Technical Physics, 2023, Vol. 68, No. 11

07

Eddy-current tunnel magnetic contacts with a composite free layer
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A new method was offered to design tunnel magnetoresistive CoFeB/MgO/CoFeB contacts with free layer vortex
magnetization configuration. Contacts are made using electron-beam lithography methods and have lateral sizes of
~ 700nm. The achieved tunnel magnetoresistance effect was equal to 80—120% for various samples. Thanks to
low coercitivity, the magnetoresistance curve has a linear section without magnetic hysteresis that corresponds to
vortex offset from the central position. Such types of contacts show spin-transfer diode properties — they feature
rectification of high-frequency signals on vortex magnetization configurations.
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Introduction

Possibility of vortex magnetization distribution in mag-
netic nanoparticles was experimentally demonstrated in
the late 1990s [1,2].  This magnetization distribution
corresponds to the minimum of magnetostatic energy where
scattering fields are absent. Vortex state features its linear
response to external magnetic field [1] and low frequency
of the fundamental (gyrotropic) magnetization oscillation
mode that, among other things, depends on the magnetic
particle size [3] and may be easily changed. One of the
promising practical applications of magnetic vortex states
is the production of tunnel magnetic contacts with vortex
magnetization distribution.

Magnetic tunnel contacts are a multilayer structure con-
sisting of ultrathin insulating layer (serving as a tunnel
barrier) between two ferromagnetic (FM) layers. One
of the FM layers has fixed magnetic orientation and is
referred to as a reference layer (RL) and the other FM
layer is referred to as a free layer (FL) and has magnetic
orientation that may be both parallel and antiparallel to the
RL magnetization. Tunnel magnetoresistance effect (TMR
effect) of the tunnel contact may achieve 600% in case of
MgO barrier [4]. It should be noted that the TMR contact
stack composition in real practice, as discussed below, may
be also more complex and include composite ferromagnetic
layers, artificial antiferromagnetic materials, and pinning
layers made of real antiferromagnetic substances such as
IrMn, however, for the sake of simplicity we restrict the
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description to a three-layer TMR contact model. In vortex
tunnel contacts, FL has vortex magnetic state and RL is
uniformly magnetized. System resistance changes when the
magnetic vortex is offset from the equilibrium position in the
FL center. Currently, three main spintronics development
areas may be distinguished where TMR vortex contact
applications have the particular potential. First, this is
the development of high-sensitivity magnetic field TMR
sensors [5,6]. The vortex state advantage here is in its linear
unhysteretic response to external magnetic field. Sensitivity
of such sensors may easily achieve 0.1%/Oe [5]. The
second vortex TMR contact application area — in the
development of co-called spin-transfer nanooscillators that
are compact VHF radiation sources [7-10]. Their operating
principle consists in excitation of gyrotropic self-oscillations
of free-layer magnetic vortex when DC current flows
through a tunnel contact. Excitation performance of such
oscillations is associated with high degree of spin current
polarization in the contact. Inverse effect, i.e. occurrence of
continuous current when variable VHF voltage is applied
to a vortex TMR contact, is referred to as spin-transfer
diode effect. It is expected to be successfully used to
extract energy from non-equilibrium variable electric fields
that exist in the process environment [11,12]. This so-
called ,,electromagnetic harvesting” may be provided at the
incoming power of about 1 uW and lower [13].
Simultaneous implementation of low-coercive vortex free-
layer state and strong TMR effect in a single TMR
contact is a prerequisite of successful operation of such
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devices. By now, the highest TMR effect is observed in
CoFeB/MgO/CoFeB TMR contacts with crystal texture with
orientation [001] [4], because additional spin filtration of tun-
neling electrons in MgO layer is provided in this case [14].
Such contacts are made by magnetron sputtering followed
by magnetic field annealing at ~ 300°C. Annealing serves to
provide crystallization of initially amorphous CoFeB layers
from initially textured MgO layer. A polycrystalline texture
of the CoFeB layer improves magnetic layer coercivity, as a
result of which magnetic vortex is either not implemented
during remagnetization or the vortex core becomes heavily
pinned at random pinning centers. In both cases, the
TMR contact loses its advantages associated with vortex
magnetization distribution, ie. with linear unhysteretic
response.

