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A sys tem at i c study of t he magnetic prop erties of submicron equi lateral
N i triangl es is rep orted . T he triangul ar shape is a result of the particul ar
preparation metho d used, w hich is based on a new kind of nanosphere litho -
graphy technique. I n this case, the magnetic material is deposited through a

late x sphere mask, yieldi ng a perio di c hexagonal array of in- plane magnetised
triangula r shap ed elements. The magnetic prop erties were investigated as a
function of thickness by magnetic force microscopy , supercondu ctin g quan-

tum interf erence device magnetometry and vibrating sample magnetometry .
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1. I n t rod uct io n

Co nti nual increase in the areal density of data storage elements [1, 2] has ini -
ti ated the expl orati on of al terna ti ve l itho graphy m etho ds to fabri cate sub-micro n
and nanom eter sized elements, arra nged in ordered arra ys.

Here we m ake use of a new ki nd l i tho graphy techni que [3] whi ch is based
on the depositi on and orderi ng of polystyrene (PS) parti cl es on a water surface.
Simi larl y to Langmuir{ Bl odgett Ùlms, the polystyrene parti cle arra y is then tra ns-
ferred to a substra te surface. Thi s m ask preparati on metho d is di stinguished by
a short preparati on ti me, a hi gh level of hexagonal order of the PS parti cles and
the large size of defect free areas. Furtherm ore, the vari atio n of the PS di ameter
al lows one to create structures over a cm 2 area wi th contro l led size, shape, and
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Fig. 1. T he ZFC and FC temp erature dependence (at H = 2 0 Oe) of the magnetisatio n

for 10 nm thick N i elements, evaporated through a 1710 nm PS mask. The inset show s

an SE M image taken at a non-p erp endicu lar angle to plane of the triangula r elements.

also of varyi ng interpa rti cle spacing. Subsequent depositi on of the m agneti c m a-
teri al by m eans of electro n beam evaporati on and l i ft- o˜ of the PS spheres resul ts
in a honeycomb pattern of polycrysta l l ine m agneti c elements, whi ch preci sely Ùll
the space between the latex spheres, see the scanni ng electro n m icro scopy (SEM)
im age (ta ken at non-perpendi cular incidence) in the inset of Fi g. 1.

The depositi on thro ugh thi s ki nd of mask di ˜ers from conventi onal tech-
ni ques, where the latera l size of the Ùnal element is comm only larger tha n the
thi ckness of the mask thro ugh whi ch the materi al is deposited. In contra st, here
the latera l element size is appro xi m atel y hal f the m ask thi ckness whi ch is given by
the PS diam eter. Thi s might a˜ect the qual i ty of the depositi on and thus of the
m agneti c properti es of the Ùnal elements. Theref ore a systemati c characteri sati on
of the magneti c properti es is essential f or the opti m isati on of such a techni que. Be-
sides thi s, the arrays of tri angular shaped elements pro vi de an interesti ng m odel
system for the study of the m icromagneti c conÙgura ti ons of a submicron sys-
tem . These conÙgurati ons depend sensiti vely on the element latera l size, element
thi ckness, as wel l as on the exact shape. So far onl y few inv estigati ons have been
reported for equi latera l tri angular elements [4, 5].

The fol lowi ng study has been carri ed out for Ni tri angles of 10, 20, 30, and
40 nm thi ckness evaporated thro ugh a PS mask of 1710 nm diam eter. Thi s yi elds a
latera l element size of about 820 nm wi th an element spacing of 200 nm . R esults are
presented on the tem perature dependence of the m agneti sati on obta ined by SQUI D
m agneto metry , on the hysteresi s loops studi ed by vi bra ti ng sam ple m agnetom etry
(VSM) as well as results from m agneti c force m icroscopy (MFM) im aging whi ch
are com pared to microm agneti c sim ulati ons.
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2. T em p er at ur e dep en den ce of t h e m agnet isat io n

