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Large tunable exchange fields due to purely paramagnetically limited domain wall superconductivity
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The ability to apply and tune large magnetic fields locally is a crucial requirement for several devices,
most notably for the detection and generation of Majorana fermions. Such a functionality can be achieved in
superconductor (S)/ferromagnet (F) bilayers, where superconductivity is strengthened on top of domain walls
due to local lowering of the proximity-induced effective exchange fields. By using niobium and ferromagnetic
insulating (GdN) bilayers, and through detailed magnetotransport measurements, we demonstrate the phenomena
of switching in and out of the domain wall superconducting phase in S/F bilayers by purely paramagnetic tuning
of induced exchange fields. In the thinnest of niobium layers, we estimate that this tunability can be as high as
1.3 T with the application of in-plane external fields of a few milliteslas.
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Thin-film superconductor (S)/ferromagnet (F) systems
have been studied extensively due to the possibility of detec-
tion of novel interfacial effects and prospective dissipationless
device functionalities [1]. Notable among these are 0−π

transitions [2–4], resulting in an oscillatory order parameter,
and the generation of long-range odd-frequency triplet cor-
relations [5–8]. However, one of the longstanding theoretical
predictions that has eluded experimental observation is that of
a purely magnetic domain state mediated and purely param-
agnetically limited switching of the superconducting state to
the normal state and vice versa in S/F bilayers [9,10].

In S/F bilayers, Cooper pairs interact with the ferromagnet
either through a proximity-induced exchange field, causing
paramagnetic pair breaking [9,10] or with stray magnetic
fields emanating from the ferromagnet, resulting in orbital
pair breaking [11]. As opposed to orbital pair breaking
[12,13], paramagnetic pair breaking is especially useful for
the tuning of induced exchange fields, with the superconduc-
tor remaining homogeneous, but with a reduced energy gap.
When the underlying ferromagnet transitions into a multido-
main state, it results in areas over domain walls with reduced
pair-breaking exchange fields, thus resulting in a reduced
average effective exchange field in the superconductor layer.
The difference in average exchange fields in the saturated
and multidomain state of the ferromagnet is tantamount to
exchange-field tunability in the superconductor layer. This
can result in a superconducting phase in the multidomain
state and a normal state in the saturated state of the ferro-
magnet. This translates into a measurable difference in the
critical temperature (Tc) in the saturated and coercive states
of the ferromagnet. Such Tc differences can be analyzed
with theoretically predicted normal to superconducting (N-S)
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phase diagrams of high field superconductivity and param-
agnetically limited domain wall superconductivity (DWS) to
estimate the tunability of the exchange field in the system.
Thus far, experiments investigating paramagnetic pair break-
ing in S/F bilayers have been shown to cause minimal N-S
transitions [14–16], with very low differences in Tc (30 mK
or less), and hence magnitudes of exchange-field tunability
have not been derived. In this Letter, we fill this experimen-
tal gap using Nb/GdN bilayers and demonstrating a purely
proximity-induced, exchange-field, modification-driven N-S
transition of thin-film niobium by applying small fields (a
few milliteslas) that alter the domain state of a thin-film soft
ferromagnetic insulator (FI): GdN.

As opposed to a metallic ferromagnet, in S/FI systems,
the situation is slightly different. When measured in current
in-plane geometry, with thin superconductor layers, electrons
of the Cooper pair undergo reflections at the S/FI interface
[17]. This leads to an exchange interaction that manifests
as an effective exchange field in the thin superconductor
layer. However, a FI layer prevents diffusion of Cooper pairs
into itself, and therefore this constitutes a purely interfacial,
proximity-induced exchange-field effect [17–19]. The super-
conducting coherence length (ξT ) at a temperature (T ) close to
the transition temperature (Tc) abides by the Ginzburg-Landau
(GL) relation,

ξT = ξT =0√
�T
Tc

(1)

where �T = |Tc–T |. When the Cooper pair interacts with
FI moments in a single domain, it experiences a uni-
form exchange field that contributes to the paramagnetic
pair-breaking effect and leads to a quasiparticle spin split
superconducting state [20,21]. The Cooper pairs can also
sample the moments of two adjacent domains if ξT lies in
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a range between the domain wall width (dw) and the modal
lowest dimension of the domains. In this scenario, the ef-
fective exchange field would reduce, resulting in reduced
paramagnetic pair breaking, which, as described earlier, is
measurable through an enhanced Tc of the system [9,10].

