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We propose a high-performance magnetic tunnel junction by making electronic analogs of optical
phenomena such as anti-reflections and Fabry-Perot resonances. The devices we propose feature
anti-reflection enabled superlattice heterostructures sandwiched between the fixed and the free fer-
romagnets of the magnetic tunnel junction structure. Our predictions are based on non-equilibrium
Green’s function spin transport formalism coupled self-consistently with the Landau-Lifshitz-
Gilbert-Slonczewski equation. Owing to the physics of bandpass spin filtering in the bandpass
Fabry-Pérot magnetic tunnel junction device, we demonstrate an ultra-high boost in the tunnel
magneto-resistance (=5 x 10*%) and nearly 1200% suppression of spin transfer torque switching
bias in comparison to a traditional trilayer magnetic tunnel junction device. The proof of concepts
presented here can lead to next-generation spintronic device design harvesting the rich physics of
superlattice heterostructures and exploiting spintronic analogs of optical phenomena. Published by
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Spintronics involves the manipulation of the intrinsic
spin along with the charge of electrons and has emerged as
an active area of research with direct engineering applica-
tions for next-generation logic and memory devices. A hall-
mark device that leads the development of the technology is
the trilayer magnetic tunnel junction (MTJ), which consists
of two ferromagnets (FMs) separated by an insulator such as
MgO."? The MTJ structure has attracted a lot of attention
due to the possibility of engineering a large tunnel magneto-
resistance (TMR ~200%)> and the current driven magnetiza-
tion switching via the spin-transfer torque (STT) effect.*”’
Trilayer MTJs find their potential applications in magnetic
field sensors,®® STT-magnetic random access memory'®
devices, and spin torque nano-oscillators (STNOs).'"'? The
MT]J performance for the aforesaid applications relies on
large device TMR and low switching bias.”'*!'® There have
been consistent efforts in terms of material development'*~'¢
and the device structure designs'’~'® to enhance the TMR
and STT in magnetic tunnel junctions. When it comes to
device structures, the double barrier MTJ has been exten-
sively explored both theoretically and experimentally to
achieve better TMR and switching characteristics.'®*°
Owing to the physics of resonant tunneling, the double bar-
rier structure has been predicted to provide a high TMR
(~2500%)”'* and nearly 44% lower switching bias'® in
comparison with the trilayer MTJ device.

Superlattice (SL) structures [Fig. 1(a)] consisting of
periodic stacks of two dissimilar materials with layer thick-
nesses of a few nanometers have been explored extensively
in the field of photonics, electronics, and thermoelec-
tronics.”'** In the area of spintronics, few studies'®*® have
explored SL structures made of alternate layers of an insula-
tor and normal metal (NM) sandwiched between the two
FMs as a route to enhance the TMR.

As the principal motif of this work, we propose struc-
tures that manifest spin selective band-pass transmission
spectra as a possible route to achieve superior performance
MTJ devices that possess large TMR as well as low
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switching bias. The energy band profiles of possible device
structures that can be identified with such a band pass trans-
mission spectrum are sketched in Figs. 1(b), 1(c), and 1(d)
and are termed as band pass—Fabry-Pérot magnetic tunnel
junction (BP-FPMT]J) I, II, and III, respectively. The struc-
tures when sandwiched between two ferromagnets (FMs)
can be used to achieve a spin selective band-pass transmis-
sion profile.”*2® The structure BP-FPMTJ-I [also identified
as the anti-reflective Fabry-Perot magnetic tunnel junction
(AR-FPMTJ)] is a regular SL structure terminated by two
anti-reflective regions (ARRs) and sandwiched between the
fixed and free FMs>* [Fig. 1(b)]. The BP-FPMTJ-I structures
can be realized either by an appropriate non-magnetic metal
sandwiched between the MgO barriers or via a heterostruc-
ture of MgO and a stoichiometrically substituted MgO (Mg,
Zn,, 0), whose bandgap and workfunction can be tuned.”’
The BP-FPMTIJ-II [Fig. 1(c)] is a SL structure having a
Gaussian variation in the barrier heights.”> Such a structure
can be realized via a stoichiometrically substituted MgO
Mgy Zn;_ 4 O) whose barrier height can be tuned by chang-
ing the Zn mole fraction. The well regime in the BP-FPMT]J-
II structure can be realized either via a non-magnetic metal
or a lattice matched ZnO.?® The BP-FPMTJ-III [Fig. 1(d)]
structure is based on a Gaussian distribution of the widths of
the MgO barriers in a typical SL structure.® This can be
realized either by an appropriate non-magnetic metal sand-
wiched between the MgO barriers or via a heterostructure of
MgO and stoichiometrically substituted MgO (Mg, Zn;_, O)
whose band offsets can be tailored.”’

