Ni/Cu~001! structures a
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double transition of the magnetic anisotropy with Ni thic
ness has been found.10,15For Ni thicknesses above about 14
Å, an in-plane magnetization is found due to the domin
shape anisotropy.10 In the range from about 25,t,140 Å an
out-of-plane magnetization is found. This is attributed to t
magnetoelastic anisotropy of the strained Ni film due to
lattice mismatch to the Cu~001! substrate.10,15,19,20Ni films
on Cu~001! show for the first few monolayers anain expan-
sion due to the Ni-Cu lattice mismatch which is accompan
by a contraction of the interlayer spacing.21,22 With increas-
ing Ni film thickness the strain is released via mis
dislocations.23 In the Ni thickness range below 25 Å, an in
plane magnetization occurs which has been interpreted
ferently:

~i! It has been argued that the Ni-Cu interface show
negativeKN causing the in-plane magnetization in this thic
ness range.10,11 This is supported by the results of rece
band-structure calculations, which yield a negativeKN for
Cu/Ni/Cu~001! sandwiches.24

~ii ! On the other hand, it has been argued that the Ni-
interface shows a positiveKN and a large negative surfac
magnetoelastic coupling energyBS.13,15The PMA for Cu/Ni/
Cu~001! sandwiches for 25,t,140 Å is explained to origi-
nate from the bulk magnetocrystalline anisotropyBb« and
the positive surface anisotropyKN, whereas the in-plane
magnetization found up to 25 Å is caused by a large nega
BS.

Experimental evidence for a positiveKN has been ob-
tained from magnetic anisotropy behavi
Ni/Cu12xNix /Cu~001! structures.13 Ni/Cu12xNi/Cu~001!
thin films show a transition from an out-of-plane easy axis
an in-plane easy axis of magnetization with increasing
content of the Ni-Cu alloy substrate.13 This behavior has
6805 ©2000 The American Physical Society
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6806 PRB 61LAUHOFF, VAZ, BLAND, LEE, AND SUZUKI
been assumed to be attributed to a change ofKN at the
Ni-Cu12xNix interface with Ni content, whereas the diffe
ences in the lattice mismatch has been assumed to hav
effect on the PMA.

In view of the controversy on the origin of the layer thic
ness dependent magnetic anisotropy of Ni/Cu~001! films we
have here studied the PMA andain of an epitaxial
Cu/Ni/Cu/Ni60Cu40/Cu~001! structure ~sample 1! and a
Ni~30 Å!/Cu/Ni/Cu~001! structure~sample 2!. By varying
the Ni and Cu spacer layer thickness we can systematic
modulate the lattice mismatch and the chemical composi
at the interface of the Ni films, and thereby study the eff
of these parameters on the PMA.

Reflection high-energy electron-diffraction~RHEED!
measurements reveal that for the Cu/Ni/C
Ni60Cu40/Cu~001! structure and Ni~30 Å!/Cu/Ni/Cu~001!
structures, theain for Cu increases with increasing Cu spac
layer thickness and that for the 30-Å-thick Ni film,ain di-
rectly depends on theain of the Cu spacer layer. Pola
magneto-optic Kerr effect~MOKE! measurements on th
Cu/Ni/Cu/Ni60Cu40~001! structure reveal an increase in th
magnetoelastic anisotropy strength with increasing Cu sp
layer thickness and surprisingly suggest no significant dif
ence between the interface anisotropy of the Ni-Cu and
Ni-Ni60Cu40 interface. We conclude from our measureme
that there is no evidence for a strong positive Ne´el-type in-
terface anisotropy in the Cu/Ni/Cu~001! system in contras
with previous suggestions.15

