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Abstract

We investigate the effect of electric current pulse injection on domain walls in Lag 7Srg sMnO3 (LSMO)
half-ring nanostructures by high resolution x-ray magnetic microscopy at room temperature. Due to the
easily accessible Curie temperature of LSMO, we can employ reasonable current densities to induce the
Joule-heating necessary to observe effects such as hopping of the domain walls between different pinning
sites and nucleation/annihilation events. Such effects are the dominant features close to the Curie tempera-
ture, while spin torque is found to play a small role close to room temperature. We are also able to observe
thermally activated domain wall transformations and we find that, for the analyzed geometries, the vortex

domain wall configuration is energetically favored, in agreement with micromagnetic simulations.

PACS numbers: 87.59.-e, 75.60.Ch



INTRODUCTION

The analysis and manipulation of magnetic domain walls using spin-polarized electrical cur-
rents (current-induced domain wall motion, CIDWM, and current-induced domain wall transfor-
mations) has recently generated much interest, as domain walls and their manipulation can be
employed in a wide range of devices [1-3]. Furthermore, spin torque effects can be exploited as
an alternative to the conventional non-scalable approach of field-induced switching [4, 5]. The
understanding of the energetics of the domain wall spin structures is of key importance for the
application of domain walls in devices [6]. Moreover, a reliable and reproducible domain wall
propagation at low current densities still has to be achieved, and more complex behaviors, such as
the superposition of domain wall displacements and domain wall spin structure changes [7] have

to be analyzed in-depth.

In the last years, a series of studies on domain wall configurations and CIDWM in various
nanostructured materials has been conducted (for an overview of the recent studies on CIDWM,
refer to Ref. 8), albeit primarily concentrating on 3d-ferromagnetic materials, such as Permalloy
(Py) [8]. These 3d metal-based materials inherently exhibit a moderate spin polarization, which
has prompted research on more advanced metallic materials, such as complex oxide materials with
potentially higher spin polarization. A complex oxide material that, thanks to its half-metallic be-
havior [9] and a Curie temperature of ca. 370 K [10] is of particular interest for device applications
at room temperature is the ferromagnetic oxide Laj 7Srg3sMnO3 (LSMO) [11-13]. An additional
benefit of this material is the combination of a high spin polarization P, and a low saturation mag-
netization M, (if compared to standard 3d ferromagnetic materials such as Py), which is promising
for CIDWM applications, due to a spin-torque efficiency that scales as P/M, [14]. A key require-
ment prior to using this material for domain wall memory or sensing devices are well-defined
domain wall spin structures. It has been previously shown that in LSMO nanostructures such
well-defined domain walls exist [11, 15]. Moreover it was recently shown that, at low tempera-
tures, highly efficient spin torque effects are present in LSMO [16], which bodes well for using
this material. However, this and other similar results were obtained by means of magnetotransport
measurements, and no direct magnetic domains imaging has been carried out as would be required
for the determination of the domain wall spin configuration. Furthermore, in order to probe the
thermal stability of this material, heating effects due to the injection of current pulses need to be

determined and one needs to ascertain whether the low Curie temperature of LSMO might pose
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challenges to the use of this material at room temperature. Hence, direct magnetic imaging is
necessary to determine changes in the spin structure that can occur due to heating [6] and reveal
the energetics of the domain wall spin structures, which are unknown to date.

In this article, we present a magnetic microscopy study of the behavior of the magnetization
configurations in LSMO micro- and nanostructured half-ring elements as a function of injected
current pulses at room temperature. We observe that the injection of current pulses in the LSMO
leads to substantial Joule heating effects, which, by raising the local temperature of the LSMO
close to or above its Curie temperature, strongly influence the magnetic configuration of the
LSMO. This allows us to analyze the domain wall spin structure transformations to deduce the
energetics and find that vortex domain walls are for our geometries the preferred spin structure for

our geometries, in agreement with micromagnetic simulations.

