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Suppression of superconductivity due to the proximity effect between a superconductor and a ferromagnet
can be partially alleviated when a Cooper pair simultaneously samples different directions of the short-range
exchange field. The superconductor’s critical temperature, ¢, is therefore expected to partially recover when the
ferromagnet is in a multidomain state, as opposed to a single-domain state. Here, we discuss series of experiments
performed with ferromagnet(Pt/Co)/spacer(IrMn and Pt)/superconductor(NbN) heterostructures. By tuning the
various parameters in play, e.g., superconducting coherence length-to-thicknesses ratio, and domain sizes, we
obtained up to 10% recovery of the superconducting critical temperature A7¢/T¢. This large-scale recovery
made investigations possible. In particular, from the spacer thickness dependence of ATy /T¢, it was possible
to deduce the characteristic length for Cooper pair penetration in an IrMn antiferromagnet. This information is
crucial for electronic transport, and up to now has been difficult to access experimentally for antiferromagnets.

DOI: 10.1103/PhysRevB.104.054413

I. INTRODUCTION

The interplay between superconductivity and magnetism
has attracted considerable attention in recent decades [1,2] due
to its importance for studies in basic physics and related appli-
cations. As a consequence, a variety of phenomena has been
described in ferromagnet/superconductor hybrids, such as the
spin switch effect [3-5], the superconducting magnetoresis-
tance effect [6,7], and domain-wall superconductivity [8—13].
At the heart of domain-wall superconductivity, Cooper pairs
consisting of electrons of opposing spins experience the
short-range exchange field averaged over the superconduct-
ing coherence length. This phenomenon reduces the critical
temperature (7¢) of the superconducting layer. A magnetic
domain wall flanked by opposite spins reduces the averaged
exchange field and thus allows partial recovery of the super-
conducting temperature, ATe. Recovery is achieved through
the creation of an additional, and more efficient, super-
conducting pathway in the magnetic layer [1]. In practice,
ferromagnetic domains also generate long-range dipolar mag-
netic fields. While nucleation of the superconductivity can
occur near domain walls [8,14], dipolar fields may also cause
the overall superconducting temperature to drop. This type
of competition between exchange and dipolar interactions
is especially significant for ferromagnets with out-of-plane
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anisotropy, such as [Pt/Co] multilayers [11]. Consequently,
observation of the actual temperature enhancement due to
the proximity effect near ferromagnetic domain walls is dif-
ficult. To overcome the inherent difficulty, the effects of two
interfaces can be cumulated, for example by sandwiching a
38-nm-thick Nb superconductor between [Co(0.6)/Pt(1.5)]4
and [Co(0.4)/Pt(1.1)]4 (nm) ferromagnetic multilayers. This
approach allowed Zhu et al. [12] to demonstrate a small ferro-
magnetic domain-wall proximity effect of ATy /T = 0.6%.

In antiferromagnet/superconductor heterostructures, sup-
pression of T¢ [15-18] was reported with Cr and IrMn
antiferromagnets, whereas Josephson current in supercon-
ductor/antiferromagnet/superconductor trilayers [16,19-22]
was observed with Ca;_,Sr,CuO,, Cr, and FeMn antiferro-
magnets. More recently, electrical and thermal phenomena
specific to antiferromagnet/superconductor junctions were
theoretically predicted, as the result of combined specular
reflection of holes and retroreflection of electrons [23]. Al-
though few experimental studies have been published on
antiferromagnet/superconductor heterostructures compared to
the number available for ferromagnet/superconductor sys-
tems, they could open perspectives for studies of intriguing
physical phenomena and provide crucial information on the
transport properties of antiferromagnets. Indeed, these prop-
erties recently attracted interest for their use in the context
of spin-dependent transport [24,25]. Understanding whether
antiferromagnetic spin textures influence the transport of
Cooper pairs and determining the characteristic lengths pro-
moting transport are some of the basic points that deserve to
be investigated.

©2021 American Physical Society
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FIG. 1. (a) Optical image of a typical device used to perform transport measurements. The complete image is reconstructed from three
optical images (indicated by the dotted squares). (b) Normalized magnetization M/Mj starting from a demagnetized state measured at 12
K for a Si/SiO, || [Pt(1)/Co(0.65)],5/IrMn(3)/NbN(15) (nm) ferromagnetic/spacer/superconductor stack. (c) Representative data showing
the T dependence of R, for the same sample as in (b), prepared in two distinct magnetic states: saturated and demagnetized, through two
procedures involving field cycling and cooling (see text). AT: (here, systematically measured at R = 0.5 m€2) represents the difference in
superconducting critical temperature between the saturated and demagnetized states (ATe = T gemagnetized state—1 ¢, saturated staie)- (d) MFM image
taken at room temperature, for the sample used in (b) and (c), showing maze domains after demagnetization. (Inset) PSD profile of the MFM
image. (e) Control experiment with a bare Si/SiO, || NbN(15) (nm) stack subjected to the two procedures used for (c). Data in (c) and (e)
were measured for an applied field H = 0.5 kOe. The symbols in (b) represent the two magnetic states, demagnetized (square) and saturated

(circle).

