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We present a theory of the anisotropy of tunneling magnetoresistance (ATMR) phenomenon in magnetic
tunnel junctions (MTJs) attributed to Rashba spin-orbit interaction in the insulating barrier. ATMR represents
the difference of tunnel magnetoresistance (TMR) amplitude measured with in-plane and out-of-plane magnetic
configurations. It is demonstrated that within the spin-polarized free-electron model the change of conductance
associated with the ATMR is exactly twice the change of conductance measured at full saturation (i.e., in parallel
configuration of magnetizations) between in-plane and out-of-plane configuration, i.e., the tunneling anisotropic
magnetoresistance (TAMR). Both ATMR and TAMR are closely related to the TMR amplitude and spin-orbit
constant. The predicted ATMR phenomenon is confirmed experimentally, showing a few percent value in the
case of the widely studied CoFeB/MgO/CoFeB based MTJ.
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Spin-orbit interactions (SOIs) are at the origin of several
transport properties of bulk ferromagnetic metals, such as
anomalous Hall effect (AHE) [1,2] and anisotropic magne-
toresistance [3]. More recently a lot of attention has been paid
to the influence of spin-orbit coupling (Rashba [4] or spin
Hall effect [5]) on the nonequilibrium spin-orbit torque in
single nanomagnets [4] and on the tunneling anisotropic mag-
netoresistance (TAMR) of magnetic tunnel junctions (MTJs)
[6–9]. The TAMR phenomenon in MTJs is usually measured
at full saturation of the MTJ and consists in a variation
of the tunnel resistance in parallel magnetic configuration
as a function of the direction of the magnetization with
respect to the crystallographic axis. It is measured either
under a rotating saturation field in tunnel junctions with
two magnetic electrodes [9] or in junctions with only one
ferromagnetic [10–12] or antiferromagnetic [13] electrode.
The TAMR is of a different origin compared to TMR [14].
One origin of TAMR [6,7,10,15] is the Rashba interaction
which arises from the gradient of electrical potential at the
interfaces between the ferromagnetic layer and nonmagnetic
heavy metal, semiconductor, or insulator layer. It was shown
that this type of SOI influences the interfacial density of states
(DOS) in the ferromagnetic layer resulting in a dependence
of the DOS on the direction of the magnetization vector with
respect to the crystallographic axes. As a result, the tunneling
current depends on the angle between the magnetization and
crystallographic axes.

In this paper, we present a theoretical and experimental
study of the anisotropy of the TMR (ATMR) in magnetic
tunnel junctions in the presence of Rashba SOI within
the tunnel barrier. The ATMR in MTJs differs from the
TAMR as follows. Let us define Rx P, Rx AP (Rz P, Rz AP)
as the MTJ resistances in parallel (P) and antiparallel (AP)
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configuration with the magnetization of the two electrodes
being in plane (x direction) [out of plane (z direction)]. The
TAMR is defined as TAMR = TAMRP = (Rz P − Rx P)/Rx P.
It is usually measured in parallel magnetic configuration. It can
also be defined as TAMRAP in antiparallel configuration, i.e.,
TAMRAP = (Rz AP − Rx AP)/Rx AP. In contrast, in this paper,
we introduce the ATMR defined as

ATMR = Rx AP − Rx P

Rx P
− Rz AP − Rz P

Rz P
. (1)

Considering that the TAMRP is weak [9], ATMR ∼ TAMRP −
TAMRAP. The ATMR represents the variation of the TMR
amplitude between in-plane magnetic configuration and out-
of-plane magnetic configuration due to SOI. It is interesting to
note that such dependence of the magnetoresistance amplitude
on the direction of the current with respect to the magnetization
has already been observed with the giant magnetoresistance in
spin valves [16]. In MTJs, from a general experimental point
of view, the TMR of MgO based in-plane magnetized MTJs
has reached values above 600% [17,18]. In contrast, the largest
TMR of MgO based out-of-plane magnetized MTJs is in the
range 200–350% [19], significantly lower than the values ob-
tained in their in-plane magnetized counterparts. In theory, the
TMR amplitude predicted by ab initio calculations neglecting
spin orbit [14] is much larger than the experimentally obtained
values. In experiments, the TMR amplitude is limited by
defects which can have several origins: interdiffusion of metal-
lic species in the composite magnetic electrodes [17,18,20],
structural defects associated with fcc/bcc in-stack structural
competition [21], presence of dislocations in MgO associated
with Fe(Co)-MgO crystallographic mismatch, adsorbed water
molecules, etc.