METHODOLOGY

The analyzed samples consist of LSMO half-ring structures with widths ranging from 500 nm
to 2 um and a diameter of 10 pm, as shown in Fig. 1(a). The 30 nm thick LSMO film was het-
eroepitaxially deposited on top of a 45 nm thick SrTiO3 insulation layer homoepitaxially grown on
0.01 wt.% Nb-doped SrTiO3 (100) (Crystec GmbH) by means of pulsed laser deposition [11] and
metalorganic aerosol deposition [17], which yield films with similar materials properties. Follow-
ing deposition, the LSMO was nanostructured by means of electron beam lithography followed
by a chemical etching step. The nanostructures were first lithographically written on the nega-
tive resist NLof 2070 (e-beam grade, MicroChem GmbH), then the uncovered areas of the LSMO
film were removed by wet chemical etching using a solution of 0.25% H505 + 0.25% H3SO, in
deionized water. This etching solution relies on the reduction of the insoluble Mn(IV) oxide in the

LSMO to Mn(II) oxide, soluble in water, according to the following chemical reaction:
MDOQ + H202 + 2H30+ — Mn2+ + 4HQO -+ OQ.

The unprotected LSMO was completely etched away in about 30 s of immersion in the etchant
solution (followed by an immediate rinse in deionized water), indicating an etching rate of about
1 nm/s. As shown in Fig. 1(a), it is possible to observe that the above described wet chemical
etching steps allow for the fabrication of well-defined LSMO nanostructures. 100 nm thick gold

electrodes were then patterned on the samples by electron beam lithography, using the positive
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resist PMMA and its copolymer MMA (MicroChem GmbH), followed by a lift-off step, in order

to allow for the injection of electrical pulses across the LSMO half rings.

@ b)  (©

10 um

Figure 1. (a) Scanning electron micrograph of a 1 um wide LSMO half-ring structure; (b) XMCD-PEEM
image of the half-ring structure shown in (a), exhibiting a vortex domain wall at the center of the half-ring.
(c) Micromagnetic simulation of a 1 ym wide LSMO half-ring structure with a vortex domain wall in good

agreement with the observations. The black/white arrows indicate the direction of the magnetization.

The imaging of the magnetic configuration of the LSMO half ring structures has been car-
ried out using photoemission electron microscopy (PEEM), exploiting the x-ray magnetic circular
dichroism (XMCD) effect to achieve magnetic contrast [18]. The energy of the circularly polar-
ized x-rays was tuned to the Mn L3 edge (642 eV), corresponding to the highest XMCD contrast.
An XMCD-PEEM image of a LSMO half-ring structure is shown in Fig. 1(b). Due to the SrTiO;
insulation layer required for injecting the current pulses only across the LSMO half-ring structures
without shunting, surface charging upon PEEM imaging occurs. This leads to a lower quality of
the acquired images if compared to equivalent images acquired on LSMO nanostructures fabri-
cated on a continuous LSMO thin film by focused-ion-beam lithography or epitaxy lithography
[15]. However, as shown in Figs. 1 and 5, the imaging resolution is still high enough to allow one
to distinguish between the different domain wall structures. The XMCD-PEEM imaging was car-
ried out at the SIM (X11MA) beamline at the Swiss Light Source [19, 20] and at the UE49-PGMa
beamline at the synchrotron radiation facility (BESSY) of the Helmholtz-Zentrum-Berlin [21]. In

Fig. 1(c), a micromagnetic simulation of an LSMO half-ring structure is shown. The simulations
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have been carried out for T = 0 K utilizing the MicroMagnum framework [22], using a saturation

! an exchange stiffness A =1.5 x 1072 J m~!, and no magne-

magnetization M, =2 x 10° Am™
tocrystalline anisotropy. The numerical discretization utilized in the simulations presented a cell
size of 5 nm in the in-plane direction and of 30 nm in the out-of-plane direction (corresponding
to the total thickness of the LSMO films studied in the work presented here), with a calculated

exchange length of about 7.7 nm.

