N
N

N

HAL

open science

Remote microwave monitoring of magnetization
switching in CoFeB/Ta/CoFeB spin logic device
R Morgunov, G L’Vova, A Talantsev, O Koplak, S. Petit-Watelot, Xavier
Devaux, Sylvie Migot, Yuan Lu, S. Mangin

» To cite this version:

R Morgunov, G L’Vova, A Talantsev, O Koplak, S. Petit-Watelot, et al.. Remote microwave monitor-
ing of magnetization switching in CoFeB/Ta/CoFeB spin logic device. Applied Physics Letters, 2017,

110 (21), pp.212403. 10.1063/1.4984091 . hal-01654256

HAL Id: hal-01654256
https://hal.univ-lorraine.fr /hal-01654256
Submitted on 12 Dec 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.univ-lorraine.fr/hal-01654256
https://hal.archives-ouvertes.fr

Remote microwave monitoring of magnetization switching in CoFeB/Ta/CoFeB spin
logic device

R. Morgunov, G. L'vova, A. Talantsev, O. Koplak, S. Petit-Watelot, X. Devaux, S. Migot, Y. Lu, and S. Mangin

Citation: Appl. Phys. Lett. 110, 212403 (2017);
View online: https://doi.org/10.1063/1.4984091
View Table of Contents: http://aip.scitation.org/toc/apl/110/21
Published by the American Institute of Physics

Articles you may be interested in

Perpendicular magnetic tunneling junction switching dynamic modes, extreme events, and performance scaling
Applied Physics Letters 110, 212404 (2017); 10.1063/1.4984213

Spin pumping torque in antiferromagnets
Applied Physics Letters 110, 192405 (2017); 10.1063/1.4983196

The magnetic properties of FezO4/nonmagnetic metal/Fe hybrid systems
Applied Physics Letters 110, 212402 (2017); 10.1063/1.4983700

Enhanced annealing stability and perpendicular magnetic anisotropy in perpendicular magnetic tunnel junctions
using W layer
Applied Physics Letters 110, 202401 (2017); 10.1063/1.4983159

Giant interfacial perpendicular magnetic anisotropy in MgO/CoFe/capping layer structures
Applied Physics Letters 110, 072403 (2017); 10.1063/1.4976517

Crystalline phase dependent spin current efficiency in sputtered Ta thin films
Applied Physics Letters 110, 202402 (2017); 10.1063/1.4983677

Scilight

Sharp, quick summaries illuminating

the latest physics research

Publishing



http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1021020511/x01/AIP-PT/APL_ArticleDL_111517/scilight717-1640x440.gif/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Morgunov%2C+R
http://aip.scitation.org/author/L%27vova%2C+G
http://aip.scitation.org/author/Talantsev%2C+A
http://aip.scitation.org/author/Koplak%2C+O
http://aip.scitation.org/author/Petit-Watelot%2C+S
http://aip.scitation.org/author/Devaux%2C+X
http://aip.scitation.org/author/Migot%2C+S
http://aip.scitation.org/author/Lu%2C+Y
http://aip.scitation.org/author/Mangin%2C+S
/loi/apl
https://doi.org/10.1063/1.4984091
http://aip.scitation.org/toc/apl/110/21
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.4984213
http://aip.scitation.org/doi/abs/10.1063/1.4983196
http://aip.scitation.org/doi/abs/10.1063/1.4983700
http://aip.scitation.org/doi/abs/10.1063/1.4983159
http://aip.scitation.org/doi/abs/10.1063/1.4983159
http://aip.scitation.org/doi/abs/10.1063/1.4976517
http://aip.scitation.org/doi/abs/10.1063/1.4983677

APPLIED PHYSICS LETTERS 110, 212403 (2017)

@CrossMark

Remote microwave monitoring of magnetization switching

in CoFeB/Ta/CoFeB spin logic device

R. Morgunov,'>® G. Lvova,'? A. Talantsev,'? O. Koplak,' S. Petit-Watelot,® X. Devaux,®

S. Migot,® Y. Lu,® and S. Mangin®
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2Tambov State Technical University, 392000 Tambov, Russia

SInstitut Jean Lamour, UMR 7198 CNRS, Université de Lorraine, Nancy 54601, France
(Received 9 March 2017; accepted 12 May 2017; published online 23 May 2017)