To establish the proof of our concept, we present here a
detailed analysis of BP-FPMTJ-I or AR-FPMT]J that incor-
porates electronic analogs of optical phenomena such as
anti-reflection coatings (ARCs) and Fabry-Pérot resonances.
We demonstrate that owing to the bandpass spin-filtering
physics of the BP-FPMTJ structure, the proposed AR-
FPMT]J device exhibits large non-trivial spin current profiles
along with an ultra-high tunnel magnetoresistance, leading
to an enhanced switching performance.

Published by AIP Publishing.
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FIG. 1. Equilibrium energy band profile along the Z direction: (a) An
FPMT]J device. (b) A BP-FPMTI-I device (also identified as AR-FPMTYJ).
The shaded regime is the anti-reflective region (ARR) the details of which
have been given in supplementary material Sec. II. (c) Gaussian barrier
height and (d) Gaussian barrier width distributed BP-FPMTJ-(II) and (III),
respectively.

We show in Fig. 2(a) the device schematic of a typical tri-
layer MTJ. Device schematics for both the FPMTJ and the
AR-FPMT]J structures are depicted in Fig. 2(b) and Fig. 2(c),
respectively. We show in Figs. 1(a) and 1(b) the band profile
schematics of the FPMTJ and the AR-FPMT]J, respectively.
The anti-reflective (AR) region is a quantum well and a barrier
structure, whose well width is the same as that of the SL well
and barrier width is half of the SL barrier width, as depicted in
Fig. 2(d). The AR in a SL structure is analogous to an optical
ARC that exploits the wave nature of the electrons. The elec-
tronic AR region is designed to get a perfect transmission at a
particular energy, simultaneously enhancing the transmission
in the entire miniband. We have employed non-equilibrium
Green'’s function (NEGF)* spin transport formalism coupled

FIG. 2. Device schematics: (a) A trilayer magnetic tunnel junction (MTJ)
device having a MgO barrier separating fixed and free FM layers, (b) a
FPMTJ with 4-barriers or 3-quantum wells having alternating layers of the
MgO (red) barrier and normal metal (green) well sandwiched between the
free and the fixed FM layers, and (c) the AR-FPMTJ device comprising a
superlattice heterostructure along with anti-reflection regions sandwiched
between the free and the fixed FM layers.
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with the Landau-Lifshitz-Gilbert-Slonczewski (LLGS)4 equa-
tion to describe magnetization dynamics of the free FM to
substantiate our designs. The details of the calculations are
presented in supplementary material Sec. 1.

In our simulations, we use CoFeB as the FM with its
Fermi energy E; = 2.25eV and exchange splitting
A=2.15eV. The effective masses of MgO, the normal metal
(NM), and the FM are mpx = 0.18 m,, myy=0.9m,, and
mey = 0.8 m,, respectively,30 with m, being the free electron
mass. The barrier height of the CoFeB-MgO interface is
Uz =0.76eV above the Fermi energy.’®*' The conduction
band offset of the NM and from the FM band edge is
Upw=0.5eV. We have used a barrier width of 1.2 nm cho-
sen such that half of the barrier width is 0.6 nm which is the
minimum amount of MgO that can be deposited reliably.*?
The quantum well has a width of 3.5A which is very well
within the current fabrication capabilities.’>** It must be
noted that resonant effects in metallic quantum wells are low
temperature phenomena that have been observed experimen-
tally in double barrier resonant structures with ferromagnetic
contacts.*”