10 pm

Figure 2. (color) (a-b) XMCD-PEEM image carried out before and after the injection of a 1 x 10" A m~2
pulse burst on a 2 pm wide half-ring LSMO structure; (c) Difference image obtained subtracting (a) from
(b) showing the displacement of the domain wall. The contrast in the difference image (c) allows for the
determination of the modifications of the magnetic structure of the LSMO due to the injection of the current

pulses.

The LSMO half-ring structures were initialized by applying an in-plane magnetic field of about
50 mT perpendicular to the half-ring structure with an in-situ electromagnet, integrated with the
PEEM sample holder [23], to obtain a domain wall at the center of the half-ring.

Electrical current pulses were then injected in the LSMO half-ring structures by means of a
custom-built electronic setup [23]. For each injection event, a 3-pulse burst with a pulse width of
1 ms and current density varying between 1 x 10'© A m~2 and 2 x 10! A m~2 was injected in
the LSMO half rings. The magnetic configuration of the LSMO nanostructure was imaged before
and after each injection, and the displacement of domain walls and changes to the magnetization
were determined by analyzing the difference images (i.e. the XMCD image acquired before each
injection was subtracted from the corresponding XMCD images acquired after each injection).

An example of a difference image, where the contrast in the image allows for a clear identification
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Figure 3. (color) (a) XMCD-PEEM image of a 2 ym wide LSMO half-ring structure in the initialized state.
(b)-(f) Difference XMCD-PEEM images calculated after each injection event (current density of 1.2 X 10t
A m~2), showing a hopping of the domain wall between different pinning sites. Contrast away from the
domain walls (in this case, on the top half of the ring structure) indicates nucleations and annihilations of

domains and domain walls. The red arrow in (a) indicates the direction of the current for the injected pulses.

of changes in the domain wall spin configuration, is shown in Fig. 2, along with the original

XMCD-PEEM images.

RESULTS AND DISCUSSION

By calculating the difference images, the changes of the magnetization configuration in the
LSMO structures upon injection of electrical pulses were systematically investigated. As can be
observed in Fig. 3, CIDWM due to a spin transfer torque effect is not the dominating feature upon
injection of electrical pulses. Here, an example of a series of difference images is shown, where no
clear unidirectional displacement of the domain wall could be detected. Instead, a hopping of the
domain wall between different pinning sites in the bottom half of the ring structure is observed.
This hopping of the domain wall between the different pinning sites is superimposed with nucle-
ation and annihilation of magnetic domains induced by Joule heating effects, which occur in the
top half of the ring structure shown in Fig. 3.

Such hopping occurs if the energy landscape is sufficiently flat, so that thermal activation can
move the domain wall arbitrarily between pinning sites [24]. We have determined the position of
the domain walls in the LSMO half ring structures after each injection event, and one of these data

series is presented in Fig. 4. We find that at a current density of about 4 x 10'© A m~2, which
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at low temperatures leads to clear CIDWM [16], the domain wall displacement is dominated by
thermally activated hopping at room temperature. Furthermore, nucleation and annihilation events
were also observed upon injection of the current pulses. This behavior can be attributed to Joule
heating effects due to the injection of the current pulses, which, due to the proximity of the Curie
temperature of LSMO to room temperature, lead to a local heating of the LSMO close to or locally
above its Curie temperature, thus strongly modifying the magnetic structure of the ferromagnetic
material, as previously observed for LSMO nanostructures upon crossing the Curie temperature
[15], and dominating over CIDWM effects at room temperature. A slightly different behavior
was observed for the domain wall hopping depending on the exact initialization with a magnetic
field. We first studied the injection with one current polarity and then with the other polarity,
and we observe that, upon injection of current pulses with the opposite sign for the current, the
movements are different. Such different behavior can be explained by observing that, before each
pulse injection sequence, the domain wall configuration of the half-ring was, as further explained
in the previous section, re-initialized by the application of a magnetic field pulse, which can give
rise to slightly different magnetic configurations, with different pinning strengths, making them
differently susceptible to thermal activation. Such differences in the behavior after re-initialization

with a magnetic field have been commonly observed.

