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Detection of in-depth helical spin structures by planar Hall effect

Ali C. Basaran,"® R. Morales,?® S. Guénon,"® and Ivan K. Schuller’
'Department of Physics and Center for Advanced Nanoscience, University of California San Diego, La Jolla,

California 92093, USA

*Department of Chemical-Physics & BCMaterials, University of the Basque Country UPV/EHU,

Leioa 48940, Spain

3IKERBASQUE, Basque Foundation for Science, Bilbao 48011, Spain
(Received 16 April 2015; accepted 16 June 2015; published online 23 June 2015)

We developed a method to determine the magnetic helicity and to study reversal mechanisms in
exchange biased nanostructures using Planar Hall Effect (PHE). As a test case, we use an in-depth
helical spin configuration that occurs during magnetization reversal in exchange coupled Ni/FeF,
heterostructures. We show the way to induce and determine the sign of the helicity from PHE
measurements on a lithographically patterned cross. The helicity sign can be controlled by the
angle between the externally applied magnetic field and a well-defined unidirectional anisotropy
axis. Furthermore, the PHE signal reveals complex reversal features due to small deviations of
the local unidirectional anisotropy axes from the crystallographic easy axis. The simulations using
an incomplete domain wall model are in excellent agreement with the experimental data.
These studies show that helical spin formations in nanomagnetic systems can be studied using
laboratory-based magnetotransport. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4923095]

Harnessing the average spin state of charge carriers
produced new physics as well as unique technologies.'* An
important advance would be the formation and control of the
spatial dependence of complex spin structures in nanomag-
netic systems.” For example, magnetic helicity can be used
to add right or left-handedness in thin films to engineer inter-
esting structures. Such in-depth helical spin structures can be
formed in low anisotropy magnetic films in proximity with a
high anisotropy ferromagnet* or an antiferromagnet.’
However, the detection of depth dependent magnetic
profiles®™® or helical spin formations™'® is not trivial.
Anisotropic magnetoresistance (AMR) measurements are
insensitive to the direction of transverse magnetic
moments,'"'? and conventional microscopy techniques are
resolution and depth limited. The magnetic moment reversal
of large area samples can be studied using longitudinal and
transverse magneto-optical Kerr effect'®> or vector magne-
tometry.'* However, investigating the magnetization reversal
process in nanomagnetic systems, such as wires and junc-
tions, is challenging because the magnetic signal from such
structures is weak.

On the other hand, the Planar Hall Effect (PHE)"
obtained from the transverse voltage is extremely sensitive to
changes in the local spin configuration and can be used to map
out such complex spin formations. PHE is mostly preferred in
sensor technologies'®™'® due to its directional sensitivity and
low background voltage.'® PHE was used to study the magnet-
ization reversal in exchange biased (Ga,Mn)As/MnO
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heterostructures®” and to determine the chirality of a vortex in
a magnetic nanodot.!

In this letter, we present a PHE based technique,
which reveals the helicity and details of complex reversal
mechanisms in exchange-coupled Ni/FeF, cross junctions.
Epitaxial, insulating, and antiferromagnetic (AFM) FeF,
films induce a well-defined unidirectional anisotropy axis
below the AFM Néel temperature (78 K) on ferromagnetic
(FM) Ni overlayers, which develop a helical spin structure
during the reversal. As a consequence, small angular varia-
tions around the unidirectional anisotropy axis change
the helicity and produce large, opposite PHE signals.
Furthermore, the PHE reveals complex reversal features due
to small deviations of the local unidirectional anisotropy
axes from the crystallographic easy axis (EA). These mag-
netic field and angular dependences of the PHE were simu-
lated using an incomplete domain wall model. Experimental
and simulated data are in excellent agreement for all geome-
tries and magnetic fields.

