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Single ferromagnetic layer magnetic random access memory
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We propose a magnetic random access memory (MRAM) device in which both the writing
and reading processes are realized within a single ferromagnetic (FM) layer. The FM layer is
sandwiched between layers of heavy element and oxide to enhance the Rashba spin-orbit coupling
(RSOC). When the in-plane FM moments are oriented at some intermediate angle to the current
direction, the RSOC effect induces a spin accumulation in the FM layer, which in turn generates a
Rashba spin torque field via the s-d exchange interaction. This field acts as the writing field of the
memory device. The RSOC also induces a charge accumulation in the transverse direction via the
inverse spin Hall effect (ISHE), which can be used to realize the memory read-out. The writing and
read-out processes of the proposed memory are modeled numerically via the non-equilibrium Green’s
function technique. Besides the advantages of Rashba spin torque writing, i.e., no spin injection and
symmetrical data-writing process, this single FM layer MRAM design does away with having a giant
magnetoresistive or magnetic tunnel junction multilayer structure by utilizing the ISHE for the read-
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. INTRODUCTION

It has been shown that Rashba spin-orbit coupling
(RSOC) effects at the surfaces of metals can be enhanced by
the presence of heavy elements'” and surface oxidation.’
The combination of the enhanced RSOC at the surface, and
exchange interactions with the local ferromagnetic (FM)
moments result in a large intrinsic spin torque, which is sus-
tained up to room temperature.*™ Memory devices which uti-
lize the spin torque effect arising from RSOC has the
advantages of higher density of integration and lower energy
consumption, as they do not require injection of spin polarized
current via non-collinear ferromagnetic layers. In previous
works, the read-out process of the proposed RSOC torque
based memory is based on the conventional tunnel magneto-
resistance effect, which necessitates the presence of a magnetic
tunnel junction, thus adding to the device complexity. In this
work, we propose the read-out to be based on another phenom-
enon arising from the RSOC effect, namely the inverse spin
Hall effect (ISHE).>'° The application of the ISHE in the read-
out process enables us to achieve a single layer memory device
in which both the writing and reading processes are integrated
within the same RSOC medium. The spin Hall effect and its
inverse counterpart, ISHE, have been intensively studied in
semiconductors.''™'” However, the integration of Rashba spin
torque for writing and intrinsic ISHE for writing in a magnetic
random access memory (MRAM) application has not been
proposed. Here, we will model numerically via the non-
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equilibrium Green’s function (NEGF) technique both the
Rashba torque induced writing process and the read-out pro-
cess via the Hall voltage induced by the ISHE effect.

Our proposed single FM layer MRAM design is shown
schematically in Fig. 1. The key element is the presence of a
FM layer with a strong RSOC effect and an in-plane mag-
netic anisotropy. In general, for a 3d FM material, a strong
RSOC effect is observed in very thin samples, which exhibit
perpendicular anisotropy.® However, a recent study of the
RSOC effect in 3d FM metal system has shown that a signifi-
cant Rashba field is still present when the FM layer is suffi-
ciently thick to exhibit an in-plane anisotropy.'® In addition,
for 4f FM materials like Gd, a large Rashba coupling can co-
exist with an in-plane anisotropy.'® In the system under con-
sideration (Fig. 1), the FM layer (Co) is sandwiched between
a metal layer made of a heavy element (e.g., platinum) and
an oxide layer in order to enhance the RSOC effect at the
interfaces. The stable orientation of the FM moments in the
Co layer is set along some direction in the x-y plane, at some
angle ¢ to the current direction along the x-axis. The pres-
ence of the Rashba SOC induces an effective field H,z along
the *y direction, depending on the *x direction of the cur-
rent j, flowing through the FM layer. Thus, by utilizing the
Rashba spin torque, the FM moments can be switched sym-
metrically during the writing process by modulating the
direction of the bias voltage and hence that of j.. Meanwhile,
due to the existence of the x component of the FM moments,
the read-out process can be achieved by measuring the Hall
voltage induced by ISHE. We have shown previously?” that
FM moments along the current (i.e., x) direction will induce
a charge imbalance across half of the length of the top and
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FIG. 1. Schematic diagram of the (a)