However, considering the significant difference of TMR ob-
served between in-plane and out-of-plane magnetized MTJs,
it is interesting to investigate whether an intrinsic origin of
this difference can be attributed to spin-orbit effects. In this
paper, we developed an analytic description of ATMR in the
free-electron model as it was carried out in Ref. [22] for TMR
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and show that correlations exist between ATMR, TAMR, and
TMR. Furthermore, we confirm our theoretical predictions
by experimental investigation of the ATMR behavior in
MgO based MTJs with orthogonal anisotropies, i.e., with
one electrode being magnetized in plane and the other being
magnetized out of plane. By applying a saturation field succes-
sively in plane then out of plane, we could derive the ATMR
amplitude in these MgO based MTJs. Its amplitude is quite
weak, which is consistent with earlier TAMR measurements
on similar MTJs [9], and the TAMRAP is found to be opposite
to the TAMRP.

In MTJs, spin-orbit coupling appears within the barrier due
to the gradient of voltage across the barrier (Rashba effect) or
due to the presence of impurities of heavy ions embedded into
the barrier. In the MgO based MTJs of practical interest, in
particular for magnetic random access memories, the amount
of heavy metal impurities in the tunnel barrier is negligible so
that the dominant source of spin-orbit coupling is in this case
the Rashba effect.

Earlier, the AHE in MTJs due to the spin-orbit scattering in
the barrier [23] or Rashba type spin-orbit coupling [24] were
investigated. Here below, the influence of spin-orbit coupling
due to the gradient of voltage within the barrier (Rashba effect)
on the tunnel magnetoresistance of MTJs and on the anisotropy
of this TMR is theoretically addressed. Let us describe the
MTJ as a magnetic sandwich consisting of two ferromagnetic
metals separated by an insulating barrier. The Hamiltonian
of the system can be written for the free-electron model in
mean-field approximation as follows:

Ĥ = p̂2

2m
− Jsd σ̂ 〈Ŝd〉 (2)

for the F layer, where Jsd is the exchange interaction of the
itinerant s electrons with the localized d electrons, σ̂ is the
Pauli matrix, and 〈Ŝd〉 is the averaged value of d-electron
spin described as a unit vector in the direction of the local
magnetization:

〈Ŝd〉 = (sin θ cos ϕ; sin θ sin ϕ; cos θ ). (3)

In the barrier, the Hamiltonian is written

〈Ĥ 〉 = p̂2

2m
+ U + iα

(
σ

[
�z × ∂

∂�r
])

, (4)

where α = λ2eV/d, λ being the effective Compton length,
d is the barrier thickness, U is its height, V is the drop of
applied voltage across the barrier, and �z is the unit vector in
the z direction (see Fig. 1). The solutions of the Schrödinger
equation with Hamiltonians (2)–(4) for the wave functions in
all three layers for θ = π/2 or 0 and ϕ = 0 can be easily
derived.

We now calculate the densities of currents J at first order
on voltage for both directions of spin projections substituting
the calculated expressions for the wave functions into the
expression

J ↑(↓) = − e2

2πh̄

1

(2π )2

∫
J ↑(↓)

	,ε,γ

∂f

∂ε
dγ dε 	d	,

J ↑(↓)
	,ε,γ = Im ψ∗ ∂ψ

∂z
, (5)

FIG. 1. Sandwich structure. 1 and 3, ferromagnetic layers; 2,
insulator. Averaged spin 〈Ŝd〉1 is collinear (P or AP) to the 〈Ŝd〉3.

where J ↑(↓)
	,ε,γ is the dimensionless partial current density for

spin-up and- down projections and for given values 	, ε and
angle γ .

