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Magnetic vortices in circular disks made from Fe-V single crystal film have been studied by
magnetic force microscopy. At remanent state, all the disks host a single vortex structure. The
magnetic contrast differs drastically from the one usually observed in "traditional" materials and
reveals the influence of the four folds anisotropy originating from the bcc structure of Fe-V lattice.
Field dependence of vortex position has been studied. The vortex displacement is observed to be
perpendicular to the field and depends on the field direction. Micromagnetic simulations reproduce
quantitatively this behavior and explain the influence of cubic magnetic anisotropy. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4711219]

Recently, there is a strong interest in magnetic vortex
structures in magnetic disks due to their potentials for attrac-
tive applications such as magnetic memory storage devices
or spin transfer vortex oscillator (STVO)'™ devices. Indeed,
STVO has attractive potentials of high emitted power which
is caused by a relatively large vortex core trajectory and nar-
row linewidth compared with other spin transfer torque
oscillators.'* Ideal material for STVO must combine a low
magnetic damping and a high spin polarisation. Epitaxial
films of Fe-V alloys have been reported as relatively low
magnetic damping materials, with damping parameters rang-
ing between 0.002 and 0.007.%° Furthermore, inserted in
magnetic tunnel junctions, Fe-V alloys can lead to a signifi-
cant increase of the tunnel magneto-resistance owing to low
misfit between MgO and MgO and Fe-V lattice.”® Then, Fe-
V based spintronics devices appear to combine all the prop-
erties for high performance dynamic applications. However,
as pure iron, epitaxial Fe-V films exhibit cubic anisotropy.
As a first step, this letter aims at studying the equilibrium
configuration of circular disk arrays and highlights the effect
of such an anisotropy on the vortex structure in Fe-V disks.

Magnetic disks studied in this letter have been patterned
from epitaxial Fe-V alloy films. Thin vanadium and iron
layers were deposited on MgO(100) single crystal substrate
by molecular beam epitaxy. The Fe and V thicknesses were
adjusted to get the proper V concentration in the alloys and a
total thickness of 27 nm. Then these layers were interdiffused
by post-annealing process (800 °C). The intermixing process
starts at 600 °C as checked by x-ray photoelectron spectros-
copy. An Au capping layer is then deposited to protect the
alloy from air. The Fe-V crystallographic structure was con-
firmed to be bcc using x-ray diffraction. Moreover, since Fe
and V are totally miscible, the (002) lattice spacing of Fe-V
alloys follows Vegard’s law. The determination of this (002)
spacing using x-ray diffraction thus allows us to check the V
concentration in the alloy.® For this study, a 10% V concen-
tration was chosen in order to keep large magnetization and
anisotropy but with a low damping factor.

The magnetic properties of the full film were studied
using vibrating sample magnetometry. Magnetization loops
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(M(H)) along the (100) easy axis (EA) and the (110) hard
axis (HA) directions (not shown) confirm the four folds mag-
netic anisotropy arising from the bce structure of Fe-V lat-
tice. A saturation magnetization, My, of 1450 emu/cm’ could
be extracted from EA M(H) loop, a value consistent with a
10% V concentration in the alloy. An anisotropy field, Hy, of
500 Oe could be extracted from HA M(H) loop by consider-
ing the saturation field of the M(H) loop leading to an anisot-
ropy constant K of 4.1 x 10° erg/cm’. The exchange constant
of the film, A, was evaluated by vector network analyzer fer-
romagnetic resonance (VNA) FMR measurement as
3 x 10~ erg/cm.”

The Fe-V disks were fabricated using conventional elec-
tron beam lithography and Ar ion etching with disk diame-
ters of 1.2, 1.65, and 3.15 um. The periodic distance between
the disks is twice the diameters of the disks, leading to negli-
gible dipolar fields from neighbour disks. The local micro-
magnetic configurations of the Fe-V disks were determined
by magnetic force microscopy (MFM) at room temperature.
MFM is well known as useful measurement system for ob-
servation of magnetic vortex structures. '’ Furthermore,
measurements were done with in-plane applied magnetic
field in order to check the position of the vortex core as a
function of the applied field direction and intensity.

Figures 1(a)-1(c) show the MFM images measured on 4
disks at remanance. Regardless of the disk diameter, each
disk hosts 4 domain walls oriented along the HA making an
unconventional cross for a vortex structure. In order to
understand this magnetic configuration, 2-dimensional
micromagnetic simulations have been performed using the
finite difference oommr'' and GPU mumax'? micromagnetic
codes with the magnetic parameters measured on the Fe-V
film. The disk shaped Fe-V was discretized in 4 x 4 x 27
nm> sized cells, and since the calculation aims at describing
the equilibrium position of the vortex core and not its nuclea-
tion or its annihilation, thermal effects were not taken into
account and the damping parameter has been fixed to 0.5.
The calculated magnetic configurations in Fe-V disks are
given in Figures 1(d)-1(f) for each disk size. Since magnet-
ization is parallel to the disk edges except at the vortex core,

© 2012 American Institute of Physics

Downloaded 24 Aug 2012 to 194.214.217.17. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.4711219
http://dx.doi.org/10.1063/1.4711219
http://dx.doi.org/10.1063/1.4711219

192406-2

Mitsuzuka et al.