If FL is made from, for example, NiFe, rather than
from a textured CoFeB layer, as specified in [11], then
low-coercive magnetic vortex state is implemented in the
free layer, but the observed effect size is much lower —
only 8.5%. To avoid this problem, the following method
was used in the studies quoted above. During sputtering,
composite FL. was produced of several different layers with
CoFeB/Ru/NiFe [6], CoFe/CoFeB/NiFe/Co/Cu/[Co/Ni|10
structure [8]. The presence of thin intermediate metallic
non-magnetic layer is a significant feature of the specified
structures (~ 1nm). It serves to provide crystallization
and texturing of the initially amorphous free magnetic layer
during annealing process (~ 330°C) only from the interface
with the MgO dielectric barrier, rather than from the
interface with the NiFe layer. Whereby the lower textured
CoFeB sublayer provides the required spin filtration of
tunneling electrons and high TMR effect (100—200%), and
the NiFe layer provides vortex magnetization distribution of
the exchange-coupled FL structure.

Disadvantage of this system is in the requirement to
use additional materials (and, thus, a larger amount of
magnetrons) during magnetron sputtering and to implement
accurate control of additional layer thickness to ensure
magnetic exchange between two magnetic sublayers of the
free layer.

This study uses an alternative original method of vortex
TMR contact production that does not use layers of
additional materials, and demonstrates the presence of spin-
transfer diode effect in the prepared structures.

1. Study objects

Multilayer nanostructures with functional IrMn(10)/
CoFeBT(3—5/MgO(1—1.5)/CoFeB" (5—7)/CoFeBA(40—50)
layers were used as basis for production of vortex TMR
components. Thicknesses are given in nanometers and may
differ for different structures. ,,T* and ,,A“ indices mean
Lextured and ,,amorphous® , respectively. antiferromag-
netic IrMn layer serves to fix magnetization of the lower
magnetic layer due to pinning, the functional upper layer
has a composite structure consisting of a lower textured thin

Figure 1. a — image of serial chain of five successive TMR
contacts in the optical microscope. Frame width is 0.5 mm; b, ¢ —
gradually magnified images of an individual TMR contact in the
electron microscope. Size of the mark in ¢ corresponds to 1 um.

sublayer that ensures effective spin filtration of the flowing
current and high TMR effect (up to 100—200% for our
samples) and an upper thick amorphous layer thanks to
which weakly pinned vortex magnetization distribution is
formed in the TMR contact. For CoFeB layer texturing,
annealing at 300°C is required. Therefore, formation of the
structure consists of two stages. First, a thin upper CoFeB
layer was deposited in a magnetron unit and was covered
with a Pt layer. Then annealing was carried out in a separate
chamber for texturing CoFeB layers, after which the sample
was returned into the magnetron unit, the protective Pt layer
was removed by ion etching method, and then a 40nm
amorphous CoFeB layer was grown on the textured CoFeBT
layer. Actually, the upper magnetic layer may be made from
any low-coercive magnetic material, e.g. NiFe. The benefit
of amorphous CoFeB is the fact that it has low coercivity
and low ferromagnetic resonance attenuation coefficient
compared with NiFe [15], but has higher magnetization
that facilitates formation of vortex distribution. It should be
noted that, if the sputtering magnetron unit allows sputtering
and magnetic field annealing to be performed simultane-
ously, then the additional Pt layer sputtering operation
(required for protection against oxidation during annealing
in a separated unit) may be avoided, and sputtering of the
upper composite free magnetic CoFeB layer may be carried
out as a single process in two stages with intermediate
annealing. Multilayer nanostructures for production of TMR
contacts were formed by high vacuum magnetron sputtering
on Si/SiOsubstrate. TMR structure sputtering conditions
are described in detail in [16,17].