T emperature dependent m agneti sati on measurements have been perform ed
usi ng SQUID m agneto metry to check for ferromagneti c/ sup erparam agneti c be-
havi our. In Fi g. 1 the zero Ùeld cooled (ZFC) and Ùeld cooled (FC) magneti sati on
curves are shown representati vel y for t = 1 0 nm , m easured in a Ùeld of 20 Oe
appl ied in the element pl ane. The FC branch is relati vely constant in thi s tem per-
ature range, consi stent wi th ferromagneti c behavi our. Sim i larl y, the ZFC branch
vari es l i ttl e or is constant to about 150 K and then ri sesup to the FC bra nch. The
increase is interpreted as a real ignm ent of the m agneti c m oments, when the exter-
na l Ùeld becom es smal ler tha n the tem perature dependent coercive Ùeld H c ( T ) .
The broad tra nsiti on range from 150 to 300 K corresponds then to a rel ati vel y
large distri buti on of the satura ti on Ùeld/ coerci ve Ùeld. The smal l vari ati on in the
ZFC branch below 50 K is not yet understo od. It m ight be attri buted to the pres-
ence of a smal l volum e fracti on of either a f erromagneti c or a sup erparam agneti c
phase.

3. R oom t em p er at u re m ag net isat io n
as a f un ct i on of el em ent t h ickn ess

The bro ad tra nsi ti on range observed in the tem perature dependent data is
consistent wi th room tem perature (i n-plane) VSM hysteresi s measurements shown
in Fi g. 2 for di ˜erent thi cknesses. These curves consist of two parts : a high Ùeld ro-
ta ti onal part and a low Ùeld i rreversi bl e swi tchi ng part. The i rreversi bl e swi tchi ng
Ùeld range, correspondi ng to the reversal of the f erromagneti c parts, is rel ati vel y
large, extendi ng to over 100 Oe. The rotati onal part might have di ˜erent ori gins
whi ch remain to be elucidated: (i ) i t ei ther corresponds to a sup erparam agneti c
phase or (i i ) to f erromagneti c reg ions tha t are hard to satura te. In both caseswe
suspect tha t i t originates in the tri angular corners whi ch are very narro w, and for
whi ch the depositi on wi l l lead to strong disorder as wel l as a reduced thi ckness.
Hence the ferromagneti c order m ight be inÛuenced and lead to superparam ag-
neti c behavi our. On the other hand, i f ferrom agneti c order is establ ished, these
tri angul ar corners wi l l corresp ond to regions tha t are hard to satura te, due to
the strong dem agneti sati on e˜ects, when the Ùeld is appl ied perpendicul ar to the
edge. One might theref ore describe the tri angular elements by a ferrom agneti c
core of appro xi m atel y circul ar shape whi ch is to a certa in extent decoupl ed f rom
ferrom agneti c/ superparamagneti c corners tha t respond di ˜erentl y to an appl ied
Ùeld. W i thi n thi s pi cture, the absence of an in-plane angular dependence of the
loop shape, the coerci ve Ùeld, and the rem anence m ight be expl ained. It is noted
tha t f or ideal tri angular elements a conÙgura ti onal ani sotro py of sixf old sym m etry
has been conÙrmed [5] whereby the inhomogeneous demagneti sati on Ùelds induce
slightl y di ˜erent magneti sati on di stri buti ons for di ˜erent m agneti sati on di recti ons.
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Fig. 2. Ro om temp erature V SM magnetisation curves for N i elements as a function of

thickness: 10 nm, 20 nm, 30 nm, 40 nm.

The thi ckness dependence of the norm al ized rem anent m agneti sati on M r ,
the coercive Ùeld H c and the in-pl ane satura ti on Ùeld H sat for the M À H loops of
Fi g. 2, are given in T able. It is noted tha t from the VSM studi es i t is found tha t
the in-plane satura ti on is a lways lower tha n the out of pl ane satura ti on, conÙrm ing
tha t the magneti sati on is well aligned in the sam ple pl ane as expected for the low
aspect ra ti o of thi ckness to latera l size (0.012{ 0.05).

