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Spin configurations in Co,FeAl, 4Sig ¢ Heusler alloy thin film elements
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We determine experimentally the spin structure of half-metallic Co,FeAlj4Sige Heusler alloy
elements using magnetic microscopy. Following magnetic saturation, the dominant magnetic states
consist of quasi-uniform configurations, where a strong influence from the magnetocrystalline
anisotropy is visible. Heating experiments show the stability of the spin configuration of domain
walls in confined geometries up to 800K. The switching temperature for the transition from
transverse to vortex walls in ring elements is found to increase with ring width, an effect attributed
to structural changes and consequent changes in magnetic anisotropy, which start to occur in the

narrower elements at lower temperatures. © 2011 American Institute of Physics.

[doi:10.1063/1.3657828]

Heusler alloys are materials systems characterized by
rich electronic and magnetic properties, such as half-metallic
behavior, large magneto-optic constants, and shape mem-
ory."? The combination of high magnetic critical tempera-
tures, large magnetization, and half-metallicity makes the
Heusler alloys particularly interesting candidates for spin-
tronics devices, for example, as spin injectors in spin polar-
ized field effect transistors (spin-FETSs), magnetic layers in
tunnel junctions, or as spin polarized materials for spin-
tronics applications,'*> while recently a magnetoelectric
coupling® has been predicted in a Heusler/ferroelectric junc-
tion.” In half-metals, one of the spin sub-bands is semicon-
ducting, rendering electron transport fully spin-polarized; for
a robust half-metallic behavior, a large separation between
the Fermi energy and the edges of the semiconducting sub-
band is desirable, to avoid thermal excitation and spin-flip
scattering of electrons to the conduction sub-band. Such tun-
ing of the Fermi level position is possible by adjusting the
doping level x in half-metallic Co,FeAl;_,Si,, where it is
found that for x ~ 0.5, the Fermi level lies in the middle of
the semiconducting spin sub-band.®? Another advantage of
this composition is that the system becomes less sensitive to
atomic disorder, whose effect is to introduce edge states at
the band gap of the semiconducting sub-band and to reduce
the spin polarization.®® These factors explain the large tun-
neling magnetoresistance (up to 160%)'®!" and the efficient
spin-transfer switching in spin-valve nanopillar structures
using this particular composition.
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To utilize these unique features, a detailed knowledge of
the spin structure in these materials at the nanoscale is neces-
sary. In this work, we study the magnetic spin configuration
of patterned Heusler alloy Co,FeAlj4Sip¢ thin films using
x-ray magnetic circular dichroism photoemission electron
microscopy (XMCD-PEEM). We find that the spin configu-
rations in small elements (below 2 um) are quasi-uniform,
while well defined domain walls are formed in narrow struc-
tures. The magnetic configurations are found to be stable up
to 800 K, making it particularly suitable for room tempera-
ture device applications.

The structures investigated in this study consist of arrays
of discs, rings, squares, rectangles, triangles, and zig-zag
wires of various sizes, fabricated by dc magnetron sputtering
of (1.5nm) Ru/[#] Co,FeAlg 4Sig ¢ films, where ¢ = 15,30 nm,
on a polymethyl methacrylate (PMMA) resist spincoated on
Cr [10 nm]/MgO(001), defined using electron beam lithogra-
phy, and subsequent lift-off. The films were deposited at
room temperature and the samples were afterwards annealed
at 500 °C in a nitrogen atmosphere for 30 min. X-ray diffrac-
tion measurements on control samples grown under the same
conditions indicate that the as-deposited Co,FeAlj4Sipe
films grow epitaxially on Cr/MgO(001) with B2-type order
while after annealing L21-type order was observed.'® The
continuous Cr layer prevents sample charging during mag-
netic imaging using XMCD-PEEM. In this technique, a pho-
toemission electron microscope is used to image the local
difference in light absorption at resonance for left and right
circularly polarized light. The magnetic contrast depends on
the angle between the helicity vector and the magnetization,
being maximum when they are parallel or anti-parallel. For
the XMCD measurements presented here, the x-ray light was
tuned to the Co L edge, which displays larger intensity than
the Fe L edge for Co,FeAlj4Sipe. Due to the grazing
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incidence of the photon beam, our measurements are mainly
sensitive to the in-plane component of the magnetization.
Magnetic force microscopy imaging of selected elements
(not shown) confirms the in-plane orientation of the magnet-
ization. 2D micromagnetic simulations were carried out with
the object oriented micromagnetic framework (OOMMEF)
(Ref. 14) package wusing the materials parameters:
M, =1000emu/ecm’, A =2.3 x 10 ®erg/em, K; = —9 x 10*erg/
cm?, and 5 nm in-plane cell size.*"?

A survey of the magnetic configuration of the patterned
elements after magnetic saturation (with a magnetic field of
about 1 kOe) shows that high remanent states are favored,
although low remanent states, such as vortex states in discs
and rings, and Landau states in bar elements are also
observed. Representative magnetic states of disc elements
with varying diameter, following saturation, are displayed in
Fig. 1. For the 15nm thick elements, the dominant state is
the so-called triangle (T) state, although vortex (V) states
are also found, as can be observed in Fig. 1(a). For the
thicker elements, the triangle [Figs. 1(d) and 1(f)] and the S-
state (S) [Figs. 1(c) and 1(e)], predicted numerically in Ref.
15, prevail. The magnetic contrast perpendicular to the aver-
age magnetization, Fig. 1(b), shows that these states exhibit
a significant modulation of the transverse component of the
magnetization, in agreement with the results of micromag-
netic simulations, Figs. 1(e) and 1(f). The dominance of high
remanent states points to the important role played by the
magnetocrystalline anisotropy, which helps to stabilize more
uniform spin configurations.'> Our results show that, for
Co,FeAly4Sige alloy elements below 2um in size, well
defined magnetic states are observed, determined by the
interplay between exchange energy and magnetocrystalline
and shape anisotropies.

