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Domain Structures in Epitaxial 010) Co Wires

I. L. Prejbeanu, L. D. Buda, U. Ebels, M. Viret, C. Fermon, and K. Ounadjela

Abstract—A systematic investigation of the magnetic domain Il. EXPERIMENTAL PROCEDURE
structure is presented for epitaxial sub-micron(1010) Co wires . NPT .
characterized by a strong in-plane uniaxial magneto-crystaline ~ 1he wires were prepared from epitaxi@l010) Co thin
anisotropy whose easy axis is oriented perpendicular to the long films of thicknesst = 30, 40,50, 60, and80 nm. The films
wire axis. Wires of varying width (100 to 1000 nm) and thickness were grown under ultrahigh vacuum conditions on (110) MgO
(30 to 80 nm) were patterned by electron beam lithography sypstrates by molecular beam epitaxy using a Mo-Cr buffer

and lift-off process. We establish experimentally the boundaries : N .
between the ground state transverse single domain state and thelayer. Structural investigations confirm the hep structure and

open stripe structure as a function of wire thickness and width. Magnetic investigations confirm a strong in-plane uniaxial
Moreover, the stability of the transverse single domain state is anisotropy [6]. The films were patterned using electron-beam
investigated as a function of the magnetization history. lithography, lift-off techniques and ion beam etching. For
Index Terms—MFM, micromagnetics, stripe domains. each thickness, wire arrays were prepared for wire widths
of w = 100, 150, 200, 500, 800 and 1000 nm. The wires are
10 »m long and the separation between the wires ignd,
. INTRODUCTION sufficient to neglect any dipolar interaction. For each set of

HE OBSERVATION of a domain wall magnetoresis{t,w)-values, wires were patterned whose long wire axis is
tance effect in magnetic wires exhibiting either a stripaligned perpendicular to the magneto-crystalline anisotropy
domain structure [1]-[3] or longitudinal single domains witt®Xis. The magnetic microstructure was investigated by mag-
head-to-head domain walls [4], [5] has revealed the possitfigtic force microscopy (MFM) in the phase-detection mode
role of spin dependent scattering and spin accumulation f®igital Instruments, Nanoscope 3100). Commercial CoCr
the spin dependent transport through domain walls. In tHigated Si cantilevers of pyramidal shape, magnetized along the
interpretation, the internal structure of the domain wall arftP axis, were used to image the domain structures at a lift scan
the evolution of the domain structure in an applied field play geight of 100 nm.
crucial role to separate other MR effects from the domain wall
resistance effect. A number of these transport experiments were lll. RESULTS AND DISCUSSION

performed on hcp Co wires [1], [2], [4] which are characterized The competition between the magneto-crystalline anisotropy
by a relatively strong uniaxial magneto-crystalline anisotropg

o nd the shape anisotropy induces a stripe domain structure,
K, = 5—6x 108 erg/cn?, yielding a moderaté)-factor of 0.4 P 4 P

. v .~ similar to the continuous bubble-type films for which the
— 2 —
(@ o K., [@r M), M, = sa@uratlon magnetlzanon). Beside agneto-crystalline easy axis is perpendicular to the film
the interest of such sub-micron Co wires for the study

) %Iane [7], [8]. In a further analogy, the periodicity of the stripe
magneto-iransport properties, the modecactor makes the d?mains depends sensitively on the wire width and thickness,

system interesting as well to investigate the stability range o

giff t mi i fi i : fined i ut also on the magnetic history. The latter is demonstrated in
fierént micromagnetic configurations in contined geome .r'q—slg. 1(a) by the MFM images taken for the same wire at zero
of submicron scale. In this paper, flat rectangular Co wir

§i21d after different magnetization histories. Hei,denotes

are investigated, for which the uniaxial magneto-crystalllnﬁ remanent state anf a demagnetized state. Furthermore,

anisotropy is in-plane and perpendicular to the wire axis. n | K, andD || K, denote the application of the field in-plane
this case, the competition between the magneto-crystalline iy "

) . d parallel to the magneto-crystalline easy axis (perpendicular
anisotropy, the shape anisotropy and the exchange eney; b g y y (perp

. . ! e ; N4he long wires axis)i || s andD || s denote the application
induces stripe domains. The stability of these stripe domamsolfsthe field in-plane and along the magneto-crystalline hard

investigated as a function pf the magnetic history. The bound is 6 = easy shape anisotropy axis, parallel to the long wire
t&%g) andR_L and D1 denote the application of the field out
S5t plane.
For the 60 nm thick and 800 nm wide wire shown in Fig. 1(a),

the easy axis procedurés|| K, andD || K, induce a trans-
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Fig. 2. (a) The experimental domain widthas a function ofv fort = 60 nm
{h] w=| 0lnm and for different magnetization histories. (b) and (c) are schematics indicating
; - the magnetization fluctuation below the saturation field for the saturation
procedure? || s (b) andR_L (c). In (c) only the projection of the magnetization

vf.lm.'-'w ""'l'.'l"'-'n'.ﬁ R."I'-:.'l.l & into the wire plane is shown.