T ABLE

C omparison of M r , H c , and H sa t for di˜erent thickness
of the nickel elements.

Element thickness [nm] M r =M s H c [O e] H sat [O e]

10 0.18 50 3783

20 0.23 59 3261

30 0.40 60 3000

40 0.22 50 3600

From the thi ckness dependence i t is noted tha t al l param eters M r , H c, and
H sat reveal a sim ilar behavi our. The remanence and coercive Ùeld Ùrst increase
up to 30 nm and then decrease, whi le the satura ti on Ùeld Ùrst decreases and then
increases again. Thi s osci llati ng behavi our is somewhat unexp ected from a m icro -
m agneti cspoint of vi ew, but correl ates wi th the m agneti c contra st found by MFM
im aging after satura ti on in an in-pl ane Ùeld of H = 3 kOe. The corresp ondi ng
MFM im ages in Fi g. 3 (to p row), ta ken at zero Ùeld, reveal di ˜erent typ es of con-
tra sts tha t are interpreted as either a Ûux closure state (10 nm , 40 nm ) or as a
di sordered single domain state (30 nm ), where the ori enta ti on of the sing le dom ain
contra st vari es from one element to the other. For the 10 nm , 20 nm , and 30 nm
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Fig. 3. Zero Ùeld MFM images as a function of thickness (top row ) and Ùeld dependence

of the MFM contrast (b ottom row ) for the 10 nm ( 3 È 3 ñ m2 ), the 20 nm (6 È 6 ñ m 2 ),

the 30 nm ( 6 È 6 ñ m 2 ) and the 40 nm (6 È 6 ñ m 2 ) N i triangles.

Fig. 4. (a) C lassiÙcati on of the contrast found in MFM imaging. (b) Magnetisatio n

vector plots obtained from micromagnetic simulation for the vortex state, the Y -state

and the C-state. For the Y -state, the grey colors corresp ond to the theoretical MFM

contrast. (c) SEM image of 30 nm N i triangles revealing the real geometry (taken at

non- perp end icula r inciden ce).

sam ples, MFM images were ta ken in an appl ied Ùeld as shown in Fi g. 3 (b otto m
row). For the 10 nm elements, the Ûux closure structure seems to be stabl e up to
rather large Ùelds (200 Oe), before swi tchi ng to a (qua si-) single dom ain contra st,
whi le the 20 nm elements swi tch in a rather low Ùeld. For the 30 nm elements,
the rem anent disordered sing le dom ain contra st reorients to wards the appl ied Ùeld
up on increasing Ùeld. Here an interesti ng tra nsiti on is observed at 25 Oe to wards a
(qua si-) sing le dom ain contra st, characteri sed by a U- shaped dark contra st along
the element border. A second tra nsiti on from thi s U- shaped contra st into a di ˜er-
ent ki nd of sing le dom ain contra st is seen at 50 Oe. In to ta l three di ˜erent ki nds
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of dom ain contra sts have been observed whi ch are summ arised in Fi g. 4a (to p)
and whi ch are com pared to m icrom agneti cs sim ulati ons, Fi g. 4b (botto m ).

4. Mag n et isat ion co n Ùgur at io n s

D ue to the reduced size, only a Ùnite numb er of m agneti c conÙgurati ons are
stabi l ised in submicro n sized m agneti c elements. The com peti ti on between m ag-
neto stati c and exchange energies deÙnes two classes of conÙgura ti ons: a (qua si-)
sing le dom ain conÙgurati on and a Ûux closure conÙgurati on. W hi ch one of the two
corresponds to the lowest energy conÙgura ti on wi l l depend on the element latera l
size, thi ckness, and exact shape [6]. The (qua si- ) sing le dom ain state is usual ly
stabi l ised for thi n elements wi th decreased di ameter, m inimi sing exchange energy,
whi le the Ûux closure (vo rtex) state is stabi l ised for thi cker and larger elements,
m inim ising m agneto stati c energy.