The existence and control of domain walls is a prerequi-
site for domain wall based applications and experiments.'®
To study domain walls in Co,FeAly 4Sij ¢ Heusler alloy ele-
ments, rings, and zig-zag shaped wires were imaged. The
magnetic configurations of the ring elements after magnetic

FIG. 1. XMCD-PEEM images of disc elements with varying size, for (a)
15nm and (b) 30nm Co,FeAl 4Sip ¢ films, with the initial magnetic field H
applied along the [110] and [110] directions, respectively (300K). Images
are representative of the states found across the larger arrays; examples of
the vortex (V), triangle (T), and the S-state are shown, as labeled. (c)-(f)
Detailed view of the triangle and S states for two 30nm Co,FeAly 4Sig ¢
discs and corresponding micromagnetic simulations.
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saturation consist of so-called “onion states,” with domain
walls that divide two quasi uniform domains in each half of
the ring.!” A strong tendency for ripple domains (which are
usually associated with fluctuations in the direction of the
magnetic anisotropy'®) is found in the wire and ring ele-
ments. The spin configuration of the onion states is charac-
terized by the presence of local domains, as also observed in
fcc Co and Fe;0, ring elements due to the magnetocrystal-
line anisotropy.'®?® For the narrower elements, we find bet-
ter defined domain wall structures, as illustrated in Fig. 2,
which are explained by the stronger influence of the shape
anisotropy. While transverse domain walls are dominant, we
also observe vortex walls, showing that both spin configura-
tions are stable at room temperature.'® The domain wall
structure in the zig-zag wires is found to be well defined, as
shown in the bottom panels of Fig. 2. The shape anisotropy
leads to head-to-head and tail-to-tail spin configurations at
the wire bend, so that domain walls are formed, mostly trans-
verse. These results show that domain walls in Heusler alloys
can be generated reproducibly for elements with typical
widths around 500 nm, determined mostly by the shape ani-
sotropy. The domain wall spin configuration becomes more
complicated for wider elements that are more strongly
affected by the magnetocrystalline anisotropy and magnetic
ripple domains. This suggests that there is room for optimi-
zation of the film quality and/or of the patterning method to
reduce local pinning.

We investigate next the thermal stability of the domain
walls in ring geometries with varying widths, from 280 to
560 nm. After saturation, transverse domain walls are present
in the rings, which transform progressively to vortex walls
with increasing temperature (corresponding to the lowest
energy state, according to the results of micromagnetic simu-
lations). Examples of transverse to vortex wall transitions
with increasing temperature are presented in Fig. 3, showing
images before and after the transition for three ring widths
taken during the heating cycle.

The transition temperature is plotted as a function of
ring width in Fig. 4, determined from the temperature de-
pendence of the number of domain walls that underwent a
transition (out of about six to eight), as shown in the inset to
Fig. 4. A clear dependence on the ring width is observable
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FIG. 2. XMCD-PEEM image of the spin configuration in rings and curved
wires with varying width, initially magnetized along the [110] direction for
(a) 15nm and (b) 30nm Co,FeAly4Sipe films (300K). The arrow in (a)
points to a region in the ring element showing changes in the local transverse
magnetization component that resembles ripple domains in continuous films.
Note the different magnetic contrast direction in the bottom right panel.
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FIG. 3. Examples of domain wall transitions with increasing temperature
(as labeled), from transverse to vortex, in 30 nm thick Heusler alloy rings
with widths from 280nm to 560 nm (a)-(c). For each panel, the left image
shows a transverse wall at a temperature below the domain wall transition,
while the image to the right shows a vortex wall at a temperature above the
transition.

showing surprisingly that wider elements switch at higher
temperatures, which is opposite to the expected behavior,
since transverse walls tend to be favored in narrower
elements.” > At temperatures above 890K, re-
crystallization occurs due to Cr interdiffusion,lo’25 leading to
irreversible structural and morphological damage to the
structures (not shown). The temperature of this permanent
destruction depends on the element size, with narrow ele-
ments degrading first. Therefore, possible explanations for
the increase in the transition temperature with increasing
ring width include changes in magnetic anisotropy with tem-
perature'®?> due to the onset of thermally activated Cr inter-
diffusion and crystallization processes, where smaller
elements are affected at lower temperatures. Nevertheless,
the heating experiments show the stability of the spin config-
uration up to 800K, which marks the onset of irreversible
magnetic changes in these elements. Another observation is
the non-monotonic variation of the switching temperature
distribution with the ring width (Fig. 4, inset, and error bars
in main graph), being particularly wide for the 340 nm wide
rings. One possible explanation for this behavior could be a
strong competition between the magnetocrystalline and
shape anisotropies at this ring width, leading to a spread in
the energy barrier height distribution that separates the vor-
tex and transverse domain wall configurations.

In conclusion, the feasible control of the spin structure
in patterned Heusler alloys (Co,FeAly4Sipe) is demon-
strated. In confined structures with sizes of around 500 nm,
the spin structure is well defined and is determined mainly
by the element shape. The high spin polarization in
Co,FeAl 4Sig ¢ elements and the resistance to thermally acti-
vated changes make this material an interesting candidate for
future applications and experiments.
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FIG. 4. (Color online) Average transition temperature (7,) as a function of
ring width. Error bars correspond to the width of the transition distribution
based on sampling of about six transitions per ring width, as shown in the
inset (lines are Lorentzian fits to the data). For ease of display, the tempera-
ture axis in the figure inset has been offset by 7.
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