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Magneto-optigMO) studies are performed on regular arrays aflB€) micrometric squares, where

the elements are patterned with different sig@§—10um) and separation®.2—0.6um). When a

laser beam is focused inside the patterned structure a Bragg diffraction pattern is produced allowing
MO studies on both reflected and diffracted spots. The magnetic anisotropy has been analyzed by
in-plane MO hysteresis loops finding that, for square sizes beloye®\5it is not consistent with

the Fe crystalline cubic anisotropy, presenting a uniaxial-like behavior. The magnitude of the
corresponding anisotropy constants has been determined by analyzing the array réeponse
reflected and diffracted spot® a rotational magnetic field in a magneto-optical torque setup. For
square sizes of 1@um the anisotropy induced by patterning is negligible whereas for the small
squares2.5 um) the uniaxial magnetic constant has been found to be roughly 0.2 times the Fe cubic
anisotropy constant. @002 American Institute of Physic§DOI: 10.1063/1.1421042

I. INTRODUCTION surements and MO torqu&OT) experiments.

The fast development of lithography techniques during In aﬁrstfstep, thefmeasulremgnts OT thehMOKbE hyster%&s
the last few years makes it possible to produce periodic a|J—00pS as a function of sample orientation have been used to

rays of magnetic elements with submicrometric dimensfons.determlne the distribution of magnetic easy axes as a func-

These techniques provide full control over the size, period',[Ion of the square size and separation. Then, the MOT tech-

and symmetry of the microstructures. The potential technot'94€ has been applied to determine the corresponding an-

logical interest extends from data storage devices to inte'-SOtrOpy constants of the patterned structures. By measuring

grated magnetoelectronic deviceS0n the other hand, these both the reflectedspecular measuremetand diffracted

patterned arrays are of great relevance from the basic poiﬁponspecular measuremenipots generated under laser il-

of view since fundamental properties of mesoscopic magnel—um'nat'on' MOT has also allowed us to get information

tism can be probed. As an example, the correlation of mag‘ELbOUt the magnetization d|§tr|but|on state w_|th|n asingle el-
ment; this information is usually obtained by mag-

netic properties of patterned structures with the size an§™" X . .
prop P etic force microscopy(MFM)® and by Bitter decoration

shape of a single element, as well as with the array spacini, . 6| h determined the mini
is a central issue that is still not fully understood. In particu- Xperments.in our case we have determined the minimum

lar, the characteristics of the magnetic anisotropy can be cor?—q""gnet'C field value which ensures a homogeneous magne-

trolled and modified at these small scales by changing th%zatlotr_\ for every direction in a rotating magnetic field con-
geometry and size of the structures. This is a problem of 9uration.

fundamental interest, as magnetic anisotropy is the basis of

the magnetization reversal processes that take place in the
material. Il. EXPERIMENT

In this work we have studied the magnetic anisotropy of = the arrays of magnetic elements were fabricated by pat-
arrays of single crystalline Fe01) squares separated by Sub- tgming single crystal iron films. The deposition of the con-

micrometric distances. A systematic investigation of the;nuous 200 A thick Fe film was performed on GaAs sub-
magneto-opticalMO) properties has been performed by agirates with a MgQ001) buffer layer in a triode sputtering
combination of conventional MO Kerr effeMOKE) mea-  gystem with a base pressure in the low Lenbar range. The
crystallinity and interfaces of the films are excellent with
dElectronic mail: jlvicent@fis.ucm.es well-defined peaks in the reflection high-energy electron dif-
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fraction and high/low angle x-ray diffraction pattern3o Patterned sample

protect them from oxidation, the Fe films are coveiedgitu HeNeon « Polarization PR

with a sputtered layer of Pt with a typical thickness of 70 A. —71 S -2 Imagfftifﬁ "
The patterning of the continuous film was carried out by Byre ?",: -7

conventional electron-beam lithography as described L WS J 3

elsewheré Briefly, the as-deposited film is covered by a thin “‘I‘{h ;wfﬁ‘.,.f“' o

poly-methylmethacrylate(PMMA) film, which is subse- nh=2n 3

quently irradiated in a scanning electron microscope and de- "

veloped. This PMMA layer is used as a mask during an iorFiG. 1. Schematic drawing of the spatial distribution of diffracted beams
beam etching procedure using Ar ions. Typically, we intro-Wwith respect to sample orientation and pump laser beam.