The sing le domain states have been theo reti cal ly inv estigated for ideal equi -
latera l tri angul ar Perm al loy elements in R ef. [4] yi eldi ng a C-state and a Y- state,
see Fi g. 4c. Here, we have perf orm ed microm agneti c sim ulatio ns f or Ni tri an-
gles using a publ icly av ailabl e (ITL/ NIST) 2D code: Object Ori ented Mi crom ag-
neti c Fram ework (OOMMF) [7]. Thi s code provi des a framework for solvi ng the
La ndau{ Li fshi tz{ Gi lbert equati on of a coupl ed spin system , by determ ining the
e˜ecti ve Ùeld and m inimi sing the microm agneti c energy. For the calcul ati ons we
have used the m ateri al parameters correspondi ng to nickel (satura ti on magneti sa-
ti on M s = 487 erg=( Oe cm 3) and the exchange consta nt A = 0 : 9 È 1 0 À 6 erg/ cm), as
wel l as the di mensions for the thi ckness and latera l sizes corresp ondi ng to the ele-
m ents investigated in the experim ent. For the ideal equi latera l tri angul ar shape the
vo rtex state as well as the C-typ e sing le dom ain state have been obta ined, whi ch
are shown in Fi g. 4b (l eft and ri ght, respect ively). T aki ng spheri cal borders into ac-
count such as appro pri ate for real tri angles, see SEM imagein Fi g. 4c, dom inantl y
the Y- state conÙgurati on is found, havi ng lower energy tha n the vortex state. Thi s
is probably related to the narro w tri angular corners, whi ch di cta te a para l lel al ign-
m ent of the m agneti sati on inside the corners. Exp erimenta l ly, the MFM image of
Fi g. 4a left is interpreted as a Ûux closure state, due to the dark/ bri ght contra st
l ines. The MFM image of Fi g. 4a, m iddl e, is interpreted as a Y- state, where the
m agneti sati on Ûows from one tri angul ar corner to wards the two opposite corners.
Thi s creates charges of opp osite sign around the corners, leading to a contra st tha t
is simi lar f or the calcul ati on and the experim ent. For the C- state, whi ch can be
deri ved from the vortex state by pushi ng the vo rtex core to one edge, no experi -
m enta l counterpa rt has been identi Ùed. Simi larl y, for the experim enta l U- shaped
contra st, no theo reti cal m agneti sati on distri buti on has been identi Ùed so far. Mo re
system ati c studi es are underwa y, to eluci date the ro le of the exact tri angul ar ele-
m ent shape, deri ved from SEM, on (i ) the ground state phase di agram describing
the m agneti sati on conÙgurati ons as a functi on of element thi ckness and latera l size
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as well as on (i i ) the reversa l pro cess under in-plane Ùelds and the corresp ondi ng
rem anent conÙgurati on.

4. Co n cl u si on

In conclusi on, a system ati c study of the m agneti c pro perti es has been car-
ri ed out f or Ni tri angles, prepared by nanosphere li tho graphy. The parti cles are
ferrom agneti c and in-pl ane m agneti sed. From MFM imaging di ˜erent ki nds of
m agneti sati on conÙgurati ons have been identi Ùed whi ch are attri buted to a Ûux
cl osure state or the Y- typ e quasi-single domain state. The correspondi ng zero Ùeld
im ages expl ain the low rem anence found in M À H hysteresis loops. The thi ckness
dependence of the m agneti sati on curves reveals an oscil lati ng behavi our, wi th a
rem anence tha t Ùrst increases and then decreases. Thi s dependence m ight be cor-
related to the vari atio n of the structura l properti es wi th thi ckness whi ch rem ains
to be eluci dated.
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