PHYSICAL REVIEW B VOLUME 61, NUMBER 10 1 MARCH 2000-II

Perpendicular magnetic anisotropy and strain in NYCu/NiggCu,e/Cu(001)
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We report that for epitaxial Cu/ljCu,,/Cu(001) and for Cu/Ni/C@001) structures, the in-plane lattice
parameter &;,) for Cu increases with increasing Cu overlayer thickness. For the GO'Mi)/Cu/Ni/Cu001)
structures, the value af;, of the 30-A Ni film directly depends oa,, of the Cu underlayer. Magneto-optic
Kerr effect measurements on a Cu/Ni/Cuyfdiu,(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 Niyy, interface. The stronger perpendicular magnetic
anisotropy for Cu/Ni/C(D01) structures compared to Cu/NifNCu,,/Cu(00)) is therefore attributed to an
increased magnetoelastic anisotropy contribution.

Perpendicular magnetic anisotropgMA) has been ob- double transition of the magnetic anisotropy with Ni thick-
served in a wide range of ultrathin magnetic films. Het-ness has been fourti!®For Ni thicknesses above about 140
eroepitaxial systems that show PMA include fccA, an in-plane magnetization is found due to the dominant
Fe/Cy001),"* bcc Fe/Ag (001),>° Co/Pd superlattices?  shape anisotropf In the range from about 25t<140 A an
and Co/Au111) thin films and superlatticesIn particular,  out-of-plane magnetization is found. This is attributed to the
epitaxial Cu/Ni/C¢001) sandwiches show PMA over a large magnetoelastic anisotropy of the strained Ni film due to the
thickness range from about 25 to 140%™°In order to gain  [attice mismatch to the GQ01) substratd®!51920Nj films
an understanding of the PMA, an independent determinatiogn Cy001) show for the first few monolayers am, expan-
of the magnitudes of the contributions to the total magnetigion due to the Ni-Cu lattice mismatch which is accompanied
anisotropy energy, such as shape, magneto-crystalline, magy a contraction of the interlayer spacific?? With increas-
netoelastic, and interface anisotropy is crucial. The magneti;yg Ni film thickness the strain is released via misfit
film thickness dependend#) of the effective magnetic an- dislocations?® In the Ni thickness range below 25 A, an in-
isotropy energy Keg) is often separated into a bulk magnetic plane magnetization occurs which has been interpreted dif-

anisotropy K") and an interface contributiork®): ferently:
ot LV s (i) It has been argued that the Ni-Cu interface shows a
K#'=K"+2Kt. 1) negativeKN causing the in-plane magnetization in this thick-

dess rangé’™* This is supported by the results of recent
band-structure calculations, which yield a negati<® for
Cu/Ni/Cu001) sandwiches?

KV includes the magnetostatic energy, the bulk magnetocry:
talline energy ((*,\’,lc), and the magnetoelastic anisotropy, re-

spectively. KS includes the Nel-type interface anisotropy (i) On the other hand, it has been argued that the Ni-Cu

(KN, originating in the broken symmetry of the interface . terf h itivis and a | " f
atoms. It has been furthermore proposed that a strain depeW—er ace shows a positive ™ and a 'arge negative surtace

R ; 13,15 H
dent part of the interface anisotropy, i.e., the surface magnépagnetoelastm coupling energy. The PMA for Cu/Ni/

toelastic anisotropy, should be included into the interfaceo!(00D sandwiches for 251<140A is explained to origi-

anisotropy'5” K& can then be described as nate fro_rr_1 the bulk mag_netocrysNtaIIme amsotrcﬁ?{e and
the positive surface anisotropi™, whereas the in-plane