In the results that follow, the parameters chosen for the
magnetization dynamics are o = 0.01, the saturation magneti-
zation, Mg¢=1100emu/cc, 7=17.6 MHz/Oe, uni-axial
anisotropy, K,, =2.42 x 10*erg/cc along the %-axis, and the
demagnetization field of 4nM, along the Z-axis of the free
FM.?® The cross-sectional area of all the devices considered
is 70 x 160 nm?” with the thickness of the free FM layer taken
to be 2nm. The critical spin current required to switch the
free FM as described by the above parameters is around
I, ~0.52mA.>

Spin-dependent tunneling in spintronic devices results
in different amounts of charge currents flowing in the paral-
lel configuration (PC) and the anti-parallel configuration
(APC) of the FMs at a given applied bias. Figure 3(a) shows
the current-voltage (I-V) characteristics of a trilayer MTJ
device in the PC and APC. Spin dependent charge flow is
quantified by the tunnel magnetoresistance (TMR), defined
as TMR = (Rap — Rp)/(Rp), where Rp and R »p are the resis-
tances in the PC and the APC, respectively. The TMR varia-
tion with the voltage for a trilayer device is shown in Fig.
3(b). The spin current is a rate of flow of angular momentum
that can act as a torque on the magnetization of the free FM.
The spin current can be resolved into two components,
namely, the Slonczewski term (/5) and the field-like term
(Is1), depending on effects of different magnitudes of the
spin currents on the magnetization dynamics of the free FM.
We show in Fig. 3(c) the variation of the Slonczewski term>®
(/) of the spin current with bias voltage. The Slonczewski
term can act either as a damping term or as an anti-damping
term in the magnetization dynamics of the free FM, regu-
lated by the direction of the charge current. When the
Slonczewski term acts as an anti-damping term in the mag-
netization dynamics, it can destabilize the magnetization of
the free FM and can result in the switching of the free FM
magnetization direction. Figure 3(d) shows the variation of
the field-like term® (Ig,) of the spin current with voltage
bias. The field-like term of the spin current acts like an effec-
tive magnetic field in the magnetization dynamics and can
switch the free FM. The non-vanishing part of the field-like
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FIG. 3. Trilayer MTJ device characteristics: (a) I-V characteristics in the PC
and the APC, (b) TMR variation with bias voltage, (c) variation of IS”
(Slonczewski term), and (d) variation of /g, (field-like term) with applied
voltage in the perpendicular configuration of the free and fixed FMs.

term at zero-bias is a dissipationless spin current and repre-
sents the exchange coupling between the FMs due to the tun-
nel barrier.* The nature of the exchange coupling is
determined by the relative positioning of the conduction
bands in the FM layers and the insulator. In an MgO based
trilayer device sandwiched between CoFeB FM layers, the
exchange coupling is of anti-ferromagnetic nature.

We show in Fig. 4(a) the I-V characteristics of the
FPMTIJ with 4-barrier/3-quantum well structure in the PC
and APC. The I-V characteristics depict a considerable

Appl. Phys. Lett. 112, 192404 (2018)

difference between the PC and APC, which results in an
ultra-high TMR as shown in Fig. 4(b). The TMR shows a
roll-off with voltage bias and is attributed to the voltage
dependent potential profile across the superlattice structure.*”
Figure 4(c) shows the variation of the Slonczewski term I
of the spin current with voltage bias. The Slonczewski term
increases, acquires the maximum value of Is) ~ 0.1mA, and
then starts to fall with bias due to the off-resonance conduc-
tion. The largest value of Igj ~ 0.1 mA in the FPMTJ is
nearly five times smaller than the critical spin current
required for magnetization switching in the free FM via the
spin transfer torque (STT) effect.'’ While the FPMTJ has an
ultra-high TMR, smaller spin current positions the FPMT]J as
an unfavorable choice for STT switching. Although FPMTJ
can be designed to provide a large spin current by having an
allowed band of the transmission spectrum within the energy
range between A and E, the device design yields a very low
TMR value.®” The I5, (field-like term) variation with voltage
bias is shown in Fig. 4(d), and it can be inferred from Fig.
4(d) that the field-like term here is negligible to induce any
significant magnetization dynamics of the free FM.