duced about 25% overetching in order to ensure that the

continuous film was effectively separated. The total pat-_ o _
terned area is 500500.m?, and the lithographed array of Fig. 1 shows a sketch of the spatial distribution of diffracted

Fe squares present periols defined as the distance be- beams with respect to sample orientation and pump laser

tween neighbor square centesf 2.5, 5, and 10um and beam. In this figurenh andn, denote horizontal and vertical _

square-square separatiqssdefined as the distance between qrders, respec'uvely._ I shoulq be_ noted that the magnetic
neighbor edgesof 0.2 and 0.6um. All the tilings studied in field qrrangement d|§played In Fig. 1 corresponds to that
the present work have the square edges parallel to the I'-"éged in MOKE expenments. When MOT meas.uremen.ts are
[110] directions, i.e., directions that are magnetically hard to be performed this magnetic field geometry is substituted

Atomic force microscopyAFM) characterization of the fab- b?’ a rOtatmﬂ rlntagtrrl]et S0 thlat thef applied magnetic field is
ricated structures is carried out in a commercial Park Scien2'VaYS paraliel to the sampie surface.
tific unit.

The magnetic anisotropy of the samples has been anal. RESULTS AND DISCUSSION
lyzed by a combination of MOT and MOKE expen.meﬁ'Ps. A. Determination of magnetic axes distribution
The optical setup was the same for both techniques. The ) } . . o
laser (He—N@ beam is focused on the sample producing a In order to investigate the magnetic anisotropies induced
spot size of about 25pm diameter. The reflected/diffracted PY patterning we have measured in-plane hysteresis loops for
p-polarized light is focused inside a Si photodiode. The Sig_dlf'ferent sample orlentat_lons. The s_am_ple was rotated SO that
nal from the photodiode is compensated from the dc offsef® angle between applied magnetic field and square diago-

and amplified. For MOKE experiments the sample is placed'@ Was varied from 0° up to 360°. These measurements were
inside a Helmholtz coil providing a maximum field 6400 performed on both Fe continuous film and also on the square
Oe perpendicular to the incidence plane. patterned arrays. The angular dependence of the reduced re-

For the MOT measurement the coil is substituted by dhanenceM, /M (M being the saturation magnetization and
magnet mounted on a rotational stage driven by an electriczifIr the mggneUzatlon at remanemmﬂ)talngd for thg Fe.co.n—
motor. The rotation frequency can be changed between 16uous film (not shown)o has a well-defined cubic biaxial
and 40 Hz. The magnitude of the applied magnetic field afnSOtropy as expectéd.

the sample position is controlled by adjusting the distance F'gL:jrf 2 hShOWS thedpolar plots Off reducedf remanen_cz
between the sample and rotating magnet. This control ove tained for the patterned arrays as a function of array perio

the applied magnetic field magnitude is necessary since o ) and square-square separatigh Two markedly different

of the requirements to be satisfied by the MOT data analysi ehaviors are observed as a function of the square size.

is that the magnitude of the applied magnetic field should be él) LZI 10 _and 5’“”} sql;]ares. Ths rer(T;.anence S*}%YVS cu-
high enough to induce a uniform magnetization in each ele- Ic biaxial anisotropy for the two edge distances. This was

ment in every directiofi.The reflectivity signal is periodic, nevertheless expected since the Fe easy axis extends parallel

with a period that coincides with the inverse of the rotating

magnet frequency. The angle of the rotating applied field

with respect to the plane of incidence and the applied mag-
netic field magnitude is measured with a Hall probe. This

technique has emerged as a powerful and versatile tool to
guantify magnetic anisotropies in unpatterned and patterned
films, and it has been successfully applied to determine
the anisotropy constants of submicrometric stripe shaped
Fe(001) elements.

