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Recently, the switching of a perpendicularly magnetized ferromagnet (FM) by injecting an in-plane
current into an attached non-magnet (NM) has become of emerging technological interest. This
magnetization switching is attributed to the spin-orbit torque (SOT) originating from the strong
spin-orbit coupling of the NM layer. However, the switching efficiency of the NM/FM structure itself
may be insufficient for practical use, as for example, in spin transfer torque (STT)-based magnetic
random access memory (MRAM) devices. Here we investigate spin torque in an NM/FM structure with
an additional spin polarizer (SP) layer abutted to the NM layer. In addition to the SOT contribution, a
spin-polarized current from the SP layer creates an extra spin chemical potential difference at the NM/
FM interface and gives rise to a STT on the FM layer. We show that, using typical parameters including
device width, thickness, spin diffusion length, and the spin Hall angle, the spin torque from the SP layer
can be much larger than that from the spin Hall effect (SHE) of the NM.

- As the use of mobile and IoT (internet of things) electronic devices increases, research on the development of

. devices with low power, small sizes, high speeds, and nonvolatility has become increasingly popular. Recently, the

: low energy consumption of magnetic random access memory (MRAM) devices has drawn considerable inter-
est. Recent studies demonstrated that an in-plane current can manipulate the out-of-plane magnetization of the
non-magnet (NM)/ferromagnet (FM) heterostructure via spin-orbit toque (SOT), which is caused by the bulk

. spin Hall effect (SHE) of a NM'~* or the Rashba effect of a NM/FM interface®. The SOT switching mechanism

: provides not only rapid switching (over about few nanoseconds)'® but also device stability. However, there are a
few challenges to be overcome in harnessing the SOT switching mechanism. One of biggest challenges facing the
use of SOT devices in technological applications is the large switching current!!. Theoretical'®>!* and experimen-

. tal'*!® studies report the switching current density required for SOT switching is much larger than is required for
conventional spin-transfer-torque switching.

: When injecting an in-plane current, the spin-orbit coupling (SOC) effect creates spin accumulation at the

: NM/FM interface and gives rise to torque on the FM layer. Therefore, one possible way to provide a suitable

© device structure that reduces the switching current is to increase spin accumulation at the NM/FM interface.

. For this purpose, we devise a device structure in which a ferromagnetic spin polarizer (SP) layer is abutted to a

: NM layer that can increase spin accumulation at the NM/FM interface. By properly adjusting the magnetization

. direction of the SP layer, the spin accumulation from the SP layer can combine additively to that due to the SOC

. effect. Thus, the additional spin accumulation from the SP layer is expected to enhance the spin torque acting on

: the FM layer.

: In this study, we theoretically analyse the SP layer’s effect on the NM/FM heterostructure. The device geom-
etry is illustrated in Fig. 1 which resembles a FM free layer (FL) portion of a magnetic tunnel junction (MT]).
Figure 1(a) shows a three-dimensional schematic view of the device structure with an FM (FL) with perpendic-

. ular magnetic anisotropy (PMA), whereas Fig. 1(b) shows a calculation domain. The current is injected in the

. x-direction, which induces the SOT to switch the magnetization of the FL. Unlike the usual NM/FM bilayer struc-

. ture, there is one additional fixed FM layer (SP) beside the NM layer, in which the magnetization direction is set
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Figure 1. Schematic diagrams representing the proposed concept. (a) The NM/FM bilayer structure where
an additional FM (SP) layer is abutted to the NM layer, and (b) the geometry of the structure considered for
model calculation in this study. Note that the spin accumulation in the NM layer decays along the x-direction
due to the presence of the SP layer as represented by the dotted line.

to the y-direction. In our theoretical model, as an approximation, we divide the device geometry into a combined
sub-structure of the SP/NM (x-direction) and NM/FL (z-direction) layers and treat them separately.