Stable magnetic states of the MgO/CoFeB/Ta/CoFeB/MgO/Ta spin valve as well as transitions
between the states were detected by microwave magnetoresistance (MMR) measured in the cavity of
an electron spin resonance spectrometer. Advantages of this experimental technique are the
possibility to study the orientation dependence of the MMR, the absence of the additional contact/
sample interfaces, the wireless control of the spin valves, and the compatibility of the MMR
measurements with ferromagnetic resonance experiments. The magnetic field dependence of the first
derivation of the microwave absorption allows one to judge about the negative magnetoresistance of
the layers and positive interlayer giant magnetoresistance. The obtained experimental results could
be used for engineering of the microwave high sensitive sensors available for remote identification of
the stable magnetic and logic states of the spin valves needful in medical spintronics to detect
biological objects labeled with nanoparticles. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4984091]

Magnetic multilayered heterostructures based on CoFeB
thin films manifest extremely high values of the magnetore-
sistance up to 600%, providing engineering of the spin logic
devices and next generation of sensors."” Although the
CoFeB multilayered heterostructures have been studied for a
long time,** they still evoke increasing scientific interest.’
One of the basic parameters of the GMR heterostructures is
the relative change in DC resistance caused by the reorienta-
tion of the magnetization of the ferromagnetic layers.'™
Widely adopted measurements of resistance with electrical
contacts on the sample surface are very complicate proce-
dures requiring special conditions for contact deposition. This
method complicates sensor technology, impedes realization
of the remote verification of logic states, and requires mas-
terly microsystem engineering. Even though researchers have
developed and are developing various testing schemes, one
still can see majority more or less probe the stable/equilib-
rium GMR sensor state probed under a DC current simulta-
neously with alternative kinds of methods, including optical
monitoring by the Kerr effect’™ and AC magnetoimpedance
method (M1).5”° Magnetoimpedance (M) effects in multilay-
ered spin valves, magnetic tunneling junctions, heterostruc-
tures manifesting Giant Magneto Resistance (GMR), and
ensembles of nanoparticles and nanowires are well known.®™
Practical applications of the MI are monitoring of GMR sen-
sor switching sensitive to proteins labeled by ferromagnetic
nanoparticles (so called medical spintronics).'®!'! The method
proposed in our article looks similar to MI measurements of
the impedance in the magnetic field®™ except the high fre-
quency (~10GHz) microwave field in our work, instead of
comparatively low frequencies in the MI experiments limited
by the 10-100 MHz range. The advantage of the microwave
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monitoring proposed in our article is wireless detection of the
stable states of the GMR devices and possibility to study
anisotropy of their magnetoresistance. Although phenomeno-
logical similarity between MI and microwave magnetoresis-
tivity (MMR) takes place, the results obtained in the X-band
microwave field range in this paper are rather different from
MI data mentioned above. In our work, sensors were tested
by the 10 GHz microwave magnetic field close to operating
frequency in computer memory devices. We will show that
microwave magneto resistance (MMR) of the multilayer
structure as well as orientations of magnetizations of layers
can be monitored by microwave absorption measured in a
microwave cavity of an electron spin resonance (ESR) spec-
trometer. This work is aimed at experimental searching for
the correlation between the microwave absorption and the
magnetic state switching induced by the external magnetic
field. The accurate map of the temperature and field depen-
dent states of the studied spin valve and description of the
transitions between stable magnetization states were pre-
sented in Ref. 12.

A single ferromagnetic layer system, which consists
of MgO(2.5 nm)/CoFeB(1.1 nm)/MgO(2.5 nm)/Ta(5 nm) (sam-
ple I), was deposited on the undoped GaAs (001) substrate
by magnetron sputtering. The bilayer system, which consists
of MgO(2.5 nm)/CoFeB(1.1 nm)/Ta(0.75 nm)/CoFeB(0.8 nm)/
MgO(2.5nm)/Ta(Snm) (sample II), was deposited on the
undoped GaAs (001) substrate (Fig. 1). Scanning transmission
electron microscopy (STEM) and energy-dispersive X-ray
spectroscopy (EDX) analyses were performed using a probe-
corrected JEOL ARM200 operated at 200kV. The cross-
section lamella shown in Fig. 1(a) was prepared using a Focus
Ton Beam (FIB) dual beam system (FEI Helios Nanolab 6001).
The image reveals continuous and homogeneous layer struc-
tures. We can identify the detailed structure of sample and the

Published by AIP Publishing.


http://dx.doi.org/10.1063/1.4984091
http://dx.doi.org/10.1063/1.4984091
http://dx.doi.org/10.1063/1.4984091
mailto:morgunov2005@yandex.ru
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4984091&domain=pdf&date_stamp=2017-05-23

212403-2

Morgunov et al.