Keffl= —2.M §+ KKACJF BPe + (KN+BSs)/t 2) magnetization found up to 25 A is caused by a large negative
' BS.
HereBP andBS are the bulk and surface magnetoelastic cou- Experimental evidence for a positiéN has been ob-
pling coefficient,e the strain tensor, ani¥ 5 the saturation tained from magnetic anisotropy behavior

magnetization. Magnetoelastic anisotropy energies havali/Cu;_Ni,/Cu(001) structures® Ni/Cu,_,Ni/Cu(001)
been found to be different to the bulk for several systemsthin films show a transition from an out-of-plane easy axis to
such as polycrystalline NiFe/Ag/Si, FeNi/Cu/Si thin filths an in-plane easy axis of magnetization with increasing Ni
and Ni/Ag multilayerst’'® For Cu/Ni/Cy001) structures a content of the Ni-Cu alloy substrat®. This behavior has
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FIG. 1. Schematic diagram of the sample structure. The actual
size of the sample is:22 cm.

been assumed to be attributed to a change&kbfat the
Ni-Cu, _,Ni, interface with Ni content, whereas the differ-
ences in the lattice mismatch has been assumed to have r
effect on the PMA. "

In view of the controversy on the origin of the layer thick- 60 A Ni/10A Cu 60 A Ni/200 A Cu
ness dependent magnetic anisotropy of Ni@1) films we
have here studied the PMA and;, of an epitaxial
Cu/Ni/Cu/NiggCu,e/Cu(001) structure (sample 1 and a
Ni(30 A)/Cu/Ni/Cu001) structure(sample 2. By varying
the Ni and Cu spacer layer thickness we can systematically
modulate the lattice mismatch and the chemical compositior
at the interface of the Ni films, and thereby study the effect
of these parameters on the PMA.

Reflection high-energy electron-diffractiofRHEED)

measurements  reveal that for the CU/NI/Cu/ G 2 RHEED images along tHa00) Cu azimuth of 1000-A
NiggClyo/Cu(001) structure and NBO A)/Cu/Ni/Cu001) Cu00D, NigCus(200A)/CLO0D),  Cu(10,2008)/NigsCliso/
structures, thay, for Cu increases with increasing Cu spacercy(001), and Ni(60 A)/Cu(10,208)/Ni g,Cuyo/Cu(001) grown on
layer thickness and that for the 30-A-thick Ni film, di-  Si(001). The RHEED images are qualitatively very similar, con-
rectly depends on the,, of the Cu spacer layer. Polar firming the epitaxial growth of the consecutive layers.
magneto-optic Kerr effecfMOKE) measurements on the
CU/Ni/Cu/NigsCuyo(001) structure reveal an increase in the x10 °mbars, while it was maintained in the mid-
magnetoelastic anisotropy strength with increasing Cu spacei0™ °-mbars range during deposition of the Ni andJSiuy,
layer thickness and surprisingly suggest no significant differfilm. A 1000-A-thick Cu buffer was grown at-7 A/min.
ence between the interface anisotropy of the Ni-Cu and th&he 200-A Nj,Cuy, layer was grown by codeposition at4
Ni-NigoCuyg interface. We conclude from our measurementsA/min. A Cu staircasg10, 100, and 200 Awas grown on
that there is no evidence for a strong positiveeNigpe in-  part of the NiCuy film. The sample was then rotated by
terface anisotropy in the Cu/Ni/@01) system in contrast 90° and a Ni staircasg0, 80, and 100 Awas grown at-2
with previous suggestions. A/min. The Ni film is capped with a 100-A Cu film. The film
Figure 1 shows a schematic diagram of the staircasegicknesses and growth rates were estimated using a quartz-
structure(sample ] prepared for this study. From the left- to crystal monitor close to the sample position. The cleanliness
the right-hand sides are shown a region where the Ni film iof the films were confirmed by Auger electron spectroscopy
(a) directly grown onto Cu/$001), (b) onto NigeClyg (200 after completion of each film growth. The composition for
A)ICu/si001), (c)—(e) on a Cu staircasél0-, 100-, 200-A  the Nig,Cuy, was furthermore checked by Auger electron
CU)/NigeCus(200 A)/Cu/Si{00]) structure, and(e) 200-A  spectroscopy. Furthermore a Cu/30-A Ni/Q0—-600 A/
Cu/NigoCus(200 A)/Cu/S{001). The Ni film is grown as a  300-A Ni/2000-A Cu/Si001) was grown(sample 2 under
staircase with three different thickness of 60, 80, and 100 Asimilar growth condition. RHEED images were taken after
as also illustrated in Fig. 1. The (8D1) substrates were the completion of each layer on each step of the staircase
etched in diluted hydrogen fluoride solution for 12 min prior structure, by translating the sample, but without changing
to loading into the growth chamber and annealed’fb at~  other conditions, such as the direction of the electron beam.
200 °C after overnight bakeout. The samples were preparetihe images are recorded with a digital camera.
using ultrahigh vacuum vapor deposition at ambient tem- Figure 2 shows typical RHEED images taken after the
peratures. Cu was evaporated using an electron-beam-heatesinpletion of the growth of the subsequent layers along the
Mo crucible, while Ni evaporation was done by electron-(100) Cu azimuth for sample 1. TH&01] direction of the Cu
beam heating of the Ni rod. The base pressure of the chanand Ni cubic axes are rotated in plane by 45° with respect to
ber was 4<10 °mbars for the growth of sample 1. The the S{001) principal axes® After the deposition of the
pressure increased during deposition for the Cu films to 2.000-A Cu film on Sj001), the RHEED pattern shows sharp
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FIG. 3. In-plane lattice parameter for the Cu spacer/NiCu/
1000-A Cu/S{001) structure with different spacer layer thickness  FIG. 4. In-plane lattice parameter for the @600 A/Ni(300
(solid squarg and the 1000-A Cu/$001) structure(open circlé.  A)/Cu(001) and 30-A Ni(0-600 A Cu/Ni (300 A)/Cu(001) struc-
The bulk lattice parameters are indicated by the three lines. Theure for different Cu layer thicknesses.
inset shows the line profile of a 1000-A Cuf®1), and the curve
fitting to it. analysis of the RHEED images. RHEED images have been