Figure 1 shows a schematic diagram of the stairca
structure~sample 1! prepared for this study. From the left- t
the right-hand sides are shown a region where the Ni film
~a! directly grown onto Cu/Si~001!, ~b! onto Ni60Cu40 ~200
Å!/Cu/Si~001!, ~c!–~e! on a Cu staircase~10-, 100-, 200-Å
Cu!/Ni60Cu40(200 Å)/Cu/Si~001! structure, and~e! 200-Å
Cu/Ni60Cu40(200 Å)/Cu/Si~001!. The Ni film is grown as a
staircase with three different thickness of 60, 80, and 100
as also illustrated in Fig. 1. The Si~001! substrates were
etched in diluted hydrogen fluoride solution for 12 min pri
to loading into the growth chamber and annealed for 2 h at;
200 °C after overnight bakeout. The samples were prepa
using ultrahigh vacuum vapor deposition at ambient te
peratures. Cu was evaporated using an electron-beam-h
Mo crucible, while Ni evaporation was done by electro
beam heating of the Ni rod. The base pressure of the ch
ber was 4310210mbars for the growth of sample 1. Th
pressure increased during deposition for the Cu films t

FIG. 1. Schematic diagram of the sample structure. The ac
size of the sample is 232 cm.
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31029 mbars, while it was maintained in the mid
10210-mbars range during deposition of the Ni and Ni60Cu40
film. A 1000-Å-thick Cu buffer was grown at;7 Å/min.
The 200-Å Ni60Cu40 layer was grown by codeposition at; 4
Å/min. A Cu staircase~10, 100, and 200 Å! was grown on
part of the Ni60Cu40 film. The sample was then rotated b
90° and a Ni staircase~60, 80, and 100 Å! was grown at;2
Å/min. The Ni film is capped with a 100-Å Cu film. The film
thicknesses and growth rates were estimated using a qu
crystal monitor close to the sample position. The cleanlin
of the films were confirmed by Auger electron spectrosco
after completion of each film growth. The composition f
the Ni60Cu40 was furthermore checked by Auger electro
spectroscopy. Furthermore a Cu/30-Å Ni/Cu~0–600 Å!/
300-Å Ni/2000-Å Cu/Si~001! was grown~sample 2! under
similar growth condition. RHEED images were taken af
the completion of each layer on each step of the stairc
structure, by translating the sample, but without chang
other conditions, such as the direction of the electron be
The images are recorded with a digital camera.

Figure 2 shows typical RHEED images taken after t
completion of the growth of the subsequent layers along
^100& Cu azimuth for sample 1. The@001# direction of the Cu
and Ni cubic axes are rotated in plane by 45° with respec
the Si~001! principal axes.25 After the deposition of the
1000-Å Cu film on Si~001!, the RHEED pattern shows shar

al

FIG. 2. RHEED images along thê100& Cu azimuth of 1000-Å
Cu~001!, Ni60Cu40(200 Å)/Cu~001!, Cu(10,200Å)/Ni60Cu40/
Cu~001!, and Ni(60 Å)/Cu(10,200Å)/Ni60Cu40/Cu~001! grown on
Si~001!. The RHEED images are qualitatively very similar, co
firming the epitaxial growth of the consecutive layers.
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and elongated spots or streaks. This indicates that the gro
of Cu on Si~001! is epitaxial but dominated by three
dimensional growth, as previously reported.25–27 No large
qualitative changes in the RHEED pattern are observed
ing the subsequent Ni60Cu40, Cu, and Ni film growth indi-
cating their epitaxial relationship. We determinedain from
the streaks distance in the RHEED images through a l
shape analysis after the completion of the Cu spacer la
The inset in Fig. 3 shows a typical line intensity profile of t
RHEED image for the 1000-Å Cu/Si~001! and the fitted
curves using three Gaussian functions. The absolute valu
ain is determined, by assumingain of the Cu buffer film to be
bulklike. Figure 3 shows the result of this analysis for sam
1. For the Ni60Cu40(200 Å)/Cu~001! structureain53.54 Å is
determined, which is close to the bulk Ni60Cu40 in-plane lat-
tice parameter ofain53.55 Å.28

Cu is reported to grow epitaxially on Ni~001!. The strain
is reported to be relieved even from the first monolayers
internal ~111! faceting, whereas for larger thicknesses~from
about 18 monolayers! the strain is relieved via misfi
dislocations.29–32 A similar behavior might be also expecte
for Cu on Ni60Cu40~001!. Therefore already for 10-Å Cu film
on Ni60Cu40~001! film ain of Cu might slightly deviate from
that of the Ni60Cu40~001! film.