This phenomena of DWS, although in spirit is very similar,
it is microscopically distinct from the spin switch effect in
F/S/F trilayers [22], where switching the direction of the
magnetic moment of the soft ferromagnet layer in comparison
to a harder ferromagnet layer causes a Tc enhancement due to
overall relative parallel and antiparallel arrangements of the
two ferromagnets, which are approximated to be macrospins,
without their finer domain texture. Moreover, as opposed
to FI/S bilayers, where the field-tunable superconductor
layer can be interfaced with other device components (for
example, a nanowire in the case of Majorana devices), F/S/F
trilayers may not be useful for applications seeking local field
tunability.

In addition to filling the experimental gap of precisely mea-
suring exchange-field tunability, we also test the predictions of
the theory of paramagnetically limited DWS by controllably
tuning the following intrinsic physical parameters: ξT , ξT =0,
and the domain wall area fraction. This can be done by varying
the corresponding experimental parameters—temperature (T )
for changing ξT and superconducting niobium film thickness
[23], which affects ξT =0 in the dirty limit—and externally
applying a magnetic field (H) that affects the domain state
of the ferromagnet.

Multilayers of the form AlN (10 nm)/Nb (varying thick-
ness)/GdN (3 nm)/AlN (15 nm) were grown on n-doped
Si/SiO2 (285-nm) substrates via magnetron sputtering inside a
custom-made multitarget UHV chamber with a base pressure
on the order 10–9 mbar. GdN and AlN layers were deposited
using reactive dc sputtering of gadolinium and aluminum in
an 8% and 44%, respectively, N2-in-argon atmosphere at 1.5
Pa. Niobium thickness was varied by keeping samples in a ro-
tating table and rotating them under a masking plate under the
niobium targets using a computer-controlled stepper motor.
Magnetization measurements as a function of in-plane mag-
netic fields were performed on AlN/GdN(3nm)/AlN samples
using a vibrating sample magnetometer (VSM), the MPMS3
SQUID VSM from quantum design. For the magnetotransport
measurements, the stacks were wire-bonded in four-point ge-
ometry, glued to custom-made printed circuit boards devoid of
any magnetic material, and affixed to a probe that was inserted
into a variable temperature inset of an Oxford Teslatron pulse
tube cryostat, and uniaxial magnetic fields were applied using
the built-in superconducting solenoid of the Teslatron system.
The QCODES platform was adopted for data acquisition.

In Fig. 1(a), we measure resistance (R) with increasing
temperatures at several values of externally applied magnetic
fields, from positive to negative saturation and vice versa.
The sharp horn-like features are suggestive of how the Tc

enhancement is correlated to the coercive field of the FI. The
Tc enhancement can also be visualized from isolated R-T plots
(extracted vertical linecuts) as shown in Fig. 1(b). The R-H
plot in Fig. 1(c) represents a horizontal linecut of the color
map at 4.2 K, and shows the transition to the DWS phase,
which coincides with the magnetization switching field values
obtained from the VSM measurements of a 3-nm GdN film

without the top niobium layer. Figure 1(d) shows an identical
measurement of a sample in which the interface between GdN
and niobium is broken by 3 nm of insulating AlN and which
is grown in the same growth run, with the same plasma for
GdN and niobium. However, the Tc of the system is far greater
than without AlN in between, and the horn-like features are
missing. This demonstrates the purely interfacial nature of the
effect, and the minimal role of orbital pair breaking caused by
stray fields.

Next we discuss the origin of the horn-like features in
greater detail. The following five considerations are central
to the understanding of these features:

(1) Copper pairs are most stable when two opposite spins
constituting it lie in a neighborhood of like spins [10] [for
example, the starred event in Fig. 1(e), which shows a Cooper
pair just large enough to be lying on the boundary of an in-
plane domain wall]. This is the condition when the exchange
field it experiences is the lowest.

(2) As temperature is increased, Cooper pair size increases
continuously, which may lead to the following conditions:
initially, ξT < dw, followed by ξT ∼ dw [starred event of
Fig. 1(e)], and finally ξT � dw.

(3) As the field is lowered from saturation, the number
of domains increases, and this increases the frequency of the
starred event shown in Fig. 1(e).

