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Fabrication of submicrometric magnetic structures
by electron-beam lithography
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Submicrometric magnetic structures have been fabricated by electron-beam lithography on Si
substrates. High-quality patterns have been obtained with typical length scale of the structures in the
range of 100 nm. The designed geometrical configurations are suitable for investigation of their
physical properties by transport measurements in a controlled way. In particular, long chains of
connected magnetic dots are useful to analyze magnetization reversal processes, whereas ordered
arrays of isolated dots can be used to study pinning effects in superconducting filmE99&®
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I. INTRODUCTION Il. ELECTRON-BEAM LITHOGRAPHY

The fabrication of submicrometric magnetic structures  tha electron-beam lithography process used to produce
with controlled geometries is very interesting both from they, 5 hmicrometric structures consists of several sequential
funl(ljszgntzl and aptplletc:]phy&::s ptomts olfl View. ?uett%thde_'frsteps, as is schematically shown in Fig. 1. First, the desired
well-defined geometry, these structures allow us to stu if: ; ;
ferent pro er?ies of thye materials in a simple wa More())/verpattern IS drawn with the electron beam of a SEM onto a

h prop I di ) b p bl Y- he ch substratein our case, $1L00) or Si(111)] covered with an
ast _elrl smah |m|enS|ofnsh ecome comparable to ; € Chardfectron sensitive resist layéFig. 1(a)]. In particular, the
teristic length scales of the maFe_”("ﬂ-g-’ magnetic domain oqiqt e have used is a solution of 4% polymethylmethacri-
walls), these_ structurgs can exh'b't novel properties. Furth_erfate(PMMA) in trichlorobenzene, and it covers the substrate
more, submicrometric magnetic structures can play an 'Myith a thickness of 300 nm. The microscope is a JEOL 6400

portant role in the design of new technological SYSIeMS, agen in which a nanometer pattern generation system of
those related to magnetic recording meldadue to the min- nabity has been installed, so that the electron beam is con-

|atu[||_zhat|on tretn(; n tlhls f'eldt' f lith hic techni trolled from an external computer to write in the PMMA the
has b € recent Ie}/e otr;mend of new i togfrap Ic eﬁ .n'ciﬁe reviously programed pattern. Working with an acceleration
as been crucial Tor Ine advancement ot research in the Itage of 30—36 kV, the electron-beam current has been

submu_:rometrlc stguctures. Some of these techn|qu_e$|}ire varied from 30 pA to 1 nA depending on the type of pattern.
x-ray lithography*® where the patterns are made using syn- general, each pattern is defined over auBOX50 um

chrc_)tron radla}tlon;.(n) scanning tunnelmg microscopy- region; within this size the deflection of the beam is small
assisted techniquédn which the tunneling current between .
cz)afnd the focus remains good.

the tip and the substrate is used to induce the deposition After writing the pattern, the Si substrate with PMMA is

ggggﬁ_éggﬂeﬁh? rzmk?" ﬁﬂihﬁgqgglﬁgsf\:ﬁgz iré%d developed at 16 °C for 30—35 s in a 3:1 mixture of developer
grapny, y " _.and ethanol. In this way, those PMMA regions which were

where the desired pattern is defined by an electron beam of a
. . exposed to the electron beam are removed from the substrate
scanning electron microscog8EM).

In this paper, we present the fabrication details of novep:'g' Ub)]. Afterwards, the desired magnetic material is

and different submicrometric structures of magnetic materid o' at room temperature on top of this PMMA template

als produced by electron-beam lithography and a subsequel;ﬁ'g' 1c)). In partlculgr, we ha_lve used a_s a magnetic mate
. o 4 " "rial the ferromagnetic transition metals: iron, cobalt, and
lift-off process. The specific geometries have been designed. . .
. . . _nickel. They have been deposited either by sputtefirg
to make the structures appropriate for physical properties .
. . . and Nij or by electron-beam evaporatigall of them) up to
studies using transport measurements. In particular, these . : .
. - a total thickness of 40—50 nm, which has been calibrated by
small, controlled structures help in obtaining a further under- . .
. . L low-angle x-ray diffraction.
standing of such diverse phenomena as magnetization rever-" _. d . . .
Finally, a lift-off process is carried out. The sample is

sal processes of magnetic particles or vortex pinning in U mersed in acetone, in order to dissolve the PMMA tem-
perconductors.

plate remaining on the substrate. This procedure removes
also the magnetic material deposited on top of the PMMA
::On leave from Universidad Complutense, 28040 Madrid, Spain. layer. Hence, the magnetic layer remains only where it has
Electronic mail: hoffmann@ucsd.edu . . f f
9Present address: Universitat Aowna de Barcelona, 08193 Bellaterra, be?n grown directly Or_] the SUb.Stra(uEE" in those regions
which have been previously defined by the electron beam

Spain.
9present address: CNRS—Thomson CSF, 91404 Orsay, France. so that the desired pattern is obtair&dy. 1(d)].
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FIG. 1. Sketch of the electron-beam lithography procéssWriting the
designed pattern using the SENb) Development of the PMMA.(c)
Growth of the magnetic layefd) Lift-off.

