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Nanoscale magnetic domain structures in epitaxial cobalt films
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We have analyzed the magnetic domain structure in high quality molecular beam epitB&) grown
(000D)-hcp cobalt films of thicknesses varying from 10 to 500 nm for which the magnetic domain width is of
the order of the film thickness. As the thickness of the film is increased, the magnetization turns from fully in
plane (10 nm to fully out of plane(50 nm) over a relatively large thickness range. Above 50 nm, the local
domain imaging by magnetic force microscofMFM) together with overall magnetization measurements
confirm the characteristic multidomain structure with perpendicular orientation predicted by Kittel. The peri-
odicity of domains is then described by/d law (whered is the film thicknessthat leads to the determination
of domain wall energies. The occurrence of magnetic bubbles and periodic stripe patterns is visualized by
variable field MFM.[S0163-182806)05429-X]

[. INTRODUCTION have been observed on a wide class of systems ranging from
magnetic garnets to organic films. In all these systems, the
A key issue in magnetic thin films is to find out under patterns are stabilized by competing interactions leading to
which conditions a film shows preferential orientation of theperiodic variations of the order parametr.
magnetization perpendicular to the film plane. This question Magnetic domain structures have been observed by the
was at the beginning of a great wealth of studies motivatedkerr effect in Co slabs 3—7mm thick, cut into a single
mainly by the technological relevance of these films for datecrystal with hexagonat axis normal to the plane of the
storage devices and sensbré.Recently, techniques like slice! However only recently have films of sufficiently high
SEMPA (secondary electron microscopy with polarization crystallinity (to show the expected effe¢tseen synthesized
analysi3 (Refs. 1 and 2and MFM (magnetic force micros- by MBE.***3In a recent study Donnadt al’? analyzed the
copy (Ref. 3 have been used to investigate films with per-magnetic domain structure of MBE-grown Co films in a nar-
pendicular magnetization in the thickness range from 2 MLrow range of thickness€20—60 nn), close to the predicted
to several nanometers. These systems are usually dominattrensition. Interestingly, from their Lorentz microscopy study
by a strong surface-interface anisotropy that holds the magn the phase contrast mode, they found that a 40-nm film
netization perpendicular to the plane of the film. As far as Ceexhibits periodic stripe domains whose weak contrasts are
on Au (111 is concerned, it was shown from SEMPA that produced by an alternatively up and down deviation of the
the domain structures in Co films a few monolayers thick aremainly in plane magnetization.
made of large irregular domairigypically 1 um) with per- This paper is devoted to the detailed MFM investigation
pendicular “up” and “down” magnetizatiort:> For Co  of magnetic domains of hcp Co films grown by MBE. Up to
films thicker than about 7 ML, the surface contribution is no11l samples have been analyzed in the thickness range from
longer sufficient to overcome the shape anisotropy term an@0 to 500 nm. We have identified the presence of bubbles
the magnetization switches in plane. and periodic stripes with perpendicular magnetization for
As the film thickness increases, it was predicted by Kittel thicknesses of 50 nm and above as a function of magnetic
on energetic argumentsompetition between wall and shape history. To our knowledge, this is the first MFM investiga-
energy that for films of materials with a strong perpendicu- tion of Co films in this thickness range. The smallness of the
lar magnetocrystalline anisotropy, the magnetization may observed domains shown in our wof&f the order of the
switch again out of plane. The predicted value of the filmfilm thicknes$ clearly demonstrate the power of MFM. Their
thicknessd for which the magnetization turns from in plane width D was found to obey the predicted o/d
to out of plane was calculated to e dependencé.
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Cobalt films with thicknesses varying from 10 to 500 nm

whereM is the saturation magnetization ang is the wall ~ were prepared by molecular-beam epitaxy at 400 °C. An ini-
energy. When this condition is applied to hcp cobalt films,tial 20-nm-thick Ru layer was deposited onto @nl,—2,0)

