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Abstract

In the supplementary material, the section S1 presents
a magnetic characterization of the hard Fe/Co layer of
the junctions under study. Section S2 presents a mag-
netic characterization of the soft Fe(001) layer and stud-
ies the possible influence of the Meissner screening on
the coercive fields of the soft and hard layers. Section S3
estimates the strength of the weak antiferromagnetic cou-
pling between magnetically soft and hard electrodes. Sec-
tion S4 provides details about the calibration of the angle
between the soft and hard layers using the Slonczewski
formula, as well as discussing the possible sources of error
for this calibration and their magnitude. Section S5 pro-
vides an estimation for the magneto-anisotropic energy
barrier between the [110] and [100] magnetization direc-
tions, normalized per volume or per atom. Section S6
numerically evaluates the possible domain walls pinning
by superconducting vortices. Section S7 discusses the
contribution of the shape to the magnetic anisotropy. Fi-
nally, section S8 provides details on the theoretical mod-
elling of the observed effects.

S1. Magnetic characterizarion of the hard Fe/Co
layer

Figure S1 shows the magnetic characterization of the
hard Fe/Co bilayer, determined from a typical spin-
valve M-H loop on a standard Fe/MgO/Fe/Co single
crystal MTJ system (continuous layers, unpatterned).
The nominal thickness of the layers on this sample,
MgO(100)/Fe(30 nm)/MgO(2 nm)/Fe(10 nm)/Co(20
nm), has been chosen to optimize the magnetic proper-
ties of the MTJ stack [1]. The TMR measurements of the
coercive fields of the hard (HC,Hard) and soft (HC,Soft)
layers in MTJs under study show that they are well sep-

arated from the external field values used to rotate the
soft layer. Figure S2 shows that the hard layer switching
fields obtained from TMRs along [100], [010] and [110]
measured in our junctions remain far above the typical
range of 70-120 Oe which is used to rotate the soft layer.
Moreover, Figure S3 also shows the typical temperature
dependence of HC,Hard, demonstrating its independence
with temperature from well above to well below TC .
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Fig. S 1: Magnetic characterization of a Fe(30
nm)/MgO/Fe(10 nm)Co(20 nm) structure, at room temper-
ature, along the [100] direction.

S2. Magnetic characterizarion of the soft Fe(001)
layer and estimation of the Meissner screening

The magnetostatic Meissner screening has been dis-
cussed mainly in studies with perpendicular magnetiza-
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Fig. S2: Coercive field of the hard Fe/Co layer for magnetic
field oriented along different crystallographic directions [100],
[110] and [210], above the superconducting critical tempera-
ture (T = 5 K). The grey band shows the typical field range
used to manipulate the magnetization of the soft Fe(100) layer
in the rotation experiments.

tion [2]. In the case of the experiments with in-plane field
rotation which we carry out, such field expulsion could
induce some screening of the external magnetic field ap-
plied to invert or rotate the magnetization of the soft
Fe(001) layer (which is the closest to the superconduc-
tor), and with less probability affect the switching of the
more distant hard Fe/Co layer.

Figure S4 shows the typical variation of the coercive
field of the soft Fe(001) ferromagnetic layer with temper-
ature from above to below the critical temperature. We
observe some weak increase of the coercive field below 10
Oe, which could be due to spontaneous Meissener screen-
ing and/or vortex interaction with domain walls. These
changes, however, are an order of magnitude below the
typical magnetic fields applied to rotate the Fe(001) layer
(70-120 Oe). As we also show in Figure S3, the coer-
cive field of the hard FeCo layer (typically above 400-500
Oe) shows practically no variation (within the error bars)
within a wide temperature range, from 3TC to 0.1TC ,
discarding the influence of the Meissner screening on the
hard layer.

As the superconducting layer is much larger in area
than the ferromagnetic one, these experiments point out
that the possible existing Meissner screening would intro-
duce about a 10% correction to the actual external field
acting on the soft ferromagnet, regardless of the external
field direction.

