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We study superconductor/ferromagnet/superconductor junctions with CuNi, PtNi, or Ni interlayers. Remark-
ably, we observe that supercurrents through Ni can be significantly larger than through diluted alloys. The
phenomenon is attributed to the dirtiness of disordered alloys leading to a short coherence length despite
a small exchange energy. To the contrary, pure Ni is clean resulting in a coherence length as long as in a
normal metal. Analysis of temperature dependencies of critical currents reveals a crossover from short (dirty)
to long (clean) range proximity effects in Pt;_,Ni, with increasing Ni concentration. Our results point out that
structural properties of a ferromagnet play a crucial role for the proximity effect and indicate that conventional
strong-but-clean ferromagnets can be advantageously used in superconducting spintronic devices.
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I. INTRODUCTION

A competition between superconductivity and ferromag-
netism leads to an unconventional proximity effect, studied
both theoretically [1-18] and experimentally [19-41]. In
strong ferromagnets (F), Fe, Co, and Ni exchange ener-
gies, Eex ~ 1000 K, are much larger than the energy gap,
A ~ 1-10 K, in low-T superconductors (S). Therefore, spin-
singlet Cooper pairs are usually broken at a very short-range
~1 nm in F, as shown by many experimental works [21,26—
28,31,34,39,40]. There are, however, reports about a long-
range proximity effect (LRPE) (tens to hundreds of nm)
[19,25,30,33,35], which is often ascribed to the spin-triplet
order parameter that should be immune to the ferromagnetic
order.

Interpretation of LRPE remains controversial. First, there
is a seeming irreproducibility of experimental results, cf.
Refs. [19,30,35] and [21,40]. Second, the triplet order should
appear only in the noncollinear magnetic state [6,7,11], the
origin of which is often unclear for structures containing only
one F layer. Although several subtle effects, such as quantum
fluctuations [3], active interfaces [5], domains [28,38], inho-
mogeneities [10,13,17], and spin-orbit coupling [16,17] were

“Vladimir.Krasnov @fysik.su.se

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI. Funded
by Bibsam.

2469-9950/2021/103(9)/094509(13)

094509-1

suggested, they are difficult to confirm or control in experi-
ment. Finally, the proximity effect depends on the electronic
mean-free path (m.f.p.) /. and, thus, on the internal structure.
In particular, it has been predicted, that in clean F even a
singlet supercurrent should exhibit LRPE [2,8,12,14,15,24].
Experimental analysis of SFFS spin valves has shown that
the singlet current is dominant for diluted F [36] and remains
considerable even for pure Ni [41]. Clarification of LRPE
mechanisms and the ways of controlling supercurrents in
S/F heterostructures is important both for fundamental un-
derstanding of unconventional superconductivity [42] and for
application in superconducting spintronics [18,32,34,39,41].
Here we study nanoscale SFS Josephson junctions (JJ’s)
containing either diluted Ni alloys Cu;_,Ni, and Pt;_,Ni,,
Cu/Ni bilayer or pure Ni. Counterintuitively, we observe that
the supercurrent density J. through Ni can be much larger than
through diluted alloys with the same thickness. Using in situ
absolute Josephson fluxometry (AJF), we demonstrate that Ni
interlayers in our junctions exhibit full saturation magnetiza-
tion as in bulk Ni, which precludes the presence of extended
dead magnetic layers. The clue to understanding of our results
is obtained from the analysis of evolution of temperature
dependencies, J.(T'), in Nb/Pt;_,Ni,/Nb JJ’s with increasing
Ni concentration. It shows that in diluted Ni alloys, x ~ 0.5,
the proximity effect is short range, despite a small E., due to
an extremely short m.f.p. is such atomically disordered alloys.
To the contrary, pure Ni remains clean, facilitating ballistic
Cooper pair transport and LRPE similar in scale to that in the
normal metal Pt. Our results demonstrate that the proximity
effect in ferromagnets depends not only on composition and
E; but also essentially on the internal structure. This may
help to resolve some of the controversies around LRPE. We
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TABLE I. Parameters of junctions with Ni, Cu/Ni and CuNi interlayers: dr is the thickness of F-interlayer; the size defines junction area
A = L, x Ly; R, is the normal resistance of the junction; p, = R,A/d is junction resistivity, for junctions with Cu/Ni bilayer d = dc, + dni =
20 nm, for the rest d = dr; T is the temperature; /. is the maximum critical current, J. = I./A is the critical current density; I.R, is the
characteristic voltage. For some junctions values of /., J. and I.R, at different T are provided.