We are interested in the value of the tunneling anisotropic
magnetoresistance (TAMR) and anisotropy of tunnel magne-
toresistance (ATMR). In the limit of a thick barrier, we have

J
P(AP)
TAMR = J	,ε|θ= π

2 ,ϕ=0 − J	,ε|θ=0,ϕ=0

= ±(E)2 8q2
0 e−2q0d

(
q2

0 − k1k2
)2

(
q2

0 + k2
1

)2(
q2

0 + k2
2

)2 (k1 − k2)2

= ±(E)2 1

2
TMR,

E = E+|z=z2 − E−|z=z2 ≈ 2m

h̄2

d

q0
α|	| (6)

where TMR is the amplitude of the tunnel magnetoresistance
expressed as (J P − J AP) for a given voltage, without spin-orbit
contributions:

E±(z) = eq±(z−z1),

q± =
√

q2
0 ± 2m

h̄2 α|	|,

q2
0 = 2m

h̄2 (U − EF + ε) + 	2,

k1(2) =
√

k
↑(↓) 2
F − 	2 − 2m

h̄2 ε,

where EF is the Fermi energy. The difference of q+ − q− is due
to the splitting of the evanescent bands in the barrier caused by
SOI. In Eq. (6), it is interesting to note that J P

TAMR is exactly
opposite to J AP

TAMR. As a result, the following remakable
equality is obtained

JATMR = (J P − J AP)|θ= π
2 ,ϕ=0

− (J P − J AP)|θ=0,ϕ=0 = 2J P
TAMR (7)

meaning that the ATMR amplitude is twice the TAMR
amplitude. Besides equation (6) indicates that the TAMR is
proportional to TMR before integration over ε and 	, so
that the TAMR/TMR ratio gives the value of the spin-orbit
amplitude α. For a given α, the larger the TMR, the larger
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FIG. 2. The dependence of the absolute TAMR (Jθ=π/2 − Jθ=0)
at a given voltage V = 0.5 V on the value of Rashba constant α.
For θ = π/2, the direction of magnetization is perpendicular to
the current (in-plane magnetization) and for θ = 0 it is parallel
to the current (out-of-plane magnetization). The upper half of the
figure corresponds to the configuration with parallel directions of
magnetizations of F electrodes (magnetic configurations shown in
top inset) and the lower half corresponds to the antiparallel one
(magnetic configurations shown in bottom inset). The curves are given

for different values of k
↓
F (Å

−1
) and fixed k

↑
F = 1 Å

−1
, q0 = 1 Å

−1
,

d = 7 Å. The values of constant α are given in Table I of [4]. They
vary in the interval 0.01–1.

the TAMR. The most dramatic changes in electron transport
due to the influence of spin-orbit interaction are expected
in MTJs comprising half-metallic ferromagnetic electrodes.
In this case, in the antiparallel magnetic configuration, the
density of current without spin-orbit interaction is equal to
zero. In the presence of SOI, a tunneling current appears the
density of which is proportional to the square of the spin-orbit
interaction (E)2. As a result, the tunnel magnetoresistance
(JP − JAP )/JAP remains finite. For weak values of α in
the range 0.01–0.1 eV Å, the TMR should reach very large
amplitude in the range 103–105. However, in experiments,
TMR amplitude of only ∼850% at low T was observed
[25]. This rather low experimental TMR value obtained in
half-metal based MTJs can be explained by the presence of
significant SOI. Another interesting feature of the influence of
spin-orbit interaction on TAMR for the antiparallel configura-
tion of half-metallic electrodes is the expected abnormally high
value of anisotropic magnetoresistance in AP configuration:
JAP (θ = 0)/JAP (θ = π/2) = 2. Figure 2 shows the variation
of the absolute TAMR in the P and AP configurations
versus Rashba constant α for different values of k

↓
F for

fixed k
↑
F . As already pointed out, the signs of TAMR are

opposite for the P and AP configurations. We may notice
that the absolute values of TAMR (JTAMR) for P and AP
configurations are the same, but the absolute relative value of
TAMR defined as JTAMR/Jθ=0 is larger in the AP config-
uration due to the difference of total currents for P and AP
configurations.

