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Multiplicity of magnetic domain states in circular elements probed
by photoemission electron microscopy
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A systematic study of the remanent magnetic states in Co and NiggFe,, disks 1.65 um in diameter with
varying film thickness (5—38 nm) imaged by a noninvasive imaging technique (namely, photoemission elec-
tron microscopy) is presented. The magnetic configurations observed range from the vortex state, to other well
defined multidomain states, namely a state with two vortex cores (“diamond” state) and a high remanence
“triangle” state, which are mapped according to material and thickness range. In most instances, more than one
magnetic state coexist in different disks of the same array, subjected to the same field history. These observa-
tions are correlated with magneto-optical Kerr effect measurements and micromagnetic simulations to show
that the observed magnetic metastable states are stabilized by defects or attained in the nucleation process

following the removal of the applied magnetic field.
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I. INTRODUCTION

Although the groundwork for the understanding of micro-
magnetism was laid down several decades ago,'’ a better
appreciation is now emerging of the importance of the dif-
ferent energy terms to the switching behavior of mesoscopic
elements and to the magnetic states that are, thenceforth,
attainable at remanence.3~'* A critical parameter in small el-
ements is the physical shape, since the long range dipolar
interaction acts in such a way as to reduce the magnetostatic
self-energy by favoring flux-closure configurations.!3~'7 The
effect of the magnetocrystalline anisotropy is usually that of
introducing local domains pointing along the easy magneti-
zation axes;!>!*!8 in another instance, it has been shown that
for very small polycrystalline elements, the small number of
crystallites present result in a “residual” magnetocrystalline
anisotropy which may affect the switching process and the
direction of magnetization in single domain particles at
remanence.'?2! These conflicting energy contributions lead
to a rich magnetic behavior that is a function of the geometri-
cal parameters of the element and of the magnetic material
employed, and which can be harnessed both for applications,
such as memory cell elements for MRAM and sensors,?>2*
as well as for the study of fundamental issues in the static
and dynamic behavior of submicrometer magnetic systems,
for example current-induced  switching of  the
magnetization,>2® where optimization of the domain wall
structure is critical for efficient switching.?*?*=3 In the latter
example, it is observed that the high density currents induce
distortions in the magnetic domain wall**3¢ and in extreme
cases lead to magnetic states which are not the lowest energy
configurations.’”3# Although in this case the metastable
states are attained though complex magnetization
dynamics,*4! similar processes occur in quasistatic situa-
tions when the local magnetization is pinned at defects or
other pinning centers during magnetization reversal, prevent-
ing the system from attaining the ground state. In general,
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these metastable magnetic configurations may be accessible
depending on the particular path followed by the magnetiza-
tion, and may be stable against thermal or other external
perturbations depending on the energy barrier that separates
it from the ground state. Therefore, the study of such meta-
stable states allows one to better understand the energetics of
small elements and the magnetization dynamics involved in
particular field paths. Here we report a systematic study of
the remanent magnetic states in Co and NiFe disks imaged
by photoemission electron microscopy (PEEM). While one
expects that for these high symmetry elements the vortex
state constitutes the state of lowest energy, we show that for
many systems (as defined by a particular material, crystalline
phase and thickness), more than one magnetic state coexist
in different disks of the same array. Our results illustrate the
importance of the different energy terms in determining the
equilibrium state, and also the importance of the details of
the switching processes vis-a-vis the magnetic defects that
act as pinning sites, or nucleation sites for switching of the
magnetization.

