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Perpendicular magnetic anisotropy of the epitaxial fcc Co/60-A-Ni/C(001) system
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We have studied the transition from perpendicular to in-plane magnetization in a ferromagnetically coupled
epitaxial Co/Ni/C(001) structure. Perpendicular magnetic anisotr¢piA) up to 6+ 1.5 A Co thickness is
observed. The value of the uniaxial Co volume anisotrom%o[, which comes entirely from the shape
anisotropy contribution, is explained by the absence of strain in the Co film, leading to a vanishing magneto-
elastic anisotropy contribution t#6$° as evidenced by reflection high-energy electron diffraction results. We
conclude that the critical thickness for PMA in this system can be controlled via strain in the Co film.
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The phenomenological explanation for the occurrence ofnnealed for 2 hours at 200 °C after overnight bake-out.
perpendicular magnetic anisotrdpPMA) in ultrathin films ~ The base pressure of the chamber was16~° mbar and
is the Competition of the volume anisotropy which favors anduring deposition increased to@_o_g mbar. Cu buffer |ay-
in-plane easy axis and the symmetry breaking surfaceérs were grown at~15A/min using an electron beam
interface anisotrogywhich favors PMA. Studies of PMA heated Mo crucible while Co and Ni films were grown at 1
have mainly used magnetic films grown on a nonmagnetic. 1 5 A/min by electron beam evaporation. A 60 A Ni/1000
metaP* and multilayers with nonmagnetic spacét® order A cu buffer was prepared on the (801) substrate and a
to increase the surface/interface effects. Multilayers in whichstep-wedged (6 27 &) Co epitaxial film was grown on it. A
both types of layers are ferromagnetieM) have not been a 30-A Cu capping layer was further deposited éarsitumea-
popular choice because the interface anisotropy has to ovegyrements. The film thickness was estimated using a quartz
come an additional shape anisotropy, namely that of the segyystal monitor close to the sample position. The cleanliness
ond ferromagnetic layer. The PMA of fdd11] textured  of the film was confirmed by Auger electron spectroscopy
Co/Ni multilayers is one of the exceptions to the above arafter completion of each film growth.
gument and is explained by the contribution of the interface The reflection high energy electron diffractioRHEED)
between ultrathin closed-packed layémsnother example of  jmages were taken with a CCD camera during film growth.
PMA shown in FM/FM layers has been reported for fcc/fct RyEED patterns confirmed the earlier findifghat three-
metastable Fe/15 ML Ni/G0021) structure$ Until now the dimensional epitaxial growth occurs along f@91] direc-
engineering of PMA has mainly concentrated on findinGyion with the Cu and Ni cubic axes rotated in-plane by 45°

symmetry breaking surface/interface anisotropies by using t to th 1 orincipal Fi 1 sh
different combinations of film and substrate. However little \ - poot 2 1€ $001) principal axes. Figure 1 shows a

attention has been paid to extending the critical thicknesgyr E))I\;ﬁ] E:' EEDC(?r'g:ri;g:;en Iaafteerr ;::)en C(ivrcglzti:‘?greﬂt tgi
(t°™™A) for PMA, which is another important factor for tech- 2 b g 'ay 9

nical applications. Therefore while an epitaxial Cu/25 A Ni/ azimuths. After 1000 A Cu deposition, sharp streaks with

N low background were observed in the RHEED pattern. No
élfggj’)l&)s/ﬁﬁg”g)fg&gg ngﬁl'cgjeglej?:j Crzllé)/tN;lr?ové)/lgl\el A qualitative change of the RHEED pattern was observed dur-

. . - . ing the subsequent Ni and Co growth, revealing that the
although the interface amsotrop}(go"f') of Co and Ni was structure of an overlying Co film has an fcc structure and the
foungME\o gpref_er PMA ad 2 A Co wasinferred as the value  game cubic axis direction as in Cu and Ni. This epitaxial
for t;™"." This finding was explained to result from an ex- rg|ationship between Co and Ni is expected because the lat-
traordinarily large Co volume anisotropK{?), associated  tice mismatch between fcc Ni and fcc Co is very smial
with a magnetoelastic anisotropy due to strain. =3.56 A for the fcc Co phase arah=3.52 A for fcc Ni)