In this study, we measured the proximity effect in fer-
romagnet(Pt/Co)/spacer(IrMn and Pt)/superconductor(NbN)
heterostructures. We created domains in the ferromagnet and
varied the configurations from multi- to single domain. While
controlling the domain state, we observed its influence on
the superconductor’s critical temperature (Sec. II). By tun-
ing the various parameters in play, e.g., superconducting
coherence length-to-thicknesses ratio and domain sizes, we
achieved recovery of the superconducting critical tempera-
ture AT¢/T¢ by up to 10% (Sec. III A). This amplitude was
compatible with two types of studies that were previously im-
possible: (i) we probed the gradual evolution of AT¢/T¢ for all
the intermediate magnetic configurations of the ferromagnet
(Sec. III B); and (ii) we demonstrated how AT¢/Tr decreases
gradually with the thickness of the spacer layer; thus we were
able to determine the penetration depth of Cooper pairs in the
IrMn antiferromagnetic spacer (Sec. III C).

II. EXPERIMENTS

The full stacks wused in this study were
(from substrate to surface): Si/S10,(500) ||
[Pt(1)/Co(0.65)],/spacer(fspacer /NbN(fnpn) (nm) multilayers,
where n is the number of repetitions of the Pt/Co

heterostructure composing the ferromagnet. The value of
n was varied between 4 and 25, corresponding to a variation
of the nominal thickness between 6.6 and 41.25 nm. The
thickness of the spacer layer (IrMn or Pt), #pqcer, Was varied
between 1 and 60 nm; fnpN 1S the thickness of the NbN
superconducting layer and was set to 15, 30, or 60 nm.
Stacks were deposited at room temperature by dc-magnetron
sputtering on Si/Si0,(500) (nm) substrates under argon at a
pressure of 2.3 x 1073 mbar. The IrMn layer was deposited
from an IryoMng (at.%) target. The superconducting NbN
layers were prepared by reactive sputtering of Nb under N,
gas at a partial pressure of 5 x 1073 mbar. During deposi-
tion, the main error relates to the number of significant digits
allowed when programming the deposition time. The error
with our system is of 50 ms. Based on the deposition rates,
which we calibrated separately for all targets using standard
x-ray reflectivity on calibration samples, we calculated that
the error for the thickness of the layers was always smaller
than the size of the symbols in the figures. The thin films
were patterned into H bars (measuring 200 um wide and
5 mm long) by laser lithography and plasma etching. An
optical image of the resulting H bar is shown in Fig. 1(a).
Electrode contacts were created using aluminum-wire bond-

054413-2



PENETRATION DEPTH OF COOPER PAIRS ...

PHYSICAL REVIEW B 104, 054413 (2021)

ing on 200 x 200 um? contact pads. Electrical parameters

were then measured using standard four-point current-voltage
geometries, applying an ac current (lock-in detection) of am-
plitude 0.5 mA and frequency 13.65 Hz.

By measuring the transverse voltage between contacts
Vi and V3 [Fig. 1(a)], the anomalous Hall contribution
from the stack was determined. This contribution is known
to be proportional to the perpendicular component of
magnetization, M [26]. Representative data showing how
normalized M(m = M/M;g) depends on an external mag-
netic field, H, applied out-of-plane for a Si/SiO, ||
[Pt(1)/C0(0.65)];5/IrMn(3)/NbN(15) (nm) stack are plotted
in Fig. 1(b). Data points were measured at 12 K after de-
magnetizing the sample by applying an alternating field of
decreasing amplitude, from 10 to 0 kOe at a rate of 50 Oe s~ !.
Subsequently, distinct field sequences were applied to pro-
duce different magnetic states for the Pt/Co ferromagnet. For
example, the symbols in Fig. 1(b) indicate that the demag-
netized (red square, for m = M/Mg ~ 0) and saturated (blue
circle, for m = M /Mg ~ 1) states can both be accessed at
a remanent field of H = 0.5kOe. These states were used
throughout the study. Magnetic force microscopy (MFM) per-
formed at room temperature [Fig. 1(d)] [27] revealed that
the demagnetized state consists of maze domains, with a
typical width wpyc, = 47nm. This width was determined
from the power spectral density profile of the two-dimensional
Fourier transform of the MFM image [inset in Fig. 1(d)]. The
domains are separated by domain walls (8p;/c,) measuring
(11.5 £ 1.5)nm thick. 8pyc, was calculated from 8pico =
7 /AJK, where A = (3.4 £0.4) x 1077 ergcm’2 and K =
(1.5 £0.2) x 10° ergcm ™ were determined by applying the
Kaplan model [28]. This model will be further discussed
below. The full hysteresis loop given in Fig 1(b) is also consis-
tent with the preferential formation of maze domains, caused
by competition between exchange and magnetostatic energies
[29]. It should be noted that the saturated state was only
accessible here at a remanent field of 0.5 kOe. Thinner Pt/Co
ferromagnets produce hysteresis loops with shape closer to
a square, and can thus be used to access all states in zero
applied field. Nevertheless, Sec. III presents a discussion of
some of the considerations to be taken into account when
choosing thicker vs thinner Pt/Co ferromagnets for this type of
study.

The superconducting critical temperature, T, of the
NbN layer was determined from temperature(7)-dependent
measurements of the stacks’ resistance, R, based on the lon-
gitudinal voltage between contacts V; and V, [Figs. 1(c) and
1(e)]. Sample holders equipped with onboard thermometers
ensured the sample temperature was accurately measured. As
detailed below, each measurement can also be considered
self-referenced, in the sense that what matters is the difference
in T¢ between two magnetic states for a given sample, AT¢.
As a result, and because AT¢ is much smaller than 7, our
data are robust against small variations in the determination
of the temperature. Slant in the R vs T curves points to an
inhomogeneous state that is inherent to the NbN supercon-
ductor [Fig. 1(e)]. It should be noted that we used a log
scale for the y axis. While this makes the basal ATz more
visible, it also artificially exacerbates slant in the curves. To