We now plot the I-V characteristics for the AR-FPMTJ
with a 4-barrier/3-quantum-well structure in Fig. 5(a) in the
PC and the APC. The AR-FPMT]J shows a significant asym-
metry in the current conduction in both the PC and the APC
which manifests as an ultra-high TMR across the structure.
Figure 5(b) shows the TMR variation for AR-FPMTJ with
voltage bias, which is seen to have the same order of magni-
tude as the TMR of the FPMTIJ near zero bias. An ultra-high
TMR in the FPMTJ and AR-FPMTI is ascribed to physics of
spin selective filtering described in supplementary material
Sec. IV. We show in Fig. 5(c) the variation of the
Slonczewski term [ of the spin current with the voltage
bias. The Slonczewski term I in the AR-FPMTJ shows a
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FIG. 4. FPMT]J device characteristics: (a) I-V characteristics in the PC and
the APC, (b) TMR variation with applied voltage, (c) variation of Iy
(Slonczewski term), and (d) variation of /g, (field-like term) with applied
voltage in the perpendicular configuration of the free and fixed FMs.

FIG. 5. AR-FPMT]J device characteristics: (a) I-V characteristics in the PC
and the APC, (b) TMR variation with bias voltage, (c) variation in Iy
(Slonczewski term), and (d) variation in I, (field-like term) with applied
voltage in the perpendicular configuration of the free and fixed FMs.
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nearly symmetric behavior around zero bias, which may
enable a near symmetric switching bias in this device. It can
be seen clearly from Figs. 5(c), 4(c), and 3(c) that the AR-
FPMT]J provides a large spin current in comparison to the
FPMTIJ and the trilayer MTJ due to the physics of selective
band-pass spin filtering. We have also rationalized the
enhance STT in the AR-FPMT]J structure via the analysis of
the Slonczewski spin current transmission described in sup-
plementary material Sec. IV. We show in Fig. 5(d) the I,
(field-like term) variation with the voltage bias. The field-
like term in the AR-FPMTJ is small and has been neglected
to evaluate switching biases (see supplementary material
Sec. I).

We show in Fig. 6 the temporal variation in the X com-
ponent of the magnetization vector of the free FM layer due
to the spin transfer torque at a voltage bias slightly higher
than the critical switching voltage. It can be inferred from
Fig. 6(a) that APC to PC switching (red) for a trilayer MTJ
device is induced by the Slonczewski term which signals an
unstable oscillation in the magnetization dynamics before
switching. The magnetization switching from PC to APC in
a trilayer device is difficult to achieve through the
Slonczewski term due to the asymmetry in negative bias and
hence can be facilitated by field-like terms. The magnetiza-
tion switching from the PC to APC (blue) is attributed to the
field-like term as shown in Fig. 6(a) due to its temporal vari-
ation during switching. The AR-FPMT]J device shows nearly
symmetric variation in the Slonczewski term with the bias
around zero bias. The symmetric Slonczewski term and a
small field-like term in the AR-FPMT] facilitate the APC to
PC and PC to APC switching via the Slonczewski term itself
as shown in Fig. 6(b). A different switching voltage bias is
required to switch from APC to PC and PC to APC due to
the angular dependence of the Slonczewski term in the AR-
FPMT]J device.

The superlattice structure is identified by the number of
alternate quantum barriers and wells. The number of peaks
in the transmission spectrum of a superlattice is either equal
to the number of quantum wells or one less than the number
of barriers in the SL structure (see supplementary material
Sec. II). We show in Fig. 7(a) the TMR variation with the
number of barriers in the superlattice of the AR-FPMTJ
device. The TMR increases with an increase in the number
of barriers as the transmission spectrum transitions from
unity to nearly zero value with the increase in the number of
barriers (see supplementary material Sec. II). The TMR

Time(ns)

Time(ns)
(a) (b)
FIG. 6. Spin transfer torque induced magnetization switching profiles of the

free FM (a) in the trilayer MTJ device and (b) the AR-FPMT]J device with a
3-quantum well structure.
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FIG. 7. (a) The variation of TMR and (b) critical switching voltage (V) for
the AR-FPMTJ device as a function of the number of barriers in the super-
lattice structure.