Model Calculation Methods

First, we calculate the spin accumulation for the SP/NM sub-structure. For simplicity, here we ignore the upper
FM layer (FL) (the interface scattering at the SP/NM interface is also neglected). By solving the one-dimensional
drift-diffusion equation'®, one obtains the y-component of the spin accumulation in the NM layer as follows.

Pp exp(—x/ls}\’)
pp+ Py coth(L/21§) o 1

1y (x) = el

where ppand py are the resistivities of SP and NM layers, L is the length (or width) of the fixed FM layer (SP), l E
and [} are the spin-flip diffusion lengths of the FM and NM layers, respectively, E, is the applied electric field i 1n
the x-direction, and 3 is the spin polarization of the SP layer (—1 < 8<1). Here x= 0 is chosen as the SP/NM
interface.

Next, we focus on the NM/FL sub-structure. When we apply the external electric field in the x-direction, in
the NM layer, the charge and spin current densities flowing in the z-direction are given by ref. 17

jz :_az/“t_ ljzat and j,‘x,z az/“L + B ez]zajlu‘

)
where o is the conductivity of NM layer, Oy is the spin Hall conduct1v1ty of NM layer, and ¢, is the Levi-Civita
symbol. Note that the usual definition of the spin currentis Q;, = — —] , where the subscripts i and z stand for

the spin orientation and the flow directions of the spin current respectlvely For the FL, the equations for the
charge and spin currents are as follows.

. g — 2 . g ~ _ g
]Z = ;82/1’ + ﬁOM . 82“’5 and ]is)z = ;ﬁOMiazlu’ + %81/1‘;’ (3)

where M is the unit vector along the magnetization and (3, is the spin polarization of the FL.
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The SP layer provides additional spin accumulation to the NM layer, which decays exponentially in the
x-direction. Because it is difficult to obtain an analytical solution for the two-dimensional spin diffusion equation,
as an approximation, we take an ansatz for the spin accumulation in the NM layer by simply adding an average
spin accumulation from the SP layer (Equation (1)) to the solution of the diffusion equation in the z-direction.
This gives

w'(z) = A, exp(z/l;c\]) + B, exp(—z/ls}v) + K&, (4)

BeE. L pp

g+ py coth (L / 215)
From Eqs (1) and (2), we obtain the averaged current flowing in z-direction j, = 20,1 + ”ﬂ% Asinref. 18, we
e e |

where we use an approximation g — 1 fow dx exp(—xI1 S}\I ) and w is the width of the structure.
w

assume that the sample is infinite in the y-direction and sufficiently thin in the z-direction. In the steady state
(j, = constant, j,=0), the continuity equation V -j=9,j,= 0 leads to 9271 = 0. The solution of this equation is
i = Cz + F(x), where C is a constant and F(x) represents the external electric field contribution, F(x) x eE,x.
Note that the current flowing in the z-direction is zero, j, = 0 (this condition practically holds for an usual three
terminal device including a magnetic tunnelling junction which has large resistance in z-direction), thus giving

N

ijdZ: Zﬁ + Mﬁz =G,
e e lsf (5)

which results in

o ly (6)
Using Eqs (2), (4), and (6), we obtain

i, = ;L(Ai exp(z/l;fv) + B; exp(—z/lsjc\I)) + osyE,d; -

Elsf @)

At the NM/FL interface, the charge and spin currents are given by refs 17,19-21

i, = (G + G)(Afle) + (G, — G)(M - Apge),

. 1 A A .

(]Z)T = - z[Re(GH)(2AuS x M) x M — Im(G;))(24p, x M)], and

1 N
i) = =[G, + G)M - A G, — G)An],
(]Z)L . (G, + G) B, + (G DAR] (8)

where the subscripts T and L represent the transverse and longitudinal components, G;(G)) is the interface con-
ductivity of majority (minority) spin, Gy, is the mixing conductance, and Afi(Ap,) is the charge (spin) chemical
potential drop over the interface. As in ref. 17, we assume that the spin dephasing length in the FL is very short,
so that (j] )T is fully absorbed at the NM/FL interface. Then, the spin torque is written as

M_ ko
ot 2e i Mtp

©0—i),
T )

where + is the gyromagnetic ratio and M; is the magnetization per unit volume. The spin torque can then be
rewritten in terms of damping-like and field-like torques as follows.

o
ot
where T}(T5) is the coefficient of damping-like (field-like) spin torque.