In order to obtain the cleanest possible interface, the
Ni/FeF, bilayers were grown without breaking vacuum on a
Smm x 10mm (110) MgF, substrate using electron beam
evaporation at a base pressure of 1 x 10~ Torr. 100 nm FeF,
and 10nm Ni were deposited with a rate of 1A/s at 300°C
and 150°C, respectively. During the deposition, the maxi-
mum pressure of the chamber was kept below 6 x 10~ Torr.
Two separate samples were prepared simultaneously; one as
a reference for exchange bias studies and the other used
to fabricate a cross device for PHE measurements. Four
separate devices, from two different depositions were inves-
tigated. The cross junction was fabricated by standard photo-
lithography and etching. Ar ion milling was used to etch
only the Ni layer to obtain ~1 pm square cross-junction
(inset of Fig. 1(b)). The junction size was kept large enough
to avoid possible shape anisotropy effects. This was followed
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FIG. 1. Comparison of two measurement techniques at 5 K after 50 Oe field
cooling; (a) magnetization measurement of a reference film (the applied field
was swept along the unidirectional anisotropy axis (UA)). (b) AMR signal
of the cross junction obtained using two contacts (Vi,) at 0°, +4°, and —4°.
Thin black and thick red lines correspond to decreasing and increasing field
sweeps at 0°, respectively, and dashed lines correspond to *4° for AMR.
(Inset) Microscope image of lithographically patterned cross junction and
corresponding measurement geometry. Blue dashed line indicates the
exchange bias field.

by a second photolithography step to make -electrical
contacts for transport measurements. Top (Ti (10nm)/Au
(90nm)) contacts were deposited in a sputtering chamber
with 2 x 107" Torr base pressure with a constant 4 mTorr Ar
flow during deposition. To remove any photoresist residue, 3
min of argon ion milling was performed in-situ prior to Ti
deposition. PHE measurements were performed by applying
~0.1mA DC along the unidirectional anisotropy axis,
between contacts 1 and 2, and measuring voltage between
contacts 3 and 4 (inset of Fig. 1(b)).

The basic structural and magnetic properties of a refer-
ence FeF, (100nm)/Ni (10nm) bilayer were studied first.
The X-ray diffraction (not shown) implies that the FeF, and
Ni layers grow epitaxially and textured, respectively.
Magnetization measurements using a vibrating sample mag-
netometer (VSM) confirm that the magnetic easy axis of the
Ni layer coincides with the [001] direction of the AFM FeF,,
the unidirectional anisotropy axis below the Néel tempera-
ture. The typical 300 K square hysteresis loop has a remnant
ratio of M,;/Mg=~1 and coercive field of 300e (with M,
and M remanent and saturation magnetization, respec-
tively). Afterwards, the sample was cooled in 50 Oe field to
5K at 4K/min cooling rate. Fig. 1(a) shows the magnetic
hysteresis loop at 5K obtained from increasing (thick red
line) and decreasing (thin black line) field sweeps at 20 Oe/s
rate. A negative linear slope was subtracted to correct for the
diamagnetic contribution from the substrate. The exchange
bias field, the horizontal shift of the hysteresis loop from the
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origin, is —1.6 kOe. The asymmetric reversal is character-
ized by an initial sharp decrease of magnetization from posi-
tive saturation and a slow approach to the negative saturation
with an almost negligible (<20 Oe) coercive field. This lack
of the coercive field and asymmetric hysteresis loop indi-
cates the presence of reversible rotation of magnetic
moments.

The hysteresis loop of the reference sample is compared
with the AMR signal of a cross device obtained using two
probes (Vi) along the unidirectional anisotropy axis (inset
of Fig. 1(b)). The AMR was measured at SK after 50 Oe
field cooling using the earlier cooling protocol. Before field
cooling, the easy axis of the cross-junction was determined
at 300K from the AMR angular dependence. The AMR ratio
at 5K is close to ~1% for both current parallel and perpen-
dicular to the field directions. A —1.6 kOe exchange bias
field is obtained from the minimum in AMR curves. The
AMR shape, appearance of exchange bias, asymmetric loop
shape, and low coercive field are in good agreement with the
VSM measurements of the reference. This suggests that
the coupling between Ni and FeF, was not affected by the
lithography.