(4) Hence, Cooper pair stability (and therefore Tc) will be
highest when ξT ∼ dw, and the external applied field equals
the coercive field. Hence the sharp increase of Tc at coercive
fields on either side.

(5) The effect fades out if ξT � dw. In this condition, after
increasing temperatures, a Cooper pair has become so large
that it is no longer lying across the boundary of one single
domain wall with opposite spin orientation on either sides.
Hence, Tc does not increase indefinitely.

The situation, specifically at ξT ∼ dw, for various fields
is represented by Fig. 1(e). At saturation fields, the Cooper
pairs face a uniform exchange field, and this becomes spa-
tially nonuniform at the coercive fields. The nonuniformity
causes a net lowering of the exchange field and is ultimately
tantamount to exchange-field tunability.

In Fig. 2, we plot the dependence of various properties
as a function of niobium thickness. Tc suppression of nio-
bium due to the proximity effect of GdN is clearly visible
in Fig. 2(a). Above 20 nm, no discernible horn-like fea-
tures were observed, and below 7 nm, the bilayers showed
no superconducting transitions until 0.25 K. Please refer to
Supplemental Material Fig. S1 [24] for color maps of sam-
ples at these two extremes. The two noticeable aspects of
thickness dependence present in Fig. 2(b) are (i) the rapid
decrease of the Tc enhancement effect with increasing thick-
ness [evident through both �T/Tc = (|TSat–TCoer|)/TSat and
�T = (TCoer–TSat ) data, where TCoer and TSat are the transi-
tion temperatures at the coercive field and saturation field,
respectively] and (ii) the reduced Tc of Nb/GdN films com-
pared to identical film-layer thickness, but with a thin 3 nm
of insulating AlN in between GdN and niobium [Fig. 2(b),
inset]. With reference to the latter observation, we also note
that the magnitude of the Tc decrease is highest for the thinnest
niobium films. We attribute this to the lowering of the average
proximity-induced exchange fields with increasing niobium
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FIG. 1. (a) Resistance R(�) of Nb (8 nm)/GdN (3 nm) versus the applied field μ0H (mT) and temperature T (K) represented for the field
sequence 0 → HCoer → +HSat and 0 → –HCoer → –HSat. (b) R-T plots for HSat, zero field, and HCoer. (c) Normalized resistance Rnorm versus
μ0H (mT) (red circles) and magnetic moment mtot (μemu) versus μ0H (mT) (black cross) for a GdN (3-nm) film at 4.2 K. (d) R-T versus H
color map with a sequence of –15 mT to 15 mT for a Nb (8-nm)/AlN (3-nm)/GdN (3-nm) stack. (e) Illustration of DWS phenomena depicting
the interaction of Cooper pairs with a micromagnetic structure at the interface of niobium and GdN. The yellow star denotes a particular event
when ξT ∼ dw .

thickness [17]. The former observation is due to the reduction
of the mean free path �, as shown in Fig. 2(d), of niobium
with reducing niobium film thickness, which in turn reduces
the zero-temperature dirty limit coherence length ξT =0 since
ξT =0 ∼ 0.855

√
ξ0� where ξ0 is the bulk coherence length. The

mean free path corresponding to niobium films of the reported
thickness was estimated from residual resistivity measure-
ments [shown in Fig. 2(d), inset] (ρ10 K ) [23,25]. We found
at least two accounts of such a thickness dependence of the
niobium mean free path in the literature [23,26]. The per-
pendicular to the plane critical-field measurements [Fig. 2(c)]
also yielded a set of coherence length values (ξT =0) using the
following relations:

HC2⊥(T = 0) = φ0

2πξ 2
T =0

(2)

and

HC2⊥(T ) = HC2⊥(T = 0)
1 −

(
T/Tc

)2

1 +
(

T/Tc

)2 . (3)

Here, Tc is the transition temperature of the bilayer samples
at zero field [Fig. 2(a)], and T (∼ 1.6 K) is the temperature at
which the RH⊥ measurements [Fig. 2(c), inset] were taken.
While the values of ξT derived from two different kinds of
measurement are not identical, the trend of an overall, largely
monotonic, increase of ξT with niobium thickness is seen in
both kinds of measurement. Moreover, we point out that the
discussion regarding what constitutes HC2⊥ in a system with
an intrinsic exchange field might be a little more nuanced, and
is beyond the purview of this reported work. We hence take
greater cognizance of the values of ξT obtained from residual
resistivity and mean free path measurements.
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FIG. 2. (a) R-T plots displayed as solid lines for bare niobium films and dashed lines for Nb/GdN bilayers. (b) �T
Tc