dr Size R, R,A On T L 7. LR,

Interlayer (nm) (nm?) (mS) (10719 Qcm?) (10~* Qcm) (K) (LA) (10* (A/cm?) (V)
Ni 5 855 x 160 46.8 0.64 1.28 6.2 378 27.7 17.7
Ni 5 942 x 237 28.3 0.632 1.26 5.2 1110 49.7 314
Ni 5 896 x 164 31 0.456 0.911 3 2800 124 86.8
5.5 760 51.7 23.6

Ni 7 1100 x 220 39.9 0.966 1.38 2 30 1.24 1.2
Ni 7 1380 x 220 21.7 0.66 0.943 2 67 2.21 1.45
Ni 7 950 x 300 32 0.912 1.3 3.5 100 3.51 3.2
Ni 7 750 x 220 68 1.12 1.6 2 262 15.88 17.8
Ni 7 1000 x 220 46 1.01 1.44 3 240 10.9 11.04
Ni 10 865 x 165 52 0.742 0.742 5.8 324 22.7 16.8
Ni 10 926 x 250 30.5 0.706 0.706 6.5 311 13.4 9.5
Ni 10 925 x 250 29 0.671 0.671 4.5 600 26 174
2 1800 77.8 52.2

Cu(10 nm)/Ni 10 800 x 275 31.5 0.693 0.347 0.49 100 4.55 3.15
Cu(10 nm)/Ni 10 250 x 200 158 0.79 0.395 0.5 8.5 1.7 1.34
Cu(10 nm)/Ni 10 700 x 160 53 0.594 0.297 1.8 134 1.2 0.71
Cu(10 nm)/Ni 10 700 x 300 29.15 0.612 0.306 1.8 215 10.2 6.29
Cu(10 nm)/Ni 10 814 x 250 33 0.6716 0.3358 2.86 95 4.67 3.14
Cu(10 nm)/Ni 10 650 x 250 47.5 0.772 0.386 0.37 57.5 3.54 2.73
Cu(10 nm)/Ni 10 800 x 175 53 0.742 0.371 0.37 180 12.86 9.54
Cug4Nig¢ 10 730 x 230 83.5 1.41 1.41 0.56 195 11.6 16.19
Ni 20 1000 x 250 14 0.35 0.175 0.4 500 20 7.0

conclude that strong-but-clean ferromagnets may have advan-
tages compared to weak-but-dirty for device applications.

The paper is organized as follows. In Sec. II we de-
scribe sample fabrication and experimental procedures. In
Sec. III we discuss main experimental results, including
Sec. Il A, in situ magnetic characterization of Ni interlayers
via AJF, and Sec. III B, analysis of temperature dependencies
of critical currents, which reveals a crossover between clean
(ballistic) and dirty (diffusive) transport. In the appendices
we provide additional information about: Appendix A—film
structure, Appendix B—junction characteristics, Appendix
C—vproperties of Nb/Pt;_,Ni, /Nb junctions, Appendix D—
interface resistances in Nb/Pt;_,Ni,/Nb junctions, and Ap-
pendix E—extraction of magnetization curves from AJF
analysis.