z proposed single FM layer MRAM de-

vice. (b) (Left) The fields induced by
the Rashba torque acting on the FM
moments during the data-writing pro-
cess (left) and the orientation of the ani-
sotropy axis of the FM layer relative to
the current direction (right). (c) Lattice
discretization of the device for tight-
binding NEGF calculation, with P and
QO being the number of lattice cells in
the longitudinal and transverse dimen-
sion, respectively. The Hall voltage V,
is measured by means of electrodes,
which extend over half of the transverse
edges of the central FM region, i.e., for
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bottom edges, which can be quantified by placing electrodes
over the said edges, as shown in Fig. 1(c). Thus, in the de-
vice set-up, equilibrium FM orientation (i.e., the easy or ani-
sotropy axis of the FM layer) is set at some intermediate
angle ¢ <7 to the current j,. This will ensure that (i) the
magnetization can be switched by the Rashba field, and (ii)
the magnetization will induce a charge imbalance along the
transverse edge via the ISHE effect.

Il. DERIVATION AND CALCULATION

We model the transport of the system via the tight-
binding NEGF method.”’ The system is first discretized
into a lattice of cells with index (p, ¢), where 1 < p < P and
1 < g < Q [see Fig. 1(c)]. In the tight-binding formalism,
the Hamiltonian of the system can be expressed as

— i + ¥
Hﬂ - Z4t0apqoa[’q(f — I (aerl,qoanO' + ap,quloa[’qO' + HC)
rqo
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Pqo
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where H, is the Hamiltonian for the non-magnetic (NM)
leads (u=L,R), Hc is the Hamiltonian of the central
FM region in the presence of a RSOC effect, which is

characterized by the parameter ¢,,, and an exchange interac-
tion between the conduction electrons with the local FM
moments, which is characterized by Jy, (i.e., Hy = Jy 6 ‘M
is the exchange Hamiltonian), and Hy is the tunnel coupling
between the leads and the central region.

With the above Hamiltonian, one can write the Green’s
function equation in matrix form: (E[l] — [H])[G]" = I. From
this matrix relation, one obtains a series of equations by con-
sidering different lattice points (p,¢) in the central region,
ie.,

I = (E — 419)Gl(a0) — JliSgn[olsin(e) + cos(¢)|GLi(Ga)

+t [Ggfl’p(aa) +G11

p+17p(aa) + GZ;I’(I(O'O') + GZ;I"](O'O')]

—t5[0GT?

o4, (G0)+iGIT(50) — 0GLY

pfl,p(aa)

—iGI 1 (a0)]. (2)
The infinitely large matrix [H] consists of sub-matrices
denoting the Hamiltonian of the central region ([Hc]), and
that of the two leads, as well as the coupling coefficients
between the two leads and the central region ([’CL/R7C]).
Following standard tight-binding method procedures, one
can represent the effect of the leads in terms of self-energies
[X]} z and obtain a relation for the retarded Green’s function
of the central region [G¢]"

(EM] = [He] = [Z], = [Elp)Gc] =1, 3)
where (5517 ) = [0 118 1005y opi) [Togi e the

self energies of the left (L) and right (R) leads, and

[g"]g’(‘gﬂ)o(p 41y are the retarded Green’s functions of the
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isolated L and R leads. The retarded Green’s function of the
central region can then be evaluated by inverting Eq. (3), i.e.,
[Gel” = (E[l] — [He) — [Z];, — [Z]R)"". The lesser Green’s
function [G]~, which is related to the electron density, can then
be calculated via the Langreth formula: [G]~ = [G]'[Z]~[G]
in which [2]~ =37 _, (([Z]} = [Z]})f,, where f, being the
Fermi distribution function within lead u. From the retarded
and lesser Green’s functions of the central region, one can cal-
culate useful parameters, which are related to the writing and
reading processes of the proposed single FM layer MRAM
device.