FIG. 1. MFM images of Fe-V disks at zero field with the diameters of (a)
3.15, (b) 1.65, and (c) 1.2 um. (d)-(f) Computed micromagnetic configura-
tions in a Fe-V disk. (Arrows: direction of magnetization, grey scale con-
trast: divergence).

the MFM contrast arises from volume magnetic charges
given by the divergence of the magnetization. The grey scale
divergence/MFM contrast has been superposed to the micro-
magnetic configuration in Figures 1(d)—1(f). Arrows indicate
the direction of magnetization, and the grey scale contrasts
indicate the divergence of magnetization. The divergence
contrasts at zero field are similar to the MFM images in Figs.
1(a)-1(c). These calculations revealed that every disk has a
single vortex structure with core located at the center of the
disk. Interestingly, it is clarified that the reason of existence
of domain walls in a disk is the existence of 4-fold anisot-
ropy that aligns preferentially the magnetization with the EA
directions to decrease the anisotropy energy. It is clear that
these vortices have two kinds of chiralities: clockwise (CW)
rotation and counter clockwise (CCW) rotation.

The dependence of the magnetic configuration on the
magnetic field has then been investigated by applying a tuna-
ble field produced by an electromagnet. The field was
applied in the plane of the sample and along the EA and HA
directions. Figures 2(a) and 2(b) show the MFM images for
the 3.15 um ¢ Fe-V disks with an in-plane applied field of
112 Oe. The vortex cores moved perpendicular to the field
direction for both magnetic field directions (EA and HA).
The directions of the core motion were opposite depending
on the initial chirality of the vortex. Even under applied
fields, the MFM contrasts are similar to the calculated diver-
gences from micromagnetic calculations (Figs. 2(c) and
2(d)). The directions of movement of the vortex core in the
disk are also reproduced and, as observed, the vortex core
always moves perpendicular to the applied field. Micromag-
netic calculations revealed that when the magnetic field is
applied, the region for which the magnetization is along the
field grows, leading to core motion perpendicular to the field.
As applied field increased, the core positions moved to the
edge of disks in both field directions. In the case of field
applied along HA direction, the MFM image shows a com-
plex ripple structure, and the cores are apparently lost at

Appl. Phys. Lett. 100, 192406 (2012)
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FIG. 2. (a), (b) MFM images of 3.15 um ¢ Fe-V disks with in-plane mag-
netic field (=112 Oe). (¢), (d) Calculated magnetic configurations in a Fe-V
disk with in-plane magnetic field. (Arrow: direction of magnetization, grey
scale contrast: divergence).

310 Oe (Fig. 3). However, micromagnetic simulations show
that this ripple structure is still associated to the presence of
a vortex (inset of Figure 3) and vanishes when the vortex is
annihilated.

In order to show the effect of magnetic anisotropy on
Fe-V disks, we have measured the core position as a function
of applied field, along the EA and HA axes. Figure 4 shows
the displacement of the vortex core from the disk center as a
function of applied magnetic field for 3.15um ¢ and
1.65 um ¢ disks. For the 3.15 um ¢ disks, the experimental
results are plotted as circular symbols by averaging the val-
ues over 9 disks (the standard deviation is about 65 nm). At
low fields, from O to ~100 Oe, the position measured experi-
mentally increases linearly with the applied field. For higher
fields, the rate of displacement of the vortex with field (sus-
ceptibility) decreases, and finally the vortex is expelled from
the disk (annihilation). This behavior is similar to the one
observed in isotropic materials.'>~'® For field applied along
the EA direction, the annihilation field is 230 % 30Oe
(within our field resolution, this field is identical for all
disks). It is interesting to note that the vortex core is not
driven by the field up to the disk border. The minimum
observed distance between vortex cores and disk edge is

¢t ¢

—

Magnetic field (// H.A.)

) T W

310 Oe

FIG. 3. MFM image of 3.15 um ¢ Fe-V disks with in-plane magnetic field
(=3100e). Calculated magnetic configuration in a Fe-V disk with in-plane
magnetic field (=400 Oe) is also shown as inset figure.
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FIG. 4. Displacement of vortex core from the disk center as a function of
applied field for 3.15 and 1.65 um ¢ disks. Experimental data (averaged val-
ues for 9 disks and 8 disks): 3.15 um circular symbols, 1.65 um trianglular
symbols; Micomagnetic calculations: lines (solid lines: HA, dot lines: EA,
and dashed lines: for isotropic material, K = 0).

