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Shape induced in-plane magnetic anisotropy rorientation in epitaxial
hexagonal close packed cobalt dots
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Department of Physics, School of Pharmaceutical Sciences, Toho University, Chiba 274-8510, Japan

The in-plane magnetic easy-axis reorientation was investigated for the arrays of~10•0! hcp Co
rectangular dots 0.2mm in width with a variable length from 3 to 5mm perpendicular to thec axis.
In the system, the magnitude of the shape anisotropy contribution is determined by a lateral aspect
ratio of the dot, while the magnetocrystalline anisotropy contribution is temperature dependent. The
torque curves for the dot arrays exhibited a characteristic fourfold symmetry due to the easy-axis
reorientation. The reorientation angle from the initial easy axis was found to be dependent on the
value of in-plane demagnetization factors as well as the temperature variable first and second
magnetocrystalline anisotropy constants. The experimental results are in good agreement with the
calculated effective magnetic anisotropy. ©2000 American Institute of Physics.
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I. INTRODUCTION

Recent interests on magnetic systems with reduced
mensions have been stimulated by rapid improvemen
various microfabrication technologies. Magnetic propert
of such submicron sized magnets are of great interest f
viewpoints of fundamental magnetism as well as magn
device applications. In particular, an array of laterally d
fined magnetic dots can be considered as a model syste
study the demagnetization processes initiated by the com
tition among magnetostatic, exchange, and magnetocry
line anisotropy energies.1–3

The dot array of well-defined geometry is generally fa
ricated by using electron-beam, x-ray, or optical microlitho
raphy. The lift-off process is used to produce a polycrys
line dot array,4 whereas the etching process is necessary
obtaining an epitaxial dot array.5 The shape-induced aniso
ropy dominates in the polycrystalline system due to the l
of macroscopic crystalline order, whereas the epitaxial
array conserves the original magnetocrystalline anisotro
which gives an important contribution to the effective ma
netic anisotropy. For example, the easy-axis reorienta
transitions in the~00•1! cobalt disks and the~10•0! Co rect-
angular dots have been observed.6,7

We present our further studies on the temperature de
dent magnetic anisotropy of the~10•0! Co rectangular dot
arrays with in-plane anisotropy.7 The long edges of the dot
are aligned perpendicular to thec axis to induce the compe
tition between the shape and the magnetocrystalline aniso
pies. The lateral aspect ratio of the rectangular dots de
mines the amount of the shape contribution to the effec
anisotropy, while the magnetocrystalline anisotropy con
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bution varies as a function of temperature. We will demo
strate that a gradual increase of the shape anisotropy
respect to the temperature variable magnetocrystalline
isotropy results in the temperature dependent easy-axis r
entation.

II. EXPERIMENT

Arrays of magnetic dots were prepared as follows. Fi
a 0.1mm thick ~10•0! oriented hcp Co film was grown by
molecular beam epitaxy at 473 K on a MgO~110! single
crystal substrate covered with a~211! Cr buffer layer. The
in-plane @001# axis, the crystallographicc axis of the ob-
tained film is parallel to Cr@011# and MgO@001# axes. Sec-
ondly, the film surface was spin coated with a thin layer
negative resist and patterned by electron beam lithograp
Finally, the arrays of the dots, 3 and 5mm in length l, 0.2
mm in width w, were cut into the film by an argon ion etch
ing procedure. The topography of the rectangular dot ar
was examined by means of scanning electron microsc
~SEM! and atomic force microscopy~AFM!.

The magnetic properties were studied in the tempera
range from 10 to 300 K in fields from21 to 1 T. The ex-
periments were carried out using a superconducting quan
interference device~SQUID! vector magnetometer equippe
with a rotatable sample stage. The system allows us to m
sure simultaneously both components parallelM i and per-
pendicularM' to the applied field direction. The magnet
torque curves were obtained by plottingL5M'H sinu as a
function of angleu between the applied fieldH and thec
axis. The domain structure in the remanent state was
served by magnetic force microscopy.
il:
1 © 2000 American Institute of Physics
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III. RESULTS AND DISCUSSION

The magnetic properties of the~10•0! Co epitaxial film
were examined before the patterning process. The Co
exhibits the in-plane uniaxial magnetic anisotropy with t
magnetic easy axis parallel to thec axis of hcp Co. The value
of coercivity is 0.2 T and the saturation field is 0.75
Torque curves measured in an applied field of 1 T were then
fitted to the first derivative of the anisotropy energy,Ea

5K1 sin2 u1K2 sin4 u, with respect to the angleu,

L52
]Ea

]u
52K1 sin 2u2K2 sin 2u sin2 u, ~1!

whereK1 andK2 are the first and second magnetocrystall
anisotropy constants. This yields the anisotropy constant
a function of temperature. The obtained temperature va
tions of K1 and K2 are in good agreement with the prev
ously reported values.8

The patterning of the dot array structure with their lo
edge perpendicular to thec axis significantly modifies the
magnetic anisotropy of the system. Figure 1 compares
magnetic torque curves measured at 300 K for the film
the dot arrays with the different lateral aspect ratiosl /w
515 and 25. Both torque curves exhibit a characteristic fo
fold symmetry unlike initial twofold one for the film. This
means that the original easyc axis turns to be the hard axi
and the magnetic easy axis directs at an angle of 32° f
the c axis for l /w515 and 50° forl /w525. The x-ray pole
figures for the arrays assure that a good~10•0! epitaxial
structure remains in each dot, supporting the fact that
easy axis reorientation is purely originated from the comp
ing shape induced demagnetization energy.

