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The interaction between superconductivity and ferromagnetism in thin film superconductor/ferromagnet
heterostructures is usually reflected by a change in superconductivity of the S layer set by the magnetic state
of the F layers. Here we report the converse effect: transformation of the magnetocrystalline anisotropy of a
single Fe(001) layer, and thus its preferred magnetization orientation, driven by the superconductivity of an
underlying V layer through a spin-orbit coupled MgO interface. We attribute this to an additional contribution
to the free energy of the ferromagnet arising from the controlled generation of triplet Cooper pairs, which
depends on the relative angle between the exchange field of the ferromagnet and the spin-orbit field. This is
fundamentally different from the commonly observed magnetic domain modification by Meissner screening
or domain wall-vortex interaction, and it offers the ability to fundamentally tune magnetic anisotropies using
superconductivity—a key step in designing future cryogenic magnetic memories.
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Superconductivity (S) is usually suppressed in the presence
of ferromagnetism (F) [1-5]. For example, in F/S/F spin-
valves the transition temperature Tc of the S layer is different
for a parallel alignment of the F layer moments compared to
an antiparallel alignment [6-9]. Interestingly, for noncollinear
alignment of the F layer moments in spin-valves [10-12] or
Josephson junctions [13-22], an enhancement in the proxim-
ity effect is found due to the generation of long-range triplet
Cooper pairs, immune to the pair-breaking exchange field in
the F layers. So far, the reciprocal modification of the static
properties of the ferromagnet by superconductivity has been
limited to restructuring [23] and pinning of magnetic domain
walls (DWs) by Meissner screening and vortex-mediated pin-
ning of DWs [24-27].

Modification of the magnetization dynamics in the pres-
ence of superconductivity has been studied in [28-36]. Re-
cently, theoretical and experimental results have indicated an
underlying role of Rashba spin-orbit coupling (SOC), result-
ing in an enhancement of the proximity effect and a reduction
of the superconducting 7, along with enhanced spin pumping
and Josephson current in systems with a single F layer coupled
to Nb through a heavy-metal (Pt) [37-43]. In this context,
V/MgO/Fe [44] has been shown to be an effective system to
study the effect of SOC in S/F structures with fully epitaxial
layers.
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At first glance, altering the magnetic order in S/F het-
erostructures leading to a change in the direction of magne-
tization appears nontrivial due to the difference in the energy
scales associated with the order parameters. The exchange
splitting of the spin-bands and the superconducting gap are
about 10° and 10" K, respectively. However, this fundamen-
tally changes if one considers the possibility of controlling
the magnetocrystalline anisotropy (MCA) by manipulating
the competing anisotropy landscape with superconductivity,
since the MCA energy scales are comparable to the super-
conducting gap energy. Interestingly, emergent triplet super-
conducting phases in S/SOC/F heterostructures offer the
possibility to observe MCA modification of a F layer coupled
to a superconductor through a spin-orbit coupled interface,
triggered by the superconducting phase [45].

In this paper, we present evidence that cubic in-plane MCA
in a V/MgO/Fe(001) system is modified by the superconduc-
tivity of V through SOC at the MgO/Fe interface [46]. Our
detailed characterization of the coercive fields of the rotated
soft Fe(001) and sensing hard (Fe/Co) ferromagnetic layers
by the tunneling magnetoresistance effect (TMR) [47] along
with numerical simulations dismisses the Meissner screening
and DW-vortex interactions as a source of the observed ef-
fects.

The magnetic tunnel junction (MTJ) multilayer stacks have
been grown by molecular beam epitaxy (MBE) in a chamber
with a base pressure of 5 x 10~!! mbar following the pro-
cedure described in [48]. The samples were grown on [001]
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FIG. 1. (a) Sketch of the junctions under study. Fe(10 nm)Co(20
nm) is the hard (sensing) layer while Fe(10 nm) is the soft ferromag-
net where spin reorientation transitions are investigated. (b) Sketch
showing the top view without the hard Fe/Co layer, with the fourfold
in-plane magnetic energy anisotropy expected for the Fe(001) atomic
plane of the magnetically free layer, for temperatures above Tc
(yellow line) and well below 7¢ (dashed cyan). Note that during
the epitaxial growth, the Fe lattice is rotated by 45° with respect to
MgO. Parts (c) and (d) show in-plane spin reorientation transitions
between parallel (P), perpendicular in plane (PIP), and antiparallel
(AP) relative magnetization alignments of the soft and hard F layers
for a 30 x 30 um? junction at T = 10 K (above T¢). Indices above
the inset sketches indicate the direction of the soft layer. The in-plane
rotation has been carried out with the angle ®, of the magnetic field
relative to the Fe[100] axis going from —30° to 390°.