the crossover is predicted to occur at about 30°Arhe only ~ sapphire substrate, the Co film of thickneksvas then de-
way for the system to lower its energy is then to split up intoposited and capped by another 5-nm-thick Ru layer. The
small domains with up and down magnetization. Thereforegcrystallographic structure of the films was studindsitu by
these films are expected to show an interesting magnetic hiseflection high-energy electron diffractidRHEED) and ex
tory with a magnetic bubble to stripe transitibrl. Macro-  situ by x-ray diffraction. The RHEED patterns obtained dur-
scopic and mesoscopic arrangements of bubbles and stripeg the growth of the film reveal well-defined rods which
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FIG. 1. M-H curves in a configuration with
the magnetic field perpendicular and parallel to
the plane of the film(a) 10 nm,(c) 25 nm,(e) 50
nm. Corresponding MFM imagesanx3 um of
films previously demagnetized in plané) 10
nm, (d) 25 nm, (f) 50 nm.

Field (kOe)

suggests good surface crystalline quality and a smooth sution to be recovered easily. The interpretation is simplified in
face. Using three-dimensional3D) RHEED diffraction  the case of samples with perpendicular magnetization, since
analysis(relative position of the spots on the rgdsve ob- only contrasts from magnetic walls between “up” and
serve that the free surface crystal structure is mostly hcpgdown” domains are visible by MFM. Independent magne-
(000). ®—20 x-ray-diffraction scans of the(222fcc/  tization measurements were performed for all samples at
(0004hcp Bragg peak revealed one peak located at the exoom temperature in an alternating gradient field magneto-
pected angle for the hcp stack. The domingd®0)hcp  meter(AGFM) with the field applied perpendicular and par-
structure gives rise to a large perpendicular magnetocrystakllel to the film plane.

line anisotropy oK =4.6x 1P erg/cn? which locks the mag-

netization perpendicular to the layer. The average roughness . RESULTS

over the whole surface was estimated to be 1.5 nm by atomic
force microscopy.

Magnetic force microscopy was shown to be a very effi- We first investigate the reorientation of the magnetization
cient technique to study a wide range of micromagnetiadirection from in plane to out of plane as the thickness of the
problemst*® Up to now, most of the knowledge about this film increases from 10 to 50 nm. Figure 1 shows a first set of
novel technique has been gained from a systematic study ofiagnetization curves, with the field applied either perpen-
magnetic recording media where well-defined magnetic indicular or parallel to the plane of the film, measured by
formation can be inscribed in magnetic fillfsn particular, ~ AGFM together with the corresponding zero-field MFM im-
it has been shown that previously developed analytical formages.
for domain wall$® could be applied to the description of  The perpendicular magnetization curve obtained for the
MFM datal’ On the other hand, tip effects have been ad-10-nm-thick film[Fig. 1(a)] is characteristic for a film with
dressed and from experiments on well-controlled samples in-plane magnetizatioi. The corresponding MFM image
was even possible to determine the orientation of the tishows large domains typically Am wide[Fig. 1(b)]. On the
magnetizatiort® other hand, the perpendiculdi-H curve for the 50-nm-

The domain structure has been observed in zero and finitihick film [Fig. 1(e)] is characteristic of perpendicular alter-
fields up to|H|=500 Oe by MFM. We used a CoCr coated natively up and down stripe domater which the magne-

Si tip magnetized along the tip axis in a permanent magnetization in the middle of the stripe is fully perpendicular to
A Nanoscope Il equipped with a magnetic tip, scanned 4@ahe film. Interestingly, the in-plane hysteresis loop in Fig.
nm above the surface, was used in the interlace mode devel{e) shows considerable remanence, which we attribute to
oped by Digital Instruments. This mode allows one to disenthe magnetization at the center of the walls, turning from one
tangle the long-range magnetic and the short-range topan-plane direction to the opposite in-plane direction when
graphic information during the same image acquisition.sweeping the field from one direction to the otR&fThe
Since the detected signéfrequency shift of the vibrating characteristic domain structure shown in the MFM image of
cantilevej is proportional to the second derivative of the Fig. 1(f) has been evidenced for all thicknesses above 50 nm
local field, this technique provides a good signal over noiseand will be discussed together with the full MFM interpreta-
ratio, unfortunately it does not allow the local field informa- tion in the next section.