Eu
L Sum
those obtained after hard axis magnetization or demagnetiza-
RIK tion(R || s,D || s,RL,DL1).
{c) w=150nm _ (L _ In Fig. 2(a) the domain siz& as a function of wire width
. e | w is summarized fot = 60 nm using five different magne-
-,_’.'. -i_l.*,l - tization histories. ClearlyL is much larger for the easy axis
— iy demagnetizatio || K, (full squares) than for the hard axis
lift scan height  100pm | Sum | #nm  demagnetization procedurés || s (full circles) andDL (full
triangles), which yield the same value far Furthermore, it
Fig.1. (a) MFMimages fora= 60 nmandw = 800 nm wire after different is interesting to note that the out of plane remanent state
magnetization histories as explained in the text and as indicated on top and aﬁsﬁe” triangles) yields domain widttiswhich are almost twice
left of the images. The arrows indicate the magnetization orientation. (b) MF | th btained for the i | hard axi ¢
image of & = 60 nmand av = 100 nmwire after in-plane easy axis saturation@> 'arge as those 0_ ained for the in-p E_me _ar _aXlS remanen
R || K..(c) MFM images of & = 60 nm andw = 150 nm wire after StateR || s (open circles), whose domain widihis compa-
in-plane easy axis saturatidh|| K .,, scanned at two different lift scan heights,rable to the hard axis demagnetization proced@eﬁ s and
as indicated below the images. The dotted circle shows the region where Ej(i see also the corresponding MFM images in Fig. 1(a). This
stripe domain structure is induced by the tip. e P 9 g 9. )
difference can be explained by thenucleation procedure of the
stripes. At the onset of nucleation, just below saturation, the
multi-domain stripe state. This barrier decreases, the narroweagnetization starts to rotate away from the field direction to-
and the thicker the wires, due to the increase in the in-plam@rd the magneto-crystalline easy axis. In order to reduce the
shape demagnetization fields which favor the nucleation of ra#ising in-plane demagnetization field energy a continuous mag-
verse domains. This is confirmed in Fig. 1(b) showing stripgetization fluctuation with an alternating in-plane magnetiza-
domains after easy axis magnetizatigir|| kK, in a much nar- tion component|| K,) develops, see Fig. 2(b), (c). Below the
rower wire v = 100 nm). Local defects along the edges als#)-Plane hard axis saturatioR || s, the domains of opposite
can reduce the barrier and induce a stripe domain state durifig?lane magnetization component are separated by low-angle
the magnetization process. Furthermore, a perturbation of {Ngel-type walls (Fig. 2(b)), which contain weak dipolar charges.
metastable single domain state at zero field can be induced'B ont_rast,lfor the ?Uthl’f prllane magﬂet'zatm’ J.léSt bt;lp\;]v h
the MFM tip. As shown in the left MFM image of Fig. 1(c), the> uration, low-angle Bloch-type walls arise inside which the

single domain and the stripe domain state coexist for a narrgg/" 1> femain perpendicular to the film surf_ace_ (F'g' 2(c))- To
wire of w = 150 nm after easy-axis magnetizatioR, || K.,. minimize the strgng out-of-plane de_mggnetmaﬂon field energy
A small perturbation arising from the stray fields of the MF f these wall SPIns, the number Of. mmal walls crea;ed.below
. . . . . o heR_ saturationis reduced, resulting in larger domain sizes. In
tlp.produces. In Some regions an |rrev¢r3|ble transmon_lnto tI3‘8nclusion, the best procedure to relax the system into its ground
stripe domain state [9]. The tip stray field felt by the wire wagiae without having to overcome additional energy barriers, is
increased in the left image of Fig. 1(c) by lowering the lift scag,o in-plane hard axis saturation or demagnetizaioh s and
height from 100 nm to 50 nm. Using the easy-axis magnetizatign || .

or demagnetization processes, a boundary in(the)-plane  Having established the transition between the metastable
can be defined, separating a metastable single domain statgzHsverse single domain state and the stripe domain state, we
largew and lowt, from a stripe domain state, at low and now turn to the transition between these two configurations
larget. For the stripe domain state, one also has to distinguigh stable ground state configurations. The stable ground states
between a stable and a metastable configuration. The stripe wlere obtained from the hard axis demagnetization procedures
main state, induced by the easy axis processgds,,, D | K, and typical MFM images are shown in the inset (a) of Fig. 3 as
is not a ground state. The domain sizes are much larger thafunction ofz for w = 800 nm. For decreasing film thickness



2110 IEEE TRANSACTIONS ON MAGNETICS, VOL. 37, NO. 4, JULY 2001

The regions of strong contrast have an elliptical shape, with a
reduced contrast at the transition from black to white. This pat-
tern is quite different from the one obtained in [1] for the com-
plete FCS of low&} Fe(110) wires¢ = 2 um, ¢t = 50 nm,

Q = 2.51072). In this case, the contrast is very strong in the
transition region from black to white, due to the volume charges
of the flux closure domains. From this comparison it is con-
cluded that the contrast observed here in thé1Gt0) wires
corresponds to the open stripe structure. The exact structure of
the domain walls however remains an issue to be addressed in
further experiments. So far no wall contrast was observed, since
the images are dominated by the strong dipolar contrast of the
open domains.

1000

800

IV. CONCLUSION

t (nm) In conclusion, the stable and metastable magnetization
configuration for C¢1010) submicron wires have been inves-
IFig-S-thThe("u,f)-di?glrzm m:jthe %Otlxd St?rt]e de?indconfiguration-Th? boligated by MFM using different magnetization histories. The
Stipe domain state (1l o8 The dotied Ines are calcuiated boundarEliaSe boundary between the stable open stripe domain structure
(a) MFM images for wires ofo = 800 nm and as indicated. (b) Zoom of an and the transverse single domain structure were established
MFM image, showing in detail the dipolar contrast of the open stripe structusghich is in agreement with the boundary calculated from a
simple domain theory model.
and increasing wire width, the gain in demagnetization energy
by nucleating the stripe domain state decreases. For some
critical values the gain will not be sufficient to compensate the

wall energy. Hence the system acquires a (transverse) singlghe authors wish to thank J. Arabski for technical support

domain state. The bold line in th@w,t)-diagram of Fig. 3 th the MBE growth of the samples.
summarizes the experimental boundary between the stable

stripe domain state (full circle) and the stable transverse single
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