MgO substrates. Then a 10-nm-thick seed of antidiffusion
MgO underlayer is grown on the substrate to trap the C from
it before the deposition of the Fe (or V). Then the MgO
insulating layer is epitaxially grown by e-beam evaporation,
the thickness is approximately ~2 nm, and so on with the
rest of the layers. Each layer is annealed at 450 °C for 20 min
for flattening. After the MBE growth, all the MTJ multilayer
stacks are patterned in 10-40-um-sized square junctions (with
the diagonal along [100]) by UV lithography and Ar-ion
etching, controlled step-by-step in sifu by Auger spectroscopy.
The measurements are performed inside a JANIS® He? cryo-
stat. The magnetic field is varied using a three-dimensional
(3D) vector magnet. For the in-plane rotations, the magnetic-
field magnitude was kept at 70-120 Oe, far away from the
soft Fe(001) and hard Fe/Co layer switching fields obtained
from in-plane TMRs (see the Supplemental Material S1 and
S2 [49], which also incudes Refs. [50-55]). This way, only
the soft layer is rotated, and the difference in resistance can be
attributed to the angle between the soft and hard layers.
Figure 1(a) shows the device structure with the Fe/Co hard
layer sensing the magnetization alignment of the 10-nm-thick
Fe(001) soft layer. A typical TMR plot above T¢ is shown
in Fig. 1(c). The resistance switching shows a standard TMR
between the P and AP states. However, the epitaxial Fe(001)

—
(Y
-

03K je—— 03K
521 1A%k [ i [T — Tk
§p2< K - 120 ‘- 25K
48 ik 9 : - o A5k
~ —~ R
Py { ‘ssecscteceassnces
g w“ | oo 11 g 110 W '
LD N =
14 ssoH i o -
20 ) 100 L L
B ;/ : I s |
36 J_J LH = 90 o]
0 w2 w 3wz 2w T b4 3n2 TuA  2m
(b) Oy (e) Dy
[100]  [070]  [i00]  [010]  [100] [foo)  [0]  [010]  [110] _ [100]
60| !

o
=]

N° of points

%

NWHRNRNWRXX

&
IRARAAR AR

o

0 54 3m2 7w om

(f) ¢FM
40 o ©
. P S
= =301 T | °
= 20 K o [010] (3mi2) S ° ‘\," o [010] (3m/2)
3 15| 2-g2e_ O/ o [110] (5m/4) 3 \f o [i10] (5m/4)
© o - ™/° o [110] (7mi/4) = 20 \ o [110] (7mi/4)
© - 4 : S
5 10 Y »'l‘a i o ,r(. iTe
= ° o' e : =10 A
o0 @ Te I\ o e ©
S1q o8N & R e
0{ 50 D s e 0 -’53“.‘:;‘»—'—--1——:--—o---1
0 1 4 o 1 2 3 4 5 6 7
T(K) T (K)

FIG. 2. Typical angular dependence of the resistance of a
V/MgO/Fe/MgO/Fe/Co junction on the orientation of the in-plane
field with respect to the main crystalline axes from above to below
Tc when the rotation is initiated from a P state (a)—(c) and from an
AP state (d)—(f). The inset sketches the experimental configuration,
showing the angles between the ferromagnetic layers (®pgy) and
of the external magnetic field (®y). Parts (b),(e) correspondingly
represent the experimental data shown in (a),(d) in the form of
histograms, dividing the 0-27 interval into 36 zones. Parts (c),(f) plot
the histograms in (b),(e) as counts vs temperature for the intermediate
states (AP + 7 /4 or the [110] axis, AP + /2 = PIP or [010], and
AP + 37 /4 or [110]) for the second half of the rotation.