taken for each Cu spacer layer thickness both after the

and elongated spots or streaks. This indicates that the growdbmpletion of the Cu spacer layer, and after the completion
of Cu on S{001) is epitaxial but dominated by three- of the 30-A Ni overlayer. This allows us to study thg of
dimensional growth, as previously reporféd?’ No large  the Ni film in relation to the lattice mismatch of the Cu
qualitative changes in the RHEED pattern are observed dufanderlayer. The results of this analysis are shown in Fig. 4.
ing the subsequent BCuy, Cu, and Ni film growth indi-  we find thata;, for bothCu and Ni overlayers increases with
cating their epitaxial relationship. We determinag from  increasing Cu spacer layer thickness. For the 30-A Ni layer,
the streaks distance in the RHEED images through a linea,  is found to be smaller than for Cu for all Cu spacer layer
shape analysis after the completion of the Cu spacer layethicknesses. This directly shows that the 30-A Ni is partly
The inset in Fig. 3 shows a typical line intensity profile of the relaxed in each case. The lateral strain in the Ni overlayer is
RHEED image for the 1000-A Cu/@01) and the fitted |argest when grown on the 600-A Cu spacer layer and ap-
curves using three Gaussian functions. The absolute value gfoximately follows the lateral strain of the Cu/Ni/@@1)
a;, is determined, by assumirag, of the Cu buffer film to be  structure.
bulklike. Figure 3 shows the result of this analysis for sample  Figure 5 shows the polar MOKE hysteresis loops for Cu/
1. For the NioCuy(200 A)/CU00D) structurea;=3.54A is  Ni/(10, 100, 200 A Cu/NigCuy/Cu(001) structures with
determined, which is close to the bulkgfCu,, in-plane lat-  different Ni layer thicknesses. The hysteresis curves for the
tice parameter ofy,=3.55A % Ni/100-A Cu/NigCuy, and the Ni/200-A Cu/NkCu,, are