eventually saturates with the number of barriers as the transi-
tion in its transmission spectrum approaches a step function.
Figure 7(b) shows that the critical switching bias increases
with an increase in the number of barriers. In the AR-FPMTJ
structure, an increase in the number of barriers increases the
fluctuation in the band-pass spectra of transmission, which
reduces the band-pass area under the transmission spectra to
contribute to spin and charge flow. This increases the critical
bias voltage requirement for magnetization switching due to
spin transfer torque. It can be seen from Fig. 7(b) that the
critical switching voltage strength for APC to PC switching
is lower than that for PC to APC due to the angular depen-
dence of the Slonczewski term in the AR-FPMT]J device. We
can also infer from the above discussion that there is nearly a
decrease of 1200% and 1300% in the switching bias from
APC to PC and PC to APC, respectively, in the AR-FPMTJ
device in comparison to the traditional trilayer MTJ device.
We show in Fig. 8 the effect of quantum states of the
AR-FPMT] structure on the TMR and Slonczewski spin cur-
rent. The variation in the width of the quantum wells in the
AR-FPMTI structure changes the position of the transmis-
sion spectrum with respect to the Fermi level and manifests
as a periodic variation in the TMR as a function of the well
width as seen in Fig. 8(a). Figure 8(b) shows the variation of
the Slonczewski spin current as a function of the well width.
Due to the quantum states of the structure, the spin current
also shows a periodic variation with the quantum well width.
It can be inferred from Fig. 8 that the width of the quantum
well at which either the largest TMR or the highest
Slonczewski current is observed does not converge to singu-
lar points. But still, in the design landscape of the well width,
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FIG. 8. (a) The TMR and (b) Slonczewski spin current as a function of quan-
tum well width for the 3-barrier AR-FPMTJ device under an applied voltage
of 20mV.
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there are many possibilities which facilitate the AR-FPMTJ
device design with a boosted TMR and low switching bias.
We have proposed a fresh route for high-performance
spin-transfer torque devices by tapping the band-pass trans-
mission profile of an AR-FPMTJ structure sandwiched
between the two FM layers. We showed that the physics of
spin selective band-pass filtering enabled through the AR
region translates to an ultra-high TMR with ultra-low switch-
ing bias. We have estimated that the AR-FPMTJ device
caters to a TMR (=5 x 10*%) and nearly to a 1200% lower-
ing of the switching bias in comparison to a typical trilayer
MT]J device. We believe that our idea of using band-pass
transmission engineering will open up further theoretical and
experimental endeavors in the spintronics field. Specifically,
it would be interesting to investigate the BP-FPMTJ struc-
tures to provide enhanced thermal spin-transfer torque38 by
engineering “box-car” spin selective transmission profiles.””
The idea of bandpass spin-filtering can also be extended to
similar device structures for “multilevel spin transfer torque
devices.”*"

See supplementary material for details about calcula-
tions, anti-reflective region design, Slonczewski spin current
transmission, and physics of spin filtering.

A.S. would like to acknowledge Smarika Kulshrestha
for her suggestions on the initial draft of this work. A.S.
would also like to acknowledge Pankaj Priyadarshee and
Swarndeep Mukherjee for introducing him to the field of
superlattices. This work was in part supported by the IIT
Bombay SEED grant.

'W. H. Butler, X.-G. Zhang, T. C. Schulthess, and J. M. MacLaren, Phys.
Rev. B 63, 054416 (2001).

’S. S. P. Parkin, C. Kaiser, A. Panchula, P. M. Rice, B. Hughes, M.
Samant, and S.-H. Yang, Nat. Mater. 3, 862 (2004).

’D. D. Djayaprawira, K. Tsunekawa, M. Nagai, H. Maehara, S. Yamagata,
N. Watanabe, S. Yuasa, Y. Suzuki, and K. Ando, Appl. Phys. Lett. 86,
092502 (2005).

4. Slonczewski, J. Magn. Magn. Mater. 159, L1 (1996).

L. Berger, Phys. Rev. B 54, 9353 (1996).

°s. Assefa, J. Nowak, J. Z. Sun, E. O’Sullivan, S. Kanakasabapathy, W. J.
Gallagher, Y. Nagamine, K. Tsunekawa, D. D. Djayaprawira, and N.
Watanabe, J. Appl. Phys. 102, 063901 (2007).