Fig. S3: Typical temperature dependence of the coercitive
field of the hard Fe/Co ferromagnetic layer along the [100]
direction. The critical temperature is marked with a dashed
red line. We relate the excess scatter observed in the hard
layer with the extra structural disorder at the Fe/Co interface,
providing an enhanced coercive field for the Fe/Co layer. The
blue line is a guide for the eye. The inset shows the method for
determining the coercive field: it’s the field of the first point
after the hard layer transition from in each TMR experiment.

Fig. S4: Typical temperature dependence of the coercitive
field of the soft Fe(001) ferromagnetic layer measured along
[100] direction. The critical temperature is marked with a
dashed red line. Blue lines are guides for the eye. The inset
shows the method for determining the coercive field: a logistic
fit was performed for the transition, and the coercive field was
defined as the mid-height value of the fit.

S3. Estimation of the weak antiferromagnetic cou-
pling of the two ferromagnetic layers.

In order to quantify the unavoidable weak antiferro-
magnetic magnetostatic coupling between the rotated
soft Fe(001) and the practically fixed hard FeCo layer, we
show low field TMR measurements where the AP state is
achieved and then maintained at zero field (Figure S5a).
One clearly observes that the AP and P states can be
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obtained as two different non-volatile states, and there-
fore the antiferromagnetic coupling is not sufficient to
antiferromagnetically couple the two layers at zero field.
The stability of the P state against the antiferromagnetic
coupling is confirmed by the temperature dependence of
the resistance in the P and AP states. The P state shows
stable resistance values at least below 15 K (Figure S5b).
This means that the antiferromagnetic coupling energy
is well below 2 mV.

Fig. S5: Two experiments demonstrating the stability of the
P and AP states at zero field. (a) TMR to AP state before a
critical temperature measurement: the sample was first satu-
rated in the P state with H = 1000 Oe in the [100] direction,
and then a negative field sweeping was performed to -200 Oe
and back to 0 Oe in the same direction in order to switch the
soft layer into the AP state, where it remained at zero field.
(b) Two critical temperature measurements: the sample was
saturated in the P state, and then switched to AP state as
described in (a) for the AP measurement. After this, the
temperature was risen to 15 K and let to slowly cool down to
T ∼ 2 K. The increase in resistance below 4 K corresponds to
the opening and deepening of the superconducting gap, since
the voltage used was only a few microvolts in order to dis-
tinguish the superconducting transition from its appearance.
Both experiments show no sudden changes in resistance, as
would happen if any magnetic transition took place.

S4. Calibration of the angle between the two fer-
romagnetic layers

In order to estimate the angle between the two ferro-
magnets for the TMR measurements and rotations, we
used the Slonczewski model [3]. By using values of the
resistance in the AP, P and PIP states established above
TC, we can calculate the desired angle θ with the follow-
ing expression:

G−1 = G1
−1 +

[
G2

(
1 + p2 cos θ

)]−1
. (1)

Here, G is the total conductance of the sample, G1 and
G2 are the conductances of each of the two tunnel bar-
riers, and p is the spin polarization in the ferromagnets,
for which we obtain values between 0.7 and 0.8 depending
on the sample (the value being robust for each individual
one).

In order to ascertain the precission of this calibration
method, an analysis of the different errors has been per-
formed. First, an standard error propagation calculation
was done to estimate the uncertainty in the resistance
values, taking typical values for the current and voltage
of 100 nA and 5 mV, respectively, which gives us a typical
resistance value of 50 kΩ. The current is applied using a
Keithley 220 Current Source, which has an error of 0.3%
in the operating range according to the user manual. The
voltage is measured using a DMM-522 PCI multimeter
card. In the specifications, the voltage precision is said
to be 5 1/2 digits. With all this, the resistance error ob-
tained is ∆R=75.08 Ω or a 0.15% of relative error. Using
this value, the error bars in the measurements shown
in the main text would be well within the experimental
points.