Solving the bulk equations described above with the boundary conditions j,=0and j| = 0 at the upper sur-
face of the FL and lower surfaces of the NM (z =tz and z= —ty), we obtain

= —TpM x (M x §) — T;M x ¥, (10)

N\2
5 (1 e—tN/lsf)
2 a N
T, = — 0y E,~———— + —K tanh(ty/]

P 2e 1 Mty SHE T 1 4 e 2wl els}\’ (N Sf)

~ 2 ~
G+ Re(G tank? (1115 )

X
~112 ~11
|G| + 2Re(G )tanhz(tN/ls?’) + tanh4(tN/l§I) (11)
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Figure 2. The spin accumulation . of the NM with different spin polarizations, (3. As the spin polarization
increases, the spin accumulation at the NM/ FL interface (z 0) increases. The typical parameters fg;=0.3,
on=5%x10°m Q! 0x=5x 10°m Q" l,lsf = Snm,lsf = 38nm, L =20nm, ty=5nm, t{(FL)=1.5nm,
Mg=1.0MA/m,Re[G"Y] = 5.94 x 10“*m QL Im[G'Y] = 0.86 x 10"*m 2% and j,=10"' A/m* are used.

h_ 050 E d—e V) eitN/l:f])z

Tp = + —K tanh (¢5/1
P Mt R ———r Ay (ty/lf)
Im(G')tank? (/1Y ’
~112 ~1l
|G| + 2Re(G Htanh’(ty/ly) + tank (ty/L5) (12)

_ 21} tanh (ry /1)

where Oy, = og,/0 and G Gui In Eqs (11) and (12), the spin torques, which are localized at the
interface of the NM/FL, are averaged over the FL layer’s thickness tz. The first term of each torque corresponds to
the spin Hall contribution without the SP layer, which was computed by Haney et al.'”. The spin polarizer effects
are reflected in the second term. Because the spins in the NM layer are partially polarized by the SP layer, even
without the SHE, a nonzero spin chemical potential drop at the NM/FL interface is induced that produces a spin
torque. We note that the spin accumulation caused by the SP layer exerts a torque on the FL even without a direct
current-flow perpendicular to the interface. This kind of spin torque has been experimentally observed in
non-local geometry?* and also has been shown as a lateral spin torque caused by inhomogeneous
magnetization??>%4,

Results

The resultant spin torques are shown in Figs 2 and 3. We use the following parameters of Co (SP) and Pt (NM):
0p=5x10°m~1Q"! l{ = 38nm*, oy =5x10°m™1Q7, 1Y = 1 — 10nm™,Re[G''] = 5.94 x 10" m >, and
Im[G'] = 0.86 x 10" m 2Q~". The applied electric field in the NM is chosen as E, =2 x 10*V/m so that the
charge current density in the x-direction is approximately oyE, ~ 10! A/m?. Other parameters are chosen as fol-
lows: magnetization of the FL is Mg= 1.0 MA/m, the length (or width) of SP layer is L =20 nm, the spin Hall angle
is 853 =0-0.9, and the spin polarization is 5= 0-1.0.