As was mentioned before, MO measurements have been
performed on both diffracted and reflected beams. In the fol-
lowing we classify the diffracted spots in two groups: those
that lie in the plane defined by the incident and refracted
laser beams are labeled as “horizontal orders.” On the other

hand thosg that align perpendicular tq this.plane are referreglg, 2. polar plots of reduced remanence obtained from the different square
to as “vertical orders.” In order to clarify this nomenclature arrays.
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(a) (b) to interference effects while magnetization reversal takes
placel*? |t has been proposed previously that these distor-
tions in the horizontal/vertical diffracted signals could be re-
=0 lated to the horizontal/vertical Fourier component of the
n= measured projection of the magnetization in each sotfare.
As a matter of fact, when the MOKE loops corresponding to
the vertical diffracted spots are recordedlumn (b) in Fig.
3] the differences with respect to the reflected one are less
marked in comparison to the differences observed in the
horizontal case. This can be explained by taking into account
that magnetization inhomogeneities along the applied field
2 direction are expected to be weaker than those produced in
the direction perpendicular to the magnetic field.

In addition, as the Bragg order increases, the differences
between the MO signal from diffracted and reflected spots
decrease, indicating that the contributions to magnetization
of high order Fourier componentsit4) are negligible in
comparison to that produced by low order components.

Figure 3 indicates that MO measurements on the dif-
fracted spots can be used to estimate the homogeneity of the
magnetization in each Fe square. In the next section, a com-
bination of specular and nonspecular MOT experiments will
S50 W0 6300 305 200 930 0100 20 be used to determine the magnetic anisotropy constant of the

H (Oe) different Fe squares.

FIG. 3. MO loops obtained in the reflected and diffracted spots. Col@nn
displays horizontal diffracted beams whereas vertical orders are shown i

column (b). Once the magnetic axes distribution has been deter-
mined, the MOT technique has been used to determine the
p_wagnetic anisotropy constants and to investigate their evolu-
tion with the change of ands.
The loops shown in Fig. 3 are clear evidence of the

existence of a nonhomogeneous magnetization distribution
uring magnetization reversal within the microsquates®

his inhomogeneous distribution is field dependent, since for
high enough magnetic fields no magnetization inhomogene-
jfies are expected. As mentioned before, MOT experiments
which provide the magnitude of magnetic anisotropy con-
stant$ require a field intensity that guarantees a single do-
main state during the rotation procédsevertheless, MOKE
experiments on diffracted spots discussed in Sec. 111 B do not
determine the minimum applied magnetic field that ensures
the single domain state in a rotating field configuration.

In MOT experiments, the angle between applied mag-
Figure 3 shows the MOKE hysteresis loops, i.e., thenetic field and Fe easy axis is continuously chan@ee Fig.
magnetization component parallel to the applied field, wher), so that the magnetization component perpendicular to in-

it is applied along a hard magnetic axiparallel to mi-  put beam polarizatiopM,=M sin()] also changes. In MOT
crosquare edgeThe data displayed have been obtained forexperiments this component is measured as a function of the
the L=10um array, with an interelement separation of applied magnetic field angle.

=0.6um. The magnetic loops obtained for the reflected spot  Figure 5 shows the angular dependence of the intensity
(n=0) show the expected shape that corresponds to aof the reflecteddotted line$ and first order horizontally dif-
abrupt magnetization reversdlWhen the transverse MOKE fracted spots(solid line§ for a L=10um array with s
loops are recorded on the firsti€1), second f=2), third  =0.2 ands=0.6m [columns(a) and(b), respectively and
(n=3), and fourth 1=4) horizontal diffracted spotgcol-  for different applied magnetic field magnitudes. In all the
umn (a) in Fig. 3] it is clearly observable that they are quite cases zero angle corresponds to the situation where the ap-
different from each other and also different from the oneplied magnetic field is parallel to the Fe hard afsee Fig. 4
observed when the loop is recorded on the reflected spot. Iso that the MO signal is maximum. Note the differences
principle, different shaped diffraction loops could be ex-between reflectedn=0) and diffracted H=1) responses.
pected when changing the ordey of the diffracted spot due For low magnetic fields (H 0.8 kOe) and for 90°, 270°, ...