In our numerical calculations, the central region is dis-
cretized into a square lattice of (P x Q) of unit cells, with
the cell dimension being set to a = 0.045 nm. Since the
Fermi energy of the central Co layer is 7.38 eV, the Fermi
wavelength 4 &~ 10a, and thus our model can simulate a con-
tinuum system to a good approximation. In our calculations,
we consider a central region consisting of (200 x 100) cells,
which correspond to the dimensions of (9nm x 4.5nm) for
the central region. The other parameters assumed in our cal-
culations are as follows: the coupling strength between
neighboring sites is ¢ = % = 18.69 eV, the coupling to the
leads are set for simplicity to f;,r = 0.8, and the FM
exchange energy is assumed to be |M| = 0.85 eV.”> Now,
the typical strength of the RSOC constant o is found to be in
the range of 4 x 107" < o <3 x 107" eVm.>'>* This
translates to a range of the RSOC coupling term, 7y, = 7 of
0.4 to 3.3eV. Finally, we assume the easy axis in the central
region to lie at the angles ¢ = £ and %” to the x-axis. These
two directions correspond to the magnetization states, which
are approximately parallel and antiparallel to the x-direction,
respectively, but with a component along the y-axis to enable
switching via the Rashba spin torque.

A. Writing process based on Rashba spin torque
switching

The effect of Rashba spin torque on magnetization dy-
namics has been theoretically studied*”’ and experimentally
confirmed.®? However, these previous results cannot be uti-
lized directly for MRAM application, because the effective
field (Hp) due to RSOC (in the in-plane direction) was
directed perpendicular to the equilibrium orientation of the
FM moments (in the out-of-plane direction). Thus, the field
H,5 due to the RSOC effect did not break the symmetry
between the two stable orientations of the FM magnetization
and could not switch it from one stable direction to the other.
To overcome this limitation in our proposed device, where
the easy direction is set at an in-plane direction, at some angle
¢ < 5 to the H, 4 direction (along the y-axis)—see Fig. 1(b).

We now set out to calculate the effective field acting on
the FM moments in the central region due to the Rashba spin
torque. From the NEGF method, we first evaluate the spin
accumulation (s;), which is induced by the combined effect
of exchange coupling with the local FM moments and the
RSOC effect. Then, by considering the exchange energy
term in the Hamiltonian, i.e., Hy = Jy (§~M), one can
deduce H 4 by taking the functional derivative (for simplic-
ity we reset Hor = pioH of7)

J. Appl. Phys. 114, 084306 (2013)

OHy Jsd<si> JVd<Sy>m
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in which i = x, y, z denotes the axis directions, M, is the satu-
ration magnetization of Co, and V is the volume. Having
obtained H,s, the effect of the Rashba torque on the FM
magnetization dynamics can be modeled by treating H as
an additional field. For instance, the switching (writing) of
the FM moments can be obtained by minimizing their free
energy. The local spin density in Eq. (4) can be evaluated by
considering the Green’s functions derived in Sec. I. In the
cell at (p, ¢), it is given by
in [~ f e
(Si)pg = fﬂj N Tr[S:G,, ,,(E)|dE. (5)

The effective field H, is then estimated by taking the dis-
crete sum over the lattice cells, i.e.,

Jsd pq<si>17‘1

Heff(l) = - MS(PQ(IZZ‘) ) (6)
where ¢ is the thickness of the Co layer. Besides the effective
field, we also calculate the current through the device. From
the Hamiltonian, we find that current passing through the de-
vice in the *x directions will give rise to a Rashba effective
field H,z in the *y directions (noting that the interfacial
electrical field E, which generates the RSOC effect lies in
the z direction as shown in Fig. 1(b)). The charge current
through the system can be expressed in terms of the Green’s
functions as follows:

I = EJW Tr[E]5 (©A@©)] — [[(0),G%()]de, ()

—00

where A(e) = i[G"(e) — G*(¢)] is the spectral function.