Figure 2 shows the y-component spin accumulation M; in the NM of the NM (5nm)/FL (1.5 nm) structure for
Os;=0.3. Note that the net amount of spin accumulation at the upper edge (z=0) significantly increases as 3
increases, which in turn enhances the spin torques in Egs. (11) and (12). The dependence of the four parameters
(Ogpp o 1Y i »and w) on the damping-like spin torques Tp, is summarized in Fig. 3 As shown in Fig. 3(a), the result-
ant spin torques increase with increasing 0. The dependence of Tj, on tyand [ in Eq. (11) is complicated. In our
parameterlzatlon, the resulting spin torques increase with increasing t, (Fig. 3([{)) and have maximum values with
varying [} i+ (Fig. 3(c)). Because the additional spin torque from the spin polarization decays along the x-direction,
for nonzero 3, the spin torque decreases with increasing NM width w (blue and red lines of Fig. 3(d)). For all plots,
the spin polarization dramatically enhances the spin torques. We note the field-like torques T depicted in Fig. 4
are an order of magnitude smaller than the damping-like spin torques T}, because, in our parameterization,
Im[G'"Y]is smaller than Re[G'Y], and the dependence of the four parameters on both torques is similar.

We propose that several other device geometries may also improve the switching performance. For example,
another SP layer may be abutted on the other side (right side) of the NM. Because of spin diffusion, the magni-
tudes of spin torques from the SP layer decay along the x-direction; however, the decrease of the SP-layer effect
would be compensated by another SP layer (oppositely magnetized) on the other side of the NM. In addition,
by tilting the magnetization to z-direction, the proposed device structure may allow field-free switching. We
note that conventional SOT switching requires an additional in-plane magnetic field for deterministic switching,
which is not suitable for device engineering. Recently several reports have resolved this problem by breaking

structural inversion symmetry*”?® or exchange bias from an antiferromagnetic layer?*-32
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Figure 3. Damping-like (DL) component of the spin torques on the FL (1.5 nm) as a function of various
parameters. (a) spin Hall angle 6y, (b) NM thickness ty (c) spin diffusion length [ s?’ ,and (d) NM width w with
different spin polarization factors, . For each plot, except for the varying parameter (domain), a set of
parameters including 0g;; = 0.3, ty=>5nm, [} = 5nm, and w=20nm is chosen. In all plots, the spin polarization
dramatically enhances the spin torques.
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Figure 4. Field-like (FL) component of the spin torques on the FL (1.5 nm) as a function of various
parameters. (a) spin Hall angle 6y, (b) NM thickness t (c) spin diffusion length [ s?’ ,and (d) NM width w with
different spin polarization factors, . For each plot, except for the varying parameter (domain), a set of
parameters including fs;= 0.3, ty=>5nm, ls}\r =5nm, and w=20nm is chosen. In all plots, the spin polarization
dramatically enhances the spin torques.
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Discussion

We have investigated the effects of both the SP layer and the spin Hall effect on the spin torque acting on the mag-
netization of the FM layer in an NM/FM heterostructure. Because of SP layer, the conduction electrons in the NM
are partially polarized and provide an additional spin chemical potential change at the NM/FL interface. In our
device structure, therefore, the SP layer was an additional source of spin torque. We also investigated the depend-
ence of spin torque on parameters including g, ty, I, and w. Note that the resultant spin torques are maximized
by minimizing the width of the sample, which can be beneficial for ultra-dense memory applications.
Additionally, we have shown that, in typical parameterization, the spin torque from the SP layer is more effective
than that from the spin Hall effect. Thus, the presence of the SP layer can significantly enhance the spin torque.
With respect to the switching efficiency, we believe that our result provides insights into possible practical appli-
cations of STT-MRAM devices, which employ the current in-plane geometry.

We would like to note that the proposed structure can be applied to an MT]J utilizing standardized microelec-
tronic fabrication technologies. For example, when a bottom-pinned MTJ (an FL on the top in the MT7J) is consid-
ered, an NM conductor can be patterned after film deposition, and then followed by SP layer deposition, patterning
and field setting. Nevertheless, process development effort is necessary to achieve precise dimensional control.

