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Domain structures and temperature-dependent spin reorientation
transitions in  c-axis oriented Co—Cr thin films

Greg J. Kusinski,?? Kannan M. Krishnan, Gareth Thomas,® and E. C. Nelson
Material Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

Highly c-axis oriented CgCrs films with perpendicular anisotropy were grown epitaxially on Si
(111, using an Ag seed layer, by physical vapor deposition. Films were characterized by x-ray
diffraction, transmission electron microsco{@®EM), selected area electron diffraction, and Lorentz
microscopy in a TEM. The following epitaxial relationship was confirmed:
(111)i1(111)agl (0001 )cocrs [ 220]sill[ 220] agll[ 1100] oy Magnetic domain structures of these
fims were observed as a function of thickness;in the range, 200At<700A using a
wedge-shaped sample, and temperature-dependent measurements were carriednosttiby
resistance heating. Thickness was measured locally by electron energy loss spectroscopy. At room
temperature, below a critical thickness=300A, the magnetization was found to be effectively
in-plane of the film, and aboug a regular, stripe-like domain pattern with a significant, alternating

in sign, perpendicular component was observed. The spin reorientation transitions of the stripe
domains to the in-plane magnetization were studied dynamically by observing the domains as a
function of temperature bin situ heating up to 350 °C. The critical transition thicknetss, which

is a function ofK,, and magnetostatic energy, was found to increase with increasing temperature.
The stripe-domain period, observed at room temperature was found to increase gradually with
thickness;L=90nm att=300A, andL=110nm att=700A. © 2000 American Institute of
Physics[S0021-897@0)46408-X]

INTRODUCTION nent alternating in sign from one stripe to the next is ex-

ected. In this article we present details of these stripes and

Currently the Co-based alloy systems are the most popu;_ - : . .

lar media material for maanetic recording. Continued in- heir behavior as a function of temperature and thickness.
g g

crease in longitudinal recording densities implies a drastic
scaling down of the track pitch and bit-cell length, requiring
films with smaller and smaller grain size. This approachEXPERIMENT
however, will collapse when the superparamagnetic and/or
thermal decay limit is reached. As an alternative, based on Single crystalc-axis oriented Co—Cr films were grown
the analysis of the demagnetization mechanisms, Iwasakin S(111) substrates by evaporation. Initially,($11) wa-
and Takemura suggested the possibility of perpendicular fers were submersed in a HR®I(1:10) solution for 3-4
magnetic recordingPMR), and computer simulatiohpre- min to remove the native SiOand to obtain a hydrogen-
dict that an areal density of more than 300 Gbit/ican be terminated surface. Upon etching wafers were immediately
achieved for the PMR mode. However, the development ofoaded into the vacuum chamber and heated to 300 °C. For
such ultrahigh density magnetic recording media is complexptimum epitaxial growth, a 500 A Ag underlayer was
because the intrinsic magnetic properties depend on compevaporated. The Co—Cr layer was deposited at a substrate
sition, segregation, and temperature, while the extrinsic magemperature of 300°C by evaporation from the ¢Cs
netic properties are affected by the nature of the fillm., source. The vacuum achieved during evaporation was
microstructure, thickness, grain size, shape, distribution, ane-10 ° Torr. The film structure(6-2¢ diffraction scanj
isolation.  Perpendicular media utilizing Co-based c-axis dispersiorirocking curves, i.e.f scan$ were charac-
hexagonal-close-packethicp alloys requires that the crys- terized by x-ray diffraction, while the microstructufgrain
tallographicc axis be oriented normal to the media and thesize, orientation relationship between substrate/underlayer/
magnetocrystaline anisotropy be larger than the shape or détm) of the film was evaluated by transmission electron mi-
magnetizing energy.The growth conditions of highlg-axis  croscopy(TEM) and selected area diffractiéB8AD) of plan-
oriented CgsCrs films on S{111) substrates are discussed. view samples. The composition of the film was verified by
When sufficient Cr is added to Co it lowers the saturationquantitative energy dispersive x-ray spectrosc®s) in a
magnetizationM, and allows out of plane magnetizatibn. TEM. The magnetic hysteresis loops with the external field
For intermediate Cr content a stripe domain with the magne¢<1.4 T) applied both parallel and perpendicular to the thin
tization effectively in-plane but with an out-of-plane compo- film sample were measured by vibrating sample magnetom-
etry (VSM).

The magnetic domain structures of these films, as a func-
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sity of California, Berkeley, CA 94720. tion of thigkness(t) and temperature, were investigated_ by
PElectronic mail: Kusinski@uclink4.berkeley.edu Lorentz microscopy in a Philips CM200FEG TEM using
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FIG. 1. () 6—26 x-ray diffraction spectra of a GgCrs 100 nm/Ag 500 ar?alySiS Of the Fresne! images of the wedge shape sample
nm/HF-Si{111) film (b) rocking curves(d scan for the Ag11l) and  With the thickness varying from 200 to 700 A, revealed two

CoysCrs (0002 peaks. types of domain configuration, above and below critical tran-
sition thicknesst.~300A. Belowt, the magnetization is
in-plane, and film supports large domains with size varying
. . ) . between 0.6 and/m, with relatively straight domain walls.