For the calculated angle, the error propagation method
is not adequate. It gives errors bigger than 360 degrees
for some angles, and in general over 30 degrees. This is
clearly not what it is observed in reality: the performed
fits are quite robust, showing little variance in the esti-
mated angle when changing the input parameters all that
is reasonable. Instead, we have used a typical rotation
performed on a 30 × 30 µm2 sample. The fitting to the
Slonczewski formula needs three input values: the resis-
tance in the P state (RP ), the resistance in the AP state
(RAP ) and the resistance in the PIP state (RPIP ). Using
these, a numerical algorithm calculates the spin polariza-
tion (p), the resistance of the F/F barrier (RFIF ), and
the resistance of the F/S (F/N) barrier (RNIF ). These
give us the total resistance of the sample as a function
of the angle ΦFM between the two ferromagnets or, re-
ciprocally, the angle as a function of resistance. For our
estimation, we have varied the value of the RPIP input
parameter from the lowest to the highest possible in the
PIP state of the rotation, as well as taking an interme-
diate value which would be used in a normal analysis
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(the P and AP resistance values are always taken as the
minimum and maximum resistance values in the rotation
respectively). The calculated parameters for the resis-
tance of each barrier and the polarization may slightly
vary from one fitting to another, but the overall fitting
remains remarkably stable, as shown in Figure 6.
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Fig. S6: (a) ΦFM as a function of resistance for the fittings
with maximum, usual, and minimum RPIP used, in the P-
AP resistance range. (b) difference of calculated angle vs
resistance (in the P-AP resistance range) for the fittings with
maximum and minimum RPIP used.

As expected, the difference is higher for the PIP state,
and minimum in the P and AP state that are “fixed”.
The difference doesn’t exceed 7 degrees, and it keeps be-
low 2 degrees near the P and AP states.

S5. Saturation magnetization for thin Fe(001) films
in [100] and [110] directions

Different M vs H measurements were performed at
room temperature on a 10 nm thick Fe films, both for the
easy [100] and hard [110] crystallographic axes, in order
to estimate the magnetocrystalline anisotropy (MCA) en-
ergy. The results are depicted in Fig. S7. Using the

saturation field for the two directions, the anisotropy
energy can be estimated as KFe = MFeHSat/2 =

5.1 × 105 erg · cm−3, where MFe = 1714 emu/cm
3

is
used. The anisotropy energy per unit cell is therefore
MAE= 6.674 µeV, or 3.337 µeV per atom. The obtained
energy barrier is similar to the one measured using fer-
romagnetic resonance [4].
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Fig. S7: M vs H measurements on a 10 nm thick Fe film
for the easy [100] (a) and hard [110] (b) crystallographic axis.
The saturation field (Hsat) for the easy axis is around 10 Oe,
while for the hard direction it reaches up to 600 Oe.

As shown in Fig.S8, the experimental MCA energy
values have been theoretically confronted with theoret-
ical/numerical calculations of the angular in-plane vari-
ation of magnetic anisotropy, using the ab-initio Wien2k
FP-LAPW code [5]. The calculations were based on a su-
percell model for a V/MgO/Fe/MgO slab similar to the
experimental samples. To insure the requested extreme
accuracy in MCA energy values (µeV energy range), a
thoroughly well-converged k grid with significantly large
number of k-points has been involved. Within these cir-
cumstances, our theoretical results for the Fe(001) thin
films show standard fourfold anisotropy features and rea-
sonable agreement with the experimentally estimated
figures with a maximum theoretical MAE of 4.9 µeV
per atom (expected theoretical under-estimation of the
magnetocristalline energy within the GGA approach).
Note that the superonducting-V induced MCA modu-
lation features cannot be described within the ab-initio
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Fig. S 8: Ab-initio calculation of magnetocryscalline
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entation angle θ, defined in the inset. Solid line is a phe-
nomenological fit to a sin2(2θ) function.

FP-LAPW approach, describing the V in its normal
metallic state. Therefore, the below TC experimentally
observed MCA energy modulations have to be clearly
related to the proximity effect in the superconducting
V/MgO/Fe(001) system and not to any specific MCA
feature of Fe(001) in the V/MgO/Fe(001)/MgO complex
stacking sequence.