A. From 10 to 50 nm: The transition
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field is subject to geometrical constrains, namely thgis a
growing function of the film thickness. This fact nicely
shows why in a real systems, where the film thickness may
vary from one point to another, a dispersion in nucleation
fields may occur, resulting in a smoothening of the transition.
Note in Fig. 2 the narrow range of field800 O¢ over
which the nucleation of bubbles spreads throughout the
whole film.
By further decreasingd, the bubbles grow larger while
the lattice parameter of the bubble network shrihKEhe
] : : ; problem now becomes one of wall motion that also explains
0 5 10 15 20 - X 9
Field (kOe) thg quasilinear decreage o W|.th H.” It was shown by
Thielé® that above a given radiuR; the bubbles tend to
FIG. 2. Positive field branch, of the perpendiculdfH charac-  &dopt an elliptic shape which is the precursor state of stripes.
teristics of a 150-nm-thick Co film. The nucleation field of bubbles Interestingly, the repulsive interaction between the buibles
Ho as well as the saturation field are indicated by arrows. The Mmay prevent their growth asl decreases so that in some
insets show schematically the magnetic domain contrasts. cases bubbles may be the stable configuration evéh-
as is confirmed by our MFM measurements on thick Co
The 25-nm-thick film depicts an intermediate regime. Afilms [Fig. 3(c)]. The dependence of saturation fields and
hysteresis loop of extensiah4 kOe opens up into the core nucleation fields on the film thickness has been analyzed in
of the perpendiculaM-H curve as shown in Fig.(¢), while  detail elsewheré® From the saturation field in the parallel
the corresponding MFM imadéig. 1(d)] already exhibits a configuration we were able to find an estimate of the perpen-
weak stripe domain structure characteristic for a nonzero pedicular demagnetizing field which is close to zero for a 500-
pendicular component. While MFM provides the periodicity nm-thick Co film, confirming independently the perpendicu-
of the domain structure, it hardly informs on the profile of lar easy-axis interpretation. Furthermore, the onset of fully
the magnetization across the domains. Our results howevgerpendicular magnetization was found to be 50 nm deter-
are guite similar to those obtained for a 40-nm-thick Co filmmined both from the appearance of a kink in tleH curve
grown under similar conditions, where the hysteresis has and from the detection of stripes by MFM in good agreement
been showr(on the basis of Lorentz microscopyo corre-  with the predictior.
spond to a mainly in-plane magnetization with a small per-
pendicular component, oriented alternatively up and C. Interpretation of MFM data
down:*2! Within a simple modéf the thickness at which 14 achieve an unequivocal interpretation of our MFM

the weak stripe domain structure first appears is given by 513 we calculated the second derivative of the local field in
g |2 AM4| 12 thez dire(;tion for various dpmain configuyatio?FISass'uming
) ( 5) , ) that the tip can be approximated by a dip@hich is rea-
sonable in first approximationand taking the magnetization

whereA is the exchange constant. It is equal to 20 nm for gacross the wall to be of the form arctax/), wherew is

hcp cobalt film in good agreement with our experimentalthe wall width. Figure 4 shows the calculated MFM response

results. As can be seen from our figures, the MFM contras:ijo a srgripﬁl dorﬁ.ai:(] structurr]e of r|10r|m§1Iized WiddIMd wfhere .
for the 25-nm-thick film is weaker than for the 50-nm-thick 9 IS the film thickness. The calculation was done for a tip

film, denoting that the main component of magnetization ignagnetization perpendicular to the surface ame)/d
still in plane. =0.5, wherez is the tip to surface distance. Similar profiles