After initial AMR measurements with the applied field
along the unidirectional anisotropy axis (defined as the zero
degrees reference position), we perform further measure-
ments at slightly rotated angles (44° or —4°). The magnetiza-
tion and AMR at these two different starting points (+4° or
—4°) show no significant difference with respect to the zero
degree one (Fig. 1(b)). On the other hand, the PHE at +4° is
considerably different than at —4 (Fig. 2(a)). Note that the
PHE signal was obtained simultaneously with the AMR using
the voltage leads which probe the transverse voltage (Viy,
Fig. 1(b) inset). The absence and presence of significant
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FIG. 2. Normalized PHE signal of the cross junction at 0°, +4°, and —4°.

(a) Experimental data and (b) simulation. The PHE was measured from the
contacts 3 and 4 (V34) in the inset of Fig. 1(b).
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changes in the AMR and PHE geometries for the same device
is quite remarkable. These are connected to the slight devia-
tions from the unidirectional anisotropy axes, which induce a
preferred initial rotation direction (‘“chirality”) to the mag-
netic moments.

The differences between AMR and PHE arise from the
origin of these two different measurements. Both signals
depend on the angle 6, the angle between the current and
magnetization direction.”> The AMR is a function of cos?0,
an even function which cannot distinguish between positive
and negative 0. In other words, the AMR is insensitive to the
rotation direction of magnetic moments and therefore no sig-
nificant difference is observed for =4°. However, the PHE
varies as sinfcos ), which depends on the rotation direc-
tion.”* Consequently, the opposite PHE at =4° in Fig. 2 are
due to the change in rotation direction of the magnetic
moments respect to the electrical current I. This change in
the rotation direction is induced by the transverse component
of the magnetization at £4°. For a fixed angle, the rotation
direction is always the same and the PHE signal in an
increasing and decreasing field sweeps are almost identical.

The above arguments explain the differences in the PHE
for slightly different initial conditions, but fail to explain the
lack of coercive field and the asymmetric reversal. To
explain these, we simulated the magnetization reversal using
an incomplete domain wall model. This model accounts for
the reversal through rotation of the magnetic moments rather
than domain wall nucleation and motion.?>*® The ferromag-
netic layer is assumed to consist of N-planar sub-layers
parallel to the FM/AFM interface. The magnetic moment of
each sub-layers forms an angle f; with the reference axis
(the easy axis), where i = 1 is the first FM sub-layer in con-
tact with the AFM. The maximum angle of the domain wall
in the AFM, «, is given by the orientation of nearest AFM
spins to the easy axis. The external magnetic field is applied
along the easy axis. The total energy of the system is given
by

E =2/ AsrmKapm (1-c0s o) — Japy-rm cos(f—o)

N-1 N
~Jrn Yy cos(Biii—B;) — KemAtew Y _ cos’p;
i=1

i=1

N
—MAtFMHZcosﬁi. (1)

i=1

The first term is the AFM domain wall energy and the second
term is the interfacial exchange energy. The other terms
represent the FM energy; the exchange coupling between
FM sub-layers, the anisotropy energy, and the Zeeman
energy of each sub-layer. Axpm and Kagy are the exchange
stiffness and anisotropy constant of the AF, respectively.
Jarm.rm 1s the exchange coupling constant at the interface,
while Jgy; denotes the exchange coupling constant between
adjacent FM sublayers. Kgy; is the FM anisotropy constant,
m; (m;= My;Atgy) is the magnetic moment of each sublayer,
and H is the applied magnetic field.>” The parameters used
in the model were: Apy = 3.1 x 1078 erg/cm, Kapy
=1.35 x 10® erg/(:m3,28’29 Jarm—rm = 0.92 erg/cmz, and
Jey = 5.6 erg/em” were adjusted to fit the M(H) curve.
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Kpy =5 x 10* erg/em® was obtained from the hysteresis
loop with the applied field along the hard axis and m; was
calculated from the Ni magnetization My; = 485 emu/cm’
(Ref. 30) using m;= My;Atpy. The thickness of each
FM sublayer Atgy was set to 1nm. The simulated PHEs
(Fig. 2(b)) are obtained using the average magnetization
directions of each layer and minimizing the total energy
of the system for each external magnetic field during the
reversal.