Multilayer TMR structures were used for next TMR con-
tact production process operations. Nanocontact was made
from the TMR structure by the electron-beam lithography
method followed by ion etching in resistive mask. The
contact area had a round cylindric shape (Figure 1,c¢) with
a typical size of 700 nm. Lead contacts and terminal pads
were made by maskless photolithography. each samples
accommodated 5 individual TMR contacts (Figure 1,a).
Connector pin assignment enabled measurements to be
carried out both on individual TMR contacts and on entire
chain of 5 serial contacts. The samples designed for VHF
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The resistance values of the samples under study (correspond to
curves in Figure 2)

TMR contact Magnetic R R
Curve| free layer configuration (k?;") (k“g; TMP
structure of the free layer
a | Amorphous Vortex 8.65| 9.24 7%
b Textured |quasi-homogeneous|31.16 65.1 |109%
c Composite Vortex 1045| 4.76 |120%

measurements were made with resistance probably closer to
50 Q2 for better coordination. We were able to make TMR
contacts 700nm in diameter with resistance 250—500 €2,
corresponding MgO layer thickness is ~ 1.2nm. It should
be noted that the contacts with such low resistance had the
TMR effect reduced to 80—100% compared with maximum
achieved 200% at MgO thicknesses of 1.5—1.6nm. This is
due to lower spin filtration at low barrier thicknesses and to
higher shunting effect, lead contact resistance contribution.

2. Measurement of transport properties

Measurements of static transport properties of TMR
contacts were carried out using probe station in magnetic
fields up to 600 Oe. These measurements were performed
mainly for a chain of contacts in order to reduce the
probability of accidental static breakdown, because the
resistance of a single contact is quite low. Typical kinds
of magnetoresistance loops obtained for the contact chains
are shown in Figure 2. The results are given in relative units
for better comparison. Absolute maximum and minimum
resistances are listed in the Table. Addition to resistance
as a result of magnetization disorientation in free and fixed
layers is assessed as

ARN/M1M2d5N< sz >,
S

whereM; and M, — are free and fixed layers magneti-
zations, andX is the fixed layer magnetization orientation
that is assumed as homogeneous. Thus, the magnetoresis-
tance waveform corresponds to the free-layer magnetization
waveform to a good approximation. It is shown that the
initial unannealed TMR contact (Figure 2,a) demonstrates
the magnetoresistance curve typical for the vortex magneti-
zation distribution [5] in the free layer. However, the TMR
effect is only 7%, because the amorphous CoFeB layers do
not provide high spin polarization of electrons with wave
vectors perpendicular to the barrier. TMR contact annealing
resulted in the increase in the TMR effect up to 109%,
but the loop form changed considerably that is indicative
of high pinning of the vortex core on the polycrystalline
structure of the textured CoFeB layer. As a result a narrow
ligament on the curve in the zero field disappears and
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the hysteresis becomes wide. If CC has a composite
structure consisting of textured and amorphous CoFeB
layers, then such contact demonstrates simultaneously high
TMR effect (120%) and a hysteresis curve typical for the
vortex magnetization distribution with a narrow ligament
in the zero field (Figure 2,c¢). It should be emphasized
that, if the magnetic field variation range is lower than
the critical field of magnetic vortex exit from the free
layer, then the TMR effect curve has a linear unhysteretic
form (Figure 2,d) that is precisely as required for possible
development of magnetic field sensors. Sensitivity in this
case is 0.1%/Oe (1 mV/V/Oe) in the field range +100 Oe.

Since individual contacts in the chain have a little different
parameters, this results in some broadening of the curves
compared with the behavior that shall be demonstrated by
single contacts. Nevertheless, the magnetoresistance curve
with the ligament in the center (Figure 2, c) typical for the
vortex magnetization distribution is clearly observed.

