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Anisotropy measurements in mesoscopic magnets
by magneto-optical torque
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The development of a versatile tool to quantify magnetic anisotropies in continuous and patterned
magnetic thin films is reported. The technique involves measuring the magnetooptic response to a
rotating magnetic field. Similarly to mechanical torque techniques, a single measurement obtains
both the anisotropy constants and their symmetry axes distribution. The technique has been applied
to analyze arrays of submicrometer stripe-shaped®d) elements with different interelement
separationss). For s larger than 1lum, the anisotropy associated with the stripes is independent on
separation, with a value of the effective uniaxial anisotropy constant very consistent with theoretical
estimations for these systems. ZD00 American Institute of Physid$S0003-695(00)05637-0

The improvement in thin film growth conditions and The samples used in the present study are 30-nm-thick
lithographic techniques is producing a great demand to chasingle crystal Fe(001) films grown on GaAs(001) sub-
acterize in fast and straightforward fashion small patternedtrates. The F€001) layers are covered situ with a 2.5-
magnetic structures. Ordered arrays of submicrometric magim-thick capping Pt layer to avoid material oxidation. The
netic elements are good candidates for different memory anchagneto-optical hysteresis loops of these iron samples ex-
storage applications, due to their reduced size and controlledibit a well defined cubic biaxial anisotroggasy axis along
geometry. These structures are important as well from thgl00] directiong as expected. A single domain state is ob-
basic point of view, to understand the change in magnetitained at remanence in all the applied field directions. The
properties as the size is reduced down to nanometric scaleatrays of patterned elements have been fabricated from the
Both theoretical and experimental approaches are theeontinuous Fg001) films by electron beam lithography as
needed in order to tailor magnetic responses from the bulkescribed earlief. We prepare several arrays of striped
material to match specific applications. These studies havehaped objects, 900 nm in widtlv) and 500um in length
just recently become possible, since the development of seyt), with different stripe separatiors€ 0.5, 1.0, and 1.5m).
eral patterning methods, such as electron Heaar x-ray ~ The total patterned area is a square of BB00LmM?. Two
lithography?® has allowed the fabrication of a wide variety of sets of arrays have been fabricated: the first one with the
patterned submicrometric magnetic structures with well destripes oriented parallel to the crystalline [B®0] direction
fined shape, crystallinity, and geometrical distributfof. (magnetic easy axisand the second with the stripes parallel

On the other hand, their reduced dimensions often implyio the Fe[110] direction (hard magnetic axjs
that the measurements of fundamental magnetic properties The magnetic anisotropy of the samples has been ana-
cannot be performed easily using conventional bulk techlyzed in a specifically designed magneto-optical torque
niques, requiring some important modifications or new meth{MOT) system that measures the changes in transverse Kerr
ods. In particular, specifically designed tools are needed téffect signal under a rotating magnetic field. This field pro-
measure effective magnetic anisotropy constants in patterneiiices a torque in the magnetization in a similar way to me-
arrays. We present in this work a technique that obtains arthanical torquemetry. It is also analogous to the optical tech-
isotropy constants and their symmetry axes in ordered magtique that uses longitudinal Kerr effect to study the
netic structures of nanometric size. The power of the metho@nisotropy in ultrathin filmé. The MOT measurements are
is illustrated with a continuous single crystal iron film and is carried out in the experimental setup sketched in Fig. 1. A

subsequently applied to arrays of single crystal Fe stripes. magnet is mounted on a rotation stage driven by an electrical
motor. The frequency of the rotation can be changed be-

2 o . . tween 10 and 40 Hz. A light source is focused on the sample.
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bpresent address: Dept. Fisica, Universidad de Oviedo, 33007 OvieddVhe€n measuring p_attemed_ structures, a !ight spot of less
Spain. than about 10Qum diameter is focused within the patterned

0003-6951/2000/77(13)/2039/3/$17.00 2039 © 2000 American Institute of Physics
Downloaded 08 Mar 2010 to 161.111.180.191. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



