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Superlattices of Co/Cr have been epitaxially sputtered onto (#§@® and (110 substrates coated

with epitaxial Cf100 and (211) buffer layers. The Co thickness is fixed at 20 A and the Cr
thickness varied from 7 to 22 A. On the M@T10/Cr(211) substrates, coherent hcp{@a00)/
bce-C(211) superlattice structures are formed. On M@Q0/Cr(100, x-ray-diffraction results
suggest strained hcp-Cd2)/bcc-Cf100 superlattices. Magnetization measurements show
fourfold magnetic in-plane anisotropy for the MgIDO) orientation and twofold for the MgQ10).

By utilizing a simple model based upon perpendicular uniaxial anisotropies, we have concluded that
the fourfold anisotropy has its origin in the second-order uniaxial Co anisotropy energy. The
antiferromagnetic interlayer coupling strength exhibits a maximum value of 0.15 érgtcenCr
thickness of 13 A in the Mg(.10 orientation. The Mg@QL00) orientation exhibits its strongest
coupling of 0.55 erg/crhat 10 A Cr thickness. Modest giant magnetoresistance values no larger
than 3% are observed and we find no evidence of enhanced anisotropic magnetoresistance effects
recently reported for Qd100)/Cr(211) superlattices. ©1997 American Institute of Physics.
[S0021-897€07)49508-1

I. INTRODUCTION and Cr layers. This growth procedure has been successfully
sed to grow Fe/Cr and Co/Cr superlattié8sOn the

Co/Cr alloys and superlattices have long been the SUbj?(k[/IgO(llo)/Cr(Zl]) substrates, coherent hcp<@a00)/bcc-

of study as candidates for increasing information density i . . ) .
recording media. This is in part due to the uniaxial crystal?c.r(z.ll) Superlattices are formed, with x-ray dlffra_\ctlon_,
similar to those of Ref. 4. The in-plane epitaxial relationship

line anisotropy inherent in hcp Co which gives it fundamen-;
tally unique magnetic properties in comparison with cubic Fe MgO[001]IC{011]ICd 0001]. On MgQ(100/Cr(100) sub-

. . . _ - o strates, the expected Co structure depends upon the Co layer
and Ni. Recently, investigatdrs' have utilized epitaxial thickness For thick layers, the films are epitaxial hcp-

growth techniques to deposit coherent hcp Co layers wit . . . .
in-plane c-axis orientation. By choosing appropriate sub—r.bo(llzo) which grow with a bicrystal microstructufeThe

in-plane twin directions are Md©O01]ICH{011]ICo000]]

strate and buffer layer crystalline orientations, one can con- .
trol the symmetry of the in-plane magnetic anisotropy ancf"d MgQ001]ICH011)ICq0001. For thinner layers the Co

the interlayer coupling strengtfand therefore the magne- strains toward a bc00) layer. The x-ray-diffraction data of

toresistancein Co-based superlattices. Of particular techno—the pres_ent sar_nples are similar to those reported in Ref. 2
logical interest are the small Co domains arising from per_suggestmg strained hep-Qd ) layers.
pendiculgrc axes orient_ed in registry with a fourf_old_ IIl. RESULTS AND DISCUSSION

symmetric substrate lattice. We have prepared epitaxial

Col/Cr superlattices on MgO substrates for the purpose of Magnetic hysteresis measurements were performed us-
investigating the anisotropy, coupling energies, and magndlg & vibrating sample magnetomet&SM) at room tem-
totransport properties. Particularly noteworthy is our concluferature with the field in plane. Magnetotransport properties
sion that both the direction and magnitude of the magneti¢vere measured from room temperatupe5tK using a stan-
anisotropy associated with the fourfold symmetry sample§’afd four-terminal dc technique with a constant current and

can be understood as arising from the second-order CB in plane. To characterize the magnetic anisotropy we mea-
uniaxial anisotropy energy. sured the remnant magnetizatigmormalized to the satura-

tion magnetizationas a function of the azimuthal angle of
the applied field. The results are shown in Fig. 1 for ferro-
magnetically coupled superlattices from each series. The
Two series of[Co(20 A)/Cr(tc)],o Superlattices with remnant magnetization for the (d00) layers reflect the
(7<t,=<22 R) were epitaxially sputtered onto single-crystal expected twofold uniaxial anisotropy with the easy axis
MgO(100) and (110 substrates. The substrates werealong the Mg@001) direction. The CAL120) layers show a
mounted side by side onto the sample holder and simultafourfold anisotropy with the easy axis along the M§®@1]
neously deposited. A 100 A Cr layer was initially depositedand[011] directions. This high degree of in-plane anisotropy
at a substrate temperature of 600 °C resulting in epitaxiatonfirms the epitaxial nature of the layers. The strong four-
Cr(211) and (100 buffer layers on Mg@L10 and (100), fold anisotropy observed for thd00) samples is due to the
respectively’ The substrate was then cooled to 150 °C andwinned uniaxial microstructure. If we assume that the
the samples were grown by sequential deposition of the Canisotropies from the twinned region are addedeasonable

