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The in-plane magnetic easy-axis reorientation was investigated for the arrdg®-0f hcp Co
rectangular dots 0.2m in width with a variable length from 3 to &#m perpendicular to the 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. 200 American Institute of Physics.
[S0021-897€00)37708-9

I. INTRODUCTION bution varies as a function of temperature. We will demon-
_ . . strate that a gradual increase of the shape anisotropy with
Recent interests on magnetic systems with reduced drespect to the temperature variable magnetocrystalline an-

mensions have been stimulated by rapid improvement okotropy results in the temperature dependent easy-axis reori-
various microfabrication technologies. Magnetic propertiesentation.

of such submicron sized magnets are of great interest from

viewpoints of fundamental magnetism as well as magnetic

device applications. In particular, an array of laterally de-

fined magnetic dots can be considered as a model system to

study the demagnetization processes initiated by the comp@- EXPERIMENT

tition among magnetostatic, exchange, and magnetocrystal-

line anisotropy energie's3 Arrays of magnetic dots were prepared as follows. First,

The dot array of well-defined geometry is generally fab-a 0.1 um thick (10-0) oriented hcp Co film was grown by
ricated by using electron-beam, x-ray, or optical microlithog-molecular beam epitaxy at 473 K on a Mg@10) single
raphy. The lift-off process is used to produce a polycrystalcrystal substrate covered with(a11) Cr buffer layer. The
line dot array* whereas the etching process is necessary folh-plane [001] axis, the crystallographic axis of the ob-
obtaining an epitaxial dot arrayThe shape-induced anisot- tained film is parallel to CF011] and MgO[001] axes. Sec-
ropy dominates in the polycrystalline system due to the lackndly, the film surface was spin coated with a thin layer of
of macroscopic crystalline order, whereas the epitaxial dohegative resist and patterned by electron beam lithography.
array conserves the original magnetocrystalline anisotropyrinally, the arrays of the dots, 3 and8n in lengthl, 0.2
which gives an important contribution to the effective mag- um in width w, were cut into the film by an argon ion etch-
netic anisotropy. For example, the easy-axis reorientatioihg procedure. The topography of the rectangular dot array
transitions in the00- 1) cobalt disks and th€10-0) Co rect-  was examined by means of scanning electron microscopy
angular dots have been obserfed. (SEM) and atomic force microscopyAFM).

We present our further studies on the temperature depen- The magnetic properties were studied in the temperature
dent magnetic anisotropy of th@0-0) Co rectangular dot range from 10 to 300 K in fields from-1 to 1 T. The ex-
arrays with in-plane anisotrogyThe long edges of the dots periments were carried out using a superconducting quantum
are aligned perpendicular to tleeaxis to induce the compe- interference devicéSQUID) vector magnetometer equipped
tition between the shape and the magnetocrystalline anisotrgvith a rotatable sample stage. The system allows us to mea-
pies. The lateral aspect ratio of the rectangular dots detesure simultaneously both components paralgl and per-
mines the amount of the shape contribution to the effectivgyendicularM, to the applied field direction. The magnetic
anisotropy, while the magnetocrystalline anisotropy contritorque curves were obtained by plottihg=M , H sinéd as a
function of angled between the applied fielti and thec
dAuthor to whom correspondence should be addressed, electronic maiﬁXiS- The domain structure in the remanent state was ob-

chika@material.tohoku.ac.jp served by magnetic force microscopy.
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FIG. 2. Torque curves for a mm dot array measured in the temperature

FIG. 1. Representative torque curves for a contin(ids0) Co epitaxial range from 10 to 300 K.

film and 3 and 5um dot arrays measured at 300 K. The arrows indicate the
reorientation angles.

stantK, have the same sign. An increase of the shape an-
isotropy K leads to a negativ&; o with K, unchanged.
lll. RESULTS AND DISCUSSION This results in the easy-axis reorientation so that the easy
axis tilts away from the axis by an angler. The reorienta-

were examined before the patterning process. The Co filnqon anglea can be calculated from the equilibrium condition
exhibits the in-plane uniaxial magnetic anisotropy with thefor Eq.(2) as

magnetic easy axis parallel to thexis of hcp Co. The value _ K1 off
of coercivity is 0.2 T and the saturation field is 0.75 T. = a=arcsi oK. | 3
Torque curves measured in an applied field @ were then 2

fitted to the first derivative of the anisotropy enerdy,  When the following condition is satisfied
=K sir? 6+K,sin’* 6, with respect to the anglé,

The magnetic properties of tH&0-0) Co epitaxial film

K
—2<—2p, 4
JE, ) . . K,
L=— = —K, sin 26— K, sin 26 sir? 6, (1)
70 As in Eqg.(3), the reorientation angle depends on both the

whereK; andK, are the first and second magnetocrystallinemagnetocrystalline and shape anisotropy constants. The
anisotropy constants. This yields the anisotropy constants d8rque curves for 3um dots measured in the temperature
a function of temperature. The obtained temperature varigkange from 10 to 300 K are shown in Fig. 2. As the magne-
tions of K; andK, are in good agreement with the previ- tocrystalline anisotropy contribution is pronounced with de-
ously reported values. creasing temperature, the anglediminishes. Cooling the