-
i
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¢ Determination of magnetic anisotropy constants

to the square diagonal so that the net anisotropy is a comb
nation of two cubic anisotropies aligned@e and shape
anisotropies

(2) For the 2.5 2.5um? cases a clear uniaxial anisot-
ropy is found superimposed on the Fe cubic anisotropy. Th
hard axis of this new uniaxial symmetry lies close to the
[110Q] crystalline direction(0° in Fig. 2. For both square
separations the presence of magnetic domains is clearly o
servable at remanencd( /M <0.7). These magnetic do-
mains are more evident fas=0.6um as a result of the
reduction in the square-square magnetic interaction.

B. MOKE measurements in reflected and diffracted
spots
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FIG. 4. Schematic of the geometrical distribution of applied magnetic field,
induced magnetization, Fe hard axis, and patterned squares during MOT
experiments.

angles there is a sudden increase in the diffracted intensity
which is in contrast with the monotonic behavior observed in
the reflected signal. The height of these peaks depends on the
magnitude of the applied magnetic field. As the magnetic
field increases the diffracted intensity angular dependence
resembles more the reflected, or zero order, one. This simi-
larity between specular and nonspecular MO signals indi-
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cates that an homogeneous magnetic state has been reacHg@: 6. Angular dependence of the reflectivifyoints and corresponding

This has been observed for applied magnetic fields of th

present remarkable differences to those shown in Fig. 5 for
the H=2.1kOe case. Similar experiments have been per-

gts (lineg) for square arrays with different square-square separations and

. eriods. The continuous iron film data and fit are also shown. Applied mag-
order of 2 kOe. The curves obtained fr>2 kOe do not Eetic field was 2 kOe. PP 9

formed on theL=2.5 and 5um arrays. In all the cases we have concluded that uniform magnetic state during the whole
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FIG. 5. MOT signal obtained from reflectddotted ling and first order
diffracted beam(solid line) as a function of applied magnetic amplitude.
Data have been obtained frolm=10 um arrays withs=0.2 and 0.6um
[columns(a) and (b), respectively.

rotation process is achieved for magnetic fields of the order
of 2 kOe.

When the rotating magnetic fieldl is applied in the
plane of the film and its magnitude is high enough to guar-
antee a single domain state in every direction, the depen-
dence of the reflectivity on the direction of the applied mag-
netic field (a) can be expressed As.

R(a)=Ry+Acog §)+B cog(6), (1)

where @ is the angle between the induced magnetization and
the axis perpendicular to the plane of inciderisee Fig. 4.

This expression is only valid in our experimental geometry
where both the incident and reflected light argolarized, so
that only ther, reflection term contributes. Therefore the
evolution of AR=R(«)—R, versusa represents a direct
measurement of the changes in the direction of magnetiza-
tion as the magnetic field rotates.

Figure 6 shows the angular dependenceA& for Fe
continuous films as well as for the different patterns in the
presence of a rotating magnetic field of 2 kOe. In the absence
of any magnetic anisotropy the obtained curve would display
a pure sinusoidal shagthere is no phase difference between
applied magnetic field and induced magnetizatidrhe ef-
fect of the magnetic anisotropy is to induce a phase differ-
ence between the field and the magnetization so that, in gen-
eral, 0+ «. When the magnetic field is rotating from an easy
axis towards a hard axis the induced magnetization lags be-
hind the field. It leads ahead when rotating from a hard axis
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towards an easy one. The presence of magnetic anisotropié&BLE . Magnetic anisotropy constants as calculated from MOT experi-
is then characterized by deviations from a sinusoidal reflechents as a function of array period and square-square separation. The char-
. . . . _acter of the patterning induced magnetic anisotropy is also indicated for
tivity. For a single domain system the angle between applle(zach case

magnetic field and induced magnetizati@nd therefore the

shape of reflectivity versus angle curyesan be calculated Array period Square-square separatioAnisotropy constant