II. SAMPLE GROWTH AND EXPERIMENTAL
TECHNIQUES

Epitaxial fcc Co(001) and polycrystalline (hcp) Co and
(fce) NigyFe, films were deposited on a PMMA (polymeth-
ylmethacrylate) masked Si(001) substrate, followed by a lift-
off step to remove the unwanted magnetic material. The re-
sist mask, consisting of a negative of the disk pattern, was
first created by e-beam exposure of the PMMA resist layer,
spin-coated on the Si(001) substrate.*>** The patterned ele-
ments considered here consist of disks with the outer diam-
eter set to 1.65 um and with a separation distance of 3.5 um
such that the interaction between the disks is negligible (this
is the case when the distance separating the elements is
larger than the physical dimension of the element*49),
These dimensions were confirmed by scanning electron
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microscopy (SEM) and can be used as a reference length-
scale for the PEEM images presented in this study. The
epitaxial fcc Co film was obtained by deposition of a thick
Cu buffer layer onto the HF etched Si substrate,*>*7-50 while
the polycrystalline samples (with no overall magnetic aniso-
tropy) were obtained by deposition of the metal film directly
onto the naturally oxidized Si surface.’! Two epitaxial fcc
Co set of structures were grown with nominal
sample structure of the form Al1(0.5 nm)/
Cu (1.3 nm)/fcc Co (29 nm)/Cu (75 nm)/Si(001) and
Al(0.5 nm)/fcc Co (16 nm)/Cu (35 nm)/Si(001) while a
range of thicknesses for the polycrystalline Co and NiFe
structures were grown, with nominal sample structure of the
form Al(0.5 nm)/Co, NigyFe,,/Si0,/Si(001). The metal
deposition was done in an ultrahigh vacuum MBE system
with a base pressure ~3 X 107! mbar, and during deposition
of the Cu buffer layer the pressure increased to ~3
X 107 mbar (evaporation rate of ~0.5 nm/min) while for
the other layers it remained below ~8 X 107!° mbar (evapo-
ration rates ~0.2 nm/min). The deposition of the magnetic
layers (Co and NiFe) was performed with the sample at nor-
mal incidence with respect to the sources. The Al capping
layer was chosen as a protective layer against oxidation and
also because it has a large electron mean free path for the
photoemitted electrons detected by PEEM as compared with
other materials also employed as protective layers (Au or
Cr). After growth, the samples were removed for ex sifu
magnetic characterization. The M-H hysteresis loops were
measured using magneto-optic Kerr effect (MOKE) magne-
tometry on large arrays of identical disks, while the magnetic
imaging was performed on smaller arrays of 25 elements
using photoemission electron microscopy,’>>® conducted at
the SIM beamline at the Swiss Light Source (Switzerland).
In this technique, changes in the photoemission intensity at
the absorption edges of the material element with the relative
orientation between the (circular) light polarization and mag-
netization is used to obtain directly an image of the magne-
tization distribution in the magnetic system (the magnetic
contrast is along the direction of the light polarization). It is
a noninvasive technique in that no magnetic field interaction
is present [unlike magnetic force microscopy (MFM)] and
therefore is particularly well suited for magnetic imaging of
soft magnetic elements (the stray field from the magnetic
lenses is below 1 Oe for both the in-plane and out of plane
components). All measurements reported here were per-
formed at room temperature and all PEEM images were ob-
tained at remanence, under no applied magnetic field, after
saturation in a magnetic field of 4 kOe, well above the satu-
ration field of all the structures studied here. The procedure
for obtaining the magnetic images was to calculate the ratio
between the photoemitted electron intensities with right and
left circularly polarized light, after correcting for sample
drift. This is sufficient for a qualitative interpretation of the
magnetic domain configuration.