The total magnetic anisotropy energy of the dot ar
thus consists of the magnetocrystallineEa and the shapeEs

anisotropies as given below

E5Ea1Es5~K11Ks!sin2 u1K2 sin4 u, ~2!

where Ks is the shape anisotropy constant written asKs

5Ms
2(Nx2Ny)/2m0 ,Ms is the saturation magnetization,Nx

andNy are in-plane demagnetization factors parallel and p
pendicular to thec axis, respectively. The resultant aniso
ropy therefore exhibits twofold symmetry when the effecti
first order constantK1 eff5K11Ks and the second order con

FIG. 1. Representative torque curves for a continuos~10•0! Co epitaxial
film and 3 and 5mm dot arrays measured at 300 K. The arrows indicate
reorientation angles.
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stantK2 have the same sign. An increase of the shape
isotropy Ks leads to a negativeK1 eff with K2 unchanged.
This results in the easy-axis reorientation so that the e
axis tilts away from thec axis by an anglea. The reorienta-
tion anglea can be calculated from the equilibrium conditio
for Eq. ~2! as

a5arcsinSA2
K1 eff

2K2
D , ~3!

when the following condition is satisfied

22,
K1 eff

K2
,0. ~4!

As in Eq. ~3!, the reorientation anglea depends on both the
magnetocrystalline and shape anisotropy constants.
torque curves for 3mm dots measured in the temperatu
range from 10 to 300 K are shown in Fig. 2. As the magn
tocrystalline anisotropy contribution is pronounced with d
creasing temperature, the anglea diminishes. Cooling the
dot array mainly affects the contribution of the magnetocr
talline anisotropy, while the shape anisotropy stays alm
constant in this temperature range since it varies as a fu
tion of Ms

2. Figure 3 shows the temperature dependence
the magnetocrystalline constantsK1 andK2 together with the
effective anisotropy constantK1 eff determined by fitting
measured torque curves to Eq.~2!. It is clearly seen thatK1

is far more sensitive to temperature thanK2 and determines
the reorientation anglea. The difference in the in-plane de

e

FIG. 2. Torque curves for a 5mm dot array measured in the temperatu
range from 10 to 300 K.

FIG. 3. Temperature dependence of the first and second magnetocryst
anisotropy constantsK1 andK2 , the effective anisotropy constantK1 eff for
3 and 5mm dot arrays.
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magnetization factors (Nx2Ny) can be deduced from th
shape anisotropy constantKs5K1 eff2K1 as 20.33 and
20.38 for 3 and 5mm dots, respectively. The experiment
values of (Nx2Ny) are comparable to the values20.32 and
20.35 determined by using an analytical expression for
ideal prisms.9 The reorientation anglea and the amplitude
ratio L12 of two torque peaks as a function of dimensionle
parameterK1 eff /K2 are shown in Fig. 4. All the experimenta
data ofa andL12 for both 3 and 5mm dots lie on the solid
lines calculated from Eqs.~2! and ~3!.

The above discussion on the easy-axis reorientatio
based on the torque measurements for the saturated sam
The remanent magnetization of the dots should also dep
on the magnitude of the effective magnetic anisotropy if
single domain structure is preserved. To clarify this, the
gular variations of the parallelM i and perpendicularM'

components in the remanent state were examined. Figu
showsM i , M' , and the total remanent magnetizationMr

determined asMr5AM i
21M'

2 versus the angleu for the 3
mm dot array. The plot can be classified into two angu
regions A and B, reflecting characteristics of the demagn
zation process. In region A, the componentsM i andM' are

FIG. 4. The reorientation anglea and the amplitude ratio of two torque
peaks as a function of (K11Ks)/K2 . The solid lines are the calculate
curves.

FIG. 5. Angular dependence of the parallelM i and perpendicularM' com-
ponents of the remanent magnetization and the magnetizationMr calculated
asMr5AM i

21M'
2 for a 3 mm cobalt dot array.
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well described by the cosine and sine functions as indica
by the solid lines, and the totalMr remains constant. This
implies that the demagnetization process takes place via
herent rotation in the cobalt dots with a single domain str
ture and the magnetization vector directs along the reorien
easy axis. Further increase of the angleu in region B leads to
a sudden decrease inM i , M' , and Mr due to the appear
ance of a multidomain structure. The MFM images taken
the remanent state prove that the single domain struc
with the magnetization parallel to the reoriented easy a
stabilizes in the dots in region A and the multidomain stru
ture in region B. Well-defined stripe domains parallel to t
c axis are observed when the magnetic field is applied al
the long edges of the dots. Similar results were obtained
the 5mm epitaxial cobalt dot array.

IV. CONCLUSIONS

We have reported the temperature dependent in-p
magnetic anisotropy reorientation observed in rectang
~10•0! oriented hcp Co dot arrays. The torque curves exh
a characteristic anisotropy with in-plane fourfold symme
unlike the initial twofold one for the continuous film. Th
reorientation angle was found to be dependent on the v
of in-plane demagnetization factors as well as the temp
ture dependent first and second magnetocrystalline const
The stripe domains with the magnetization parallel to thc
axis are observed in the remanent state when the mag
field is applied parallel to the long edge of the dots. Ho
ever, the single domain structure with the magnetizat
along the reoriented easy axis can be stabilized when
applied field is parallel to thec axis. The calculation of the
effective magnetic anisotropy governed by competition
tween the magnetocrystalline and shape anisotropies
plains the experimental data very well.
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