The patterning of the dot array structure with their longdot array mainly affects the contribution of the magnetocrys-
edge perpendicular to the axis significantly modifies the talline anisotropy, while the shape anisotropy stays almost
magnetic anisotropy of the System_ Figure 1 compares théonstant in this temperature range since it varies as a func-
magnetic torque curves measured at 300 K for the film andion of M2. Figure 3 shows the temperature dependence of
the dot arrays with the different lateral aspect ratibw  the magnetocrystalline constarits andK together with the
=15 and 25. Both torque curves exhibit a characteristic foureffective anisotropy constark, ¢4 determined by fitting
fold symmetry unlike initial twofold one for the film. This Measured torque curves to HQ). It is clearly seen thaK,
means that the original easyaxis turns to be the hard axis is far more sensitive to temperature thép and determines
and the magnetic easy axis directs at an ang|e of 32° frorﬂ'le reorientation angl&. The difference in the in-plane de-
the c axis forl/w=15 and 50° foll/w=25. The x-ray pole
figures for the arrays assure that a godd-0) epitaxial
structure remains in each dot, supporting the fact that the 4k
easy axis reorientation is purely originated from the compet- : E‘IEEM‘\A\
ing shape induced demagnetization energy. 3:

The total magnetic anisotropy energy of the dot array a2k K, film
thus consists of the magnetocrystallifg and the shapé&g w: oA
anisotropies as given below %

L Kiesr 3m dot:
E=E,+E.=(K,+KJ)sir? 6+ K, sin’ 6, ) or A—aiA””—‘LLH\A

A

. . . -1f
where K is the shape anisotropy constant written kKas ! .O“}W’;‘.‘?‘\Q\‘_Q
=M§(NX— Ny)/2u10,Ms is the saturation magnetizatioN, 0 50 100 150 200 250 300
andN, are in-plane demagnetization factors parallel and per- TK)

pendicular to thec .a?as, respectively. The resultant anlsgt— FIG. 3. Temperature dependence of the first and second magnetocrystalline
ropy therefore exhibits twofold symmetry when the effective ynisotropy constants, andK., the effective anisotropy constalt o for

first order constanK, .w=K;+Kg and the second order con- 3 and 5um dot arrays.
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oof —— well described by the cosine and sine functions as indicated
! by the solid lines, and the totéfl, remains constant. This
3y implies that the demagnetization process takes place via co-
60 herent rotation in the cobalt dots with a single domain struc-
45l ture and the magnetization vector directs along the reoriented
3 30l easy axis. Further increase of the an@la region B leads to
a sudden decrease M, M, , andM, due to the appear-
15 Basy-axis sy-axi ance of a multidomain structure. The MFM images taken in
of Teorientation ] the remanent state prove that the single domain structure

25 20 15 210 05 0 05 with the magnetization parallel to the reoriented easy axis
stabilizes in the dots in region A and the multidomain struc-
(Ki+Ky/K> . . . . .
ture in region B. Well-defined stripe domains parallel to the
FIG. 4. The reorientation angle and the amplitude ratio of two torque ¢ axis are observed when the magnetic field is applied along
peaks as a function ofk(+K)/K;,. The solid lines are the calculated tha long edges of the dots. Similar results were obtained for
curves. the 5um epitaxial cobalt dot array.

magnetization factorsNy,—Ny) can be deduced from the V. CONCLUSIONS

shape anisotropy constait,=K; .+—K; as —0.33 and We have reported the temperature dependent in-plane
—0.38 for 3 and 5um dots, respectively. The experimental magnetic anisotropy reorientation observed in rectangular
values of (Ny—Ny) are comparable to the value<.32 and  (10-0) oriented hcp Co dot arrays. The torque curves exhibit
—0.35 determined by using an analytical expression for thé@ characteristic anisotropy with in-plane fourfold symmetry
ideal prismgg_ The reorientation angler and the amplitude unlike the initial twofold one for the continuous film. The
ratio L1, of two torque peaks as a function of dimensionless'eorientation angle was found to be dependent on the value
parameteK ; «/K, are shown in Fig. 4. All the experimental of in-plane demagnetization factors as well as the tempera-

data ofa andL,, for both 3 and 5um dots lie on the solid ture dependent first and second magnetocrystalline constants.
lines calculated from Eqg¢2) and(3). The stripe domains with the magnetization parallel to ¢he

The above discussion on the easy-axis reorientation igxis are observed in the remanent state when the magnetic
based on the torque measurements for the saturated sampléeld is applied parallel to the long edge of the dots. How-
The remanent magnetization of the dots should also deperfyer, the single domain structure with the magnetization
on the magnitude of the effective magnetic anisotropy if thealong the reoriented easy axis can be stabilized when the
single domain structure is preserved. To clarify this, the anapplied field is parallel to the axis. The calculation of the
gular variations of the paralleM; and perpendiculaM,  effective magnetic anisotropy governed by competition be-
components in the remanent state were examined. Figuret®een the magnetocrystalline and shape anisotropies ex-
showsM, M, , and the total remanent magnetizatibh ~ plains the experimental data very well.
determined adl, = \/Mf +M? versus the anglé for the 3
um dot array. The plot can be classified into two anguIat’A‘CK'\IOWLEDGMENTS
regions A and B, reflecting characteristics of the demagneti- This work was partly supported by RFTF of Japan So-
zation process. In region A, the componektsandM, are  ciety for the Promotion of Science, and a Grant-in-Aid for
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