have been obtained for bubbf&sContrasts are always due
to domain walls, however, real experimental situations cover
the rangeD/d=0.3-1.5 for which the walls are so close to
In Fig. 2 we show a detall of the magnetization curve foreach other that they produce one single bright or dark area
the 150-nm-thick sample. The field is applied in the easycentered on the domain itself. Therefore the contrasts in Fig.
direction perpendicular to the surface of the film. The curve3 may be unequivocally identified as corresponding to do-
of Fig. 2 appears like a signature of domains with perpenmains(not to domain walls That contrasts are identical to
dicular magnetization and can be understood quite well irdomains is seen quite well on the images on the basis of
the model developed by Cape and Lehnfafom films with  topological arguments: in Figs(& and 3b), bright stripes
an easy axis perpendicular to the film plafs=e also an that come to an end in an otherwise dark environment are
earlier work by Kooy and Erfy. By describing the hysteresis virtually forbidden in a domain-wall type of interpretation.
loop counterclockwise from the high-field saturation, whereUnfortunately, wall widths cannot be determined easily by
all magnetic moments are oriented in the field direction, tofitting the data sincev andz take on the same status in the
wards lower positive fields, a singularity of tih& versusH equations. Also small magnetic domain closures at the
curve appears at some pokit. This singularity is ascribed surfacé* would hardly be detectable by MFM.
to a sudden nucleation of magnetic bubbles with opposite In order to analyze the samples by MFM, we have per-
magnetization. It is due to the existence of a critical bubbleormed both magnetization and demagnetization experiments
radiusR, (Hy) under which a bubble network does not form in the direction eitheperpendicular or parallel to the plane
a stable configuration. Thiéléras shown that the nucleation of the film During theparallel demagnetizatiothe field is

M (a.u.)
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B. From 50 to 500 nm
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swept from positive to negative values while reducing simul-
taneously the area of the hysteresis loop. The magnetic mo-
ments first follow the field direction and the system evolves
in a quasistatic way. At some small value of the magnetic
field, the magnetic moments get trapped out of plahe to

the strong crystalline anisotropyThe alignment of the par-
allel component of the magnetization with the field in order
to minimize the Zeeman energy leads to a periodic pattern of
parallel stripes[Fig. 3@)] predicted by Mulle?* Qualita-
tively similar results are obtained for tiparallel magnetiza-
tion, in which the sample is brought to saturation and the
field turned off. MFM images reveal evenly spaced parallel
stripes oriented in the direction of the applied figliot
shown). The additional degree of freedom introduced during
perpendicular demagnetizatideads to labyrinthine stripes
[Fig. 3(b)]. Finally, a quite different situation is obtained for
perpendicular magnetizatiofFig. 3(c)], where the remnant

FIG. 3. Zero-field MFM images mmXx5 um.
(a) Demagnetized parallelb) demagnetized per-
pendicular, and(c) magnetized perpendicular
states for 500- and 75-nm-thick Co films.

x/d

FIG. 4. MFM response to a perpendicularly magnetized stripe

state is reminiscent of the elliptic bubbles predicted byfor normalized widths(—) D/d=0.5, (--) D/d=1.0, (—) D/d
Thiele® Although these films have a complicated magnetic=1.5. The calculation has been done far-w)/d=0.5. Real ex-
behavior it is generally admitted that the stripe state is enerperimental situations cover the ranBéd=0.3—-1.5.
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FIG. 5. MFM images 10umx10 um for
500-nm Co films. At finite field values on the
major loop(a) H=+400 Oe,(b) H=-400 Oe.
At H=0 after interrupted perpendicular demag-
netization at(c) 13 kOe andd) 12 kOe, respec-
tively.

getically more favorable atl =0.” This is clearly what we state. The bubbles are first subject to elongation and bending
observe afteparallel [Fig. 3(@)], as well as afteperpendicu- [Fig. 5(c)] only then does domain branching stdftg. 5(d)].