The present work is based on the recognition thf' i and both films have an fc¢001) surface when grown on
the Ni/Co system can be extended by decreasing the absoluy001).1%**
value ofK\C,O. This can be realized by minimizing the lattice  Figure 2 shows magneto optic Kerr effddlOKE) hys-
misfit between fcc Co and Ni. The in-plane lattice parameteteresis loops with varying Co thickness. In the polar MOKE
of Ni can in principle be controlled continuously by growing measurements the light was incident at 90° to the surface and
the Ni film on Cu001) beyond the coherent growth region. for the longitudinal MOKE it was at 45° to the surface and
In this paper we report our observation of the PMA of an fccalong the(100 Ni azimuth. The MOKE loops of a 60 A
Cu/Co step-wedge/60 A Ni/1000 A Cu(801 structure. Ni/Cu(001) (t°°=0A) show PMA as reported by other
Our findings suggest a way of controllimﬁVIA in this system  groupst®!? It is clear that the easy axis of this system is
by controlling the strain in the magnetic film. perpendicular to the surface up 4 A Co thickness and in

The S{001) substrate was etched in diluted HF solutionthe plane &8 A Co thickness. The in-plane MOKE loops
for 12 minutes prior to loading into the growth chamber andwith 0 and 4 A Cooverlayers show strong hysteresis behav-
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FIG. 1. RHEED images of 1000 A Cu{®01), 60 A Ni/1000 A

Cu/Si001), and 12 A Co/1000 A Cu/®001). Qualitatively, there is
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FIG. 3. Normalized polaM-H curves and fitted curvdsee text
including Eq.(3)].

fields. We follow a phenomenological model, in which the
second-order magnetic anisotropy constait;)( of the
whole structure is described as

K,D=KS%C+2K% )

not much difference, confirming the epitaxial relationship among,, here

them.

ior. This hysteresis is due to the sensitivity of the longitudi-

nal MOKE geometry to the perpendicular component of theandD, t<°, andt"' are the total thickness of magnetic films

magnetization. As the magnetic field decreases from saturgD =t“°+t"), Co thickness, and Ni thickness, respectively.
tion, the magnetization starts to rotate towards the easy axi’ similar expression arises for the fourth-order anisotropy
which is the surface normal. Therefore, the perpendiculaconstant K,). But the effective magnetic anisotropy con-

component of magnetization is also recorded in the longitustant of the whole structureK¢y) has contributions from

dinal geometry.

both the second-order and fourth-order cubic anisotropy con-

The magnetic anisotropy was determined using polastants. The strong curvature of the polar loop at 8 and 12 A
MOKE measurements for the Co thickness range where thig the polar geometry of Fig. 2 suggests tKatis not neg-
magnetization was in the plane. We assume that the Co arlijible compared td&<,; and from the loop shape we infer that
Ni are very strongly ferromagnetically coupled, i.e., the cou-the K, contribution is more important in ¢h8 A Cothan in
pling strength is much larger than all relevant anisotropythe 12 A Co film. The out-of-plan®&-H relation for films

Polar MOKE (o In-plane MOKE
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FIG. 2. Polar MOKE(left) and in-plane MOKE along10) di-

with in-plane easy axis is
2K, (M) 4K, [ M\3
Ms |Ms/ Mg | Mg/
where the saturation field is obtained whién=M g and the
effective magnetizationNlg) of this system is given by

(©)

MECo+ MYt
MS:——tCO+tNI J (4)

whereM$° andMY are assumed to be the bulk gnetization
of Co and Ni.K; andK, are estimated by fitting the normal-
ized M-H loop to a constrained polynomial functiory (
=a,;x+azx°) in the range—0.99M ;<M < 0.95V ¢ (see Fig.

3). Figure 4 shows the separate contributish® andK,D

to the effective anisotropy and straight lines obtained by a
least-squares fit to data points. As expecti€d, becomes
dominant with increasing Co thickness. We obtain the criti-
cal thickness ("9 of Co in this system whei ;D=0
and K\C,0 is determined by the slope of the straight line. The
intercept  with  the vertical axis gives KX

rection(right) loops for different Co thicknesses. The magnetic field = 0-83+0.099 erg/crf=0.83+0.099 mJ/m for this system,
ranges(x axig are different for each geometry depending on thewhich should depend ol [see Eq(2)]. The critical thick-

direction of the easy axis of magnetization.

ness ttMAC°=6,15+1.25 A of this system is larger and
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FIG. 4. The product of effective anisotropy constakit4) and
total magnetic layer thickned$3, plotted as a function of Co thick-
ness. From the least-squares(§itraight ling to the data points of
KD, 2K%(=0.83+0.099erg/crf), KST=—(1.35+0.095)
X 10’ erg/cnt], and tPMACY(=6.15+1.25 A) have been deter-
mined.