II. SAMPLES AND EXPERIMENTAL

We present data for nanoscale SFS junctions with F in-
terlayers made of Cugp4Nig¢ and Pt;_,Ni, alloys with x =
0-1, pure Ni and a Cu/Ni (N/F, N-normal metal) bilayer.
SFS multilayers were deposited by dc-magnetron sputtering
in a single cycle without breaking vacuum. Cu;_,Ni, films
were deposited by cosputtering from Cu and Ni targets and
the concentration was controlled by the corresponding sput-
tering rates. Pt;_,Ni, films were deposited from composite
targets with different areas of Ni and Pt segments, and Ni
concentration was estimated using energy-dispersive x-ray

spectroscopy. More details about fabrication and magnetic
properties of Pt;_,Ni, films can be found in Refs. [43,44] and
in Appendices C and D. Nb/Ni/Nb JJ’s with different dr were
fabricated from the same wafer with a calibrated Ni-thickness
gradient [24]. Nb(S) electrodes were ~200 nm thick. Multi-
layers were first patterned by photolithography and reactive
ion etching and then processed by focused ion beam (FIB).
Nanoscale JJ’s with sizes down to ~60 nm were made by FIB
nanosculpturing [26,36,45]. Small sizes are necessary both for
achieving the monodomain state [41,46] and for enhancing
normal resistances to comfortably measurable values, R, =
0.1€2. We present data for JI’s with different sizes, interlayer
thicknesses, dr, and compositions. Junction parameters are
listed in Tables I-III of the Appendix. Properties of Josephson
spin valves with similar CuNi and Ni interlayers can be found
in Refs. [36] and [41]. Figure 1 shows (a) a scanning electron
microscope (SEM) image of one of the studied Nb/Ni/Nb JJ’s
and (b) a sketch with a current path.

Measurements are performed in *He and “He closed-cycle
cryostats. Magnetic field, parallel to the junction plane, is
supplied by a superconducting solenoid. We will show mea-
surements with field oriented either parallel H) (easy axis) or
perpendicular H, (hard axis) to the long side of the JJ.

III. RESULTS AND DISCUSSION

Figures 1(c) and 1(d) show current-voltage characteristics
(I-V) at zero field for (c) Nb/Cug4Nigp/Nb junction with
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TABLE II. Parameters of junctions with Pt and paramagnetic PtNi interlayers.