(orange triangles) versus
dNb. Inset: Red circles show the dependence of �T on dNb, blue circles represent Tc0 of Nb/AlN/GdN, and blue triangles represent TCoer of
Nb/GdN stacks. (c) Projected HC2⊥ at 0 K is marked with unfilled plus signs. Inset: The R−H⊥ plots at 1.6 K used for estimating HC2⊥ are
provided. (d) Black stars represent the calculated mean free path (�) at 10 K from the residual resistivity measurements, which are denoted by
blue unfilled stars (inset). (e) Black unfilled circles represent ξT calculated from � and �T

Tc
. The unfilled red plus signs represent ξT derived

from HC2⊥ measurements. The green band represents the range of possible domain wall widths (dw). Inset: The corresponding ξT =0 values.

It is expected that the largest Tc enhancements should occur
when the GL coherence length [ξT from Eq. (1)] close to TCoer

is comparable to domain wall width dw = π
√

A
Ku

, where A is
exchange stiffness coefficient and Ku is the uniaxial magne-
tocrystalline anisotropy of the FI layer. We estimate dw from
calculations of A and Ku available in the literature [27,28], and
present it as a spread of values in Fig. 2(e). We observe that
the limit ξT

∼= dw is satisfied for the lowest thicknesses (T =
3.57 K), and gradually settles to ξT � dw (T = 7.33 K). This
observation tallies with decreasing �T with increasing nio-
bium thickness, as the effect of domain wall-induced Cooper
pair stability is reduced for larger Cooper pairs in thicker nio-
bium. Although increasing superconducting thickness always
corresponds to decreasing proximity effects, our experiment
suggests that for a FI layer with a larger dw, the range of
niobium thicknesses for which the effect can be observed may
be higher than 20 nm.

We next probe the influence of the texture of the proximity-
induced exchange field on the nature of the S-N phase
transition. This is best portrayed through the theory of lo-
calized, nonuniform DWS put forth by Houzet-Buzdin (H-B)
[10], as compared to the uniform high-field superconductivity
treatments by Maki-Fulde (M-F) [29–31].

For this analysis, we trace out the phase diagram for do-
main wall-induced nonuniform superconductivity [10], and
superimpose our T/Tc0 = TNb/GdN

T Nb
AlN
GdN

data on it in Fig. 3.

We assume that T =TSat (blue stars in Fig. 3) corresponds
to the M-F curve, whereas T =TCoer (green unfilled stars) cor-
responds to the H-B curve. The net exchange field is reduced

FIG. 3. The black dashed curve represents the H-B boundary
for DWS. The blue curve is the M-F phase boundary for uniform
superconductivity. The colored bands (violet, purple, blue, green,
yellow, orange, and red, starting from the left) represent TCoer − TSat

Tc0

for Nb/GdN films (niobium, 7 to 20 nm). Blue filled stars at TSat
Tc0

of Nb/GdN correspond to the critical exchange field ( hC
Tc0

) on the

M-F curve. The green unfilled stars represent TCoer
Tc0

, which is used to

estimate hCoer
Tc0

on the H-B curve. The green filled stars are the derived

average exchange fields ( hav
Tc0

) at TCoer
Tc0

. The hatched region denotes

variation in the exchange field ( hex
Tc0

). The filled violet and purple

circles, and the unfilled blue circles represent h
Tc0

from in-plane
critical fields for Nb (7 nm)/GdN (3 nm), Nb (8 nm)/GdN (3 nm),
and Nb (7 nm)/AlN (3 nm)/GdN (3 nm), respectively. The red dashed
line represents the normalized paramagnetic limit of around 1.25 Tc0 .
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due to the presence of domain walls, whereas the values in the
H-B curve indicate an increase in effective exchange fields.
This contradiction can be overcome from consideration of the
parameters that go into the model underpinning the H-B curve
and their implications. In the M-F theory, hC is the magnitude
of the exchange field vector. In the absence of domain walls,
this vector is uniform throughout. Hence, the magnitude of an
induced exchange field at T =TSat, can be extracted from the
M-F phase boundary. We find that although hC for all samples
(blue stars in Fig. 3) is of the order of several Tesla, it is
always less than the internal molecular field for GdN ( TCurie ≈
35 K), which we estimate as 17.3 T from the Curie-Weiss
theory.