180 nm just before annihilation. In the case of field applied
along HA direction, the displacement of the vortex core is
more gradual (lower susceptibility). As mentioned before,
the formation of the ripple structure makes it impossible to
measure the vortex position for fields above 280 Oe. The lim-
ited maximum field of our experimental system does not
allow us to image the annihilation of vortices when the field
is applied along the hard axis. However, observations of
chirality change at remanence suggest an upper bound of
440 Oe for the annihilation field.

In Figure 4, the core position extracted from micromag-
netic calculations is also represented as continuous lines.
Without any parameter adjustment (all parameters are
deduced from independent measurements), a good qualita-
tive agreement between experimental and calculated values
of vortex position is obtained for both field directions. How-
ever, the value of the experimental annihilation field is sig-
nificantly lower than the one expected from micromagnetic
simulations. The latter is well evidenced in Figure 4 by the
abrupt change in vortex position (600 and 630 Oe, respec-
tively, for EA and HA). This difference is likely due to ther-
mal effects which are not considered in micromagnetic
simulations. Indeed, thermal excitations can make the system
to overcome the energy barrier associated to the vortex anni-
hilation."® Annihilation field is thus reduced by temperature.
Note that thermal excitations have nearly no influence on
vortex core positions in the reversible regime as fluctuations
of the vortex are averaged during the observation.

The values of displacements of vortex cores for 1.65 um
¢ disks are also shown on Fig. 4 in the same way for
3.15 um ¢ disks. The experimental values were obtained by
averaging the results for 8 disks. The behavior is analog to
the one observed for 3.15 um ¢ disks, and a very good agree-
ment between experimental and calculated values is also
obtained. However, the annihilation field is higher in these
smaller structures. Micromagnetic simulations indicate an
annihilation field of, respectively, 845 and 915 Oe along the
easy and hard axes which must be compared to 600 and
6300e in the 3.15 um ¢ disks. Consequently, we have not
been able to observe the annihilation of the vortex in the
1.65 um ¢ disk due to the limited maximum field of our
setup.

Appl. Phys. Lett. 100, 192406 (2012)

Beyond the specific magnetic configurations, the depend-
ence of the vortex position on the direction of the applied field
is also a specific feature induced by cubic anisotropy. Thanks
to micromagnetic simulations, it is possible to "isolate" the
influence of the magnetic anisotropy. Figure 4 represents the
theoretical position of the vortex core for a disk without ani-
sotropy (dashed lines). It appears that for a field along the EA,
the displacement of the vortex core is increased (the anisot-
ropy reinforces the applied field) whereas it is decreased when
the field is applied along the HA (anisotropy competes with
the applied field).

From the micromagnetic calculations, the different con-
tributions to the energy can be determined independently.
Figure 5 represents both the total energy of the system
(square symbols) and its different components as a function
of vortex core position for two directions of applied field. As
magnetization remains essentially along the two easy axes,
the contribution of anisotropy energy is limited. The two
main contributions to the total energy are the Zeeman energy
(driving force) and the demagnetization energy (restoring
force). It is remarkable that for a given core distance from
the center, demagnetization energy is the same as the vortex
core is moving parallel to the EA or HA. The restoring force
is then isotropic as for material without magnetic anisotropy.
On the other hand, the Zeeman energy depends on the vortex
displacement direction due to the in-plane magnetic
anisotropy.

In this study, we have investigated the magnetic vortex
structures of Fe-V epitaxial disks using a dedicated MFM
set-up and micromagnetic simulations using the magnetic
parameters of the film determined experimentally. It
revealed that all of the Fe-V disks have a single vortex struc-
ture with a single core and typical 4 domain walls. This pe-
culiar behavior strongly differs from that observed in usually
used materials like permalloy and is explained taking into
account the in-plane 4-folds magnetic anisotropy observed in
these alloys. The mechanism of vortex core motion with the
applied field determined by MFM is well understood with
the help of simulations. We have thus demonstrated that the
movement of the vortex core can be controlled by tuning the
in-plane magnetic field direction and intensity. Such control
of the vortex configuration as well as the low damping in
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FIG. 5. Total energy and its different components as a function of normal-
ized core position for a 1.65 um ¢ disk when the field is applied parallel to
the hard axis (solid symbols) and parallel to the easy axis (open symbols).
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these Fe-V alloys are key-points to deeply understand the
physics involved in spin transfer vortex oscillators.
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