We investigate the correlation between the effective
field H 4 to the charge current. Fig. 2(a) shows that the effec-
tive field H 4 in the y-direction is linearly proportional to the
current density. Since H 4 is primarily induced by the RSOC
effect, we expect it to increase with the RSOC strength #,,,.
As shown in Fig. 2(b), H4 does show a generally increasing
trend with #,, and for a sufficiently large Rashba coupling,
the increase is approximately proportional with z,,. These
trends are consistent with previous results.*®

Having evaluated H,y, we now consider its role in the
switching of the FM moments, which constitutes the writing
process in our MRAM device. Assuming M is initially along
the easy axis, i.e., in one of the two stable states of the FM
magnetization, as shown in Fig. 1(b). Upon application of
current in the —x direction, M can be made to align to H 4 in
the y-direction if the current density —j, is sufficiently large.
When the current is switched off, M will then relax to the
nearest stable state M’. M’ can be switched back to the origi-
nal stable direction M by applying the bias voltage and
hence, current in the opposite direction due to the symmetry
of the RSOC effect (i.e., current in the x direction will pro-
duce H,y in the —y direction). We model this writing
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FIG. 2. The effective field H 4 in the y-direction as a function of (a) current density in the x-direction for different RSOC strengths, which are characterized by

the coupling term ¢,,; and (b) RSOC strength #,, for different bias voltage values.

(switching) process by considering the classical free energy
expression. By considering the system shown in Fig. 1(b),
and assuming it is uniformly magnetized (macrospin model),
the free energy is given by

1
& = K,sin0 + M H,zysin(p — 0) + 5 poM> Z Nm?, (8)

i=xy,z

where K, is the anisotropy energy, 0 is the angle between the
magnetization M and the easy axis, N; is the demagnetizing
factor along axis i, and m; are the corresponding direction
cosines of M. Let the current, effective field, and the vertical
axis to be along the —x, —y, and z axes, respectively, as
shown in Fig. 1(b). If we assume, the magnetization switch-
ing to occur within the x-y plane, then the above expression
reduces to

& = K,;sin*0 + MH fssin(o — 0)

+ % M2 (N — Ny)cos* (¢ — 0) + C, )
where C is some constant independent of 0. In the above, we
assume the demagnetizing factors to be constant. Generally,
these factors are constant only for magnets of ellipsoidal
shape.?* For the rectangular FM layer in our structure, the
demagnetizing factors would vary spatially. Thus, we esti-
mate the corresponding demagnetizing factors by averaging
over the volume of the FM layer. Such an approximation
would suffice for the macrospin model adopted in our calcu-
lation. The dimensions assumed for the Co layer are
(9nm x 4.5nm x 0.5 nm), for which the average demagnet-
izing factors are numerically given by:*> N. = 0.8278;
N, =0.0563; and N, = 0.1159. Taking the values for the
magnetic parameters of Co as M, = 1.09 x 10° Am~! and
K, = 1.0028 x 10°Jm3.® we evaluate the equilibrium mag-
netization direction ), which corresponds to the minimum
energy. Repeating this for different applied field H .4 values
as H 4 is swept from negative to positive saturation and vice
versa, we obtain the magnetic hysteresis curves correspond-
ing to different easy axis orientation (Fig. 3). The maximum
switching field occurs when the anisotropy axis coincides
with the long axis of the Co layer (along the x-axis) and is

approximately 0.8 T. Referring to Fig. 2(a), one can see that
this switching field can be attained at a current density of
less than 1.0 x 10° A/cm? for the range of Rashba coupling
strengths considered.