The observation of thermally activated hopping and changes in the spin structure of the do-
main wall now allows us to carry out an analysis of the thermally activated modifications of the
magnetic domains and domain walls due to Joule heating, where we estimate the energetics of
the domain walls. The first observation is that, after the initialization of the LSMO half rings
with a magnetic field, the typically observed domain wall configuration consists in a transverse
domain wall, as shown in Fig. 5(a). The injection of the current pulses then changes the domain
wall spin structure from transverse to vortex. We find that the injection of current pulses with a
current density between 1 x 10 A m~2 and 2 x 10! A m~2 transforms the transverse domain
wall into a vortex domain wall, as shown in Fig. 5(b). The vortex domain wall configuration is
a much more stable spin structure with respect to the injection of further current pulses. Indeed,
we observe that a transformation from a vortex domain wall to another domain wall configuration
due to the injection of a current pulse was observed only in about 10% of the injection events
(for the analysis presented here, about 10-20 single pulse injection events were analyzed). This
indicates that the vortex wall configuration is energetically lower lying than the transverse wall,

while both constitute (meta)stable configurations. Moreover, in contrast to previous observations
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Figure 4. (a) Position of the domain wall center in a 2 pm wide LSMO half-ring structure after a series of
injections of pulses of 4 x 10'® A m~2. The black upward triangles and the red downward triangles refer to
two different injection series. The half-ring structure was initialized by a magnetic field before each series
of injections. The sign of the current density refers to the convention illustrated in (b), where the arrows
indicate the direction of the current; (b) Sketch of an LSMO half-structure, illustrating the angle convention
(a) and sign for the current density for the data points presented in (a). The single XMCD-PEEM images

employed to generate the data in (a) are shown in the supplementary data.

in Permalloy [6], where only transformations from transverse to vortex walls were observed, in
the case presented here also transformations from vortex to transverse domain walls are observed.
Analyzing more closely this difference with 3d metal systems, we find that, if a vortex wall con-
figuration is present, in 80% of the cases in which the injection of a current pulse changes the spin
configuration of the vortex wall (i.e. in about 8% of the injection events for the vortex domain wall
configuration), the domain configuration changes back to a transverse wall configuration. In the
remaining cases where the spin structure changes, we observe a transformation to more complex
domain wall configurations, such as double vortex walls. This means that the energy of the two
domain wall configurations is comparable and that the two configurations are thermally accessible
from one another at room temperature. Within the investigated geometry range (widths of the

LSMO half-ring structures between 500 nm and 2 sm), no significant difference in the statistics of
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10 um

Figure 5. (a) XMCD-PEEM image of a 2 ym wide LSMO half-ring structure following the initialization,
presenting a transverse domain wall configuration; (b) XMCD-PEEM image of the same half-ring structure,
after the injection of a 3 x 10'® A m~2 pulse burst, showing that the domain wall configuration has changed
from transverse to vortex. The red arrow indicates the direction of the current for the injected pulses, and

the black/white arrows indicate the direction of the magnetization.

the domain wall transformations is observed. A selection of XMCD-PEEM images for different
geometries, showing the described domain wall modifications, are presented in the supplementary

data.

The observation that the vortex wall configuration lies at a lower energy than the transverse
wall configuration (for the investigated geometry range) is further backed by micromagnetic sim-
ulations of the LSMO half-ring structures. Such simulations have confirmed that the energy of
the transverse domain wall configuration is higher than the one of the vortex domain wall con-
figuration for widths of the half-ring structure above about 100 nm, as can be observed in Fig.
6, where the difference between the energy of the simulated transverse and vortex domain wall

configurations is plotted.