FIG. 5. Pixel difference measured by RHEERft axis) and
converted in-plane lattice paramefes,,, right axig vs Co thick-
ness. They, of Cu film at 1000 A is assumed to Iz, of bulk Cu.

The inset shows the intensity profile of a 1000 A Cu/Si and a result
of curve fitting to it.

K\C/OZ —(13.5£0.95x 10 erg/cni=—1.35+0.095 MJ/ni is and Ni but no difference between Ni and Co. The fact that
much smaller than the corresponding values for the Ni/Colhe same value o&;, was measured for Ni and Co can be
Ni/Cu(001) systen® In particular our value forK\C/O is the interpreted in two ways. The first is the coherent growth of a
same as that of the shape anisotropyl(27 MJ/n¥) within ~ Co film on the Ni/C001) structure within the Co thickness
experimental error, which is consistent with the result of therange measured by RHEED. The second is #abf the 60
work of Kramset al. on single crystal Co/Q001) films** A Ni film is the same asy, of the ideal fcc Co, so no further
Polarized neutron reflection magnetometry measurements ahanges ina;, are observed. This second view is directly
a similar structure[Cu/22 A Co/11 A Cu/53 A Ni/Cu/ confirmed within experimental error if we convert the mea-
Si(001)] yield 94% of the bulk magnetization for Cdsug-  sured pixel differences into real space values by assuming
gesting that the Co film is likely to have a magnetizationthat thea,, of 1000 A Cu is the ideal bulk valué3.61 A)
close to the bulk value in the structure investigated here. (right axis of Fig. 5. The converted;, of Ni and Co is 3.56
The difference in strain within the Co film between our & which is the lattice constant of an fcc Co structure. The
system and N'/CO/N'C/qL(DOl) (Ref. 9 not only explains the  yegyits of our RHEED analysis are also strongly supported
different values foiy® but also suggests a way of control- py the strain relaxation argument for the incoherent film
ling the critical thickness for PMA in this system. The Ni/ growth region. In the incoherent growth region, the residual
Cu(001) structures without Co layers in both systems showsrajn  can be expressed as- 7t./t, wheres is the lattice
PMA. Johnsonet al” limited the Ni thickness below the psfit andt, is the critical thickness of coherent growh.
critical thickness in order to maintain coherent growth for after 60 A Ni growth on a Cu single crystal, tre, of Ni
both Ni and Ni/Co/Ni on C(001). ThereforeK{° of their  reaches the value of 3.54 A if 14 fRef. 16 is assumed as
Co film has two main contributiongshape anisotropy t_, which is the ideal value within 0.5%. We also found in
+magnetoelastic anisotropyBut our value ofKy° suggests  our earlier work that thea,, of an epitaxial 60-A-Ni film on
that the overlying epitaxial Co films in our system do not600 A Cu/S{001) is 3.55+0.010 A. Therefore we conclude
experience any strain within experimental error althoughthat the Co films on 60 A Ni do not experience any strain
there is a difference in the ideal lattice constant between fcgjithin experimental error and the measured valu&§t can
Co and fcc Ni. In order to confirm the absence of strain,pe explained in this way.
leading to a vanishing magnetoelastic anisotropy contribu- |n conclusion, we have studied the transition from perpen-
tion in the Co films, we determined the in-plane lattice pa-gjcylar to in-plane magnetization in the epitaxial Co/60 A
rameters &;,) from the streaks in the RHEED images Nj/cu(001) system. The value &$°, which comes entirely
through a line-shape analysis. Figure 5 shows the results ¢fom the shape anisotropy contribution, is explained by the
this analysis, in which the left axis represents the directlyypsence of strain in the Co film as evidenced by our RHEED
measured pixel difference of the right and left peaks in thesygies. Our study suggests that the critical thickness for

inset and the right axis is a real space value. The inset showsya in this system can be controlled via strain in the film.
the RHEED intensity profile for a 1000 A Cu(8D1) struc-

ture and its fitted curve. We have used 4 Gaussian functions This work was partly supported by the ESPRIT program
for fitting. We can see a clear differencean, between Cu of the EC(SPIDER and EPSRGQUK).
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