References
1. Liu, L., Lee, O. J., Gudmundsen, T. J., Ralph, D. C. & Buhrman, R. A. Current-Induced Switching of Perpendicularly Magnetized
Magnetic Layers Using Spin Torque from the Spin Hall Effect. Phys. Rev. Lett. 109, 096602 (2012).
. Dyakonov, M. I. & Perel, V. I. Current-Induced Spin Orientation of Electrons in Semiconductors. Phys. Lett. A 35A, 459-460 (1971).
. Hirsch, J. E. Spin Hall effect. Phys. Rev. Lett. 83, 1834 (1999).
. Zhang, S. F. Spin Hall Effect in the Presence of Spin Diffusion. Phys. Rev. Lett. 85, 393-396 (2000).
. Miron, I. M. et al. Perpendicular switching of a single ferromagnetic layer induced by in-plane current injection. Nature 476,
189-193 (2011).
6. Wang, X. & Manchon. A. Diffusive Spin Dynamics in Ferromagnetic Thin Films with a Rashba Interaction. Phys. Rev. Lett. 108,
117201 (2012).
7. Kim, K.-W,, Seo, S.-M., Ry, J., Lee, K.-J. & Lee, H.-W. Magnetization dynamics induced by in-plane currents in ultrathin magnetic
nanostructures with Rashba spin-orbit coupling. Phys. Rev. B 85, 180404(R) (2012).
8. Pesin, D. A. & MacDonald, A. H. Quantum Kinetic theory of current-induced torques in Rashba ferromagnets. Phys. Rev. B 86,
014416 (2012).
9. van der Bijl, E. & Duine, R. A. Current-induced torques in textured Rashba ferromagnets. Phys. Rev. B 86, 094406 (2012).
10. Lee, K. S., Lee, S.-W,, Min, B.-C. & Lee, K.-J. Threshold current for switching of a perpendicular magnetic layer induced by spin Hall
effect. Appl. Phys. Lett. 102, 112410 (2013).
11. Lee, S.-W. & Lee, K.-J. Emerging Three-Terminal Magnetic Memory Devices. Proc. IEEE. 104, 1831-1843 (2016).
12. Lee, K. S., Lee, S.-W., Min, B.-C. & Lee, K.-J. Thermally activated switching of perpendicular magnet by spin-orbit spin torque. Appl.
Phys. Lett. 104, 072413 (2014).
13. Taniguchi, T., Mitani, S. & Hayashi, M. Critical current destabilizing perpendicular magnetization by the spin Hall effect. Phys. Rev.
B 92, 024428 (2015).
14. Garello, K. et al. Ultrafast magnetization switching by spin-orbit torques. Appl. Phys. Lett. 105, 212402 (2014).
15. Zhang, C., Fukami, S., Sato, H., Matsukura, F. & Ohno, H. Spin-orbit torque induced magnetization switching in nano-scale Ta/
CoFeB/MgO. Appl. Phys. Lett. 107, 012401 (2015).
16. Valet, T. & Fert, A. Theory of the perpendicular magnetoresistance in magnetic multilayers. Phys. Rev. B 48, 7099-7113 (1993).
17. Haney, P. M., Lee, H.-W.,, Lee, K.-J., Manchon, A. & Stiles, M. D. Current induced torques and interfacial spin-orbit coupling:
Semiclassical modeling. Phys. Rev. B 87, 174411 (2013).
18. Taniguchi, T., Grollier, J. & Stiles, M. D. Spin-Transfer Torques Generated by the Anomalous Hall Effect and Anisotropic
Magnetoresistance. Phys. Rev. Appl. 3, 044001 (2015).
19. Brataas, A., Nazarov, Yu. V. & Bauer, G. E. W. Finite-Element Theory of Transport in Ferromagnet-Normal Metal Systems. Phys. Rev.
Lett. 84, 2481-2484 (2000).
20. Tserkovnyak, Y., Brataas, A. & Bauer, G. E. W. Enhanced Gilbert Damping in Thin Ferromagnetic Films. Phys. Rev. Lett. 88, 117601
(2002); Spin pumping and magnetization dynamics in metallic multilayers. Phys. Rev. B 66, 224403 (2002).