2040 Appl. Phys. Lett., Vol. 77, No. 13, 25 September 2000 Armelles et al.

X M
z | Rotating magnet 0
Y H (v} H
X -—

Yy
Sample Polarizer i . ,
Polarizer \/\ ' H (Oe)
. . 0.05
\ T Photodiode i \/\w
..t Lens S
\ Lens 0s
. / -180-90 0 90 180, 2200
Diaphragm Hall probe 2\ oo
Lamp { | 'c
I | >
| | e 1100
| | <
| ! @
Kerr Signal % < 220
VvS. S |
x M H((x) n PR
6 -180 90 0 90 180
Y +H o (deg.)
o}
/ FIG. 2. Angular dependence of the reflectivity in a(B81) continuous film
for different H field magnitude values. Inset shows the calculation of the
y angular dependence of the magnetization projection along tagis for

. ) . . diff t val f th ter=K./(2HMyg).
FIG. 1. Sketch(vertical view of the magneto-optical experimental setup rierent values ot the parame ol s

used to quantify magnetic anisotropies in planar film structures. Note in the
insets the definition of the anglesand 6 with respect to the vertical axis perpendicular to the plane of incidence, parallel toxlais.
and the horizontzy axis, both in the filmxy plane. As we increase the magnetic field amplitude the shape of the
signal is strongly modified. The observed changes reflect the

area. The reflectep-polarized light is focused on a Si pho- variation of the angle between the applied figldand the
todiode. The signal from the photodiode is compensatedaturation magnetizatiofYphase difference’. For a single
from the direct-currentdc) offset and amplified. The mea- domain system, this angle can be calculated by minimizing
sured reflectivity signal is periodic, with a period that coin-the magnetic free energy, which for the system sketched in
cides with the rotating magnet. The angle of the applied rofig. 2 can be expressed as
tating magnetic field with the plane of incidende) is . o
monitored with a Hall probe. E=(Kc/4)sin’ 2(6— )=~ HMscod a—6-90%), (1)

When the magnetic fielth is applied in the plane of the whereK. is the anisotropy constar¥] g the saturation mag-
sample, and its magnitude is high enough to guarantee metization,H the applied field, ang@ is the angle between the
single domain state in every direction, the dependence of theasy axis and thg axis. For the system depicted in Fig. 2,
reflectivity on the direction of the applied magnetic fiégkd ~ S=0°. In Fig. 2 (inseh) we present the projection of the
can be expressed, up to second order terms in the magnetiragnetization along the axis (cosd) as a function of the
zation, asR(a)=Ry+Acos¢+Bcos 6’ where ¢ is the anglea, for different values ofP, whereP=K./(2HMyg).
angle between the saturation magnetization and the axis pefhe parameteP determines the phase difference between
pendicular to the plane of incidenckandB are coefficients the field and the magnetization. There are two marked re-
which depend on the wavelength and the angle ofions; the first corresponds to the angular range where the
incidence'® for non-normal incidenceB is much smaller magnetic field is rotating from an easy axis towards a hard
thanA (in our caseB is typically 1%—-5% ofA). This expres- axis. In this region the magnetization lags behind the field.
sion is derived from the reflection coefficieny, which  The other region corresponds to the field rotating from the
quantifies the amplitude of the reflectegbolarized light into  hard axis towards the easy axis. In this range the magnetiza-
p-polarized light and is valid only when both the incident tion leads ahead the field. The abrupt jumps observed at
and reflected light arp polarized. If either the incident or the —135°, —45°, 45°, and 135° correspond to the transitions
reflected light are unpolarized, other terms, coming from thédrom one region to the other, i.e., the positions where the
rsp OF I' s reflection coefficients may also contribute to the applied magnetic field is parallel to a hard magnetic axis.
reflectivity 11> We have checked that those terms are in oufThe shape of the curves is determined by the ratio
case negligible by measuring the field direction dependencids ./2HM . In this Fe single crystal film, the cubic anisotropy
of the reflectivity with and without polarized incident light, constant obtained from a data fit to the above expressions is
being the obtained curves in both cases the same. Therefoié,=4.1x 10° erg/cn?, which agrees with the values derived
the evolution ofAR=R(«a) — Ry versusa represents a direct from the anisotropy field of conventional hysteresis loops
measurement of the changes in the direction of the magnetwith H applied along a hard magnetic axis. It is also similar
zation as the magnetic field rotates. to values reported for Fe films of comparable thicknéss.