However, within experimental resolution, theain of the
10-Å Cu/Ni60Cu40 and the Ni60Cu40 film are found to be very
similar. With increasing thickness the Cuain relaxes towards
the bulk Cu lattice constant. For the case of the 100
Cu/Ni60Cu40 and the 200-Å Cu/Ni60Cu40, the ain is deter-
mined to be 3.56 and 3.59 Å, respectively. Therefore we
continuously modulate theain of the Cu layer by growing it
on a Ni60Cu40/Cu~001! film. This further allows one to en
gineer the lattice mismatch between a Ni film to the
underlayer, and to study its influence on the perpendic
magnetic anisotropy for Ni/Cu~001! structures. The bulk
Ni-Cu phase diagram indicates that Ni and Cu form a so
solution, which is nonmagnetic at room temperature, p
vided the Ni content is less than 65 at. %.28 In our experi-
ment we therefore used a Ni60Cu40 film, which should be
nonmagnetic, as we also confirmed by polar MOKE m
surements.

We have furthermore determined theain for a Ni ~30 Å!/
Cu~0–600 Å!/Ni/Cu/Si~001! structure from a line-profile

FIG. 3. In-plane lattice parameter for the Cu spacer/NiC
1000-Å Cu/Si~001! structure with different spacer layer thickne
~solid square! and the 1000-Å Cu/Si~001! structure~open circle!.
The bulk lattice parameters are indicated by the three lines.
inset shows the line profile of a 1000-Å Cu/Si~001!, and the curve
fitting to it.
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analysis of the RHEED images. RHEED images have b
taken for each Cu spacer layer thickness both after
completion of the Cu spacer layer, and after the complet
of the 30-Å Ni overlayer. This allows us to study theain of
the Ni film in relation to the lattice mismatch of the C
underlayer. The results of this analysis are shown in Fig
We find thatain for bothCu and Ni overlayers increases wit
increasing Cu spacer layer thickness. For the 30-Å Ni lay
ain is found to be smaller than for Cu for all Cu spacer lay
thicknesses. This directly shows that the 30-Å Ni is par
relaxed in each case. The lateral strain in the Ni overlaye
largest when grown on the 600-Å Cu spacer layer and
proximately follows the lateral strain of the Cu/Ni/Cu~001!
structure.

Figure 5 shows the polar MOKE hysteresis loops for C
Ni/~10, 100, 200 Å! Cu/Ni60Cu40/Cu~001! structures with
different Ni layer thicknesses. The hysteresis curves for
Ni/100-Å Cu/Ni60Cu40 and the Ni/200-Å Cu/Ni60Cu40 are
very similar to each other for each Ni thickness. The Ni/10
Cu/Ni60Cu40 structures show a relatively lower remanen
and lower saturation field compared to those of the Ni/100

/

e

FIG. 4. In-plane lattice parameter for the Cu~0–600 Å!/Ni~300
Å!/Cu~001! and 30-Å Ni/~0–600 Å! Cu/Ni ~300 Å!/Cu~001! struc-
ture for different Cu layer thicknesses.

FIG. 5. Polar MOKE hysteresis loops of~-o-! Cu/Ni/10-Å Cu,
~—! Cu/Ni/100-Å Cu, and ~j! Cu/Ni/200-Å Cu on
Ni60Cu40/Cu~001! for different Ni layer thicknesses. The loops a
normalized at saturation and shifted for different Ni thicknesses
clarity.
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Cu/Ni60Cu40 and Ni/200-Å Cu/Ni60Cu40 structures for the
three different Ni thicknesses. Figure 6 shows the perp
dicular remanence determined from these polar MOKE m
surements. The remanence is found to gradually incre
with increasing Cu spacer layer thickness and to gradu
decrease with increasing Ni layer thickness. This beha
together with the observed changes in the perpendicular s
ration field suggests that the PMA increases with increas
Cu spacer layer thickness, and decreases with increasin
layer thickness. We previously found that for Cu/Ni/C
Si~001! structures the magnetic moment is close to its b
value for Ni thickness above around 50 Å.33–35Therefore we
would not expect the changes observed in the magnetic
isotropy behavior for the 60-Å Ni films investigated here
be largely affected by possible variations in the magne
moments but rather dominated by the influence of the lat
misfit on the PMA of the Ni/Cu~001! films. With increasing
Cu spacer layer thickness, the Ni-Cu lattice mismatch of
Ni film increases. This causes an increase in the magn
elastic anisotropy energy and therefore PMA. The Cu/60
Ni/200-Å Cu/Ni60Cu40/Cu~001! structure shows an almos
completely square loop, indicating PMA. For the 200-Å C
film ain is nearly the same as for the bulk value of Cu~001!,
as shown in Fig. 3. The Cu/60-Å Ni/200-Å
Cu/Ni60Cu40/Cu~001! is therefore expected to show a ma
netic anisotropy behavior similar to that of a Cu/60-Å N
Cu~001! structure which is reported to show PMA.10,15,22,25,36