minimizing the magnetic free energy. For the continuous Fe (1) (8) (um) (x10'ergent)  Anisotropy
film case this can be expressed‘as 10 um 0.6 073 cubic
K 0.2 0.28 cubic
C . o
E:(T si? 2(9—B) —HMgcog a— 6—90°), i) 5 um 0.6 8.44 cubic
0.2 3.9 cubic
whereK_ is a qubic anisotropy constari, the applied field, 2.5 um 0.6 95 uniaxial
M s the saturation magnetization, aBds the angle between 0.2 8.9 uniaxial

the easy axis and theaxis. In our experimental conditions
B=45°. The final shape of the reflectivity curve is deter-
mined by the raticP=K_ /2HMg so that this is varied until
the differences between experimental data and predicted 1 erg cm 3 for s=0.6um and forL=10 and 5um ar-

curve are minimized. This method has been first applied t‘?ays, respectively. For 0.2m separationK ¢, decreases sig-

the Fe single crystalline film. The corresponding curve iSnificantIy down to 2.8% 1C° and 3.9<10% ergcm 3 for L
shown _in F_ig. §where open circles are exp(_erimental dataand 10 and 5um cases, respectively. This suggests that mag-
the solid line is the best fit. The cubic anisotropy constanhetic interactions between adjacent Fe squares become more
obtained from the Fe data k&= 4.05x 10° ergcm®, which —rejevant at these small separations, in good agreement with
agrees with the values derived from the anisotropy field conprevious studies based on the analysis of hysteresis loops
ventional hysteresis loops wit applied along a hard mag-  gptained from similar Fe square arrdyMoreover, the re-
netic axis. It is also similar to values reported for Fe films of §,;ction in the effective shape anisotropy for small interele-

comparable t_hickne§§. . _ _ ment separation has been also found in MOT studies on
To quantify the additional shape anisotropy induced byrg(0j) stripe arrayé.

the square patterning process, the data obtained from the gq, theL=2.5um arrays and in accordance with polar

different square arrays are fitted by minimizing the magneticpk)tS of reduced remanence, the magnetic energy of the sys-
energy of the system. In addition to the crystalline anisotyam can be written as

ropy, another term for the square shape induced anisotropy is
introduced. As a first order approximation, justified by the
polar plots of the reduced remanence shown in Fig. 2, this
additional anisotropy has been considered as cubicLfor o
=10 and 5um arrays so that for these cases the magnetic X coga— =907, )
energy can be now written as where K" is the uniaxial anisotropy constant agd now
determines the orientation of this uniaxial anisotropy. From
&) St 2(0— B) the analysis of MOT curvetsee Fig. 6 we have found that
4 the corresponding easy axis is around 16° with respect to the
o [—110] crystalline direction in accordance to data shown in
~HM;coga—6-90°, ® Fig. 2. Iny addition, the anisotropy constants obtained are
whereK$, is the shape anisotropy constant. The subsaript 0.89x10° and 0.95 10° erg cmi 3 for s=0.2 and 0.6um,
denotes that for these square arrangements this additionadspectively. In this case the magnetic anisotropy constant is
anisotropy corresponds to a cubic one. In expres&mB’ also reduced by magnetic interaction between adjacent
is the angle between the easy axis associated with the shapguares.
anisotropy and th& axis. Minimizing this free energy pro- The values obtained for the shape anisotropy constants
vides the relation between the actual angle of induced magas a function of array period are summarized in Table I. It is
netization and the applied magnetic field angle. The experielearly observable that as the square size is reduced the shape
mental MOT curves are then fitted by keeping fixed themagnetic anisotropy increases, as was expected. In addition,
anisotropy constantk(.) obtained from the continuous Fe the anisotropy constant decreases with the square-square
film MOT curves. Experimental dat@pen circles and best separation due to magnetic interactions. The uniaxial anisot-
fits (solid lineg are shown in Fig. 6 for all the array configu- ropy induced by the nanopatterning process in the smallest
rations. In this way the fit provides the value of the shapestudied sizes could have different origins that are considered
anisotropy constant due to the square patterning. It should beext.
noted here that the orientation of shape anisotropy easy axes First, any elongation along one of the sides of the
(B") is also varied during the fitting procedure. The valuessquares would produce an additional uniaxial shape anisot-
finally obtained arg8’ =45°+8° for all the cases, indicating ropy. In order to analyze this possible origin, a careful deter-
that Fe easy axes and square diagonals are aligned in accamination of the square dimensions has been done by AFM
dance with the patterning design. The values obtained foexperiments. They have shown that the relative elongation is
the shape anisotropy constants are %30° and 8.44 as low as 5% and 2% for tHe=2.5um square arrays with