High-quality reproducible patterned samples result at the
end of this electron-beam lithography process. Some ex:
amples of the fabricated structures appear in Fig. 2, where
SEM pictures are presented. In FigaRan array of Ni lines
is shown; the lines are straight, parallel, separated by 508/G- 2. SEM pictures of several submicrometric structures prepared by
nm, and have a width o100 nm. Figure @) presents a fg)e‘lz;ggtgza& 'Sg‘t’sg;?ft’:ﬁ;;iﬁ'f;‘gﬁ gflnégkﬁhseparated by 500 nm.
micrograph of circular isolated dots of cobalt, which are very '
regular in size and shape, with a diameter smaller than 100
nm. . . _ Therefore, our patterns are ideally suited for the study of
Using these conditions, we have designed two differen . . .
kinds of submicrometric structures for hysteresis studies oiléchzg?;zsnet;I?ezrl}ziiso{]aor}dtﬁ ggér(r)nllggglfhmn and provide
magnetic materials and pinning investigations in supercon- Figure 3a) is a SEM image of a typical sample, showing
ductors. These patterns are long connected chains of mag: y

. . -defined chains of Ni dots. The dot diameter is approxi-
netic dots and ordered arrays of separated dots, which al;ﬁately 400 nm, which is the same as the distance between
described in more detail in the following sections. '

the dot centers, and the thickness is 45 nm. In general, each
chain is made of 50 dots up to a total length of 2.
During the fabrication process, the electron-beam current of
the microscope has been varied between 60 and 300 pA,
The first type of structures that we have fabricated andadjusting it carefully in order to obtain narrow connections
studied consists of long and continuous chains of magnetibetween the dots of around 100 nm in width. The length
dots connected by narrow constrictions, so that an electricacale of these structures is comparable to typical domain-
current can be applied along them. This allows investigatiorwall sizes of ferromagnetic transition metafsso that inter-
of their magnetic behavior using transport measurement®sting properties can be expected as each dot should only
This technique overcomes difficulties associated with thecontain a few magnetic domains or even be a monodomain.
small total volume of these submicrometric samples, which  The chains of dots have been arranged in different geo-
makes the total magnetic moment of a typical pattern toanetrical configurations. First, straight chains have been pre-
small to be detected by standard magnetometry techniquegared in sets ranging from 1 to 25 parallel chains separated
Besides, chains of dots have been widely used in theoreticdly 2 um from each other. Then, more complicated struc-
models to simulate magnetization reversal proce¥ses.tures, such as the one shown in Fi¢h)3have been designed

Ill. CHAINS OF MAGNETIC DOTS
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FIG. 4. Magnetoresistance as a function of field for one chain of 400 nm
diam Fe dots aT =10 K; H is applied in the sample plane but perpendicular
to the chain. The inset shows tR{T) curve of the same pattern.

characteristic negative magnetoresistance of these ferromag-
netic material%’ is found. The analysis of the shape of these
magnetoresistance hysteresis loops in comparison with those
of unpatterned single films has been used to get further un-
derstanding of magnetization reversal proces$es.

IV. ORDERED ARRAYS OF DOTS

There are many aspects that can be addressed in the
study of ordered arrays of magnetic dots, such as magnetic
coupling* or the fabrication of magnetic recording media.
Also, these submicrometric magnetic structures are interest-
FIG. 3. (@ SEM micrograph of long chains of connected Ni dots with INg in the field of superconductivity. The characteristic
diameters of 400 nnib) SEM picture of chains of Ni dots with perpendicu- lengths of superconducting materials, such as the penetration
lar branches; the rect_a_ngular regions for the contacts of the transport me@:‘epth X\ and the coherence |engm are in the submicron
surements are also visible. N .