7

ggglggitg%%i Thetr:nfluence tpfdthlckr_\ess,ttln the rantgz Above t. a regular stripe like pattern was observed, with
: . » 0N the magnetic domain patiern was stu . stripe period increasing gradually with thickness, fren90

qu using a wedge-shaped sample prepared by low angle 'Y att=300A to~110 nm att=700A. In this region the
milling. Moreover, 'the.tempgrature-depgndent MeasuremMeniiagnetization is effectively in-plane with a small, out-of-
were carried ogt bin situ resstanpe heating. Local thickness plane component, and the stripe-like pattern is due to up and
of the samplé¢Fig. 4&)] was obtained from measurements of 4, periodic modulation of the out-of-plane magnetization

inelastic mean-free path Iengghs In_transmission eIeCtrOIaomponent, as illustrated schematically in Fig. 3. The stripe
energy-0ss spectrosCoffELS). patterns observed in our films are similar to the patterns ob-
served by Kooy and Ef2in thin layers of garnet material.
RESULTS AND DISCUSSION Using their model for the total energy of the film with stripe
A representatived—26 x-ray diffraction scar{Fig. 1(a)] domai_ns, one can gstimgte thg critical transjtion thickihgss
shows only Si111), Ag(111), and Co—Ci0002 peaks, indi- &t WhICh.thIS conf|gurat|9n \_N|II be energetically favorablg
cating an epitaxial growth and closed pack hexagonal struc@Ver the in-plane magnetization. The model assumes straight
ture of CoCr layer, with thec-axis oriented normal to the domains with the preferential direction of magnetization nor-
film plane. The corresponding rocking curvesscans, Fig. Mal to the surface of the plate, and a large anisotropy as
1(b) for the Ag’111) and Co—Cr(0002 peaks show a very compared with the demagnetization field, what implies no
narrow full width at half maximuntFWHM) widths of 0.59°  closure domains. Moreover, the magnetization is allowed to
and 1.14°, implying a narrow dispersion of thk11) and ~depart from thee axis (the u effect, which was observed in
(0002 orientation through the grains of the Ag and Co—Crour film. The energy terms, which are included in the model
layers, respectively. An average grain size of 30—50 nm wadre: the magnetocrystaline eneifgyc ; the wall energye,, ;
observed and the indexing of the SAD pattern of the plan&nd the magnetostatic or demagnetizing endigy. When
view samples confirmed the following epitaxial relationship: theé magnetization lies in the plane of the film the only con-
(111)il1(111)ag I (0001 )coc: [ 220] &l1[ 220] pgll[ 1100] o tribution to the total energy of the layer is th&1)=Euc
Moreover, the Ag and Co—Cr spots exhibit arcs comparable
to that of the Si substrate confirming that the rotation of the

Critical thick
subgrains about thgl11],; and [0001c.c, axes is small ritieal thicigess
(=<3°). The EDS analysis confirmed the composition of the (b)
film to be Co/Ck95/5, which was the composition of the (a)

evaporation source used. Typical hysteresis I0O¢PSM)
with the external field applied paralléH ~455 Oe, M,
~0.15M,), and perpendicularH., =230 0e) to the thin-
film sample are shown in Fig. 2. From these curves it can be

concluded that the preferred orientation of the magnetizatiofy'®: 3 Schematic diagram showing the domain patierns observed as a
function of specimen thicknes&) Below t. large domains with magneti-

is in the plan_e of the film. |n_ addition, the wasp-like shape Of_zation in-plane(b) Abovet, stripe domains with magnetization effectively
the perpendicular hysteresis loop shows that the sample is-plane with a small up or down out-of-plane component.

Fresnel, Foucault, and differential phase cont(BRC) im-
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FIG. 5. Critical transition thickness=13.6M2(A)*%/(K)%?, as a function
of temperature measured duriirgsitu TEM experiment.

FI_G. 4. Temperature de‘pendent domain images obs_erved by TEM Lorent280 °C[Fig, 4(d)] no stripe pattern is observed over the en-
"_“%Oféo%éazc'f'fz'g ctg'(‘:k”esds fma“bl_)—(‘_j) F;efge'z”fgges' heating: tire thickness range. These figures clearly illustrate that upon
B ’ © and(f) cooling: 158 °C, 24 °C. heating the stripe domain contrast shifts to larger thickness.
The plot of thet, as a function of temperature is shown in
Fig. 5. Upon cooling the stripe pattern was found to return,
Figs. 4e) and 4f), and thet, was found to be similar for
both heating and cooling directions. The stripe period was
measured to be the same after cooling, no hysteresis was
observed. However, the direction of the stripes was changed,
as can be see by comparing Figsb)4and 4f). The spin

=K,t, and when the film assumes an out-of-plane magneti
zation with the stripe pattern theEq)=Eynst+E,

= 1.7M§D+ vt/D, whereK, is the uniaxial anisotropy en-
ergy,t is the thickness of the CoCr filnM 4 is the saturation
magnetization of the materid)) is the stripe domain period,

y=(4AK,)*? is wall surface energy, anél is the exchange entation t i b d di f th
constant. Solving for the optimal domain period yields the'eorientation transition, observed as a disappearance ot the
stripe pattern upon heating, is associated with the loss of the

minimum total energyEr(zymin=2Mg(1.7yt)*2 Comparing . e :
the energy terms for the two configurations the transitionom'Of'pl"’me component rendering the magnetization strictly

thickness can be approximated tay= 13.6M2(A) Y%/ (K ,)¥2 ![n E)rlanke ;[h-irh's ?r?\r/e"}is:[\ltj tteixaeii:ment r][?S” m\?drei: p?SSr:?li
For the 5% Cr film composition\ ¢ is approximately con- 'I?h atc N stp eorientatio ta sfp?ha y .aBt/ g 1as Ot' i
stant in the(0—400°Q temperature rangs: however, K., e temperature measurements of the anisotropy constan

decreases strongly with increasing temperature. Hence tﬁ’&i” be carried out in the future in order to further model this
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