The energy difference between the simulated transverse and vortex wall configurations plotted
in Fig. 6 has been fitted with the function E(w) = a-w—b-log(w)+ ¢, being E the energy differ-
ence between the transverse and vortex wall configurations, w the width of the half-ring structure,
a and b defined as described in the following sentences, and c an additional fitting parameter,
describing the energy of the vortex core for the vortex domain wall configuration. Such fitting
function has been determined with a one-dimensional model for the energy of the transverse and

vortex domain wall configurations [25, 26], where it is also possible to observe that the parameters
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Figure 6. Difference of the domain wall energies between the transverse (TW) and vortex (VW) wall
configurations for half-rings of varying widths and a diameter of 10 pum. As can be observed, the vortex

wall configuration is favorable for widths above about 100 nm.

a and b (which allow, respectively, for the determination of the energy of the transverse and vortex
domain wall configurations) are defined by a = 4t\/A - K,and b = 2r- A-t, where t is the thick-
ness of the LSMO thin film, A the exchange stiffness, and K the magnetic anisotropy term (in the
case presented here, K is given by the shape anisotropy term). In general, the anisotropy term K
depends on the aspect ratio (i.e. the width) of the half-ring structure, thus implying a dependence
of the parameter a on the width of the half-ring structure. It is possible to analytically describe the
dependence of the anisotropy term on the aspect ratio with a one-dimensional model such as the
one described in [27]. Taking this dependence into account, we are able to fit the simulated data
points presented in Fig. 6. The simulated behavior then allows us to observe that the vortex wall
configuration has a lower energy than the transverse wall configuration for widths of the half-ring
structure above 100 nm and, for widths below 100 nm, the resulting energies of the two config-
urations become comparable. For widths below about 50 nm, the simulated vortex domain wall
structures are unstable, as the dimension of the vortex core becomes comparable with the width
of the half-ring structure. We note that these calculations are carried out for the 0 K values of the
magnetic properties. At higher temperatures, both M and the exchange will be reduced, so qual-
itatively the energetic dependence between the transverse and vortex wall configurations will be
similar (albeit, quantitatively, the exact values for the energy difference might change). However,
we image the magnetization well below Tc and, for these temperatures, the results of Fig. 6 are
expected to hold, making transverse walls energetically favorable only for structures with widths

less than about 100 nm. Thus, for the geometries that were employed in the experiments presented
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here, the vortex wall has indeed the lowest energy, confirming our experimental observations.

CONCLUSIONS

In conclusion, we find that, at room temperature, the injection of current pulses into LSMO half-
ring nanostructures causes Joule heating effects that, even at relatively low current densities (i.e. <
1 x 10" A m~2), are important, due to the proximity of the Curie temperature of LSMO to room
temperature. These thermally-activated events include nucleation and annihilation of domains
and domain walls, hopping of the domain walls between different pinning sites, and in particular
domain wall spin structure transformations. Two (meta-)stable domain wall configurations are
observed: transverse and vortex walls. Transverse walls are favored after the initialization of
the LSMO half-ring structures with a magnetic field, while vortex domain walls appear due to
thermally activated transformations caused by the injection of current pulses due to their lower
energy with respect to transverse walls. Furthermore, transformations back to transverse walls are
observed, showing that in this material both domain wall configurations are thermally accessible
from one another at room temperature.

The results presented here show that Joule heating effects are conspicuous at room temperature,
dominating over CIDWM due to spin torque in LSMO, even at current densities where spin torque
effects are observed in domain wall motion at low temperatures [16]. In order to render this system
more appropriate for CIDWM, one would need to enhance the LSMO thin film quality and its
lithographical processing, to reduce the density of magnetic pinning sites, and use shorter pulses
to reduce heating effects. The above described improvements could then present possible avenues
for the usage of this material in spin-torque based devices, while its modest Curie temperature
makes this material an ideal playground to study thermal effects.
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