7p. Khalili Amiri, Z. M. Zeng, J. Langer, H. Zhao, G. Rowlands, Y.-J.
Chen, I. N. Krivorotov, J.-P. Wang, H. W. Jiang, J. A. Katine, Y. Huai, K.
Galatsis, and K. L. Wang, Appl. Phys. Lett. 98, 112507 (2011).

8. van Dijken and J. M. D. Coey, Appl. Phys. Lett. 87, 022504 (2005).

°A. Sharma, A. Tulapurkar, and B. Muralidharan, IEEE Trans. Electron
Devices 63, 4527 (2016).

10, Kultursay, M. Kandemir, A. Sivasubramaniam, and O. Mutlu, ISPASS
2013—IEEE International Symposium on Performance Analysis of
Systems and Software (2013), p. 256.

Appl. Phys. Lett. 112, 192404 (2018)

3. V. Kim, Solid State Physics—Advances in Research and Applications,
Ist ed. (Elsevier Inc., 2012), Vol. 63, pp. 217-294.

'2A. Sharma, A. A. Tulapurkar, and B. Muralidharan, Phys. Rev. Appl. 8,
064014 (2017).

BA. Sharma, A. A. Tulapurkar, and B. Muralidharan, AIP Adv. 8, 055913
(2018).

4] De Teresa, A. Barthélémy, A. Fert, J. Contour, R. Lyonnet, F.
Montaigne, P. Seneor, and A. Vaures, Phys. Rev. Lett. 82, 4288
(1999).

13J.J. Yang, C. Ji, Y. A. Chang, X. Ke, and M. S. Rzchowski, Appl. Phys.
Lett. 89, 202502 (2006).

16g, Ikeda, K. Miura, H. Yamamoto, K. Mizunuma, H. D. Gan, M. Endo, S.
Kanai, J. Hayakawa, F. Matsukura, and H. Ohno, Nat. Mater. 9, 721
(2010).

A N. Useinov, J. Kosel, N. K. Useinov, and L. R. Tagirov, Phys. Rev. B
84, 085424 (2011).

8C. H. Chen, Y. H. Cheng, and W. J. Hsueh, EPL (Europhys. Lett.) 111,
47005 (2015).

'“N. Chatterji, A. A. Tulapurkar, and B. Muralidharan, Appl. Phys. Lett.
105, 232410 (2014).

20A. Tovan, S. Andersson, Y. G. Naidyuk, A. Vedyaev, B. Dieny, and V.
Korenivski, Nano Lett. 8, 805 (2008).

2IK. F. Brennan and I J. Haralson, Superlattices Microstruct. 28, 77
(2000).

22Y -M. Lin and M. Dresselhaus, Phys. Rev. B 68, 075304 (2003).

23C. H. Chen and W. J. Hsueh, Appl. Phys. Lett. 104, 042405 (2014).

%, Pacher, C. Rauch, G. Strasser, E. Gornik, F. Elsholz, A. Wacker, G.
KieBlich, and E. Scholl, Appl. Phys. Lett. 79, 1486 (2001).

1. Gomez, F. Domnguez-Adame, E. Diez, and V. Bellani, J. Appl. Phys.
85,3916 (1999).

2°H.-H. Tung and C.-P. Lee, IEEE J. Quantum Electron. 32, 2122
(1996).

2D, L. Li, Q. L. Ma, S. G. Wang, R. C. C. Ward, T. Hesjedal, X.-G. Zhang,
A. Kohn, E. Amsellem, G. Yang, J. L. Liu, J. Jiang, H. X. Wei, and X. F.
Han, Sci. Rep. 4, 7277 (2014).

28K Shi, P. Zhang, H. Wei, C. Jiao, C. Li, X. Liu, S. Yang, Q. Zhu, and Z.
Wang, Solid State Commun. 152, 938 (2012).

2S. Datta, Electronic Transport in Mesoscopic Systems (Cambridge
University Press, 1997).

30p, Datta, B. Behin-Aein, S. Datta, and S. Salahuddin, IEEE Trans.
Nanotechnol. 11, 261 (2012).