The simulations at =4° reproduce well the experimen-
tally observed fast change in the magnetization approaching
the exchange bias field and the slow saturation at negative
fields. The asymmetric shape of the PHE arises from inco-
herent rotation of magnetic moments, i.e., the top most layer
rotates first and the others turn sequentially during the rever-
sal.?? In other words, at saturation, the magnetic moments of
each sub plane are all parallel and lay in the plane. The first
FM sub layer, in direct contact with the AFM layer is
strongly exchange coupled and fixed along the cooling field
direction. During reversal, a larger field than the exchange
bias is required to overcome this coupling. Due to the short
range of the exchange interactions, the AFM-FM exchange
coupling strength weakens further from the AFM layer.
Therefore, FM layers further from the AFM/FM interface
rotate easier than the ones closer. The magnetic moments of
each sub planes rotate by a fixed angle with respect to the
neighboring plane. Thus, an incomplete domain wall forms
along the FM thickness during reversal.

Fig. 3 shows the simulated angular positions of average
magnetization for each Ni sublayer at three different fields.
The in-depth wall in the Ni layer is quite significant and
increases with applied field. For instance, the wall width is
17°, 34°, and 39°, at H=—1.2, —1.6, and —2.2 kOe, respec-
tively. It is important to note that such in-depth domain
wall forms even for very thin Ni layer which produces the
distinct PHE.

The zero degrees PHE reveals further details of the mag-
netization reversal process in our prototypical exchange
coupled system. At zero degrees, there is no initial preferred
rotation direction for all magnetic moments, and therefore,
the PHE signal includes both left and right handed rota-
tions.>' These opposite rotations, produce opposite PHE sig-
nals and therefore the average signal is reduced about 85%
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FIG. 3. Angular position of the average magnetization of each sublayer
throughout the 10nm Ni layer at three external fields (Hgg =—1.6 kOe.
Sublayer no. 1 corresponds to the Ni slab in contact with the AFM).
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(compared to *4°). To explain these measurements, we
assume the presence of two different directions of pinned
moments, which are slightly tilted from the average crystal-
lographic EA in opposite direction. This assumption does
not exclude the presence of moments, which are at zero
degrees or other possible directions, but it is used to simplify
the problem. We further assume that the average distribution
of the moments that are aligned in the EA1 direction is
slightly higher than in EA2. The simulated PHE curves
reproduce the reduction of the signal amplitude at zero
degrees although exact details are different. When the maxi-
mum magnetic field is applied at zero degrees, Ni magnetiza-
tion is saturated in this direction. As the magnetic field is
reduced, Ni spins rotate towards the local unidirectional ani-
sotropy. One spin population has rotated towards EA1 and
the other population has rotated in opposite direction towards
EA2. The average PHE signal arises from the sum of these
two individual rotations of opposite sign. These results indi-
cate that the high sensitivity of the PHE to the rotation direc-
tion of magnetic moments can be used to probe the angular
distribution of pinned moments along the AFM easy axis.
Further details of this complex reversal mechanism are
beyond the scope of this letter.

The preferred rotation direction of the magnetic
moments is determined by slight deviations from the well-
defined unidirectional anisotropy axis and produce opposite
PHE signals. If the magnetic field is applied at a small angle,
but larger than the angular distribution of the local unidirec-
tional anisotropy axes, e.g., =4°, the magnetic moments in
each easy axis are forced to follow the same rotation direc-
tion (depending on the angle of the applied field). Thus,
the PHE signal can be used to determine relative helicity
that forms during the reversal in exchange coupled
nanojunctions.

In summary, we have shown that a laboratory based
PHE measurement allows detection of in-depth helical spin
formations in exchange coupled FeF,/Ni cross junctions.
Epitaxial insulating, antiferromagnetic FeF, was used to
induce a unidirectional anisotropy for the magnetic moments
of a ferromagnetic Ni layer. The interfacial exchange cou-
pling produces an in-depth helical spin structure during re-
versal in the Ni. This helical spin structure and the helicity
were confirmed by PHE and simulations using an incomplete
domain wall model. An initial rotation direction of magnetic
moments can be induced by small angle variations around
the unidirectional anisotropy axis and thus control the helic-
ity. Furthermore, PHE reveals complex reversal features due
to small deviations of the local unidirectional anisotropy
from the crystallographic easy axis. The experiments and
simulations are in excellent agreement for all geometries and
magnetic fields.
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