Il. EXPERIMENTAL DETAILS
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FIG. 1. Polar plot of the normalized remnant magnetization vs azimuthal
(in-plane angle for ferromagnetically coupled Co layer samples. G@ITr

A) grown on MgQ100) exhibits fourfold symmetrysquareswhereas Co/ (b)

Cr(16 A) on MgQ(110) exhibits twofold symmetrytriangles. e il
n 1 1 1
-10 -5 0 5 10
H (kOe)
assumption if the CrySta_”me d_omalns are small and eXChangEG_ 2. Magnetic hysteresis loops for samples with peak AF-coupled Co
coupled then the effective anisotropy energy equals layers: (8) Co/C(13 A) on MgQ(110) orientation and(b) Co/C10 A)

MgO(100) orientation. Solid and dashed lines are data in the easy and hard
. 4 in-plane directions, respectively. The top plot has been expanded to show
E=K; si® 6+K, sin* 6+K, cos 6+K, cos' ¢ easy axis details, but along the hard axis one observes the magnetization

reach saturation at a field of approximately 8 kOe.
=K+ 3K,(1+cog 26), (1)

where K; and K, are the first- and second-order uniaxial function overlap. WherH is applied perpendicular to the
anisotropy constants antlis the angle of the magnetization easy axis, the Co layers coherently rotate to saturation at a
with respect to the Mg{®01] direction. Therefore, we _ex- field

pect an effective cubic anisotropy with Mg@ 1] and[011]

easy axis directions and strength determined by the second- Hs=(4d118J2+ 2tcoK + At 2) Miteo,
order uniaxial anisotropy constant. whereJ, is the biquadratic interlayer couplifg.

Magnetic hysteresis loops and giant magnetoresistance For the superlattices on Md@00), the strongest AF
(GMR) curves measured with the applied field along the easygoupling was observed fag,=10 A in agreement with Ref.
and hard axis for samples with the strongest antiferromag2. The magnetization and MR show the expected dependence
netic (AF) coupling strength in each series are shown in Figson the in-plane direction of the applied fidlsee especially
2 and 3, respectively. We first focus on the superlattices offrigs. §a) and 9a) in Ref. 7]. The saturation fields for the
MgO(110. The strongest AF coupling is observed for Cr applied field parallel to the easy and hard axes are 4.7 and
layer thickness of 13 A. The shape of the loop is characterd1.3 kOe, respectively. The difference in saturation fields
istic of AF-coupled superlattices with strong uniaxial in- reflects the fourfold anisotropy. Assuming a fourfold anisot-
plane anisotropy as seen previously in Fe/@d1) and ropy described by Eql), the expected saturation fields are
CoFe/C\110) superlattices on MgQ@10).>8 For the applied Hg~(4J;+8J,+* 2K,)/Mc, where the+ and — corre-
fields parallel to the easy axis, the system undergoes a metgpond to the hard and easy axes, respectively. From the dif-
magnetic transition from an antiparallel to parallel configu-ference in theH, values, the estimated value fdt, is
ration at a switching field given bl ,=2J,/Mc,, where  2.3x10° ergs/cmi, which is comparable to the room-

J, is the bilinear interlayer coupling, arM is the saturation temperature value df,, for bulk Co, 1.5<10° ergs/cri. This
magnetization of the Co layer. Commensurate with the transuggests that the fourfold anisotropy results from the
sition in the magnetization is a transition in the MR. Usinguniaxial structures oriented perpendicularly within a layer
the center of the offset hysteresis loops as an estimate, of rather than intrinsic anisotropies arising from a coherent bcc
(930 G, the interlayer coupling equald;=0.13 erg/crh. crystal structure. The value of the exchange coupling, deter-
The coupling strength is considerably weaker in thismined from the average saturation field, Jg+2J,=0.55
Co(hcp/Cr(bco system than in epitaxial Fleco/Cr(bco  erg/cnf.

systems, which may result from the reduced symmetry of the The GMR values are generally quite small in compari-
bilayer structure and the resulting decrease in electron waveson to Fe/Cr superlattices, room-temperature values of 0.8%
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P —— allel to the C¢0001], the authors report MR ratios up to
| ///\\ Co(20A)/Cr(134) | 18%. For other orientations of the applied field and current,
2 MgO(110) MR values<1% were reported.

Modeling of both the magnetization and the MR data is
underway using approaches described in Refs. 7 and 9. In
addition, torque measurements are planned to better isolate
anisotropy from coupling effects and to provide a more in-
sight into the relationship betwed€y, andK, in each of the
MgO(110 and (100 series. A key question underlying the
magnetic behavior of these systems is the role played by
micromagnetics. In other words, to what extent is the as-
sumption[leading to Eq.(1)] of small bicrystalline domains
with strong interdomain exchange valid in our system? Mi-

- N cromagnetic modeling, such as that successfully employed
1 Co(20A)Cr(10A) recently by Pengt al,'® may help in addressing such ques-
- MgO(100) 1 tions.
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