allow data comparison, T¢ was defined throughout as the
temperature for which R dropped to 0.5 m€2, i.e., above the
noise level and at the onset of the superconducting to normal
state transition. The corresponding power dissipation of less
than 0.15 W ensured that no issues related to Joule heating
are encountered in the determination of T¢. Typical R vs T
measurements for H = 0.5kOe are shown in Fig. 1(c) for
[Pt/Co],/IrMn/NbN multilayers with the Pt/Co ferromagnet
in a demagnetized or saturated state, and in Fig. 1(e) for
a single layer of NbN subjected to the same field-cycling
protocol. These data for the NbN monolayer were used to
verify that the NbN superconductor is not intrinsically sen-
sitive to field-cycling procedures. Subsequent findings could
thus be confidently interpreted. Comparing Figs. 1(c) and
1(e), Te was observed to be approximately 20% smaller
in the [Pt/Co],/ItMn/NbN multilayer (7¢ ~ 6.5 K when the
Pt/Co ferromagnet is saturated) than in the monolayer of NbN
(Teo ~ 8.4 K). This weakening of superconductivity is caused
by the exchange field sampled by the Cooper pairs traveling
across the spacer layer, inducing effective pair breaking [10].
The fact that the 3-nm-thick IrMn spacer layer is transparent
for the transport of Cooper pairs will be addressed specif-
ically below. The results shown in Fig. 1(c) confirmed that
the presence of domains and the resulting domain walls in the
demagnetized Pt/Co ferromagnet led to weaker Cooper pair-
breaking effects, as expected from the theory [10]. This effect
resulted in a larger T¢ (~7.2 K) than that recorded for the
saturated state (~6.5 K). Thus, relative recovery of Tr, defined
as ATC / TC = (Tc,demagnetized state™ L ¢,saturated state)/ Tc,salurated state s
was up to ~10%, an order of magnitude larger than the ~0.6%
reported previously [12]. In fact, to observe this effect, several
parameters (superconducting coherence length, &npn, Vs layer
thicknesses, fNbN, fiMns fpi/co, VS Mmagnetic domain width,
Wpt/Co, and domain-walls width, 8p,c,) must be appropriately
adjusted with respect to each other. For example: (i) optimiz-
ing proximity effects requires the &npn/fnbN Tatio to be maxi-
mized, but minimizing finite-size effects on superconductivity
imposes a lower limit on #ypN or (ii) optimizing the influence
of a domain wall on superconductivity imposes that p;,c, be
on the same order of magnitude as &vpn. The ad hoc adjust-
ment of several parameters produced the reported AT /T¢, up
to ~10%. Specifically, the results shown in Fig. 1 were ob-
tained with a sample in which f\pny = 15 nm, Expy = 15 nm,
dpiyco = 11.5nm, wpyco = 47nm, fpyco = 41.25nm, and
frvn = 3 nm. Parameter tuning will be discussed in the next
section.

It is interesting to note that a similar recovery of T¢
was measured when using contacts V, and Vs instead of V|
and V, for the measurements [Fig. 1(a)], i.e., when the to-
tal number of domains probed was reduced but the overall
maze arrangement remained the same. This result confirms
the reproducibility of our data and also that it is the maze
arrangement that produces the observed effect. It should also
be noted that experimental observations [Fig. 1(c)] point to an
inhomogeneous state in the ferromagnet, on the length scale of
the superconducting coherence length. More specifically, the
magnetic state seems to affect more the temperature at which
the stack reaches the zero resistance state rather than the onset
of superconducting correlations.
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FIG. 2. (a) NbN thickness (txon) dependence of AT¢. (b) Representative data showing H vs T as measured for Si/SiO; ||
[Pt(1)/Co(0.65)];5/IrMn(3)/NbN(#xpn) (nm) stacks. These data were used to calculate the superconducting coherence length, &xpny and the
zero-field superconducting temperature, T y—o. Lines were fitted to the data using the model described in the text. (c) Corresponding
tnon dependences of &wpn and T¢ y—o compared to data obtained for bare Si/SiO; || NbN(#xpn) (nm) stacks. The lines serve as visual
guides. (d) Dependence of AT¢/Te = (T gemagnetized state—1e, saturated state )/ T¢saturated state With the superconducting coherence length-to-thickness
ratio (Enobn/tnbn )- The line is a linear fit to the data constrained to pass through (0,0).

III. RESULTS AND DISCUSSION

A. Influence of superconductor’s thickness
and related properties

We will now comment on the influence of the thick-
ness of the NbN superconductor on the recovery of T¢
in [Pt/Co],/IrMn/NbN multilayers. The data presented in
Fig. 2(a) show that AT¢ decreases when #npN increases, con-
firming the interfacial nature of the effect observed [10]. We
gained further insights into the thickness dependence of the
NbN properties from series of measurements of R vs T for
several applied fields. The resulting H dependences of T¢
[Fig. 2(b)] were fitted using Ginzburg-Landau (GL) theory,
which is expected to apply in the perpendicular field configu-
ration for type-II superconductors. Specifically, we deduced
the superconducting coherence length, énpn, using the fol-
lowing equation [30]: H = &y (1-T/T¢, H:())/(2m‘§éL!T:0),
where @ is the magnetic flux quantum [Py = h/(2e)], and
&g is the GL coherence length, with &g 70 = &noniT/2.
It should be remembered that, in the dirty limit, &pn =
W hDnon /(2 kpTe), where Dypy is the diffusion constant (see
also the Appendix). Data derived from the fits of H vs T for
several mpNn were plotted for [Pt/Co],/Ir'Mn/NbN and NbN
stacks [Fig. 2(c)]. The corresponding f\,n dependences of
Te, n—o and &npN are known to be related to finite-size effects
taking weakened interfacial superconductivity into account
[30]. Most importantly, measurements of the finite-size ef-
fect on &wpn were used to produce the data presented in
Fig. 2(d), where AT /T can be observed to scale linearly

with &npn/tnon. This relationship further supports the interfa-
cial nature of the proximity effect involved here.