Cu is reported to grow epitaxially on {001). The strain  very similar to each other for each Ni thickness. The Ni/10-A
is reported to be relieved even from the first monolayers b)CU/NiGOCule structures show a relatively lower remanence

internal (111) faceting, whereas for larger thickness#®m  and lower saturation field compared to those of the Ni/100 A
about 18 monolayeysthe strain is relieved via misfit

dislocations®=32 A similar behavior might be also expected
for Cu on NCu,(001). Therefore already for 10-A Cu film
on NiggCu,(00D) film a;, of Cu might slightly deviate from
that of the NoCu,(00D) film.

However, within experimental resolution, tla, of the
10-A Cu/NiggCu,g and the NiCuy, film are found to be very
similar. With increasing thickness the @ relaxes towards
the bulk Cu lattice constant. For the case of the 100-A E"’
Cu/NigoCuyo and the 200-A Cu/NCuy, the a;, is deter- =
mined to be 3.56 and 3.59 A, respectively. Therefore we can
continuously modulate tha;, of the Cu layer by growing it
on a NigCu,e/Cu(00)) film. This further allows one to en-
gineer the lattice mismatch between a Ni film to the Cu
underlayer, and to study its influence on the perpendicular
magnetic anisotropy for Ni/G001) structures. The bulk

Ni-Cu phase diagram indicates that Ni and Cu form a solid 3 2 4 0 1 5 3

solution, which is nonmagnetic at room temperature, pro- H(kOe)

vided the Ni content is less than 65 at§dn our experi-

ment we therefore used a §yCuy, film, which should be FIG. 5. Polar MOKE hysteresis loops 6f-) Cu/Ni/10-A Cu,
nonmagnetic, as we also confirmed by polar MOKE mea{—) Cu/Ni/100-A Cu, and (W) Cu/Ni/200-A Cu on
surements. NigoCu,/Cu(00)) for different Ni layer thicknesses. The loops are

We have furthermore determined tag for a Ni (30 A)/ normalized at saturation and shifted for different Ni thicknesses for
Cu(0—-600 A/Ni/Cu/Si(001) structure from a line-profile clarity.
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FIG. 6. Perpendicular remanence determined from polar MOKE H(kOe)
measurements, as shown in Fig. 4, for the Cu/Ni/Cu spacer/ .
NigcClyo/CU(00D) structure. FIQ._ 7. Polar MOKE hysteresis loops _of (0)
Cu/Ni/NiggClUye/Cu(001) and (—) Cu/Ni/10-A

. . . Cu/NiggCu,/Cu(001) structures for different Ni layer thicknesses
CU/Nlﬁo.Cu“o and .N|/.200-/3\ CU/M(.’CU“O structures for the o4 dicated in the graph. The loops are normalized at saturation and
three different Ni thicknesses. Figure 6 shows the perpensyisiad for clarity.