(a)5
,* &r 3

| B S
e

R

'-\‘
¥

!
|

~
=g
o N

o
T

(2
o
T

40 |

30

20 |

1051

Atomic percentage (%)

Distance (nm)

FIG. 1. (a) STEM bright-field image of a cross section of the sample II and
(b) EDX profile of sample II.

thickness of each layer from the image contrast. The interface
between CoFeB/Ta is quite diffused, which suggests an inter-
mixing or diffusion of Ta in the CoFeB layer after annealing
[Fig. 1(a)]. The thickness of the Ta layer was estimated to be
0.88 = 0.2 nm, which is in agreement with the nominal thick-
ness of 0.75nm. In addition, EDX analysis was performed to
check the chemical distribution of the sample, which is shown
in Fig. 1(b). The inset of Fig. 1(b) indicates the position of the
line-scan recorded with a spatial resolution of 0.2 nm from the
capping layer to the substrate. Interlayer diffusion clearly dem-
onstrated in Fig. 1(b) is the necessary condition for perpendicu-
lar anisotropy providing GMR.

The GaAs substrate was selected for easy integration into
semiconductor based devices such as spin light emitting diode
(LED) structures,'*'* and for future semiconductor compatible
applications in spintronics. Growth conditions are described in
detail in Refs. 13 and 14. In the investigated layer stack, the
hybridization of the 3d orbitals of transition metals (Co, Fe)
with the O,,, orbitals of MgO provides perpendicular magnetic
anisotropy (PMA) at the CoFeB/MgO interface.'” To enhance
PMA, rapid temperature annealing was performed at 250°C
for 3min to crystallize the CoFeB layer. During this process,
diffusing boron was absorbed by the 0.75nm Ta interlayer,
which also provided antiferromagnetic coupling between the
two adjacent CoFeB layers."*'* To identify the switching
sequence for bottom and top CoFeB layers from M—H curves,
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we performed the spin-LED measurement sensitive to the
magnetization state of the bottom CoFeB layer only. In addi-
tion, the total magnetic dead layer is determined to be about
0.5 nm, which is almost equally distributed in both sides of the
Ta insertion layer."? The plate-shaped sample 0.4 x 4 x 4 mm’
in size was studied in experiments.

Both microwave magnetoresistance (MMR) and ferro-
magnetic resonance (FMR) signals were recorded using a
Bruker ESP 300 X-band ESR spectrometer (microwave fre-
quency: fo =9447 GHz, microwave power: 6.3 mW, modu-
lation frequency: 100kHz, modulation amplitude: 10 Oe,
and quality factor: Q ~ 4000). Orientation of the sample in
the microwave cavity is shown in Figs. S1(a) and S1(b). If
the resistance of the sample p is lower than the resistance of
the microwave circuit (Rc ~ 190 Q), absorbed microwave
power P is proportional to sample resistance and depends
on magnetic field P ~ p(H).'®'” (See detailed description
of the method of MMR measurements in the supplementary
material). Thus, in our experiments, the derivation of
absorbed microwave power measured by the modulation
method was directly proportional to the derivation of sam-
ple resistance dP/dH ~ d(p(H))/dH. Magnetic hysteresis
loops were obtained with an MPMS 5XL Quantum Design
superconducting quantum interference device (SQUID)
magnetometer.