B. Influence of ferromagnetic domain configuration

As the temperature recovery observed here in
[Pt/Co],/IrMn/NbN multilayers was considerable, it was
possible to explore how ATy/Tc evolved for several
ferromagnetic configurations of the Pt/Co multilayer.
Intermediate configurations, between the demagnetized
and saturated states discussed in Sec. II, were obtained as
illustrated in Fig. 3(a). Specifically, an incremental sequence
of minor hysteresis loops was applied at 12 K. Starting from
a demagnetized state, the magnetic field was raised to H; and
then reduced to 0.5 kOe. The symbols in Fig. 3(a) indicate
the magnetic states that we considered. The gradual increase
in m = M/Mg for the intermediate states accounts for the
partial remagnetization and gradual evolution of the domain
configuration in the Pt/Co multilayer. After each step of the
sequence in field, the T of the superconductor was deduced
from an R vs T scan at H = 0.5kOe [Fig. 3(b)]. The plot of
ATC,i / TC = (Tc,intermediate state™ 4 ¢, saturated state)/ Tc,saturated state
vs 1-M/Mg [Fig. 3(c)]) shows how the magnetic
domain arrangement in the Pt/Co ferromagnet influenced
superconductivity recovery in the NbN film. In particular,
we observed that gradually reducing the domain size, from
infinite in the saturated state (1—M/Mg ~ 0) to 45 nm in
the demagnetized state (1-M/Mgs ~ 1) led to progressive
recovery of superconductivity, from A7¢;/Tc ~ 0 to 10%.
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FIG. 3. (a) Normalized magnetization M/Ms of a Si/SiO; || [Pt(1)/Co(0.65)];5/IrMn(3)/NbN(15) (nm) stack for field-cycling series.
Measurements were performed at 12 K starting from a demagnetized state. Selected magnetic configurations are labeled as follows: (square)
Saturated; (triangle) Intermediate; and (diamond) Demagnetized. The cooling procedures used to access each magnetic configuration are
described in the text. (b) Data showing the T dependences of R for the three magnetic states examined. (c) Dependence of AT¢;/T- on
1-M/Ms, where AT ; represents the difference in superconducting critical temperature between any state and the saturated state.

Overall, this behavior can be explained by a theoretical
model, which is detailed below. We note that the error bar
for AT¢;/Tc in the figures corresponds to 1.1%. This error
corresponds to the maximum difference obtained between
several AT¢/Tc measurements for the same sample. The
value of 1.1% error in the determination of AT¢;/T¢ is in line
with data presented (see Fig. 6), where the same set of over
10 values of AT ;/Tc was measured three times.

Before coming to the model, we considered how super-
conductivity recovery was affected by the thickness of the
Pt/Co ferromagnet. Figure 4(a) shows that the gradual in-
crease in ATg;/Tc- as the magnetic domain configuration
of the Pt/Co multilayer shifted from saturated to demagne-
tized appeared to follow a universal trend that is independent
of tpyco. However, the maximum value, corresponding
to ATC / TC = (Tc,demagnetized state™ £ ¢, saturated state)/ Tc,salurated state»
did significantly depend on fpc, [Fig. 4(b)], leveling out
from n = 15. This number of Pt/Co layers corresponds to a
nominal #p;/c, thickness of 24.75 nm. We note that data in
Fig. 4(b) were measured for both H = 0.5 and 1.3 kOe, to
allow exploration of larger fp;/c, values. Indeed, for larger
values, saturation can only be reached with a 1.3-kOe field
(see Sec. II and discussion therein). Data for H = 0.5kOe
naturally show larger values than data for H# = 1.3 kOe as su-
perconducting properties are weakened when a stronger field
is applied. The #p,co-dependence of AT¢/Te is undoubtedly
driven by several parameters. First, superconducting prop-
erties are more affected by a thicker ferromagnet, as long
as tpyco remains shorter than the Cooper pair coherence
length, &pi/co. However, this effect should not be involved

here, as the coherence length is known to be a few nanome-
ters in ferromagnets. Second, since the size of the domains
decreases down to a threshold thickness corresponding to
about 47 nm [Fig. 4(c)], the density of domain walls in-
creases and then levels out, resulting in a similar shape for
ATe/Te Vs tpyco. Specifically, the size of the domains in
the demagnetized state, wpy/co, changes with the number
of layers, n, making up the [Pt/Co], multilayer (i.e., with
Ipy/co)- The thickness dependence of wpy/c, is known to obey
Kaplan’s model, which accounts for the fact that the cost
in domain-wall energy was compensated by the gain in de-
magnetizing energy as the film thickness increased [28]. For
Wpt/Co / tpyco > 1.5, the thickness dependence of wpy/co is
given by: Ln(wp/co / tpiyco) = Two / Ctpyco) + a, witha =
Ln(m) — 1+ u[0.5—Ln2); u =1+ 271M§/K. Considering
M equal to 550emucm™ [Myg = Mcotco/(fcostpr)], data
fitting returned wo = (19.8 £2)nm and an anisotropy of
K = (1.540.2) x 10°ergecm™>. These values are in agree-
ment with previous findings [27]. The domain-wall en-
ergy oy = (5.5 £ 0.5)ergcm ™2, the exchange stiffness A =
(3.4+£0.4) x 1077 erg cm~2, and the domain-wall width
dpijco = (11.5 = 1.5) nm were subsequently calculated by ap-
plying the following relations: o, = 4v/AK = 27'(M§ wo and
8Pt/Co =T A/K [28]