III. EXPERIMENTAL RESULTS

The M-H curves measured for different thicknesses of the
polycrystalline Co disks show a variation consistent with
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FIG. 1. (Color online) M-H characteristics for different thick-
nesses of polycrystalline Co disks.

previous reports,’’ where the magnetization switches in a
two step process for all the thickness range, Fig. 1. The first
drop in magnetization, when decreasing the field from satu-
ration, corresponds to the nucleation of a vortex during the
relaxation process, and the second jump at high reverse fields
correspond to the annihilation of the vortex core in the tran-
sition to the saturated state. For example, for the 38 nm poly-
crystalline Co disks shown in Fig. 1, the transition from the
saturated state to the vortex state starts at ~350 Oe, while
the vortex annihilation occurs at around —650 Oe for the
same branch of the M-H curve (we note that the magnetic
field at which both these transitions occur decrease in ampli-
tude with decreasing disk thickness). We see that for thicker
Co disks the remanence is close to zero and increases as the
disk thickness decreases. This suggests that for the thinner
films, not all disks fall into the vortex state (which has zero
remanence); similarly, the coercivity is also seen to increase
as the Co thickness decreases. These results are summarized
in Fig. 2 which shows the variation of the remanent magne-
tization and coercivity as a function of thickness for the wide
spaced polycrystalline Co disks. The trend towards zero re-
manence with increasing thickness is expected, since the
magnetostatic energy of in-plane magnetized states increases
quadratically with the element thickness. The behavior of the
polycrystalline NiFe disks is similar, with a small reduction
in coercivity from the 10 nm to the 5 nm disks.

The explanation for the differences in remanence as a
function of thickness is provided by the PEEM results. For
thick disks (30—38 nm) the remanence and coercive field are
small, suggesting that most of the disks fall into the vortex
state, as mentioned above. This is shown in Fig. 3 for the
38 nm Co disks, where most disks are observed to have
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FIG. 2. Variation of the remanent magnetization M,/M, (right
axis) and coercivity H, (left axis) as a function of thickness for the
polycrystalline Co disks. The triangles correspond to the remanence
of the triangle state as determined from the results of micromag-
netic simulations.

fallen into the vortex state (characterized by a black and
white quadrant along the direction of the light polarization
and separated by two grey quadrants along the perpendicular
direction; both senses of magnetization rotation are present),
with the exception of a single disk (of the array of 24 visible,
indicated by an arrow in Fig. 3) which has fallen into a state
consisting of three domains: two outer domains (white con-
trast) pointing along one direction and the middle one (black
contrast) pointing in the opposite direction. This state will be
referred to as the “diamond” state and it will be shown that it
prevails for certain Co thicknesses and is usually present
throughout the disk arrays (also for the NiFe and fcc Co
disks).

For thinner disks the coercivities and remanence are very
large, which indicate that a significant energy barrier pre-
vents most disks from falling into the vortex state (which is

FIG. 3. PEEM image of the 38 nm Co polycrystalline disks in
the remanent state after saturation (magnetic field applied along the
direction of light polarization P). All disks are in the vortex state
except the one indicated with an arrow, which is in the diamond
state.
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FIG. 4. PEEM images of the 19 nm Co polycrystalline disks in
the remanent state after saturation (magnetic field applied along the
direction of the light polarization P). The magnetic states of the
disks on the high resolution image (marked on the top image) are
identified as triangle (7) and vortex (V) states (note the clockwise
rotation of the image, which is due to the magnetic lenses of the
microscope).

expected to be the ground state configuration for the disks
considered here, see Sec. IV), and remaining instead in a
state of overall nonzero magnetic moment. For instance, the
PEEM images of the 19 nm polycrystalline Co disks show
many of the disks in a state resembling the saturated state,
which on closer inspection turns out to be a more compli-
cated magnetic state which features a triangle (or arrow) of
opposite contrast to that of the background (Fig. 4); note also
the presence of the three-state domain (“diamond” state); we
shall discuss the energetics of these states in Sec. IV but
we point out that these states have been predicted
numerically.’%62

For the thinner disks, the three-domain state prevails, as
can be observed in Fig. 5. The vortex state is also observed
in some disks and the “triangle” state mentioned before is
also present. In Table I we summarize the average number of
states observed in the different polycrystalline Co disk ar-
rays. In one instance, =10 nm, we have taken two images,
the second immediately after remagnetizing the sample with
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FIG. 5. PEEM images of the 10 nm Co polycrystalline disks in
the remanent state after saturation (magnetic field applied along the
direction opposite to the light polarization P). The magnetic states
of the disks on the high resolution image (marked on the top image)
are identified as triangle (7) and diamond states (D).