dr Size R, R,A On T 1. J. I.R,
Interlayer (nm) (nm?) (mS) (1071° Qcm?) (10~* Qcm) (K) (LA) (10* A/cm?) (V)
Pt 23.75 207 x 104 340 0.732 0.31 1.8 1400 651 476
3.2 762 354 259
Pt 23.75 274 x 113 220 0.68 0.287 1.8 1700 548 374
Pt 25 180 x 90 680 1.1 0.44 2.5 160 98.7 108.8
Pt 30 106 x 106 710 0.8 0.27 3.2 200 178.6 142
Pt 30 170 x 88 500 0.75 0.25 3.2 260 173.3 130
Pt 30 117 x 88 780 0.8 0.27 3.2 156 151.5 121.7
Pt g7Nig 13 20 351 x 85 270 0.806 0.402 3.0 180 60.4 67.2
Pto.g7Nig 13 20 308 x 128 160 0.631 0.315 3.1 430 109 68.8
Pt.g7Nig 13 20 330 x 139 133 0.61 0.305 3.1 570 124 75.8
Pto 57 Nio, 15 20 372 x 130 125 0.605 0303 32 610 126 76.3
Pto.g7Nig.13 20 340 x 122 138 0.572 0.286 3.2 510 122.9 70.4
Pt.g7Nig 13 23.75 226 x 222 146 0.733 0.38 3.0 460 91.7 67.2
Pto.g7Nig 13 23.75 228 x 175 187 0.746 0.314 3.0 360 90.2 67.3
Pto.g7Nig 13 23.75 235 x 192 133 0.60 0.253 3.0 510 113 67.8
PogNio ;s 2875 237 x 134 190 0.603 021 2.8 240 76 45.6
Pto.g7Nig.13 28.75 218 x 180 210 0.824 0.286 2.8 300 76.5 63
Pt.g7Nig 13 30 110 x 100 1180 1.298 0.432 2.76 28 254 33.0
Pto.g7Nig 13 30 140 x 120 660 1.109 0.37 2.7 65 38.7 429
Pty sNig 20 197 x 144 180 0.511 0.255 2.9 230 81.3 41.4
Pty gNig 20 229 x 144 210 0.693 0.345 2.9 300 91.2 63
Pty sNig» 25 287 x 106 302 0.919 0.367 3.0 120 39.5 36.2
Pty gNig 25 277 x 128 248 0.879 0.352 3.0 155 43.7 38.4
Pty gNig, 25 170 x 106 462 0.833 0.333 3.0 80 44.4 37
Pty gNig 25 287 x 106 307 0.934 0.373 3.0 125 41.1 38.4
Pty gNig» 25 319 x 64 390 0.796 0.318 3.0 80 39.2 31.2
Pto 5N » 30 319 x 106 237 0.801 0.267 3.1 120 35.5 28.4
Pty gNig» 30 266 x 128 228 0.776 0.258 3.1 130 38.2 29.6
Pty gNig, 30 319 x 117 181 0.676 0.225 3.1 180 48.3 32.6
Pto73Nig 27 20 210 x 120 415 1.046 0.523 3.2 101.5 40.3 42.1
Pty 3Nig 7 20 210 x 170 293 1.046 0.523 32 157 44 46
Pto.73Nig 27 20 212 x 90 530 1.011 0.506 3.2 72 37.7 38.2
Pty 73Nig 27 20 210 x 190 245 0.978 0.489 3.2 179 44.9 439
Pty 3Nig 7 20 202 x 140 360 1.02 0.509 32 120 42.4 432
Pto.73Nig 27 20 180 x 175 335 1.05 0.528 3.2 137 43.5 459
Pty 73Nig 27 20 175 x 140 300 0.735 0.368 3.2 130 53.1 39
Pty 3Nig 7 20 255 x 96 320 0.783 0392 32 136 55.5 435
Pto.73Nig 27 25 158 x 149 375 0.883 0.353 3.1 61.5 26.2 23.1
Pty 73Nig 27 25 175 x 123 330 0.71 0.284 3.1 74 344 24.4
Pty 3Nig 7 30 266 x 193 203 1.04 0.347 3.1 104 20.3 23.9
Pto.73Nig 27 30 266 x 167 218 0.968 0.323 3.1 95 21.4 20.7
Pty73Nig 27 30 256 x 140 278 0.996 0.332 3.1 73 20.4 20.3

dr =10 nm at T >~ 0.5 K and (d) Nb/Ni/Nb junction with
drp =7 nm at different temperatures, 7 = 1.9-4.5 K. The
shapes of I-V’s are typical for proximity-coupled JJ’s, de-
scribed by the resistively shunted junction model.

Figures 1(e) and 1(f) show temperature dependencies of
critical current densities for (e) the same Nb/Cug 4Nig¢/Nb
JJ and (f) Nb/Ni/Nb JJ’s with dr = 5, 7, 10, and 20 nm.
It is seen that the JJ with a diluted Cug4Nig¢ interlayer has
a significantly smaller J, than the JJ with pure Ni with the
same dr = 10 nm, compare red lines in Figs. 1(e) and 1(f).
It is also seen that the Cug4Nipe JJ exhibits stronger su-
perlinear temperature dependence with a positive curvature
d*J./dT? > 0 at elevated T, which is well described by the
power-law dependence J. o (1 — T/T;.)* with a >~ 3.5. On

the other hand, Ni JJ’s show almost linear J.(T), irrespec-
tive of Ni thickness, albeit with a varying onset temperature
Tr.