S6. Evaluation of the vortex induced pinning of
domain walls

Using MuMax3 [6], we have compared numerically the
DWs formation along the [100] and [110] magnetization
directions. The simulations took place in samples with
3 × 3 µm2 lateral dimensions (100 nm rounded corners
were used as the devices have been fabricated by optical
lithography), with 512×512×16 cells, at T = 0. The rest
of the parameters used were Aex = 2.1 × 10−11 J/m for
the exchange energy, Msat = 1.7 × 106 A/m for the sat-
uration magnetization, a damping parameter α = 0.02,
and crystalline anisotropy parameters KC1 = 4.8 × 104

J/m3 and KC3 = −4.32 × 105 J/m3. The goal of the
simulations was to evaluate the DW formation and their
interaction with the superconducting vortices induced by
the vertical component of the stray fields at a 2-3 nm from
the Fe(001) surface. We observed that, depending on the
external field, in the range of 70-1000 Oe both edge-type
and inner-type DWs are formed when the field is directed
along [100], and mainly edge type DWs are formed with
field along [110] (Figure S9a).

We have also calculated the interaction I between the
DW related excess exchange energy Eex and the vertical
component of the stray fields, Beff (Figure S9b):

I =

∫ Nx

0

∫ Ny

0

|Beff|EexFdxdy (2)

Where Nx and Ny are the total number of cells in each
dimension of the simulation, and F is a filter “Vortex gen-
eration function” that takes into account the simulated
dependence of the number of vortices on the vertically
applied field (Figure S9c). The vortices were simulated
using the Time Dependent Ginzburg Landau code devel-
oped in Madrid described in [7]. The TDGL simulations
took place in 5×5 µm2 Vanadium samples with 200×200
cells, at T = 2 K, with a coherence length ξ0 = 2.6×10−8

based on our experimental estimations for the studied de-
vices, κ = 3 and TC = 4 K. A uniform field was applied in
the perpendicular direction, its magnitude varying from
0.1HC2 to 0.6HC2, and the number of vortices generated
in the relaxed state were counted.

The second critical field in the vertical direction (Hc2 =
3 kOe) was determined experimentally. The estimated
interaction shows that in the weakly saturated regime,
when the inner DWs could emerge and the DW-vortex in-
teraction increases, such interaction should pin the mag-
netization along the [100] direction, corresponding to
the MCA already present in the normal state, therefore
blocking any magnetization rotation towards the [110] di-
rection, contrary to our experimental observations. The
possible reason for the irrelevance of the DW-vortex in-
teraction in our system is that inner DWs are expected
to be of Neel-type for the thickness considered [8].

Finally we mention that our numerical evaluations
show that, if present, the vortex-DW interaction should
remain dominant for the magnetization directed along
[100] respect [110] and for the magnetic field range 70-
1000 Oe also without KC3 parameter providing the MCA
energy minima along [110]. In these simulations the
Fe(001) layer has been considered to be smooth. In or-
der to further approach simulations to the experiment,
we have also verified that the conclusions above are not
affected by the introduction of interfacial magnetic dis-
order due to mismatch defects (every 30 lattice periods)
with 25% excess of Fe moment at the Fe/MgO interface
[9]. More detailed simulations involving also interface
roughness could be needed to further approach the real
experimental situation.

S7. Magnetization alignment along [110] and irrel-
evance of the junction area for the superconductivity
induced MCA modification

As we mentioned in the main text, our experiments
point that Fe(001) layers are close to a highly saturated
state when the magnetization is directed along [100] or
equivalent axes. On the other hand, micromagnetic sim-
ulations (Figure S9a) show that the magnetization align-
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ment is more robust in the [110] direction (or equivalent)
rather than in the [100] direction (or equivalent). So,
if we indeed reach a highly saturated state in the [100]
direction, this should also be the case for the [110] direc-
tion. Therefore, the emergent stable tunneling magne-
toresistance states we observe experimentally below Tc,
cannot be explained in terms of the intermediate multi-
domain states but rather correspond to the dominant
[110] magnetization alignment of the Fe(001) layer.

As shown in Figure S10, our experiments shows that
the observed effects remain qualitatively unchanged when
the junction area is varied about an order of magnitude.