The polar MOKE curve for the Cu/60-Å Ni/200-Å
Cu/Ni60Cu40/Cu~001! is very similar to that of the Cu/60-Å
Ni/Cu~001! sandwich~shown in Fig. 8! confirming this view.
In the incoherent growth regimeain gradually relaxes to its
bulk value with increasing Ni thickness causing a decreas
influence of the magnetoelastic anisotropy on
PMA.10,15,23,36,37

We have shown that theain for the Cu(10 Å)/
Ni60Cu40/Cu~001! film is within error the same as that o
Ni60Cu40/Cu~001! film. It is therefore interesting to investi
gate the magnetic anisotropy for Cu/Ni/Ni60Cu40/Cu~001!
and Cu/Ni/10-Å Cu/Ni60Cu40/Cu~001! structures. This al-
lows us to directly compareKN of the Ni-Cu and the

FIG. 6. Perpendicular remanence determined from polar MO
measurements, as shown in Fig. 4, for the Cu/Ni/Cu spa
Ni60Cu40/Cu~001! structure.
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Ni-Ni60Cu40 interface, since only very small difference
in the magnetoelastic volume anisotropy contribution
expected between such structures. Figure 7 shows the p
MOKE hysteresis curves for Cu/Ni/10-Å Cu/Ni60Cu40/
Cu~001! and Cu/Ni/Ni60Cu40/Cu~001! structures of different
Ni layer thicknesses. Surprisingly the hysteresis loops of
Cu/Ni/Ni60Cu40 are the same as for the Cu/Ni/10-
Cu/Ni60Cu40 sample for each Ni thickness, respective
Therefore there is no indication thatKN of the Ni-Cu and the
Ni-Ni60Cu40 interfaces are different. One explanation mig
be that the size ofKN of the Cu/Ni interface is relatively
small in terms ofKeff, and slight changes inKN between the
Ni-Cu interface and the Ni-Ni60Cu40 interface would not be
significant. Another interpretation is that the chemical co
position of the Ni60Cu40 surface is actually more like a C
surface due to surface segregation of the Cu atoms. C
well known to segregate to the surface for Cu-Ni alloys a
alloy films for a wide range of compositions.38–41 Increasing
the temperature tends to drive the Cu from the surface
the bulk. The Cu surface layer concentration for a Cu50Ni50
alloy has been calculated to be close to one at 400 K.39 The
Ni60Cu40 film in our experiment is relatively thick~200 Å!
and grown at room temperature. Therefore some Cu sur
segregation is expected to occur.

Figure 8 shows the polar MOKE hysteresis curves for
Cu/Ni/Cu~001! and Cu/Ni/Ni60Cu40~001! structures for dif-
ferent Ni thicknesses. The Cu/60-Å Ni/Cu~001! structure
shows an almost completely square hysteresis loop indi
ing PMA. The Cu/60-Å Ni/Ni60Cu40/Cu~001! structure
shows a largely reduced remanence field, and an incre
saturation field compared to the Cu/60-Å Ni/Cu~001! struc-
tures. This shows that the PMA is weaker for Ni films grow
on Ni60Cu40/Cu~001! compared to those directly grown o
Cu~001!. The difference in the remanence and perpendicu
saturation field for the different spacer layer becomes sma
for the 80-Å Ni film, while for the 100-Å Ni film, the hys-