Because the NbN layer was grown on top of the multilay-
ers, for which the thicknesses varied significantly, we verified
that its superconducting properties were not significantly al-
tered as a result of growth issues. &xpn and Te y—o were
therefore extracted using the same procedure and equations
as described in Fig. 2(b) and corresponding text. These data

054413-5



R. L. SEEGER et al.

PHYSICAL REVIEW B 104, 054413 (2021)

@) 1.0

(®) 4,
e
o8
|_
I—O 4t 8]
< n=4 O -
© i m
F B 1
0 n 1 i
0 15 30 45
tpycoM™)

100, £ 8
38 n=4
10} £ o
Oo i
140 3511
29 1, (nm™)

0.00 0.04 0.08 0.12 0.16

s
15

Kaplan's model

® ®
30 45
tPt/CO(nm)
P S o
£ - _ L
S15—9 929
»\? (o)
125 15 30 45
toyco (NM)

FIG. 4. (a) Dependence of AT¢;/ATc on 1-M/Ms for Si/SiO;, || [Pt(1)/Co(0.65)],/IrMn(3)/NbN(15) (nm) stacks (n =4, 8, 11, 15),
measured while applying an external field of H = 0.5kOe. Lines were calculated using the model described in the text, for Lp/&s &~
0.25;2.5;5;12.5; and 25. (b) Corresponding dependence of AT /T, corresponding to (7. demagnetized state— e, satwrated state )/ T¢ saturated stare O the total
thickness (tp;/c,) of the [Pt/Co], multilayer, measured at H = 0.5 and 1.3 kOe. (c) #p/c, dependence of the domain sizes (wpy/c,), deduced
from MFM images taken at room temperature after demagnetization, i.e., for M/Ms ~ 0. (Inset) Semilogarithmic-scale dependence of wpy,c,
on 1/tpc,. Lines were fitted to the data using a model described in the text. (d) Control measurements for nxpn and T¢ 7o VS tpy/co-

confirmed negligible variability in NbN properties across
samples [Fig. 4(c)].

We next sought to develop a theoretical model supporting
the experimental findings. The model considers that Cooper
pairs feel a reduced effective exchange field that is spatially
uniform over the surface of the demagnetized ferromagnet.
Within the quasiclassical diffusive theory for superconducting
heterostructures, we derived an expression for the critical
temperature of a superconductor/ferromagnet bilayer in the
presence of a periodic magnetic domain structure (see the Ap-
pendix). Thus, assuming a thin superconducting layer [f; <
&,(Tr) with S=NbN] in good electrical contact with a thick
ferromagnetic layer (tf > & with F=Pt/Co), and narrow do-
main walls (r < &), we found

ATc;  Te(m) —Te(m=1)
sTe 8T
o\ )
e 2 Sz
700 (3) o P

4.2 1 1 222
L +w<5>—w R i B(D

(%) 20 ()

for an arbitrary ratio Lr/&,. Here ¢ and 1 are the Riemann
zeta and digamma functions, respectively, and L is the period
of the domain structure (L = 2wp).

It should be noted that the most restrictive condition for
the application of our theory to the interpretation of the experi-
mental data is a thin S-layer approximation ¢, < &;(T¢), where
& (Tc) ~ &/Ico/(Ico — TIc). Taking & = &Eypv = 15 nm
and Tgo ~ 8.4K for the NbN monolayer, and 7T¢ ~ 7.2 K
(from Fig. 1), we estimate & (T¢) ~ 40 nm. Therefore, our
theoretical approach should provide a reasonable description
of the experimental situation for fx\py = 15 nm.

The domain structure consists of alternating majority and
minority stripe domains, the relative lengths of which deter-
mine the reduced magnetization, m = M/Mg. The maximal
shift was obtained for Ly < &;, given by ATy = 6T¢ with

_7c(3) R

§Tp = 22— 2
T an? Iy @

Here, T¢y is the critical temperature of the bare supercon-
ducting layer, and h is an effective exchange field. This field
can be related to the exchange field & acting on the electron
spins in the ferromagnetic layer as follows:

. hogD h
h= oS | 3)
20sts hDp

with the conductivities os and o, and the diffusion con-
stants Dy and Dr in the superconducting and ferromagnetic
layers, respectively. From Fig. 4(a) it emerges that Eq. (1)
for Lr < &, where it approximates to ATg; = (1 — m2)8Te,
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qualitatively describes the experiment for 0 < m < 1. Devi-
ations for 1—m < 1 are attributed to the limitations of the
model close to saturation, when the domain structure is very
different from periodic stripes. Close to the saturation, instead
of the regular domain structure we should expect the existence
of small minority domains separated by very large majority
domains. Naturally in this situation our theoretical model is
not applicable, because the condition Ly < &g fails and the
superconductivity appears near the domain walls only (or
above the whole minority domain if its thickness starts to be
smaller than &g). The superconducting regions in this case are
well separated from each other; their presence provides only
a small impact on the overall resistance of the sample.

As the ratio Lg /&g increases, the AT, shift is progressively
reduced. Ultimately, for Lg > &g, Cooper pairs mostly feel
single domains, making both the demagnetized and saturated
states detrimental, producing similar depairing efficiency. For
Ly > &g, Eq. (1) yields

_ 272 -1)¢(1/2) h? &
V22 kiTeo Lr

The above equation qualitatively describes the suppression
of AT as the ferromagnetic layer gets thinner and Ly = 2wy
concomitantly increases [see Figs. 4(b) and 4(c)].