3'H. Kubota, A. Fukushima, K. Yakushiji, T. Nagahama, S. Yuasa, K.
Ando, H. Maehara, Y. Nagamine, K. Tsunekawa, D. D. Djayaprawira, N.
Watanabe, and Y. Suzuki, Nat. Phys. 4, 37 (2008).

A M. Deac, A. Fukushima, H. Kubota, H. Maehara, Y. Suzuki, S. Yuasa,
Y. Nagamine, K. Tsunekawa, D. D. Djayaprawira, and N. Watanabe, Nat.
Phys. 4, 803 (2008).

BK.-S. Ryu, L. Thomas, S.-H. Yang, and S. Parkin, Nat. Nanotechnol. 8,
527 (2013).

3S. H. Yang, K. S. Ryu, and S. Parkin, Nat. Nanotechnol. 10, 221 (2015).

D, Ralph and M. Stiles, J. Magn. Magn. Mater. 320, 1190 (2008).

*°L. Theodonis, N. Kioussis, A. Kalitsov, M. Chshiev, and W. Butler, Phys.
Rev. Lett. 97, 237205 (2006).

37C. Chen, P. Tseng, C. Ko, and W. Hsueh, Phys. Lett. A 381, 3124
(2017).

38X, Jia, K. Xia, and G. E. W. Bauer, Phys. Rev. Lett. 107, 176603
(2011).

%R. S. Whitney, Phys. Rev. Lett. 112, 130601 (2014).

405, Hong, M. Stone, B. Navarrete, K. Luongo, Q. Zheng, Z. Yuan, K. Xia,
N. Xu, J. Bokor, L. You, and S. Khizroev, Appl. Phys. Lett. 112, 112402
(2018).


ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-112-001820
https://doi.org/10.1103/PhysRevB.63.054416
https://doi.org/10.1103/PhysRevB.63.054416
https://doi.org/10.1038/nmat1256
https://doi.org/10.1063/1.1871344
https://doi.org/10.1016/0304-8853(96)00062-5
https://doi.org/10.1103/PhysRevB.54.9353
https://doi.org/10.1063/1.2781321
https://doi.org/10.1063/1.3567780
https://doi.org/10.1063/1.1957111
https://doi.org/10.1109/TED.2016.2606354
https://doi.org/10.1109/TED.2016.2606354
https://doi.org/10.1103/PhysRevApplied.8.064014
https://doi.org/10.1063/1.5007325
https://doi.org/10.1103/PhysRevLett.82.4288
https://doi.org/10.1063/1.2387568
https://doi.org/10.1063/1.2387568
https://doi.org/10.1038/nmat2804
https://doi.org/10.1103/PhysRevB.84.085424
https://doi.org/10.1209/0295-5075/111/47005
https://doi.org/10.1063/1.4904408
https://doi.org/10.1021/nl072676z
https://doi.org/10.1006/spmi.2000.0891
https://doi.org/10.1103/PhysRevB.68.075304
https://doi.org/10.1063/1.4863221
https://doi.org/10.1063/1.1399315
https://doi.org/10.1063/1.369764
https://doi.org/10.1109/3.544758
https://doi.org/10.1038/srep07277
https://doi.org/10.1016/j.ssc.2012.03.011
https://doi.org/10.1109/TNANO.2011.2163147
https://doi.org/10.1109/TNANO.2011.2163147
https://doi.org/10.1038/nphys784
https://doi.org/10.1038/nphys1036
https://doi.org/10.1038/nphys1036
https://doi.org/10.1038/nnano.2013.102
https://doi.org/10.1038/nnano.2014.324
https://doi.org/10.1016/j.jmmm.2007.12.019
https://doi.org/10.1103/PhysRevLett.97.237205
https://doi.org/10.1103/PhysRevLett.97.237205
https://doi.org/10.1016/j.physleta.2017.08.002
https://doi.org/10.1103/PhysRevLett.107.176603
https://doi.org/10.1103/PhysRevLett.112.130601
https://doi.org/10.1063/1.5021336

	f1
	f2
	f3
	f4
	f5
	f6
	f7
	f8
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40