has a fourfold in-plane anisotropy with two orthogonal easy
axes—[100] and [010]—([Fig. 1(b)]. These MCA states could
be accessed by an in-plane rotation of the Fe(001) layer
with respect to the Fe/Co layer using a field greater than
the coercive field of the Fe(001) layer without disrupting the
Fe/Co magnetization (see also the Supplemental Material S1
[49] for the magnetic characterization of the Fe/Co layer).
This is shown in Fig. 1(d), where TMR is plotted as a function
of the in-plane field angle with respect to the [100] direction
angle ®p. This gives rise to four distinct magnetization states
with P, perpendicular in-plane (PIP), and AP states reflected
by the TMR values. Supplemental Material S3 [49] discusses
the weak magnetostatic coupling between the two FM layers
(detected through resistances in-between the P and AP states
in the virgin state of different samples), showing that it does
not affect the capability to reorient the soft layer indepen-
dently of the hard one. It also demonstrates that the soft layer
retains different magnetic directions at zero field.

Figure 2 analyzes the most probable in-plane magneti-
zation orientations of the Fe(001) layer through magnetic
field rotations at fixed temperatures from above to below
Tc. Typically, no qualitative changes in TMR are observed
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above and below T¢ in the 0 — & field rotation angle (®p)
span [Fig. 2(a)]. However, in the 7 — 27 range, the TMR
qualitatively changes below 7¢/2, possibly indicating new
stable magnetization states along different directions from
the ones established by the principal crystallographic axes
[Fig. 2(a)].

To ascertain the exact angle ®g\ between the two F layers,
we have calibrated the magnetization direction of the soft
layer with respect to the hard Fe/Co using the Slonczewski
formula (Supplemental Material S4 [49]). The applicability of
the macrospin approach to describe TMRs and magnetization
reorientation resides in the high effective spin polarization
obtained (P = 0.7) [47], approaching the values typically
reported for Fe/MgO in a fully saturated state [56,57]. Fig-
ure 2(b) is a histogram representing the probability of ob-
taining a specific ®gy as temperature is lowered from above
to below Tc. We observe that the most probable Fe(001)
directions are oriented along the [100] and [010] principal
axes above T¢/2, while below 7¢-/2 it splits in three branches
roughly oriented along 77 /4 angles. The split of the [010] state
into three branches is also visualized in Fig. 2(e), with a plot
of the counts versus temperature around the [110], [010], and
[110] magnetization directions.

Interestingly, once the rotation is initiated in the AP config-
uration, the magnetization apparently locks in the (7= + 7 /4)
(or [110]) state [Figs. 2(b), 2(d) and 2(f)]. This probably
arises due to the improved initial macrospin alignment, which
is not fully achieved in the AP state with a preceding P-
AP rotation. We believe that with the full 27 field rotation,
magnetization inhomogeneities or local DWs created during
the P-AP state rotation help to overcome MCA energy barriers
more easily. The suggested suppression of the local DW's with
the magnetization rotation initiated from the AP state can be
indirectly inferred from the broadening of the [100] to [010]
transition in the normal state detected as a small (extrinsic)
number of counts around [110] [Fig. 2()].

For a more systematic analysis, we performed a series
of in-plane TMR measurements along different directions
relative to the symmetry axes. The first experiment (i) was per-
formed with an initial saturation field of £1 kOe in the [100]
direction, followed by a TMR in the [210] direction (between
[100] and [110]). The second experiment (ii) initially saturates
both the hard and soft layers along the [100] direction. Then,
a minor loop is performed starting from zero field and going
up to 150 Oe along the [110] axis.