a 4 kOe magnetic field. It is observed that the statistics of the
observed states changes dramatically, illustrating, on the one
hand, the instability of the triangle state and, on the other
hand, the fact that immediately after saturation, the disks
tend more often to fall into the diamond state rather than the
vortex state. This demonstrates the difficulty of determining

TABLE I. Thickness variation of the relative number of mag-
netic states (in %) observed in polycrystalline Co disks (the total
number of disks imaged is given in the last row).

thickness (nm)

state 2 10 10 16 19 22 38
vortex 52 16 20 24 40 92 96
diamond 28 84 40 4 4 8 4
triangle 20 0 40 72 56 0 0
disks imaged 17 20 15 24 22 24 23

(b)

FIG. 6. PEEM images of the 29 nm fcc Co epitaxial disks,
sample initially magnetized along the easy axis direction (along the
direction of the light polarization P). The bottom image corresponds
to a high resolution image of the disks marked on the top image
(this has been rotated by 45° for convenience of display).

the relative stability of the magnetic states from the relative
abundance of the different magnetic configurations alone,
and also underlines the importance of using a noninvasive
technique for the magnetic imaging of such states; it is likely
that a small disturbance (produced by stray fields, for in-
stance) may induce transitions between metastable magnetic
states; this effect or simply thermal magnetic relaxation
bringing the disks to the ground state, may be responsible for
the different results of these two magnetic images.

We also imaged two fcc Co samples with thicknesses 16
and 29 nm; we shall concentrate on the 29 nm Co disks, for
which higher resolution images were taken. We first imaged
the Co disks after the sample had been saturated along an
in-plane hard magnetic axis ((100) direction), and it is seen
that most disks fall into the vortex state; when the sample
was then remagnetized along a (110) in-plane easy axis di-
rection, a more rich variety of states are observed, as shown
in Fig. 6. In the high resolution images, it is observed that in
addition to the vortex state, the “diamond” state is also
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(b)
FIG. 7. PEEM images of the 10 nm NiFe polycrystalline disks

at remanence, after saturation (magnetic field applied along the di-

rection of the light polarization P). The bottom image corresponds
to a high resolution image of the disks marked on the top image.

present, with the inner domain oriented along hard and easy
axis directions. It is likely that the presence of a wider pin-
ning energy distribution of stronger pinning centers in epi-
taxial films compared with polycrystalline films,'® is respon-
sible for the stabilization of the diamond state at this large
Co thickness.

We mention finally the polycrystalline NiFe disks, for
which three thicknesses were imaged, 5, 10, and 34 nm. For
the 5 nm disks, the PEEM image showed that all disks had
relaxed into the vortex state (the M-H loop for these disks
showed a smaller coercivity than that of the 10 nm disks; in
general the magnetic behavior of thinner than ~3-5 nm
NiFe elements seem to deviate from the trend expected from
thicker films, possibly due to the influence of thermal exci-
tations which become important in thin soft elements). The
PEEM images show that all 10 nm NiFe disks fall into either
the vortex or the diamond state, Fig. 7; while some states
look similar to the triangle state in the low resolution image,
at higher resolution it is observed that this state is the dia-
mond state with the inner domain rotated by 45° with respect
to the light polarization. The 34 nm NiFe disks have all
fallen into the vortex state. These results are consistent with
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FIG. 8. PEEM image of a disk (19 nm Co) in the triangle state
(left) and corresponding micromagnetic simulation (right). The
magnetic field was initially applied along the horizontal direction,
and the magnetic contrast is along the same direction.

the MOKE results, which show a relatively large coercivity
and remanence for the thinner NiFe disks, and no coercivity
and zero remanence for the 34 nm disks.