In Fig. 2 we present the dependence of the reflectivity,  After studying the MOT response for different continu-
for a continuous Fe film, on the angle for different values ous biaxial and uniaxial systems we proceed to study sys-

of the applied field magnitude. One of the easy axis is set tems where the method has a great advantage: its suitability
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FIG. 3. Angular dependence of the reflectivifyoints and corresponding
fits (lineg) to Eq.(2) for arrays of Fg001) stripes with different separation
svalues atH=1500 Oe. The continuous iron film data are also shown. The
insets are sketches of the geometrical configurations of the stripes wit
respect to the crystalline H&00] magnetic easy axe$a) Stripes oriented
parallel to an eas{100] axis; (b) stripes oriented along a hafil10] axis.

to study the influence on the effective magnetic anisotropy o
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X 10° erg/cnt. This value is very similar for stripes either
parallel to easy or hard magnetic axes of the continuous film.
For separations smaller than Am K, decreases signifi-
cantly down toK y=2.2x 10° erg/cnt for s=0.5um. This
suggests that magnetic interactions between stripes become
relevant at this small separation range, in good agreement
with previous results in arrays of F801) microtiles where
magnetic interactions are important for interelement separa-
tions smaller than 0.gm.’

Our experimental values of the effective anisotropy con-
stant associated to the stripe sh&gcan be compared with
estimations of the shape anisotropy constidgt In these
structures, it can be approximated kg=1/2(N;— Ny)M?2,
where N, and N, are the demagnetizing factors along the
width and the length of the stripe, respectively, with the
value for the saturation magnetization of ¥eConsidering
the expressions for the demagnetizing factor of a general
ellipsoid® N, and Ny, for a stripe can be evaluated &k,
E=4mt/(w+1t)=0.137 andN,=0. This estimation then ob-

reduced dimensions and interactions in patterned submicrdains K =6.0x 10° erg/cn?, which is in good agreement
metric elements. As an example we present a study on arraysith our experimental resuk y,=5.5x 10° erg/cn?.

of single crystalline Fe stripes.

In summary, a magneto-optical torque technique has

In Fig. 3 we present the MOT response for arrays ofbeen developed in order to characterize the magnetic anisot-

single crystalline Fe stripes. FiguréaBshows the data when
the stripes are patterned oriented along the[F&0] easy
axis, whereas Fig.(B) corresponds to stripes patterned par-
allel to a hard[110] axis. For clarity only the curves of

ropy of patterned submicrometric structures. The method has
been applied to arrays of R@01) stripes with different in-
terelement separatiorss The effective shape anisotropy in-
duced by the patterning is independent of the separation dis-

=0.5 and 1.5um arrays are presented, together with thetance () for s=1um, with K¢ =5.5x10 erg/cnt, in
corresponding curves for the continuous Fe film. Note agaimexcellent agreement with shape anisotropy estimations. For

that in Fig. 3a) the Fe easy axis is parallel to theaxis,
whereas in Fig. @) it is at 45° with respect to the same axis,
i.e., the stripes are placed in the setup verticglgrallel to

thex axig) in both cases. As observed, the shape of the MOT

curves for the stripes is different from that for the Fe con- " :
sde Madrid. The authors wish to thank A. Cebollada and J. C.

tinuous film, and furthermore, there is a noticeable change
the distance between stripssyaries. These changes are due
to the stripe shape anisotropy. To quantify this additiona

shape anisotropy we fit the data by minimizing the magnetic
energy of the system. In addition to the crystalline anisot-

the smallest separation this effective anisotropy is reduced
down to 2.2 10 erg/cnt, due to the presence of magnetic
interactions between neighbors elements.
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