E
r/

FIG. 7. Polar MOKE hysteresis loops of ~o!
Cu/Ni/Ni60Cu40/Cu~001! and ~—! Cu/Ni/10-Å
Cu/Ni60Cu40/Cu~001! structures for different Ni layer thicknesse
as indicated in the graph. The loops are normalized at saturation
shifted for clarity.
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teresis curves are almost the same for the Ni60Cu40~001! and
Cu~001! underlayer. Two mechanism are potentially impo
tant here: the interface anisotropy and strain. SinceKN for
the Ni-Cu and Ni-Ni60Cu40 interface is not significantly dif-
ferent~see Fig. 7!, the changes observed here in the effect
magnetic anisotropy behavior for Cu/Ni/Cu~001! structures
compared with Cu/Ni/Ni60Cu40~001! can be attributed to the
difference in the magnetoelastic anisotropy. The lattice m
match between Ni and Cu is 2.5% compared to only 1.
between fcc Ni and the Ni60Cu40 alloy.28 We have shown
that incoherently grown Ni films are less strained, when
lattice mismatch to the Cu~001! underlayer is smaller. There
fore the magnetoelastic anisotropy becomes weaker, re
ing the PMA for the Ni film when grown on
Ni60Cu40/Cu~001! compared to when directly grown o
Cu~001!. With increasing Ni layer thickness, the Ni film
become increasingly relaxed and differences in the magn
elastic anisotropy become less important.

The magnetic anisotropy of Ni/CuNi/Cu~001! thin films
has been previously investigated by Bochiet al. in order to
qualitatively test the effect ofKN and the surface magneto
elastic anisotropy on the PMA in Ni/Cu~001! thin films.13

FIG. 8. Comparison of polar MOKE hysteresis loops of~-o-!
Cu/Ni/Cu~001! and ~—! Cu/Ni/Ni/Ni60Cu40/Cu~001! structures for
three different Ni layer thicknesses as indicated in the graph.
loops are normalized at saturation and shifted for clarity.
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The region of PMA for Ni/Cu60Ni40/Cu~001! has been found
to be narrower than for Ni/Cu~001! films. The perpendicular
magnetic remanence is found to decrease with increasin
and to essentially vanish for Ni contentsX.25% for
Ni(100 Å)/Cu12xNix /Cu~001!. Based on the Mathews
Blakeslee model42 the authors expect the misfit strain in th
Ni film to be independent on the lattice mismatch to t
underlayer in the incoherent growth regime. More recentl
has been found, however, that for metal interface with squ
symmetry, such as Cu on Ni~001!, strain can be already re
lieved in the submonolayer range,29,31 as also explained in
more recent models on elastic strain relaxation.43 Our obser-
vation thatain for a Ni film directly depends onain of the Cu
underlayer therefore is supported by recent experimental
theoretical studies. For Ni/CuNi/Cu~001! changes of the
magnetic anisotropy with the Ni content have been attribu
to differences ofKN for the Ni-Cu interface compared to th
Ni-Cu12xNix interface in Ref. 13. However, our MOKE
measurements show the same magnetic anisotropy beh
for the Cu/Ni/Cu(10Å)/Ni60Cu40~001! and the
Cu/Ni/Cu(10Å)/Ni60Cu40~001! structure. This suggests tha
KN for the Ni-Cu interface and the Ni-Ni60Cu40 interface are
not significantly different and therefore oppose the assum
tion made in Ref. 13.

In conclusion, we have studied the PMA and the in-pla
lattice parameter of epitaxial Cu/Ni/Cu/Ni60Cu40/Cu~001!
and Ni/Cu/Ni/Cu~001! structures as a function of the Ni an
Cu spacer layer thickness. RHEED measurements reveal
the in-plane parameter of an Ni film epitaxially grown o
Cu~001! directly depends on the lattice parameter of the
underlayer. MOKE measurements on
Cu/Ni/Cu/Ni60Cu40~001! structure directly reveal an increas
in the magnetoelastic anisotropy and therefore perpendic
magnetic anisotropy with increasing Ni-Cu lattice mismat
and surprisingly suggest no significant difference betwe
the interface anisotropy of the Ni-Cu and the Ni-Ni60Cu40
interface. We therefore attribute the stronger PMA found
Cu/Ni/Cu~001! structures compared with th
Cu/Ni/Ni60Cu40/Cu~001! structures to a larger magnetoela
tic anisotropy contribution.
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EU, the Toyota School Foundation, and the Japanese So
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