S8. Modelling

We describe the V/MgO/Fe structure by the Hamilto-
nian [10]

H =− t
∑
〈i,j〉,σ

c†i,σcj,σ −
∑
i,σ

(µi − Vi)c†i,σci,σ

−
∑
i

Uini,↑ni,↓ +
∑
i,α,β

c†i,α(hi · σ)α,βci,β

− i

2

∑
〈i,j〉,α,β

λic
†
i,αn̂ · (σ × di,j)α,βcj,β

(3)

defined on a cubic lattice. The first term describes
nearest-neighbor hopping. The second term includes the
the chemical potential and the potential barrier at the
insulating MgO layers. The remaining terms describes
superconducting attractive on-site interaction, ferromag-
netic exchange interaction, and Rashba spin-orbit inter-
action, respectively. These are only nonzero in their re-
spective regions. In the above, t is the hopping integral,
µi is the chemical potential, Vi is the potential barrier
that is nonzero only for the MgO layer, U > 0 is the
attractive on-site interaction giving rise to superconduc-
tivity, λi is the local spin-orbit coupling magnitude, n̂ is
a unit vector normal to the interface, σ is the vector of
Pauli matrices, di,j is a vector from site i to site j, and hi

is the local magnetic exchange field. The number opera-
tor used above is defined as ni,σ ≡ c†i,σci,σ, and c†i,σ and
ci,σ are the second-quantization electron creation and an-
nihilation operators at site i with spin σ. The supercon-
ducting term in the Hamiltonian is treated by a mean-
field approach, where we assume ci,↑ci,↓ = 〈ci,↑ci,↓〉 + δ
and neglect terms of second order in the fluctuations δ.

We consider a system of size Nx × Ny × Nz setting
the interface normals parallel to the x axis and assuming
periodic boundary conditions in the y and z directions.
To simplify notation in the following, we define i ≡ ix,
j ≡ jx, i|| = (ix, iy) and k ≡ (ky, kz). We apply the
Fourier transform

ci,σ =
1√
NyNz

∑
k

ci,k,σe
i(k·i||) (4)

to the above Hamiltonian and use that

1

NyNz

∑
i||

ei(k−k′)·i|| = δk,k′ . (5)

We choose a new basis

B†i,k = [c†i,k,↑ c†i,k,↓ ci,−k,↑ ci,−k,↓] (6)

spanning Nambu×spin space, and rewrite the Hamilto-
nian as

H = H0 +
1

2

∑
i,j,k

B†i,kHi,j,kBi,k. (7)

Above, the Hamiltonian matrix is given by

Hi,j,k = εi,j,kτ̂3σ̂0 + δi,j

[
i∆iτ̂

+σ̂y − i∆∗i τ̂
−σ̂y

+ hxi τ̂3σ̂x + hyi τ̂0σ̂y + hzi τ̂3σ̂z

− λi sin(ky)τ̂0σ̂z + λi sin(kz)τ̂3σ̂y

]
,

(8)

where ∆i is the superconducting gap which we solve for
self-consistently, τ̂iσ̂j ≡ τ̂i ⊗ σ̂j is the Kronecker product
of the Pauli matrices spanning Nambu and spin space,
τ̂± ≡ (τ̂1 ± iτ̂2)/2, and

εi,j,k ≡− 2t [cos(ky) + cos(kz)] δi,j

− t(δi,j+1 + δi,j−1)

− (µi − Vi)δi,j .
(9)

The constant term in Eq. (7) is given by

H0 =−
∑
i,k

{2t [cos(ky) + cos(kz)] + µi − Vi}

+NyNz
∑
i

|∆i|2

Ui
.

(10)

We absorb the sum over lattice sites in Eq. (7) into the
matrix product by defining a new basis

W †k = [B†1,k, ..., B
†
i,k, ..., B

†
Nx,k

]. (11)

Eq. (7) can then be rewritten as

H = H0 +
1

2

∑
k

W †kHkWk, (12)

where

Hk =

 H1,1,k · · · H1,Nx,k

...
. . .

...
HNx,1,k · · · HNx,Nx,k

 (13)

is Hermitian and can be diagonalized numerically. We
obtain eigenvalues En,k and eigenvectors Φn,k given by

Φ†n,k = [φ†1,n,k · · · φ†Nx,n,k
],

φ†i,n,k = [u∗i,n,k v
∗
i,n,k w

∗
i,n,k x

∗
i,n,k].