IV. DISCUSSION

Our experimental results show that several magnetic
states are present in micrometer size disk elements, where
the vortex state is expected to be the state of lowest energy.
To study in more detail the energetics of these magnetic con-
figurations and their relative stability, we performed micro-
magnetic simulations of disk elements using the OOMMF
package.”® The parameters used for the simulations were
K,=0 for the anisotropy constant of the polycrystalline ele-
ments K;=—-6.5X 10° erg/cm? for fcc Co (Refs. 13 and 60)
(corresponding to cubic anisotropy with easy axis along the
(111) directions), A=3X 107 erg/cm, M,=1400 emu/cm?
for Co and A=1.3X107° erg/cm, M,=860 emu/cm’ for
NiFe. For the micromagnetic simulations we assumed the
magnetization to be uniform across the out of plane direc-
tion, and a cell size of (4 nm)? in the plane. Some states were
obtained by magnetic relaxation from the uniform state,
while for other states we started from a configuration close to
that observed experimentally (for the larger thicknesses,
some states were not stable with respect to the maximum
allowed local torque); we concentrate next on the results ob-
tained for polycrystalline Co and NiFe disks. Proceeding this
way, we were able to reproduce the states imaged by PEEM
(the vortex, the diamond and the triangle state) and in addi-
tion we obtained a new state which is similar to the S state
observed in rectangular elements,®! which we did not ob-
serve experimentally (it has been reported in micromagnetic
studies of smaller NiFe circular elements®>%%). A C state has
also been suggested from micromagnetic simulations,®>~4
and observed for submicrometer NiFe dots® but we did not
observe this state experimentally, nor numerically; this state
has a very large stray field and is not expected to be stable
for micrometer sized disks. In Fig. 8 we show a high reso-
Iution PEEM image of a disk in the triangle state, which is
compared with the result of a micromagnetic simulation for a
disk with identical parameters. This state has a very large
magnetic moment, but a relatively small stray field since the
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FIG. 9. Micromagnetic simulations of the diamond state (top) and of the S state (bottom) for the 20 nm polycrystalline Co disk. The
arrows indicate the direction of the magnetization while the color contrast refers to the horizontal (left) and vertical (right) component of the

magnetization.

magnetization follows the perimeter of the disk in order to
avoid the creation of “pole charges;” however, there is a
significant stray field at two edges of the “triangle” which
makes the magnetostatic energy the main contribution to the
magnetic energy. In Fig. 9 we show the micromagnetic re-
sults corresponding to the diamond state and the S state.
While the vortex and the diamond state have both zero re-
manence, the S and triangle states have large remanences; in
fact, the remanence of the triangle state is very similar to the
remanence observed in the M-H loops of Co up to 20 nm in
thickness, see Fig. 2. In terms of the energy components, the
diamond state accommodates two vortices’®% with a stron-
ger twisting of the spins than that of the vortex state (leading
to a comparatively larger contribution from the exchange en-
ergy term), but the largest energy component comes from the
demagnetizing energy as a result of the small stray field leak-
age, which is also responsible for the thickness dependence
(the total demagnetizing energy varies as > for in-plane mag-
netized elements). The triangle and S states have what
amounts to two “edge vortices”, where a large stray field
leakage occurs, which makes the magnetostatic term the
dominant energy contribution. Although the S state has
slightly lower energy than the triangle state, according to the