Both experiments further suggest the possibility of
superconductivity-induced changes of MCA. The inset of
Fig. 3(a) shows the full field sweep range in the first (i)
configuration, and Fig. 3(a) zooms in close to the AP con-
figuration. When we sweep the field in the [210] direction,
we detect a weak but robust resistance upturn at temperatures
below approximately 7¢/2 (Fig. 3). This additional TMR
increase [shown by the arrows in Fig. 3(a)] roughly corre-
sponds to an 8—10 degree rotation in the relative spin direction
between the soft and hard layer toward their AP alignment
(see the Supplemental Material S4 [49] for an analysis of
the calculated angle error). Within the proposed macrospin
approximation, this could be understood as a redirection of
the soft layer magnetization forced by the external field,
from the initially blocked [110] direction toward the external
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FIG. 3. (a) TMR measurements on an S/F/F 30 x 30 um? junc-
tion with H oriented along [210] [inset in (b)] for various temper-
atures. The increase in R is associated with a transition from the
[110] magnetization orientation to a forced [210] direction of the
soft layer. (b) Variation of the transition field with T for the positive
and negative field branches. Inset: exchange energy anisotropy and
direction of the applied field (Hryr). () Two TMRs performed on
a 10 x 10 pum? junction in the [110] direction at T = 6 and 1.6 K,
after applying 1 kOe in the [100] direction. The 6 K TMR starts in
a P state, while the 1.6 K TMR starts already in a tilted state. Right
axis: estimation of the angle 6 between the two F layers based on the
Slonczewski formula. (d) Probability of finding a tilted state at H =
0 [triangular points in (b)] vs T (in log scale), averaged with seven
experimental points around each 7. The line is a guide for the eye.
Insets: sketch of the magnetic anisotropy below and above 7, with
the saturation magnetization (M) and the zero-field magnetization
state measured for the soft layer (Mg ). ¢ and ¢’ represent the energy
barrier separating the [100] magnetization direction from the closest
minimum below and above T¢, respectively.

field [210] direction. A strong increase of the characteristic
field, Hgwitch, required to reorient the soft layer from [110]
toward [210] when T decreases below 7¢/2, could reflect the
superconductivity-induced MCA energy minimum along the
[110] direction.

The minor TMR loops along [110] [Fig. 3(c)]realized
after saturation along [100] point on a thermally induced
magnetization reorientation from [100] toward [110] even
at zero field, in a temperature range below 7c where the
barrier between adjacent energy minima is comparable to
kpT . The zero-field reorientation becomes less probable when
the thermal energy is insufficient to overcome the barrier
[Fig. 3(d)]. An estimation of the in-plane normal-state MCA
energy barrier done through magnetization saturation along
[100] and [110] provides a value of only a few peV/at
(Supplemental Material S5 [49]). However, the real barrier is
determined by the nucleation volume, which depends on the
exchange length in the material. With a DW width of about
3 nm for Fe(001), we estimate the MCA barrier to be at least
10°-10" mV.

Before describing our explanation of the MCA modifi-
cation of Fe(001) in the superconducting state of the V(40
nm)/MgO(2 nm)/Fe(10 nm) system, we discard alternative
interpretations of the observed effects. Meissner screening
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[24,25], if present, would introduce about a 10% correction to
the actual magnetic field independently of the external field
direction (see Supplemental Material S2 [49]). The reason
for the weak in-plane field screening could be the small
superconductor thickness (40 nm), only slightly exceeding
the estimated coherence length (26 nm). On the other hand,
intermediate multidomain states are expected to be absent
when magnetization is directed along [110] (Supplemental
Material S6 [49]). Indeed, our experiments show that magne-
tization, when locked below Tt in the (7w + 7 /4) angle, hardly
depends on the absolute value of the external field along [110]
varied between 0 and 100 Oe. Moreover, simulations of the
vortex-DW interaction using MUMAX3 [58] and TDGL codes
[59] discard the vortex-mediated DW pinning [26,27] scenario
including when interfacial magnetic defects created by misfit
dislocations [60] are considered (see Supplemental Material
S6 [49]). The vortex pinning mechanism also contradicts that
only the (0 — ) field rotation span [Fig. 2(a)] gets affected
below 7¢/2. The observed irrelevance of the junction area
(Supplemental Material S7 [49]) contradicts the importance of
the vortex-edge DW interaction. The shape and vortex-DW in-
teraction effects, if relevant, would strengthen magnetization
pinning along [100], but not [110] (Supplemental Material
S6 and S7 [49]). Finally, we also indicate that the MCA
modification from singlet superconductivity would not enable
any zero-field rotation to noncollinear misalignment angles, in
contrast to our data [Fig. 3(d)].