range. Therefore, the fabrication of controlled defects in su-
perconductors with sizes comparable to the vortex ¢oeg
comparable t@) is interesting, since they are promising can-
in order to control and modify the influence of shape anisotdidates for strong pinning centers for the vortex latfitEor
ropy in the magnetization reversal processes. In all thesthese studies, we have fabricated regular arrays of isolated
cases, rectangular pads of the same material have been deagnetic dots in order to study their pinning effect on Nb
fined at the end of the chains to make the contacts for théhin films.
transport measurements, as can be seen in Hiy. Bor that Figure 5 shows a SEM picture of an array of magnetic
purpose, conventional optical lithography is performed ondots with a hexagonal structure. We have also prepared ar-
top of the pattern, so that, after growing a silver layer, therays with other geometrical configuratiotejuare or rectan-
contacts are obtained by a lift-off procedure. gulan to analyze and compare anisotropic properties. In par-

These long chains of submicrometric magnetic dotdicular, the dots in Fig. 5 have been made with an electron-
present transport properties like those shown in Fig. 4 for deam current of 50 pA and have a diameter of 200 nm,
single chain of Fe dots. The temperature dependence of thehich are typical values for the arrays we have studied. The
resistance has a metallic behavior even for only one chain dattice spacing between dots has been varied between 0.3 and
dots in the sampléinset of Fig. 4, indicating the metallic 1 um.
character of the constrictions between the dots. The To study the pinning effect of magnetic dot arrays on
magnetic-field dependence of the resistance appears in Fig.siperconductors, a niobium film has been grown on top of
for the same sample of Fe dots, measured with the fielthe arrays of magnetic dots, either by sputtering or molecular
applied parallel to the substrate plane but perpendicular tbeam epitaxy, with thickness varying from 50 to 100 nm. To
the chain(and, therefore, perpendicular to the curjet  carry out transport measurements, a 4@ wide bridge is
high enough fieldsR(H) presents a parabolic behavior, defined by optical lithography and reactive ion etching. The
which is typical of metallic films. In the low-field region, the Nb film prepared under these conditions shows metallic be-

S F mm
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FIG. 5. SEM picture of a hexagonal array of Fe dots. The lattice parameter 10° |
is 600 nm, and the dot diameter is 200 nm.

=] 10'1

<
havior and a sharp superconducting transition as shown in < -
Fig. 6(a). The critical temperaturé& is in the range 7.5-8.5
K, depending on the niobium thickness. 103
The influence of the array of magnetic dots is clearly

observed in the mixed state. In Figh®we have plotted the 104
field dependence of the resistivity for two different samples 60 40 20 0 20 40 60
at similar reduced temperaturé€/(T-~0.98); in one of them
(solid symbol$, the Nb film is on top of a hexagonal array of B (mT)

Fe dots with a lattice spacing af= 600—'__10 nm. On _the FIG. 6. (a) Resistivity vs temperature of a 100 nm Nb film grown on top of
other(open symbolgs the hexagonal array is made of Ni dots a hexagonal array of Ni dots. Inset shows the transition in an expanded
with d=410+10 nm. In both cases sharp minima in the re-scale(b) Field d_ependence of resisti_vity AlT-~0.98 in 100 nm Nb films
sistivity appear at regular field intervals. The distance bedrown on two different patterns: solid symbols, hexagonal array of Fe dots

tw ¢ ti inimaB i tant f h with d=600 nm; and open symbols, hexagonal array of Ni dots wlith
een wo consecutive minim IS constant for eac =410 nm. The data have been normalized by the normal state resigtjvity

sample and is clearly smaller for the film grown on the arrayand the top curve has been vertically displaced by a factor of 10 for clarity.
with larger d [AB=6.2+-0.6 mT for the Fe array The order of the minima in the resistivity are indicated in the figure.

=600 nm) and AB=14.1+0.4mT for the Ni one

=410 nm)|. The number of observed minima is different in

each sample, probably due to the differenceHip,. The  of materials using transport measurements. In particular, we

minima can be attributed to a matching effect between th&ave fabricated long chains of magnetic dots, suitable to

vortex lattice and the ordered array of magnetic dots thagtudy the magnetization reversal processes. Furthermore, or-

induces a synchronized pinning effect and, therefore, a redered arrays of magnetic dots have been prepared to inves-

duction in the dissipatioff The spacing of the vortex lattice tigate their influence on superconducting Nb films, for which

ao, depends on the magnetic field according to the well-an enhanced pinning effect of the vortex lattice by the array

known Abrikosov formuld’ ag= \1.078P,/B, whered, is  of dots has been found.

the flux quantum. Therefore, the matching conditige-d is
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