dicular remanence determined from these polar MOKE mea-
surements. The remanence is found to gradually increase
with increasing Cu spacer layer thickness and to graduallNi-NigsCuyo interface, since only very small differences
decrease with increasing Ni layer thickness. This behavioin the magnetoelastic volume anisotropy contribution is
together with the observed changes in the perpendicular satexpected between such structures. Figure 7 shows the polar
ration field suggests that the PMA increases with increasinlOKE hysteresis curves for Cu/Ni/10-A Cu/NCu,o/
Cu spacer layer thickness, and decreases with increasing Iiu(001) and Cu/Ni/NgoCu,/Cu(001) structures of different
layer thickness. We previously found that for Cu/Ni/Cu/ Ni layer thicknesses. Surprisingly the hysteresis loops of the
Si(001) structures the magnetic moment is close to its bulkCu/Ni/NigsCu,y are the same as for the Cu/Ni/10-A
value for Ni thickness above around 50°&* Therefore we  Cu/NigeCu,q sample for each Ni thickness, respectively.
would not expect the changes observed in the magnetic arFherefore there is no indication thig¥ of the Ni-Cu and the
isotropy behavior for the 60-A Ni films investigated here to Ni-NigCuy, interfaces are different. One explanation might
be largely affected by possible variations in the magnetite that the size oKN of the Cu/Ni interface is relatively
moments but rather dominated by the influence of the latticgmall in terms o ¢, and slight changes iKN between the
misfit on the PMA of the Ni/C(001) films. With increasing  Ni-Cu interface and the Ni-NiCu,, interface would not be
Cu spacer layer thickness, the Ni-Cu lattice mismatch of theignificant. Another interpretation is that the chemical com-
Ni film increases. This causes an increase in the magnetgosition of the NigCu,, Surface is actually more like a Cu
elastic anisotropy energy and therefore PMA. The Cu/60-Asurface due to surface segregation of the Cu atoms. Cu is
Ni/200-A Cu/NigCuyo/Cu(001) structure shows an almost well known to segregate to the surface for Cu-Ni alloys and
completely square loop, indicating PMA. For the 200-A Cualloy films for a wide range of compositiod%*! Increasing
film a;, is nearly the same as for the bulk value of(@@1),  the temperature tends to drive the Cu from the surface into
as shown in Fig. 3. The Cu/60-A Ni/200-A the bulk. The Cu surface layer concentration for aSli,
Cu/NigeCuyo/Cu(00]) is therefore expected to show a mag- alloy has been calculated to be close to one at 400 he
netic anisotropy behavior similar to that of a Cu/60-A Ni/ Nig,Cu,, film in our experiment is relatively thick200 A)
Cu(001) structure which is reported to show PM&>222536 g grown at room temperature. Therefore some Cu surface
The polar MOKE curve for the Cu/60-A Ni/200-A segregation is expected to occur.
Cu/NigeClo/Cu(001) is very similar to that of the Cu/60-A Figure 8 shows the polar MOKE hysteresis curves for the
Ni/Cu(001) sandwich(shown in Fig. 8 confirming this view.  Cu/Ni/Cu001) and Cu/Ni/NCu,(001) structures for dif-
In the incoherent growth regima, gradually relaxes to its ferent Ni thicknesses. The Cu/60-A Ni/@®@1) structure
bulk value with increasing Ni thickness causing a decreasinghows an almost completely square hysteresis loop indicat-
influence of the magnetoelastic anisotropy on theing PMA. The Cu/60-A Ni/NCu,/Cu(001) structure
PMA 10.15:23.36.37 shows a largely reduced remanence field, and an increased
We have shown that thea;, for the Cu(10A)/  saturation field compared to the Cu/60-A Nif0Q) struc-
NigoClyo/Cu(007) film is within error the same as that of tures. This shows that the PMA is weaker for Ni films grown
NigoCuyo/Cu(001) film. It is therefore interesting to investi- on NigCu,,/Cu(001) compared to those directly grown on
gate the magnetic anisotropy for Cu/NifCu,e/Cu(001)  Cu(001). The difference in the remanence and perpendicular
and Cu/Ni/10-A Cu/NjCu,,/Cu(001) structures. This al- saturation field for the different spacer layer becomes smaller
lows us to directly comparek™ of the Ni-Cu and the for the 80-A Ni film, while for the 100-A Ni film, the hys-
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' ‘ ‘ ' ‘ ' ' The region of PMA for Ni/CyggNio/Cu(001) has been found
’ g to be narrower than for Ni/G002) films. The perpendicular
magnetic remanence is found to decrease with increasing Ni
and to essentially vanish for Ni content$>25% for
Ni(100 A)/Cu,_Ni,/Cu(001). Based on the Mathews-
Blakeslee modéf the authors expect the misfit strain in the
Ni film to be independent on the lattice mismatch to the
underlayer in the incoherent growth regime. More recently it
has been found, however, that for metal interface with square
symmetry, such as Cu on (9i01), strain can be already re-
lieved in the submonolayer rang3! as also explained in
more recent models on elastic strain relaxaffo@ur obser-
vation thata;, for a Ni film directly depends oa;, of the Cu
underlayer therefore is supported by recent experimental and
theoretical studies. For Ni/CuNi/C@01) changes of the
‘ , , , ‘ , , magnetic anisotropy with the Ni content have been attributed
3 -2 A4 0 1 2 3 to differences oKN for the Ni-Cu interface compared to the
H(kOe) Ni-Cu, _,Ni, interface in Ref. 13. However, our MOKE
measurements show the same magnetic anisotropy behavior
FIG. 8. Comparison of polar MOKE hysteresis loops(af-) ~ for the  Cu/Ni/Cu(108)/NigCu,n(001) and  the
Cu/Ni/Cu001) and (—) Cu/Ni/Ni/NigiCuio/Cu(001) structures for  Cu/Ni/Cu(10A)/NiggCuyg(001) structure. This suggests that
three different Ni layer thicknesses as indicated in the graph. ThgN for the Ni-Cu interface and the Ni-§jCu,, interface are
loops are normalized at saturation and shifted for clarity. not significantly different and therefore oppose the assump-
tion made in Ref. 13.
In conclusion, we have studied the PMA and the in-plane
lattice parameter of epitaxial Cu/Ni/CuiNCu,/Cu(007)