The TAMR in MgO- and Al2 O3-based MTJs has already
been measured in Ref. [9] in parallel magnetic configuration
by applying a rotating field large enough (7 T) to saturate
the magnetization of both electrodes along the field direction.

A well-defined TAMR signal was observed at 10 K with,
however, a rather small amplitude in the range 0.1–0.3%. In the
present experimental study, the ATMR of MgO-based MTJs
was investigated. Measuring the ATMR requires us to be able
to set the sample in AP and P magnetic configurations, the
magnetization of both magnetic electrodes being once oriented
in plane and once oriented out of plane. Practically, this is
possible in P configuration by applying a saturation field,
respectively, in plane and out of plane. However, achieving this
for the AP configuration would require the sample to exhibit
a strong cubic anisotropy with easy axis both out of plane and
in plane or an antiferromagnetic coupling through the tunnel
barrier larger than the anisotropy energy. None of these require-
ments are satisfied in sputtered CoFeB/MgO-based MTJs.
We therefore decided to design a sample in which the two
magnetic electrodes have orthogonal anisotropies: one has out-
of-plane anisotropy, and the other has easy-plane anisotropy.
This can be obtained by carefully adjusting the thickness
of each CoFeB layer so that in one electrode the interfacial
perpendicular magnetic anisotropy (PMA) at the CoFeB/MgO
interface dominates the demagnetizing energy of the corre-
sponding CoFeB layer, whereas for the other electrode the
opposite is true. Then by performing two sets of magne-
toresistance measurements versus field, using the current-in-
plane tunneling setup (CIPTMR) [26], one with field applied
in plane and the other with field out of plane up to full
saturation, one can probe on the same sample the TMR
amplitude associated with a change in relative orientation of
magnetization from 90 to 0◦ with the parallel final state either
in plane or out of plane. Here one must make sure that the full
saturation can be reached with the maximum fields available
in the CIPTMR measurement setup both with in-plane and
out-of-plane field. In our setups, these maximum fields are,
respectively, Hx max CIPTMR = 1.5 kOe for the in-plane field con-
figuration and Hz max CIPTMR = 3 kOe for the out-of-plane field
configuration. As a result, the thicknesses of the two magnetic
electrodes (t1 and t2) must be chosen to fulfill the following
equations:

0 <
2

M1s

(
K1s

t1
− 2πM2

1s

)
< Hx max CIPTMR,

0 <
2

M2s

(
2πM2

2s − K2s

t2

)
< Hz max CIPTMR, (8)

where Ms , Ks , and t represent, respectively, the saturation
magnetization, interfacial PMA, and thickness of the two
magnetic electrodes. After a detailed study of the influence of
the electrode thickness on the magnetic effective anisotropy
of bottom and top electrodes [27], the following sample
composition was chosen fulfilling the required conditions: Ta
(3 nm)/CoFeB (1.15 nm)/MgO (1.4 nm)/FeCoB (1.6 nm)/Ta
(1 nm)/Pt (2 nm). The MgO barrier was formed by a two
step natural oxidation of an Mg layer under 150 mbars
oxygen for 10 s. The samples were subsequently annealed
1 h at 300 ◦C. The 1.15-nm-thick bottom electrode which
has a weaker interfacial anisotropy (Co rich alloy) has
in-plane magnetization (electrode 2) whereas the thicker
top electrode which is Fe rich has out-of-plane anisotropy
(electrode 1).
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FIG. 3. Normalized magnetization vs field. (a) Field applied in
plane (x direction). (b) Field applied out of plane (z direction). The
vertical lines indicate the corresponding maximum field available in
the CIPTMR experimental setups.