lar [Fig. 3(b)] demagnetizationWhile in the first case, the The pattern obtained at 9 kQeot shown is already very
symmetry breaking along an in-plane direction forces theclose to the one of Fig.(B) for demagnetization down to
stripes to align in one direction, in the latter case, only thezero field. The labyrinthine structure resulting from {ber-
local order is preserved and free-energy minimization leadpendicular demagnetizatios seen over the whole thickness
to a globally disordered pattern. It is the unbinding of discli-range from 50 to 500 nm. This experiment shows that the
nation defects, visible in th¥ shape of domain bifurcation stripe and bubble patterns must be very close in energy at
in the stripe pattern of Fig.(B) (d=500 nm, that preludesto H=0 as anticipated from the analysis.

disorder. The threefold symmetry comes about because 120°
223\38?:1.0 form the precursor state for the labyrinthine E. Thickness dependence of the domain width
In Fig. 6, we have reported the periadof the stripelike
D. Variable field MEM patterns observed in Figs(s3 and 3b) as well as the one

Whether stripe domains occur or not along the major hys-
teresis loop is the next question we tried to address using %00 —F——m7———F——F———F——
variable field MFM. We found that the stripe pattern never
occurs. Instead we show that when a major loop is described
counterclockwise from large positive fields to negative
fields, bubbles of originally bright contrastsriented oppo- g
site to the applied fieldbegin to expand lengthwise so asto £ 559 |
touch each other and to coalesce. This is the point where the
identity of dark bubbles emerges in an otherwise bright back- ©
ground. Therefore the transition from bright to dark bubbles &=
proceeds continuously in a wall motion type of procedure. S_’
MFM images of Figs. &) and b) have been taken on the
major loop at fields of+400 and—400 Oe, respectively, 100 -
they clearly show bubbles with opposite contrast. It is only A T S R
during field cycling to minor loops that more ramified pat- 0 100 200 300 400 500
terns are observed. How bubbles go over to stripes during the Thickness d (nm)
demagnetization procedure is nicely shown for 500-nm films
(Hs=16 kOg in Figs. 5c) and %d) where the perpendicular FIG. 6. PeriodL of the stripe pattern as a function of Co film
field has been interrupted at two different values of the maxithicknessd (see text (O) demagnetized paralle(®) demagne-
mum field, namely 13 and 12 kOe leaving behind a remnantized perpendicular;+) magnetized parallel.

400 -

200 |
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from parallel magnetizatiotnot shown as a function of film  tinuous reorientation of the magnetization in thin epitaxial
thicknessd. On the basis of minimum energy arguments,cobalt films from in plane to out of plane for thicknesses
Kooy and EnZ found the following analytical expression for comprised 10 and 50 nm. For film thicknesses above 50 nm
the period: we found that a continuous bubble-to-bubble transition
through irreversible wall motion occurs along the major hys-
L2=2m2doy(1+ Vu)/(16MZ%e), (3)  teresis loop when the field is applied perpendicular to the
wherep=I+27M2/K; o, is the wall surface energy: and film. _The ea_rlier predicted Iowest-energy periodic stripg pgt—
is a numerical factor that depends @non the film thickness tern is obtained only after an appropriate Qemagnetlzatlon
d, and on the period [see Eq.(10) of Ref. 9. For our procedure, gnd the hanoscale doma'.” .W'dth |s'comparable n
ranges of parameters, this leadsste1.04+0.01 which is size tq the film thickness. The perlodlc!ty of stripelike struc-
put equal to a constant in the calculation. This expression fitres is then found to obey la Vd law in good agreement
all three states welisolid line in Fig. 6 indicating that do- with theoretical p_red|ct|ons. Ina fqrthcomlng paper we will
main periods do not depend significantly on the magnetiS"oW how a confinement of domains by geometrical bound-
state atH=0. The wall energy is found to be,=25+3  &rles down.to nanometer scale modifies the magnetic prop-
erg cm 2 and does not vary significantly with the film thick- €rties of epitaxial Co films.
ness. This value is in good agreement with recent 2D micro-
magnetic calculations performed for a 100-nm-thick Co film ACKNOWLEDGMENTS
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