A. In situ magnetic characterization of Ni interlayers via
absolute Josephson fluxometry

Top panels in Fig. 2 represent measured I.(H) modula-
tion patterns for Nb/Ni/Nb JJ’s with different dy; (a) 5 nm,
(b) 7 nm, (c) 10 nm, and (d) 20 nm. Junction sizes and
measurement temperatures are indicated in the figure. Mod-
ulation patterns are shown both for easy (a),(b) and hard
(c),(d) axis orientations. Blue and red lines represent up and
down field sweeps. A hysteresis is due to finite coercivity of
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TABLE III. Parameters of junctions with ferromagnetic PtNi interlayers.

dr Size R, R,A On T 1. J. I.R,
Interlayer (nm) (nm?) (mS) (1071 Qcm?) (10~* Qcm) (K) (LA) (10* A/cm?) (V)
Pto6Nig 4 25 630 x 230 50 0.725 0.29 2.2 160 11 8
Pto.¢Nig 4 25 770 x 320 50 1.23 0.493 2.2 63 2.6 3.2
Pto,¢Nio 4 25 770 x 320 220 5.42 2.17 22 2070 84 455°
Pto.6Nig 4 30 300 x 165 2000 9.9 3.3 3.0 140 28.3 280
Pto¢Nig 4 30 380 x 180 1030 5.19 1.73 3.0 7.5 1.5 7.7
Pto ¢ Nigs 30 260 x 110 2200 6.29 2.09 3.0 18.3 6.4 403
Pto.6Nig 4 30 640 x 225 120 1.73 0.58 3.3 0 0 0
Pt ¢Nig4 30 640 x 225 300 4.32 1.44 2.8 110 7.6 33
Pto.46Nig 54 20 800 x 225 50 0.9 0.45 1.8 63 3.5 3.2
3.0 28 1.56 1.4
Pto.46Nig.s4 20 1140 x 230 120 3.15 1.57 1.8 2100 80 252
3.0 800 30.5 96
Pto.4Nio.ss 20 1140 x 380 2 0.95 0.477 1.8 92 2.1 2.0
Pto.4Nio 6 20 1200 x 300 90 3.4 1.62 18 3490 96.9 314.10
3.0 1480 41.2 133.2
Pto4Nig g 20 1050 x 420 25 1.1 0.55 1.8 136 3.08 34
3.0 62 1.41 1.6
Pt 4Nig ¢ 25 630 x 340 51 1.09 0.44 0.4 81 3.8 4.1
Pto.4Ni ¢ 25 640 x 340 53 1.15 0.46 0.4 73 3.4 3.9
Pto4Nig 6 25 670 x 310 53 1.10 0.44 0.4 58 2.8 3.1
Pty 4Nig ¢ 25 510 x 310 73 1.16 0.46 0.4 73 4.6 5.3
Pto.4Ni ¢ 25 550 x 330 71 1.29 0.52 0.4 91 5.0 6.5
Pto4Nig 6 25 460 x 300 86 1.19 0.47 0.4 110 8.0 9.5
Pt 4Nig ¢ 25 560 x 310 69 1.2 0.48 0.4 49 2.8 34
Pt.33Nig.¢7 20 350 x 190 160 1.064 0.53 2.0 0 0 0
Pto 13Nig o7 20 350 x 120 260 1.092 0.55 2.0 0 0 0
Pto33Nig67 20 290 x 182 200 1.056 0.53 2.0 0 0 0
Pt.33Nig.¢7 20 410 x 180 160 1.18 0.59 2.0 0 0 0
Pto 13Nig 7 20 490 x 160 130 1.02 0.51 2.0 0 0 0
Ni 20 1000 x 250 14 0.35 0.175 0.4 500 20 7.0
2.0 188 7.5 2.6
3.0 57 2.3 0.8

2The very large I.R, values are not confident because the corresponding large /. is comparable to the onset of the flux-flow phenomenon in Nb
electrodes. This leads to the nonlinear /-V’s at large bias and makes it difficult to correctly estimate R,,.