As L increases further, the assumption of a superconduct-
ing order parameter that is almost spatially uniform, used to
derive Eq. (1), breaks down. This happens when the transition
takes place in the domain-wall superconducting (DWS) phase,
according to Ref. [10]. In this case, the increase in critical tem-
perature between demagnetized and saturated configurations
can be determined as follows:

_ V2-1'a/) R

870 PN

AT 4

ATc o)
This relationship requires the walls to be sufficiently
distant from each other on the characteristic DWS length
scale [10], i.e., (l—m)LF 2 %-DWS(T)’ with éDWS(T) =
SSTCO/(TCO - T) As TCO —T= ilz/(klngCQ) in this regime,
Egs. (4) and (5) can be seen to match parametrically at
m =0 [i.e.,, Lr = &pws(Tc)]. Note that the DWS phases
overlap extensively at Lp ~ &g (T¢), where &gL(T) =
%55«/Tco/(Tco — T), is the GL coherence length.

We believe that the model described above captures the
main physics of the proximity-effect related phenomenon,
which is observed experimentally through the dependence of
Tc on the characteristic length scales of the heterostructure
and magnetic texture. On the other hand, detecting 7¢ through
resistive measurements requires that a superconducting path
relates two electrical contacts. This is generically realized
within our assumption of a regular linear magnetic domain
structure. However, slant in the R vs T curves and R-dependent
recovery of T¢ (Fig. 1) indicate the presence of supercon-
ducting and magnetic state related inhomogeneities in the
experiment. Accounting for the smearing out of the resistive
transition in accordance with the experimentally observed
behavior actually requires a detailed knowledge of the super-
conducting layer thickness and the magnetic domain structure.
Indeed, on the grounds of our simplified model, one naturally
expects that the variation of the S-layer thickness may lead to

a local increase of the superconducting transition temperature
into the domain phase in the regions with smaller thickness.
The local variations of the domain phase period and structure
also generate a spatial dependence of the pair-breaking effect
and a local increase of the critical temperature in the regions
with smaller period and/or larger curvature of the domains.
With this knowledge, one may then attempt to describe the
resistive transition within a percolation theory of supercon-
ducting regions between the electrical contacts. Developing
such a model goes well beyond the model presented in this

paper.

C. Influence of the nature, thickness, and domain
state of the spacer layer

We next investigated the influence of the spacer thick-
ness on the recovery of superconductivity. More par-
ticularly, we took advantage of the proximity -effect
in our ferromagnet/antiferromagnetic-spacer/superconductor
heterostructures to study the transport properties of Cooper
pairs in the IrMn antiferromagnet and to further deduce char-
acteristic properties that could be of interest for any electronic
transport-related study, e.g., for antiferromagnetic spintronics
[24,25]. How AT /T¢ depends on the IrMn spacer thickness is
shown in Fig. 5(a) for two values of applied field. It should be
noted that the superconducting properties of NbN, &vpn, and
Tc, m—o were tested in this set of samples. These data indicated
that the variability in &xpn and T¢, g—o across samples was
negligible (not shown), in line with the data presented in
Fig. 4(c) and the related discussion. The overall reduction
of ATe/Te with tv, [Fig. 5(a)] relates to the coherence
length of Cooper pairs in the metallic spacer of the IrMn
antiferromagnet, &pvn. The fact that the overall signal only
entirely vanished when the #;\, thickness reached ~40 nm
indicates that a thin IrMn layer (e.g., 3 nm as considered in
the previous sections) will be completely transparent for the
electronic transport of Cooper pairs. This finding can be ex-
plained by the fact that an antiferromagnetic exchange length
of a few nanometers is much shorter than the superconducting
coherence length of a few tens of nanometers. As a result,
the different directions of the moments are sampled simulta-
neously by a Cooper pair, and the antiferromagnet is viewed
as a nonmagnetic layer in the Cooper pair reference frame.
We note that the spin structure in polycrystalline IrMn thin
films like the ones used in our samples resembles a disordered
phase (y phase) of the noncollinear structure of the bulk
L1,-IrMnj3 antiferromagnet [31]. When considering the diffu-
sion of Cooper pairs, we took ATe/Te o< expl—kgpacertspacer s
expected from quasiclassical theories in the diffusive limit,
with a wave vector of the form kgpacer = 1/&spacer. Fitting
these relations to the data shown in Fig. 5, we obtained a
coherence length of &\, = (6.7 & 1) nm for the IrMn anti-
ferromagnet. In comparison, a value of (12.4 + 2) nm was
obtained for the nonmagnetic Pt layer. The expected result was
Espacer X /Dipacer Tspacer, Where Dgpacer 1S the electron diffusion
constant, and Tpacer 1S the depairing time for Cooper pairs in
the metallic spacer layer, which includes contributions from
spin-relaxation processes [32].