B. Reading process based on ISHE

The non-equilibrium charge density p,, in the central
region is given by

Py = — J TG, (E)dE, (10)

T onta2 . Pg:rq

where (p,q) corresponds to the lattice coordinates in Fig.
1(b), ¢ is the thickness of the central region, a is the lattice
constant, and the trace is performed over the spin degree of
freedom. The Hall voltage is reflected, up to a proportional-
ity constant, by the charge density difference at the top and
bottom boundaries of the right half of the central region over
which the Hall electrode extends, i.e., for column index g
< p < P [see Fig. 1(c)]. In the case of the spin Hall effect,
there is an imbalance only in the spins but not charge, and
thus the charge density difference Ap = 0. In our case, how-
ever, the presence of the net x-component FM moment
results in a nonzero Ap due to ISHE.?® The sign of Ap, and
hence the Hall voltage V, is dependent on the magnetization
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FIG. 3. Magnetic hysteresis of the FM layer for different tilt angles ¢ of the
anisotropy axis.
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FIG. 4. The charge distribution p,, , (in unit of ;%) at the (a) bottom, and (b) top edges of the right-hand half of a central region discretized into a lattice of (P x Q)
= (200 x 100) cells, corresponding to the magnetization orientation of ¢ = Z to the x-axis. The RSOC strength is #;, = 0.9 eV and the bias voltage is V= 1 meV.

orientation ¢ with respect to the x-axis. Hence, when the FM
moments are switched from % to Tz this will be accompanied
by the reversal in the sign of V,. Fig. 4 shows the calculated
charge distribution of p,, at (a) the bottom, and (b) top
edges of the right half of the central region, corresponding to
the RSOC strength of ¢, = 0.9 eV and a small bias voltage of
V=1meV. The bias voltage is chosen such that the charge
current is not sufficiently large to switch the FM moments,
according to the results in Subsection II A. Even at this small
bias voltage, there is a distinct charge accumulation at the top
edge when the magnetization is oriented at ¢ = ¢ as can be
seen in the asymmetry between Figs. 4(a) and 4(b). When the
magnetization is switched from £ to %", the charge imbalance
shifts to the bottom edge, and thus the sign of V; reverses.

Finally, we would like to estimate the size of the Hall
voltage. Applying Coulomb’s law, the Hall voltage would be
proportional to the linear density of the charge imbalance at
the edges, and inversely proportional to the transverse width
of the Co layer. Using this fact and a previous Hall voltage
study of Rashba SOC in semiconductors,'® and noting the
electron density of the order of 10%° ¢/m? [see Figs. 4(a) and
4(b)] and the dimensions of the Co layer (Fig. 1), we esti-
mate a sizable Hall voltage of the order of 1.0V, which
should be readily measurable. Hence, this shows that the
ISHE can generate a readable Hall voltage, which is depend-
ent on the orientation of the magnetization, and thus be uti-
lized in the readback process of our proposed single layer
memory device.

lll. CONCLUSION

In summary, we have proposed a single FM layer
MRAM device, which utilizes the Rashba spin torque effect
to switch the FM magnetization for the writing process, and
the voltage generated by the ISHE for the read-out process.
The critical parameters for the writing and reading processes,
i.e., the effective field due to the Rashba torque and the
charge accumulation at the transverse edges due to ISHE,
respectively, were determined numerically via the non-
equilibrium Green’s function technique. These calculations
coupled with the macrospin calculation of the switching field
of the FM element indicate the feasibility of utilizing the

Rashba torque and ISHE effects to integrate the writing and
reading processes within a single FM layer. The single FM
layer MRAM design combines the advantages of Rashba spin
torque writing, i.e., no requirement of spin injection and sym-
metrical data-writing process, with a simpler device design,
as the giant magnetoresistive (GMR) stack or magnetic tunnel
junction structure is not required for the read-out process.
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