3. Measurement of spin-transfer diode
effect

Additionally in the prepared samples, the spin-transfer
diode effect was investigated, that involved occurrence of
DC voltage during VHF current flow through the TMR
contact. Such rectification effect is observed in the TMR
contacts and is associated with the resonance excitation of
gyrotropic magnetic vortex oscillations due to the flowing
AC spin-polarized current. Vortex position oscillations result
in resistance oscillations in the whole structure at the same
frequency as the VHF current frequency. As a result,
quadratic nonlinear occurs and results to the occurrence of
constant difference of potentials on contacts. The resistance
oscillation amplitude and the DC voltage are proportional to
the gyrotropic oscillation vortex amplitude and depend on
the AC frequency in a resonant manner.

The experiment setup is shown in Figure 3,a. AC current
was generated by the VHF oscillator (NI PXIe-5652) and
applied to the TMR sample through a bias-tee (bias-T).
Simultaneously, the rectified output voltage was measured
using a source-meter (NI PXIe-4139). VHF current
frequency varied in the range from 200 to 500 MHz, the
maximum current power was equal to 1.6 mW (2dBm).
Dependences of the rectified voltage on the frequency
for various applied magnetic field values are shown in
Figure 3,b. Rectification spectra shapes and resonance
frequencies within the subgigahertz range indicate that
free-layer vortex magnetic configuration is observed
in the samples. Such behavior and typical resonance
frequencies agree with the theoretical model shown in [18].
The experiment shows that for the field of 110 Oe resonant
rectification occurs at 305 MHz. When the field increases,
the resonance moves towards higher frequencies and, when
the field is 163 Oe, the resonant rectification is observed
as early as at 345MHz. Then the resonance moves back
towards low frequencies and, when the field is 205 Oe, the



1504 1.Yu. Pashenkin, E.V. Skorokhodov, M.V. Sapozhnikov, A.A. Fraerman, G.A. Kichin, K.A. Zvezdin

a b c d
Amorphous
Amorphous Textured CoFeB (40)
CoFeB (40) CoFeB (40)
= Textured CoFeB (7)
: MgO (1,3 MgO (1,3 MgO (1,3)
< Amarphgou:(CoFZ:B(él) TexturidC(oFe})BG) T‘”N"‘I”;‘:CE’IFS)B(“)
8 IrMn (10) IrMn (10) J,
L 1 L 1 L 1 L 1 L 1 1 1 L 1 L 1 L il 1 L 1 L 1 L 1 L 1 L L 1 L 1 L 1 L 1 L 1 L
-600 —400 -200 0 200 —-400 200 0 200 —-400-200 0 200 400 -100 -50 O 50 100
H, Oe H, Oe H, Oe H, Oe

Figure 2. magnetoresistance curves of TMR contact chains with different layer structures. Details schematically show the corresponding
structures. @ — TMR contact with both amorphous magnetic layers (before annealing), TMR effect is 7%; b — the same TMR contacts
after annealing with both textured magnetic layers, TMR effect is 109%; ¢ — contact with composite FL, TMR effect is 120%; d —
linear unhysteretic section of the curve shown in Figure 2, c.

Microwave Source
generator and meter p —_—

Signal, a. u.

L 1 L L
0.2 0.3 0.4 0.5
Frequency, GHz

Figure 3. a — experiment setup for investigation of spin-transfer diode effect in the TMR contacts; b — rectified DC voltage on the
TMR contact vs. AC frequency.

resonant frequency is 295 MHz. The maximum rectified demonstrated suggesting that the produced TMR contacts
voltage is SmV at the VHF pumping power of 1.6 mW may be used as magnetic field sensors.

(2dBm). Resonant frequencies and resonant frequency

dependence on the applied magnetic field (Figure 3,¢) are

also typical for gyrotropic magnetic vortex oscillations.
typ 4 P & Funding

Conclusion Development of the vortex TMR contact production
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with vortex magnetization distribution in FL. The produced

TMR contacts demonstrate maximum TMR value of 200%,

but effective rectification of HF signals is observed even

at TMP 80—100%. The samples demonstrate a linear Conflict of interest
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