We finally considered whether the magnetic state of the
IrMn antiferromagnet influenced superconductivity. We took
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FIG. 5. (a), (b) fypacer dependence of AT /T measured for Si/SiO, || [Pt(1)/Co(0.65)];s/spacer(fspacer /NDN(15) (nm) stacks, for IrMn and
Pt spacers. Lines correspond to exponential fits of the data (see text). (Inset) Corresponding semilogarithmic scale dependence of AT/T¢ on

tspacer .

advantage of the strong exchange-bias interaction between
the IrMn bottom interface and the adjacent Pt/Co ferro-
magnet to imprint ferromagnetic configurations in the IrMn
antiferromagnet [33]. Initially, exchange-bias interaction was
quenched by raising the sample’s temperature to 400 K,
i.e., above the blocking temperature (7p) for the ferromag-
net/antiferromagnet bilayer [Fig. 6(a)]. In these conditions,
the IrMn antiferromagnetic layer lost its ability to pin the mag-
netization of the adjacent Pt/Co ferromagnet. Consequently,
this layer can be considered to be a single-layer ferromag-
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net in which different magnetic state types, demagnetized,
saturated, or any intermediate state, can be nucleated by
conventional means [see Fig. 3(a) and corresponding text].
Subsequently, the bilayer was cooled below 7y (here, down
to T = 12K), causing the moments in the antiferromagnet
to align with those of the ferromagnet due to exchange-
bias coupling. Indeed, below the blocking temperature, the
moments in the antiferromagnet remained pinned regard-
less of the direction of the moments in the ferromagnet; at
12 K this effect produced a hysteresis loop shift, Hg. This

(b)

[ AF state

1.0} o saturated

& intermediate
o demagnetized @ |4¢

%.0 0.2 0.4 0.6 0.8 1.0
1- M/Mg

FIG. 6. (a) Blocking temperature distribution measured for a Si/SiO, || [Pt(1)/Co(0.65)]4/IrMn(3)/NbN(15) (nm) stack. (b) Normalized
magnetization M/Ms, measured at 12 K for a Si/SiO; || [Pt(1)/Co0(0.65)];5/IrMn(3)/NbN(15) (nm) stack, after stabilizing several states in
the IrMn antiferromagnet (see text). (c) Corresponding normalized magnetization at the remanent state for H = 0.5 kOe. (d) Dependence of

ATQ,’/TC on 1—M/Ms
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procedure was demonstrated to be robust and has been used
elsewhere to imprint multidomain states and magnetic tex-
tures in antiferromagnets. Thus, for example, exchange bias
was shown to allow several spin arrangements to be imprinted
across the core of antiferromagnets, at least across 8 nm for
exchange springs in IrMn layers [34], or 3 nm for textures
such as vortices in CoO and NiO layers [35]. Figure 6(a)
shows the blocking temperature distribution for a Si/SiO; ||
[Pt(1)/Co(0.65)]4/IrMn(3)/NbN(15) (nm) stack. This distri-
bution was obtained following a proven specific process
according to which Hg is recorded after each step in an in-
cremental field-cooling procedure starting from an annealing
temperature T, (inset). The procedure is extensively described
elsewhere [36,37]. Most importantly, the data presented in
Fig. 6(a) indicate that the magnetic configuration of the Pt/Co
ferromagnet can be stabilized in the IrMn antiferromagnet by
cooling from 400 down to 12 K, as the whole distribution of
blocking temperatures was measured below 400 K. Using the
domain replication approach mentioned above, we stabilized
several states at 7 = 12K in the IrMn antiferromagnet of
a Si/SiO; || [Pt(1)/Co(0.65)];5/IrMn(3)/NbN(15) (nm) stack
[Fig. 6(b)]. This stabilization made it possible to obtain a
hysteresis loop for which the shift along the H axis depended
on the magnetic state of the antiferromagnet [33]. For ev-
ery antiferromagnetic state (pinned at 12 K), we reproduced
the procedure detailed in Fig. 3(a) and related text, using
sequences of minor hysteresis loops, driven by H;, to scan
ATe/Te for several ferromagnetic configurations, from de-
magnetized to saturated. Figure 6(c) shows the corresponding
normalized magnetization (m = M/My) vs H;. The shift ob-
served on these curves is a direct consequence of the fact that
the IrMn antiferromagnet was prepared in three distinct states.
Figure 6(d) shows the gradual enhancement of ATy /T¢ as a
function of the magnetic domain configuration of the Pt/Co
for several IrMn arrangements. These results demonstrate that
the recovery of superconductivity, driven by the ferromagnetic
configuration of the Pt/Co multilayer (Fig. 3 and correspond-
ing text), is independent of the domain arrangement in the
IrMn antiferromagnet. This finding is consistent with the fact
that a 3-nm-thick IrMn layer is transparent for the electronic
transport of Cooper pairs, due to simultaneous sampling of the
different directions of the moments.

IV. CONCLUSION

In conclusion, the main contribution of this paper is that
it presents a systematic investigation of the superconduct-
ing proximity effect in ferromagnet(Pt/Co)/spacer(IrMn and
Pt)/superconductor(NbN) heterostructures. The findings pre-
sented indicate that by tuning the various parameters in play,
the recovery of the superconducting critical temperature in the
presence of ferromagnetic domains and domain walls can be
maximized to a degree that makes it possible to carry out two
types of studies. We were therefore able to: (i) probe how the
recovery of the superconducting critical temperature gradu-
ally evolves with all the intermediate magnetic configurations
of the ferromagnet; and (ii) determine that the recovery of the
superconducting critical temperature gradually reduces with
the thickness of the metallic spacer layer. Most importantly,
these experiments allowed us to evaluate the penetration of

Cooper pairs in the IrMn metallic antiferromagnet, informa-
tion which is crucial for electronic transport, and up to now
has been difficult to access experimentally for antiferromag-
nets. The results presented therefore open a pathway for the
investigation of electronic transport in antiferromagnetic ma-
terials for spintronics.
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APPENDIX

In this Appendix we provide the derivation of Eq. (1).