(14)
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The diagonalized Hamiltonian can be written on the form

H = H0 +
1

2

∑
n,k

En,kγ
†
n,kγn,k, (15)

where the new quasi-particle operators are related to the
old operators by

ci,k,↑ =
∑
n

ui,n,kγn,k,

ci,k,↓ =
∑
n

vi,n,kγn,k,

c†i,−k,↑ =
∑
n

wi,n,kγn,k,

c†i,−k,↓ =
∑
n

xi,n,kγn,k.

(16)

The superconducting gap is given by ∆i ≡ Ui 〈ci,↑ci,↓〉.
We apply the Fourier transform in Eq. (4) and use
Eq. (16) in order to rewrite the expression in terms
of the new quasi-particle operators. Also using that
〈γ†n,kγm,k〉 = f

(
En,k/2

)
δn,m, we obtain the expression

∆i = − Ui
NyNz

∑
n,k

vi,n,kw
∗
i,n,k [1− f (En,k/2)] (17)

for the gap, that we use in computing the eigenenergies
iteratively. Above, f

(
En,k/2

)
is the Fermi-Dirac distri-

bution.
Using the obtained eigenenergies, we compute the free

energy,

F = H0 −
1

β

∑
n,k

ln(1 + e−βEn,k/2), (18)

where β = (kBT )−1. The preferred magnetization di-
rections are described by the local minima of the free
energy. In the main body of the paper, we use this to
explain the possible magnetization directions of the soft
ferromagnet when rotating an IP external magnetic field
over a 2π angle starting at a parallel alignment with the
hard ferromagnet.

Other relevant quantities to consider in modelling
the experimental system is the superconducting coher-
ence length and the superconducting critical temper-
ature. In the ballistic limit, the coherence length is
given by ξ = ~vF /π∆0, where vF = 1

~
dEk

dk

∣∣
k=kF

is the
Fermi velocity related to the normal-state eigenenergy
Ek = −2t[cos(kx) + cos(ky) + cos(kz)]−µ, and ∆0 is the
zero-temperature superconducting gap [11]. The critical
temperature is found by a binomial search, where we de-
cide if a temperature is above or below Tc by determining
whether ∆NS

x/2
increases towards a superconducting so-

lution or decreases towards a normal state solution from
the initial guess under iterative recalculations of ∆i. We
choose an initial guess with a magnitude very close to

zero and with a lattice site dependence similar to that of
the gap just below Tc.

In the main plot showing the free energy under IP ro-
tations of the magnetization, we have chosen parameters
t = 1, µS = µSOC = µF = 0.9, V = 2.1, U = 1.35,
λ = 0.4, h = 0.8, NS

x = 30, NSOC
x = 3, NF

x = 8, and
Ny = Nz = 60. All length scales are scaled by the lattice
constant a, all energy scales are scaled by the hopping pa-
rameter t, and the magnitude of the spin-orbit coupling
λ is scaled by ta. In order to make the system com-
putationally manageable, the lattice size is scaled down
compared to the experimental system, however the re-
sults should give qualitatively similar results as long as
the ratios between the coherence length and the layer
thicknesses are reasonable compared to the experimental
system. For this set of parameters, the superconduct-
ing coherence length is approximately 0.6NS

x . Since the
coherence length is inversely proportional to the super-
conducting gap, U has been chosen to be large in order to
allow for a coherence length smaller than the thickness
of the superconducting layer. Although this results in
a large superconducting gap, the modelling will qualita-
tively fit the experimental results as long as the other pa-
rameters are adjusted accordingly. We therefore choose
the local magnetic exchange field so that h � ∆, as in
the experiment. For this parameter set, h ≈ 20∆. The
order of magnitude of λ is 1 eVÅ, given that t ∼ 1 eV and
a ∼ 4 Å. This is realistic considering Rashba parameters
measured in several materials [12]. The Rashba spin-
orbit field at the interfaces of V/MgO/Fe is caused by
a structural inversion asymmetry across the MgO layer,
and breaks the inversion symmetry at the MgO interfaces
[13]. This causes generation of triplet-superconductivity
even for weakly spin-polarized ferromagnets with a small
spin-orbit field [14]. We are therefore not dependent upon
a strong magnetic exchange field and a strong spin-orbit
field for realizing the observed effects. For the AF cou-
pling contribution to the free energy, we set fAF = 0.01
in order to fit the anisotropy of the experimental system
just above TC.
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