To explain our results, we consider the possibility in which
the invariance of the superconducting proximity effect to
magnetization rotation is broken in the presence of SOC. It
has been predicted that triplet-superconductivity is effectively
generated even for weakly spin-polarized ferromagnets with
a small spin-orbit field [61]. In addition to generating triplet
pairs, the SOC also introduces an angle-dependent anisotropic
depairing field for the triplets [43,45]. In V/MgO/Fe, the
Rashba field is caused by a structural broken inversion sym-
metry at the MgO interfaces [44]. We model our experimental
results using a tight-binding Bogoliubov—de Gennes Hamilto-
nian on a lattice and compute the free energy (Supplemental
Material S8 [49]). The Hamiltonian includes electron hopping
in and between the different layers, a Rashba-like SOC at the
MgO/Fe interface, an exchange splitting between spins in the
Fe layers, and conventional s-wave superconductivity in the
V layer. The free energy determined from this Hamiltonian
includes the contribution from the superconducting proximity
effect, and an effective in-plane magnetocrystalline anisotropy
favoring magnetization along the [100] and [010] axes. Exper-
imentally, we see a weak antiferromagnetic coupling between
the Fe(100) and Fe/Co layers (which does not affect the
capability to reorient the soft layer independently of the hard
one) described by an additional contribution farcos(®pm)
with a constant parameter fag > 0.

Figure 4 shows the total free energy of the system as a func-
tion of the IP magnetization angle ®py for decreasing temper-
atures. Due to the increase in the superconducting proximity
effect, additional local minima appear at gy = nr /2 4 7 /4,
wheren =0,1,2,... (i.e., [110], [110], [110], and [110], re-
spectively). This is a clear signature for the proximity-induced
triplet correlations. These are most efficiently generated at
angles ®py = nw/2 (i.e., [100], [010], [100], and [010])
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FIG. 4. Numerical modeling. (a) Free energy F' vs in-plane mag-
netization angle ®gy for temperatures below the superconducting
critical temperature and just above the critical temperature (7). The
free energy is plotted relative to the free energy in the AP configu-
ration Fyp and has been normalized to the hopping parameter ¢ used
in the tight-binding model. (b) Illustration of the physical origin of
the change in magnetic anisotropy induced by the superconducting
layer. Above T¢, V is a normal metal and the soft Fe layer has a
fourfold in-plane magnetic energy anisotropy (yellow line). Below
Tc, V is superconducting and influences the soft Fe layer via the
proximity effect: a leakage of Cooper pairs into the ferromagnet. Due
to the SOC at the interface, a magnetization-orientation-dependent
generation of triplet Cooper pairs occurs. The generation of triplets
is at its weakest for a magnetization pointing in the [110] direction,
giving a maximum for the superconducting condensation energy
gain. This modifies the magnetic anisotropy of the soft Fe layer
(cyan line), enabling magnetization switching to the [110] direction
(blue arrow). The magnetic anisotropy does not show the weak AP
coupling between the two Fe layers, causing an absolute minimum
in Oy =7 (a)

for a heterostructure with a magnetic layer that has a cubic
crystal structure like Fe [45]. As a result, the decrease in the
free energy is stronger at angles ®py = nm /2 + /4, where
more singlet Cooper pairs survive. Our numerical results thus
confirm that the experimentally observed modification of the
anisotropy can be explained by the presence of SOC in the S/F
structure alone, without including superconducting proximity
effects from misalignment between the Fe(100) and Fe/Co
layers. Moreover, Fig. 4 illustrates why the ®py = n /2 +
7 /4 states only appear experimentally when the external field
is rotated from an AP to P alignment (Fig. 2). Because of
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the weak AP coupling between the ferromagnetic layers, the
energy thresholds for reorienting the magnetization from one
local minimum to the next are higher under a rotation from
AP to P alignment.

In conclusion, we present experimental evidence for
superconductivity-induced change in magnetic anisotropy in
epitaxial ferromagnet-superconductor hybrids with spin-orbit
interaction. We believe that this mechanism is fundamentally
different from the previous reports of magnetization modi-
fication arising from Meissner screening and vortex-induced
domain wall pinning, even though the spin-triplet mechanism
and performed simulations require many assumptions. Our
results establish superconductors as tunable sources of mag-
netic anisotropies and active ingredients for future low dissi-
pation superspintronic technologies. Specifically, they could
provide an opportunity to employ spin-orbit proximity effects
in magnetic Josephson junction technology and apply it to
Fe/MgO-based junctions that are widely used in commercial
spintronic applications.
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