Nonresonant absorption of microwave power was mea-
sured at T=300K in the range of the DC field from
—1000 Oe to +1000 Oe in the direct and backward sweeping
modes [Figs. 2(a) and 3(a)]. These measurements were
accompanied by recording the hysteresis loops in the SQUID
magnetometer [Figs. 2(b) and 3(b)]. The decrease in the
magnetic field (backward magnetic field sweeping) results in
dP/dH peculiarities in negative and positive fields close to
saturation field values of the single ferromagnetic layer
(sample I) [Figs. 2(a) and 2(b)]. In bilayer (sample II),
dependence dP/dH(H) contains three sharp jumps [Fig. 3(a)]
in magnetic fields 4200 Oe, —25 Oe, and —230 Oe, close to
the critical transition fields of the tilting of layer magnetiza-
tion determined using a SQUID magnetometer [Fig. 3(b)].
Jumps of the dP/dH value in magnetic fields 4200 Oe and
—230 Oe corresponding to transitions accompanied by mag-
netization tilting of one of the two ferromagnetic layers were
about two times smaller than dP/dH jump amplitude in mag-
netic field —25 Oe corresponding to transition accompanied
by magnetization tilting of both ferromagnetic layers.

The slope k; = d°P/dH*(H) =1 x 10~% a.u./Oe of the dP/
dH(H) dependence between transitions at 200 Oe and —25 Oe
and the slope of the dependence between transitions at
—250e and —2300e (magnetizations of the ferromagnetic
layers in these intervals are opposite to each other) are two
times larger than the slope k> =5 x 107> a.u./Oe of the dP/
dH(H) curve in the rest intervals (at H>2000e and
H < —2300e), where magnetizations of the layers are
directed in the same way.

Dependence dP/dH(H) recorded in the upward sweeping
direction has the same slopes k; and k, of the corresponding
parts and contains three transitions in magnetic fields
—2000e, +250e, and +2300e. Two dependences dP/
dH(H) recorded in upward and backward sweeping modes
form complicated hysteresis loops [Fig. 3(a)] similar to the
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FIG. 2. (a) Field dependences of the first derivation of microwave absorption
dP/dH(H) in the single layer (sample I) for the upward and backward mag-
netic field H sweeping at temperature T =300K, for two different orienta-
tions of the magnetic field with respect to the sample plane: configuration A
corresponds to 0° and configuration B corresponds to 90°. (b) Magnetic hys-
teresis loops recorded in a SQUID magnetometer for single layer (sample I)
and at T =300K.

hysteresis of magnetic moment [Fig. 3(b)] containing one
inner loop centered at the zero field (~25 Oe coercive field)
and two outer loops centered at =2150e (coercive fields
~15 Oe).

The P(H) dependences obtained by integration of the
dP/dH(H) dependences [Figs. 2(a) and 2(b)] are presented in
Figs. S2(a) and S2(b). The angular dependence of the dP/
dH(H) and its hysteresis loop parameters are given in supple-
mentary material Figs. S3(a) and S3(b). All the above
described data are related to the low magnetic fields below
2kOe. In high fields close to 3.4 kOe corresponding to g-fac-
tor g ~ 2, ferromagnetic resonance (FMR) can be excited in
samples I and I1, the crossed sweeping and microwave mag-
netic fields [see supplementary material Figs. S4(a) and
S4(b)]. Anisotropy of resonant field H,.s and line width of
the FMR lines H},_, in samples I and II are discussed in the
supplementary material [Figs. S5(a) and S5(b)].

One of the common types of MMR is positive Lorentz
magnetoresistance caused by shortening of charge carriers
trajectories in the magnetic field.'® In that case, the slope of
the dP/dH(H) dependence is proportional to magnetic field
B =H+4nM, which is proportional to H when there is no
abrupt change in the sample magnetization. The GMR effect
results in additional coefficient o in front of H (dP/dH ~ oH)
and does not change the sign of the slope. Therefore, the

Appl. Phys. Lett. 110, 212403 (2017)
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FIG. 3. (a) Field dependences of the first derivation of microwave absorption
dP/dH(H) in the bilayer (sample II) for the upward and backward magnetic
field H sweeping at temperature T =300K, for two different orientations of
the magnetic field with respect to the sample plane: configuration A corre-
sponds to 0° and configuration B corresponds to 90°. Modelling of the hyster-
esis loop of the dP/dH(H) with no interlayer TMR is shown by dashed line 1.
Solid line 2 is theoretical hysteresis loop dP/dH(H) assuming contribution of
the TMR. (b) Magnetic hysteresis loops recorded in the SQUID magnetome-
ter for the double layer (sample II) at T =300 K. Arrows show magnetization
directions of the bottom layer (left arrow) and upper layer (right arrow).

combination of the positive Lorentz magnetoresistance with
GMR may result in the positive slope of dP/dH(H) only,
which is in contrast to our experiment. The dP/dH(H) slopes
[Figs. 2(a) and 3(a)] corresponding to stable magnetic states
[Figs. 2(b) and 3(b)] are demonstrated to be negative for all
gradual regions of dP/dH vs H curves for samples I and II
(narrow sectors of the dP/dH(H) curve with positive slopes
correspond to transitions between stable states).