Magnetization measurements were first performed using a
vibrating sample magnetometer with in-plane and out-of-plane
field (see Fig. 3). Figure 3(a) shows that in-plane saturation of
the top electrode magnetization is reached at about 1.3 kOe,
below the 1.5-kOe maximum field available in the CIPTMR
setup with in-plane field configuration. Conversely, Fig. 3(b)
indicates that the out-of-plane saturation of the bottom elec-
trode is reached at a field ∼3 kOe low enough so that saturation
can be reached in the CIPTMR setup with out-of-plane field
configuration. The rapid rise of magnetization at low fields
(<01 kOe) seen in Fig. 3(b) is due to the fact that the top
electrode at Hz = 0 is in multidomain up and down states and
rapidly gets saturated out of plane upon Hz field application.

Next, CIPTMR measurements were performed with field
applied in plane and out of plane up to full saturation
(see Fig. 4). A gradual decrease of the resistance is observed
in both cases due to the change in relative orientation between
the magnetization of the two electrodes from 90 to 0◦. By
combining the data of Figs. 3 and 4, we plotted in the insets
the variation of conductance (inverse of resistance) versus the
component of rotating magnetization along the applied field
direction.

Assuming that the conductance varies as a linear function
of the scalar product between the magnetization of the two

FIG. 4. RCIPTMR vs field. (a) Field applied in plane (x direction).
(b) Field applied out of plane (z direction). Inset: Conductance
(inverse of RCIPTMR) vs the reduced component of the rotating mag-
netization along the applied field direction. The red line represents a
linear fit of the experimental variation.

electrodes [22], linear fittings of the conductance versus
component of the rotating magnetization along field direction
were performed forcing the conductance at H = 0 to be the
same in the two cases. The following fitting equations were
obtained: G(�−1) = (0.034984 ± 8×10−5) + (0.01106 ±
7×10−4)M1x /Ms for in-plane field [Fig. 4(a)] and G(�−1) =
(0.034984 ± 8×10−5) + (0.01071 ± 1.4×10−4)M2x/Ms for
out-of-plane field. From these values, by extrapolation, one
can derive the full TMR amplitude measured between P and
AP configurations in in-plane and out-of-plane configurations.
The following values were obtained: Rx min = 21.72 ± 0.15�

and Rx max = 41.80 ± 0.29� yielding (R/R)x = 92.4 ± 08%
for the in-plane configuration and Rz min = 21.88 ± 0.29�

and Rz max = 41.20 ± 0.55� for the out-of-plane configuration
yielding (R/R)z = 88.3 ± 23%.

It appears clearly from these results that the difference of
TMR measured in plane and out of plane is weak. Therefore
the large difference in TMR amplitude generally observed
between in-plane magnetized MTJs (up to 600% at RT) and
out-of-plane magnetized MTJs (up to 350%) is due not to an
intrinsic effect related to spin-orbit coupling but likely to a
poorer growth quality in out-of-plane magnetized MTJs due
to the in-stack coexistence of fcc and bcc layers or to the use
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FIG. 5. (a) Toy model as in Fig. 1 of Ref. [26] for the CIPTMR
experiment. (b) Spatial variation of the voltage in the top electrode
VT (ξ ) and in the bottom electrode VB (ξ ), ξ being the in-plane
coordinate between the two electrical contacts. The voltage drop
across the barrier to which the Rashba coefficient is proportional is
represented by the vertical separation VT (ξ ) − VB (ξ ).

of thinner magnetic layers in perpendicular MTJs or to the
presence of impurities in or very next to the tunnel barrier.

More quantitatively, the error bars are unfortunately too
large to make a definite conclusion but the observed difference
between Rz min and Rx min is consistent in amplitude (a few
tenths of a percent) and sign with the previous measurement
of TAMR reported in Ref. [9]. Furthermore the TAMRs
measured in P and AP configurations (Rz min − Rx min versus
Rz max − Rx max) have opposite signs, which is consistent with
expression (6) and the calculation shown in Fig. 2.