21. Polianski, M. L. & Brouwer, P. W. Current-Induced Transverse Spin-Wave Instability in a Thin Nanomagnet. Phys. Rev. Lett. 92,
026602 (2004).
22. Yang, T., Kimura, T. & Otani, Y. Giant spin-accumulation signal and pure spin-current-induced reversible magnetization switching.
Nat. Phys. 4, 851-854 (2008).
23. Stiles, M. D., Xiao, J. & Zangwill, A. Phenomenological theory of current-induced magnetization precession. Phys. Rev. B 69, 054408
(2004).
24. Lee, K.-],, Stiles, M. D., Lee, H.-W., Moon, J.-H., Kim, K.-W. & Lee, S.-W. Self-consistent calculation of spin transport and
magnetization dynamics. Phys. Rep. 531, 89-113 (2013).
25. Bass, J. & Pratt Jr, W. P. Spin-diffusion lengths in metals and alloys, and spin-flipping at metal/metal interfaces: an experimentalist’s
critical review. J. Phys.: Condens. Matter 19, 183201 (2007).
26. Isasa, M., Villamor, E., Hueso, L. E., Gradhand, M. & Casanova, F. Temperature dependence of spin diffusion length and spin Hall
angle in Au and Pt. Phys. Rev. B 91, 024402 (2015).
27. Yu, G. et al. Switching of perpendicular magnetization by spin-orbit torques in the absence of external magnetic fields. Nat.
Nanotechnol. 9, 548-554 (2014).
28. You, L. et al. Switching of perpendicularly polarized nanomagnets with spin orbit torque without an external magnetic field by
engineering a tilted anisotropy. Proc. Natl. Acad. Sci. USA 112, 10310-10315 (2015).
29. Fukami, S., Zhang, C., DuttaGupta, S., Kurenkov, A. & Ohno, H. Magnetization switching by spin-orbit torque in an
antiferromagnet-ferromagnet bilayer system. Nat. Mater. 15, 535-541 (2016).
30. van den Brink, A. et al. Field-free magnetization reversal by spin-Hall effect and exchange bias. Nat. Commun. 7, 10854 (2016).
31. Lau, Y.-C,, Betto, D, Rode, K., Coey, J. M. D. & Stamenov, P. Spin-orbit torque switching without an external field using interlayer
exchange coupling. Nat. Nanotechnol. 11, 758-762 (2016).
32. Oh, Y.-W. et al. Field-free switching of perpendicular magnetization through spin-orbit torque in antiferromagnet/ferromagnet/
oxide structures. Nat. Nanotechnol. 11, 878-884 (2016).

G W N

Acknowledgements
This work was supported by the National Research Foundation of Korea (2015M3D1A1070465). G. G.
acknowledges a support by the National Research Foundation of Korea (2016R1A6A3A11935881).

SCIENTIFIC REPORTS | 7:45669 | DOI: 10.1038/srep45669 6



www.nature.com/scientificreports/

Author Contributions
Y.K.K. conceived the study. G.G and K.-].L. carried out the mathematical modelling. All authors contributed to
discussing the results and writing the manuscript.

Additional Information
Competing Interests: The authors declare no competing financial interests.

How to cite this article: Go, G. et al. Enhancing current-induced torques by abutting additional spin polarizer
layer to nonmagnetic metal layer. Sci. Rep. 7, 45669; doi: 10.1038/srep45669 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:45669 | DOI: 10.1038/srep45669 7


http://creativecommons.org/licenses/by/4.0/

	Enhancing current-induced torques by abutting additional spin polarizer layer to nonmagnetic metal layer
	Introduction
	Model Calculation Methods
	Results
	Discussion
	Additional Information
	Acknowledgements
	References