In our experiments, decreasing linear dependence dP/
dH(H) ~dp/dH ~—H indicates negative MMR quadratic
dependence on magnetic field p(H) ~ —H*, dp/dH ~ —H. One
can propose few different types of the MMR corresponding to
the above mentioned field dependence. In low dimensional
systems, summation of the amplitudes of the electronic proba-
bilities along their trajectories results in different amounts of
closed and open electronic orbits in the presence and in the
absence of the external magnetic field.'® Since open orbits con-
tribute to conductivity, negative MMR satisfies the condition
p(H) ~ —H”. The same dependence can be found due to spin-
dependent scattering of charge carriers by magnetic inclusions
(doping atoms, ferromagnetic clusters, etc.).”” More or less
realistic explanation of the origin of MMR is changes in the
large minority density of state (DOS) of CoFe-O above the
Fermi level.?' > In Ref. 6, the theory of the AC spin-valve
effect in symmetric tunneling magnetoresistance (TMR)
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junctions and prediction of negative AC magnetoresistance due
to resonant amplification and depletion of the spin accumula-
tion were proposed. Negative magnetoresistance resulting
from the interplay of the diffusion and spin relaxation times of
the charge carriers appears in the GHz frequency range similar
to our experimental data.®

Assuming one of the mentioned mechanisms of the nega-
tive MMR, one can propose the explanation of the hysteresis
of the dP/dH(H) dependence. First, the single ferromagnetic
layer (sample I) should be considered in the magnetic field
with the help of known equality B = H + 4nM binding mag-
netic induction B and field strength H.>* The magnetic field
inside the layer Bo; =H +4nM is determined as a sum of
external magnetic field H and layer magnetization 47M.**
The increase in the external magnetic field directed opposite
to the layer magnetization causes tilting of the magnetic
moment, and changed induction of the magnetic field
By, =H — 47M is stabilized in the layer. The change in the
magnetic induction accompanying the jumps is AB =8nM (if
one neglects a small change of H during the magnetization
jump). Since MMR is controlled by internal magnetic field
induction p(B) ~ -B*, a change in the B value caused by
magnetization tilting initiates jump of the resistivity Ap(B) ~
—((Bp2)* = (Bo1)?) = 16 ©MH. The derivation of the resistivity
is also manifesting jump A(dp(B)/dB) ~ M. The gradually
changing magnetization contributing to the dP/dH led to dif-
ferent slopes corresponding to the two ends of the dP/dH(H)
curve. Experimental evidence of this fact for the single layer
is the hysteresis of the dP/dH value [Fig. 2(a)] corresponding
to hysteresis of the sample magnetization [Fig. 2(b)].

Now the bilayer system (sample II) should be consid-
ered. Similar to the single layer, the resistance of the each

A(dP/dH),,_;, = A(dP/dH)

et Il
— 87M, = 4.8kG,
A(dpP/dH); ..,
— 87 (M) — M,) = 9.4kG
A(dP/dH);;_.,

Details of numerical calculations are presented in the
supplementary material. Expressions (2) allow us to con-
clude that the maximal change in the derivation of the micro-
wave absorption should be observed due to simultaneous
tilting of magnetizations of both ferromagnetic layers [see
theoretical dependence dP/dH(H) in Fig. 3(a), dashed curve
1]. Good coincidence of the theoretical predictions and
experimental results is evidence of that the dP/dH hysteresis
originates from negative MMR manifesting quadratic field
dependence. Thus, inner and outer hysteresis loops on the
dP/dH(H) dependence as well as the ratio of the inner and
outer loops amplitudes are explained by drop changes in neg-
ative MMR of the bilayer system caused by transitions
between its magnetic and logic states.