micromagnetic simulations, this state was not observed ex-
perimentally. In Fig. 10 we plot the micromagnetic results
for the thickness dependence of the energy densny, normal-
ized to the magnetostatlc energy of Co, 2m(M °)>=1.23
% 107 erg/cm?, for both the Co (symbols) and the NiFe
(lines) disks, the latter data multiplied by a factor of 2.5. We
see that the NiFe data scales relatively well to that of the Co
data, with a scaling factor which is close to the ratio between
the magnetostatic energies of Co and Ni, 2.65. This is an
indication of the dominance of the magnetostatic energy term
in the total magnetic energy. It is observed that indeed the
state of lowest energy is the vortex state, with almost no
thickness variation, as expected since the exchange energy
scales with the thickness (there is only a gentle positive slope
due to edge roughness, introduced by cell discretization,
which contributes to the magnetostatic energy). In order of
decreasing energy density comes the triangle state, the S
state, the diamond state, and the vortex state, with the flux-
closed states much lower in energy. We see therefore that
these different magnetic configurations do not correspond to
degenerate states of the system, but rather to different energy
states. One important result we can obtain from these energy
estimates is the energy threshold below which metastable
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FIG. 10. (Color online) Total magnetic energy for the different
magnetic states of Co disks as a function of thickness, normalized
to the magnetostatic energy of Co, 27T(MSCO)2. The lines correspond
to the NiFe data (calculated at the same thickness values as for the
Co disks) multiplied by a factor of 2.5.

states can still be stabilized; from our experimental results,
we see that for Co disks 19 nm thick, the triangle state is still
observed, while this state was not observed for the 22 nm
disks, indicating that for the latter thicknesses the stability of
this state is strongly reduced, also in agreement with the
MOKE data. From Fig. 10 we may estimate the maximum
energy difference between the high energy triangle state
and the ground (vortex) state as ~1.1X 10‘3Ef,["s=1.4
X 10* erg/cm?; this energy threshold is not attained for the
diamond state in the Co thickness range studied, which is
consistent with the fact that this state is observed over all the
thickness range considered in this study.

The stability of these metastable states, some of which
have very large energy differences relative to the ground
state, is attributed to pinning of the magnetization. The
sources of the pinning in these metal systems range from
magnetoelastic coupling of the magnetization with local
strain variations at grain boundaries or at crystalline defects
(misfit dislocations, interface strain or impurities); to edge
and surface roughness, which may induce local magnetiza-
tion configurations with a reduced magnetostatic energy; and
to frustration introduced by local anisotropies from the small
crystallites in the polycrystalline samples. The result, when
these local potentials are larger than thermal excitations, is
the stabilization of magnetic states which lie in the path of
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the magnetic relaxation process. The interest in the study of
these metastable magnetic states is therefore twofold: on the
one hand, it allows us to trace the switching of the magneti-
zation process and on the other it draws attention to the pos-
sibility of multiple magnetic states where otherwise simple
configurations would be expected. This last point has impor-
tant implications for the practical implementation of small
elements where well defined magnetic states and magnetic
switching processes are crucial.

V. CONCLUSIONS

In conclusion, we have presented a systematic study of
the remanent magnetic states of noninteracting Co and NiFe
disk elements, as imaged by photoemission electron micros-
copy (PEEM). Several magnetic states were observed other
than the vortex state: the diamond state, which is observed
over all the thickness range studied and which has zero re-
manence, and the triangle state, which was observed in Co
disks up to 19 nm in thickness and which displays a large
remanence. The observation of these magnetic states explain
the large coercivities in the M-H curves for the thinner Co
and NiFe disks. The energetics of these magnetic states was
studied in the framework of the micromagnetic theory of
magnetic domains; the simulations show the presence of an-
other metastable state (S state), which was not observed ex-
perimentally and we find that the magnetic energy increases
from the vortex, to the diamond, S, and the triangle states.
The magnetostatic contribution dominates the magnetic en-
ergy, which also explains the fact that the NiFe energy values
scale with those of the Co disks by a factor close to the ratio
between the respective magnetostatic energies. While these
states are stabilized by pinning of the magnetization (due to
defects, impurities, grain boundaries, etc.), our results point
to the importance of the particular switching path in stabiliz-
ing these states. This issue is likely to be critical in achieving
well defined and reproducible magnetic states in small ele-
ments.
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