In the presence of domain walls, over several regions, the
net exchange field on a Cooper pair reduces [starred event
in Fig. 1(e)]. Nevertheless, the H-B theory proposes a net
vector of magnitude hcw that can account for the decreased
area average exchange field (hav). The previous implies the
following set of relations:

hav < hC . (4)

From observation of the fact that H-B curve is always
higher than M-F curve, we posit

hcw= f hC, where f > 1. (5)

Therefore from Eqs. (4) and (5), we logically deduce that

hav=hC/ f . (6)

Hence, the tunability of exchange field hex is

hex =hC − hav=
(

1− 1

f

)
hC . (7)

This variation of hex of the effective proximity-induced
exchange field due to a nonuniform magnetic texture can be
quantified in units of magnetic field in Tesla as follows:

�Hex=hexkB

μe
. (8)

We find that �Hex can be as high as 1.3 T for Nb (7
nm)/GdN (3 nm) and reduces to 30 mT for Nb (20 nm)/GdN
(3 nm) with increasing niobium film thickness. In Fig. 4, we
plot this tunability of the exchange field with niobium film
thickness.

We further investigate the in-plane critical field behavior of
Nb (7 nm)/GdN, Nb (8 nm)/GdN, and Nb (7 nm)/AlN/GdN
films (filled violet and purple circles, and unfilled blue circles,
respectively, in Fig. 3] deep inside their respective supercon-
ducting states, and track the transition boundary. For Nb/GdN
samples we use

h

Tc0
=μeμ0Happ

KBTc0
+ hC

Tc0
, (9)

where μ0Happ is the magnitude of externally applied mag-
netic field in Tesla and we assume hC = 0 for Nb/AlN/GdN
due to the absence of the proximity effect of GdN on nio-
bium. The critical field of Nb (7 nm)/AlN (3 nm)/GdN (3
nm) is in the order of 11.3 T, and it is comparable to the
hC experienced by Nb (7 nm)/GdN (3 nm). A second-order

FIG. 4. Degree of tunability (�Hex) of the exchange field with
varying niobium film thicknesses in Nb/GdN bilayers. Inset: Yellow
circles show �Hex versus �T .

broad transition is evident (refer to Supplemental Material
Fig. S2 [24]) at all temperatures for all samples, and yet
we observe a deviation from the M-F second-order phase
boundary (blue dotted line in Fig. 3). Such deviations are
expected for superconductors with appreciable spin-orbit scat-
tering (which includes niobium [32]) as predicted by the
Werthamer-Helfand-Hohenberg (WHH) theory [33]. More-
over, per the WHH theory, spin paramagnetic scattering and
mean free path are inversely related, and this translates to
a higher critical field phase boundary for a higher mean
free path. We observe this exact phenomenon when con-
trasting the data of Nb (7 nm)/GdN (3 nm) (violet circles
in Fig. 3) against Nb (8 nm)/GdN (3 nm) (purple circles
in Fig. 3). Furthermore, in accordance with WHH predic-
tions, we breach the Chandrashekar-Clogston limit [34,35]
for the Nb (8-nm)/GdN (3-nm) sample at low tempera-
tures.

In conclusion, by controlling the Cooper pair dimensions,
both by means of temperature and by changing thickness
of the superconductor, our results demonstrate switching on
and off of the superconducting state by purely paramag-
netic effects of the underlying FI magnetic microstructure.
This switching effect is tantamount to large, tunable ex-
change fields (> 1 T), which is very significant for Majorana
zero-mode devices, where local field tunability with minimal
external fields are necessary [36–38]. Our results demon-
strate that small-area, ultrathin Nb/GdN bilayers are useful
candidates for this purpose. Moreover, per our knowledge,
this study is the only attempt thus far to compare experi-
mental data with phase diagram of paramagnetically limited
DWS. Finally, such paramagnetically limited switchable bi-
layers can be used for designing cryogenic memory devices
with switching fields that are approximately two orders of
magnitude lower than that reported for orbitally limited
DWS [12].
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