Appl. Phys. Lett. 110, 212403 (2017)

layer is quadratically proportional to the magnetic field
induction inside the layer p;(B) ~ —Blz, p2(B) ~ —Bzz. Index
((1)) corresponds to the thick layer; and index ((2)) corre-
sponds to the thin layer. Scattering magnetic fields can be
neglected because they exist near the films edges and the
ratio of the sample thickness to the linear film size is very
small ~10°. Four modes of the dP/dH behavior are possible
depending on mutual orientations of the two ferromagnetic
layers accordingly with four configurations sketched by
arrows in Fig. 3(b). The corresponding dP/dH values can be
expressed by summarizing the contributions (dP/dH); ~ B,
and (dP/dH), ~ B, of each layer taking into account signs of
their magnetization vectors and direction of full sample mag-
netization with respect to the external magnetic field

(dP/dH),, = (dP/dH), + (dP/dH), ~ —B1 — B>
= —2H +4n (M, + M>),
(dP/dH), ~ —2H +4n(M, — M),
(dP/dH), ~ —2H — 4 (M, — M»),
(dP/dH), ~ —2H — 4n(M, + M,). (1)

The arrow direction indexing (dP/dH), corresponds to
orientations of the layers magnetizations with respect to the
positive direction of the external magnetic field H. The left
arrow corresponds to magnetization of the thick layer, while
the right arrow corresponds to magnetization of the thin
layer. The change in the dP/dH value initiated by transitions
between four magnetic states of the bilayer sample is con-
trolled by the following expressions obtained by subtraction
of the corresponding expressions (1) from each other:

~ —2H + 4n(M, + My) — (= 2H + 4n(M; — M5))

~ —2H +4n(My, — My) — (—2H — 47 (M, — M,))

~ —2H+4TC(M1 +M2) - (— 2H—4TC(M1 —Mz))
= 8n(M; + M,) = 19kG.

2

The slope k; of the dP/dH(H) dependence in T| and |
antiparallel states is different from the slope &, in the 11 and
1| parallel states. This fact cannot be explained by negative
MMR only. Together with negative MMR, the positive MMR
contribution corresponding to interlayer spin-dependent elec-
tron tunneling (GMR) should be taken into account. If one
assumes GMR, expressions (1) should be rewritten as

11 ~ O((— 2H+4TE(M1 —Mz)),
17 ~ OC(— 2H — 47'C(M1 —Mz)),
||~ —2H — 4n(My + My). 3)
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Here, « is the GMR coefficient. In our experiments, (dP/
dH);| ~ 2(dP/dH);; (see theoretical dependence dP/dH(H)
in Fig. 3, solid curve 2), i.e., the value of the positive GMR
in the bilayer sample is about ~100%, which is in good
agreement with our results of direct measurements of the
GMR by the galvanic four probe method in the CIP
(Conductivity In Plane) configuration.

Contributions of the negative MMR of the each layer
and positive GMR of the bilayered MgO/CoFeB/Ta/CoFeB/
MgO/Ta sample to the field dependence of the derivation of
the microwave absorption power were distinguished.
Amplitude of the derivation jumps caused by magnetization
tilting is controlled by negative MMR, while the ratio
between the slopes of the (dP/dH) (H) dependences is deter-
mined by positive GMR.

Experimental data confirm in a technically unique way
that the microwave magnetoresistance (MMR), and dP/dH
the field derivative of the microwave absorption, can be cor-
related with magnetic switching of the spin valve verified by
the DC measurement through the SQUID magnetometer.
The key notion tested in the reported experiments is the
behaviour of a dP/dH value in the sweeping magnetic field.
The microwave field drove the stable magnetic state, at a
specific H field on the M-H curve, out of balance a little bit
in order to probe the magnetic state. It is pretty straightfor-
ward to see that the response of dP/dH is naturally correlated
with the M(H) curve. The obtained results allow develop-
ment of the contactless remote technique for identification of
the spin valve logic states and threshold interstate switching
magnetic fields. The significance of these research studies is
to develop a method for the remote monitoring of the GMR
sensors by microwave irradiation.

See supplementary material for the technique of MMR
measurements and complete ESR data including resonant
signals of single and double layered samples.
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