IZ St 2(6— B)—HMjq

E=(K“)sin2(0—ﬂ’)+(—c

KC
E=<TSh)sin22(0—,8’)+
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s=0.6 and 0.2um, respectively, this elongation being lower characteristics of periodic arrays of Fe microsquares with
than 2% for the larger squarés=5 and 10um). This de-  different sizes and submicrometric separations. The periodic
viation from the square shape is probably related to the indistribution of magnetic elements allows the investigation of
tensity profile of the electron-beam which could differ from a MO response in both reflected and diffracted spots. Non-
perfect Gaussian distribution. The corresponding uniaxiabpecular measurements serve to determine when the magne-
shape anisotropy induced in the sample plane can be estization within the microsquares reaches a homogeneous dis-
mated as tribution. We have concluded that, if the applied field

K = 3Ny — N ) M2 ) magnitude is of the order_ of 2 kOe, t_he field _strength _is high

ush™ 23y T enough to guarantee a single domain state in a rotating field

where N, and N, are the demagnetizing factors along the configuration.
two perpendicular in-plane directions. They can be evaluated The magnetic axes distribution has been studied by mea-
considering the F€001) square elements as very flat ellip- surements of in-plane hysteresis loops at different magnetic
soids, that is, their axes b, andc along the directions, y,  field orientations. The magnetic anisotropy obtained depends
andz present the relatioa=b>c. In this case the difference strongly on the square size. When this is reduced below 2.5

of the demagnetizing factors can be writted®as pm, the magnetic anisotropy presents an important uniaxial
N.—N.=4m(c/a)(1—e2)[2K(e)—E(e character. Although some possible shape anisotropy contri-

v~ Na=4m(claj( JL2K(e)~E(e)] bution is not negligible, this uniaxial anisotropy might be
—E(e)}/[e*(1—e?)V, (6)  mainly originated during the patterning process by the relax-

whereK () andE(e) are the complete elliptic integrals of f'ition _of the internal_stresses of the epitaxially grown film,
the first and second kinds, respectively, ard=[1 mduc_mg a stress anisotropy. . .
~ (bla)?]*2 Finally, we have used the MOT technique to determine
Considering the upper limit for the possible induced an-the effective magnetlc anisotropy _constant; |_nduced by
isotropy, that is,b=0.95 (elongation of 5% with a square patterning. For large square sizes, a biaxial shape an-
—2.m ,andc=2(,) nm (Fe cube dimensions for the smallest isotropy associated with the lithographed array is observed,
squ:re}s we obtain ranging from 3<10ergcm 3 to 8x10*ergem 3. It de-
creases when the square size is reduced or the square-square
Kysh= 3(Ny—Ny)M?~1.75< 10" erg cm 2, (7)  separation is decreased due to the presence of magnetic in-
teractions between neighbor elements. For the smallest
squares this additional anisotropy is uniaxial, being of the
order of 9x 10* erg cm 3, which is 0.2 times the Fe crystal-
line constants.

This upper limit shows that, although this effect can give
some contribution to the patterning induced uniaxial anisot
ropy, it is clearly smaller than the observed deee Table),
so that other factors must be present.

Another effect that can contribute to the origin of the
observed uniaxial anisotropy is the possible relaxation of the
growth induced stresses when the film is patterned in smaA\CKNOWLEDGMENTS
elements, producing a stress anisotropy. In general, this an-
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