Now, when trying to quantify the ATMR amplitude from
CIPTMR experiments, one has to take into account that the
voltage drop across the barrier is not uniform between the
electrical contacts. In the present semiquantitative approach,
the spatial variation of this voltage drop can be estimated
using the toy model of CIPTMR measurement proposed by
Worledge and Trouilloud (Fig. 1 of Ref. [26]) (Fig. 5). The
current is injected at the top surface of the top electrode and
assumed to flow in parallel in the top and bottom electrodes
which have respective resistance per square (RT and RB) and
thickness (tT and tB). The current is leaking downwards from
the top to bottom electrodes through the first half of the junction
area and leaking upwards through the tunnel barrier over the
second half of the junction area. Calling x the distance between
the electrical contacts, L the width of the sample, RA the
resistance × area product of the tunnel barrier, and using the
same resistance network as in Fig. 1 of Ref. [26], one can easily
calculate the equivalent resistance measured in the CIPTMR

experiment:

Req =
(

x

L

)
RT RB

RT + RB

1 + 4RA

x2RB

1 + 4RA

x2(RT + RB)

. (9)

The voltage drop across the barrier then varies linearly as a
function of the in-plane position ξ as

VT (ξ ) − VB(ξ ) =

⎛
⎜⎜⎝ V

2 + x2RB

2RA

⎞
⎟⎟⎠ ξ

2L
. (10)

As a result, the Rashba coefficient α also varies in a similar
linear fashion. The TAMR and ATMR being proportional to
α2, the spatial averaging of the parabolic variation of the
ATMR effect should lead to an effectively measured ATMR
amplitude twice lower than the one that would be obtained
with uniform voltage drop across the barrier. Consequently,
the weak difference in magnetoresistance amplitude measured
in plane and out of plane (92.4 vs 88.3%) represents an
ATMR of two times 4.6 ± 32% at room temperature, i.e.,
9.2 ± 64%. This is the right expected order of magnitude
but the uncertainty is too large to reasonably try to extract
a corresponding value of the spin-orbit constant.

The measured ATMR encompasses all possible spin-
orbit contributions influencing the dependence of the spin-
dependent transport across the tunnel barrier on magnetization
orientation. From a theoretical point of view, we examined
here in detail the possible role of Rashba effect across the
tunnel barrier. However, another contribution may originate
from magneto-Coulomb effect [28]. Due to spin-orbit interac-
tion, the density of states along the MgO/CoFeB interface
depends on the direction of magnetization with respect to
the crystallographic axis. This yields electron redistributions
which depend on whether the magnetization is oriented in
plane or out of plane. This contributes to the TAMR effect and
may also contribute to the ATMR effect. The measured ATMR
amplitude must therefore be viewed as an upper limit of the
investigated Rashba contribution.

In conclusion, the anisotropy of the TMR (ATMR) was
investigated both theoretically and experimentally in MgO-
based magnetic tunnel junctions. Theoretically, it was shown
that under the model assumption, the ATMR amplitude has
twice the TAMR amplitude measured in parallel configuration.
This derives from the fact that the TAMR (expressed as
absolute variation of current or conductance at given voltage)
in P configuration is just opposite to the TAMR in AP configu-
ration. These effects were semiquantitatively confirmed by ex-
periments performed on MTJs having orthogonal anisotropies
(one electrode having easy-plane anisotropy and the other
having perpendicular-to-plane anisotropy). These spin-orbit
effects are too weak to explain the large difference in TMR
amplitude generally observed between in-plane magnetized
MTJs (up to 600%) and out-of-plane magnetized MTJs (up to
350%). This difference is more likely related to differences in
stack growth quality and thickness of the magnetic layers.

It would be interesting to repeat this type of measurements
at higher bias voltage to single out the Rashba contribution
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in the observed ATMR effect since this contribution should
increase quadratically with the bias voltage. One could also try
to enhance the ATMR effect by using barrier materials with
larger spin-orbit constant taking advantage of the knowhow
developed in the field of spin orbitronics, for instance, by

introducing large spin-orbit impurities (e.g., Bi) in the barrier
[29,30].

This work was partly funded by European Research Council
MAGICAL Advanced Grant No. 669204.
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