1. Formalism
Within the quasiclassical diffusive approximation,
the critical temperature 7T of the superconduct-
ing(S)/normal(N)/ferromagnetic(F) trilayer is obtained as
the solution of the following self-consistency equation:

A)=nT () ) folr). (A1)

Here A(r) is the superconducting order parameter at posi-
tionr = (x,y,z), » = 2p+ 1)xT (p integer) are Matsubara
frequencies at temperature 7, and A(r) is the pairing constant
that takes value X in the S layer, and vanishes otherwise. (We
use units with 7 = kg = 1 throughout the Appendix.) In the
S layer (—ts < y < 0), the anomalous component of the qua-
siclassical Green function, f,(r), solves the Usadel equation:

Ds_,
-5V Jo(r) + ol fu(r) = A(r), (A2)
where tg is the thickness of the S layer and Dy is its diffusion

constant.
In the N layer (0 < y < ty), fu(r) solves

Dy_, 1
—— Vifolr)+ <Iw| + a)fw(r) =0, (A3)

2
where ty is the thickness of the N layer, Dy is its diffusion
constant, and % is a depairing rate.

In the F layer (ty <y < ty +tr), fo(r) solves

DF 2 1 . .
——Vfu(r) + (le + - + zh(r)SIgn(w)>fw(r) =0,
F

2
(A4)
where t7 is the thickness of the F layer, Dr is its diffusion
constant, # is another depairing rate, and 4(r) is an exchange
field. Equations (A2)-(A4) are supplemented with boundary
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conditions, which express the absence of current at the inter-
faces with vacuum:

ayfw(X, —Is, Z) =0

and

Iy folx, ty +1r,2) =0, (AS5)

as well as current conservation at each interface between two
layers:

fw(xa 077 Z) = fw(xa 0+, Z)

USayfw(X, 07,2) = UNayfw(x, O+, 2)

and
fa)(xv t];v Z) = fw(-X, t]jj_y Z)

ondy fu (X, 1y, 2) = OFdy fu (X, 1, 2). (A6)

Here og, oy, and of are the conductivities in S, N, and
F layers, respectively, and we assumed a negligible tunnel
resistance between two layers.

The exchange field in the F layer is generated by a periodic
structure of magnetic domains with period Ly along the x
direction. Assuming narrow domain walls, we approximate
the exchange field as

forO<x<a

fora <x < Lg’ (A7)

h
h(r) = h(x) = {_h

Here £ is the exchange field inside a domain with (satura-
tion) magnetization Mg, and the relative length of majority and
minority domains is related with the reduced magnetization,
m = M/Ms = 2a/Lr — 1, where M is the magnetization. For
this magnetic texture, the z dependence drops out from all
above equations.

To proceed further, we assume that the S layer is thin
on the scale of the superconducting coherence length, &5 =
Ds/R2mTeo), where Ty is the bare critical temperature of
the S material. Then f hardly varies along the y direction in
that layer. We find that Eq. (A2) averaged over the thickness
of the S layer yields

Ds ., Dy _
_78xfw(x) - 2_8yfa)(-x) + |w|fw(-x) = A(x), (AS)
Is

where we used integration by parts and boundary condition of
Eq. (AS). This averaging is justified in the case of the thin §
layer [t; < & (Tc)]. The relation between 9, f,(x) and f,(x)
is obtained by solving the Usadel equations in N and F layers.

For this, we also assume that the F layer is thick on
the scale of the ferromagnetic coherence & = /Dp/h, and
#, h > T such that the term proportional to || in Eq. (A4)

can be dropped out. Then, the solution of Eq. (A4) approxi-
mately satisfies

W (L)
fo,ty)  \&r * éra h sign(@) ) (A9)
with
V) +1F1
§r1,Fr2 = &F Yy +1¥1 . (A10)

hTF

In particular, §r pp ~ &F if htp > 1.
We are left with solving Eq. (A3) in the N layer. In the
following, we consider the case of a thin N layer.

2. Thin N layer

By using the boundary conditions Egs. (A6) and (A9), for
a thin N layer, Eq. (A8) simplifies into

—%@ffw(X) + (le + % + ifl(X)sign(w)>fw(X) = A(x),
(A11)

with

o) = i)

D I
o) = b= sor__ 1sm

) i:l =5 . =z
2tsosépy T Em

(A12)

The critical temperature is then obtained from the lin-
earized self-consistency equation:

Teo A(x)
A== =T Xw: [W - fw(x)i|, (A13)

where we used a standard regularization procedure to trade A
with Teg in Eq. (A1).

We consider the regime 4, 1/7 < Tgo for which the critical
temperature is weakly suppressed, Teg — Te K Teo. We also
consider the case of a dense domain structure, such that the
order parameter at the transition into the superconducting
state is almost uniform. This approximation is discussed in
Sec. III B. By expressing Eq. (Al1) in Fourier space, and
treating perturbatively the Fourier components of f and A
with q # O (similar to Ref. [38]), we find

Ao

fo

%

i (Al14)
+ L +iho + —ot—
ol + 5 Fiho + 220 (22 4jo])

Here hy = mh and |h,|* = [4hsin(ga/2)/qLr]* with g =
2 p/Lp for the domain texture described by Eq. (A7). The
self-consistency equation (A13) yields the shift of critical
temperature:

N -2
Teo—Te 1 R |y
20T o SR (B S e
Teo i CO@;O |:fa)2+a)3+§(; w?[w+Dsq?/2]
(A15)

Equation (A15) is alternatively expressed as Eq. (1) in the
main text, while Eq. (A12) simplifies to Eq. (3) for hty > 1.
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