M/M

100 A Ni

teresis curves are almost the same for thg®li,o(001) and
Cu(001) underlayer. Two mechanism are potentially impor-

tant here: the inFerf.ace apisotropy 'and strlain'. 'Sil&i&'efor' and Ni/Cu/Ni/C{001) structures as a function of the Ni and
the Ni-Cu and Ni-Né,Cuy interface is not significantly dif- - ¢, spacer layer thickness. RHEED measurements reveal that
ferent(see Fig. 7, the changes observed here in the effectwethe in-plane parameter of an Ni film epitaxially grown on

magnetic anisotropy behavior for Cu/Ni/@OD) structures  \,o01) directly depends on the lattice parameter of the Cu
compared with Cu/Ni/NjoCu,¢(001) can be attributed to the underlayer. MOKE measurements on a
difference in the magnetoelastic a(\)nlsotropy. The lattice MISTU/NI/Cu/NisoCuo(00Y) structure directly reveal an increase
match between Ni and Cu is 2.5% compared to only 1.1%y the magnetoelastic anisotropy and therefore perpendicular
between fcc Ni and the BiCu, alloy.™ We have shown —aqnetic anisotropy with increasing Ni-Cu lattice mismatch
tha_t mco_herently grown Ni films are Iess_ strained, when the 4 surprisingly suggest no significant difference between
lattice mismatch to the GQ01) underlayer is smaller. There- 14 interface anisotropy of the Ni-Cu and the Nigdu,

fore the magnetoelastic anisotropy becomes weaker, redugsierface. We therefore attribute the stronger PMA found for
ing the PMA for the Ni film when grown on cyNjcu001)  structures compared  with  the

NiggCUyo/CU(001) compared to when directly grown on c/Ni/Niz,Cu,,/Cu001) structures to a larger magnetoelas-
Cu(001). With increasing Ni layer thickness, the Ni films . anisotropy contribution.

become increasingly relaxed and differences in the magneto-
elastic anisotropy become less important. This work was supported by the EPSR@OK), the
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has been previously investigated by Boehial. in order to  EU, the Toyota School Foundation, and the Japanese Society
qualitatively test the effect kN and the surface magneto- of Promotion of Science. C. A. F. Vaz acknowledges support
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