F interlayers. It disappears at H ~ £(1-1.5) kOe, corre-
sponding to transition into the saturated magnetic state. All
JJ’s, included in the analysis, exhibit Fraunhofer-type I.(H)
modulation, indicating good uniformity of interlayers [47].
Examples of I.(H) patterns for Nb/PtNi/Nb and Nb/Ni/Nb
junctions can be found in Refs. [45] and [41], respectively.

The I.(H ) modulation occurs due to flux quantization. This
can be used for in situ AJF analysis [32,36,41], presented
in middle panels of Fig. 2. Here symbols represent the flux
®(H) at maxima and minima of I.(H), which correspond
to half-integer and integer number of the flux quantum &,
respectively. The total flux is:

® = BLA + 47 MpLdy, 1)

where B is magnetic induction, L is the junction length, A is
the effective magnetic thickness of the JJ, and Mg is magne-
tization of the F layer along the field. The first term in the
right-hand side represents the flux induced by magnetic field;
the second represents magnetization of the F layer (for more
details see Appendix E).

From Figs. 2(a) and 2(b) it is seen that at large fields
®(H) is linear. Since in this case F layers are in the satu-
rated state, Mp = M,,, the linear field dependence is caused
solely by the first term in Eq. (1) with B o< H. Subtrac-
tion of this linear dependence, shown by dashed lines in
the middle panels of Fig. 2, reveals the contribution A®
from the second term in Eq. (1). This yields the absolute
value of magnetization in the F interlayer 4 Mr = A®/LdF.
Thus obtained magnetization curves, 4w My;(H ), are shown
in the bottom panels of Fig. 2. Saturation magnetizations
are drMy, = 8.2 &+ 1.1 kG for dy; = 5 nm, 7.3 £+ 0.5 kG for
dni =7 nm, and 6.9 £ 0.3 kG for dy; = 10 nm. For dy; =
20 nm the saturation magnetization is not reached within the
shown field range (see Appendix E for clarifications). The
main uncertainty in Mg, is caused by the accuracy of esti-
mation of dy;, limited by the film roughness R, >~ 1 nm (see
Appendix A). The thinner the film, the larger such systematic
uncertainty.

The obtained saturation magnetization 47w Mg, >~ 7 kG is
consistent with that for bulk nickel [48,49]. This implies that
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FIG. 1. (a) SEM image of an SFS junction and (b) a sketch with indication of current flow paths. (c) The I-V curve of Nb/Cug 4Nip¢/Nb
junction with dp = 10 nm. (d) A set of /-V’s of a Nb/Ni(7 nm)/Nb junction at different 7. (e),(f) Temperature dependencies of the critical
current density for (e) the same Nb/Cuy 4Nig ¢/Nb junction and (f) Nb/Ni/Nb junctions with different Ni thicknesses of 5, 7, 10, and 20 nm.
Note that the J.(T' = 3 K) for the Ni junction, dr = 10 nm, is almost an order of magnitude larger than that for the junction with diluted

Cug 4Niy ¢ interlayer with the same df.

Ni interlayers in our JJ’s are fully ferromagnetic and there
are no extended dead magnetic layers, i.e., interface layers of
Ni with reduced magnetism. Such dead layers, accompanied
by a significant reduction of Mg,, were reported in earlier
works [23,26] and would make interpretation of the proximity

effect more complicated. On the other hand, a variation of
the superconducting onset temperature, which can be seen
in Figs. 1(f) and 3(b), provides evidence for the existence
of dead superconducting (rather than magnetic) layers with
suppressed 7 * at junction interfaces.
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FIG. 2. Top panels: magnetic field modulation of the critical current, I.(H ), for Nb/Ni/Nb JJ’s with dy; (a) 5 nm and (b) 7 nm in the easy
axis orientation and (c) 10 nm and (d) 20 nm in the hard axis orientation. Blue/red lines represent up/down field sweeps. Middle panels show
the absolute Josephson fluxometry analysis of the data above. Symbols represent positions of maxima and minima of the /.(H ) patterns, which
correspond to half-integer and integer values of ®/®,. Bottom panels represent magnetization curves of Ni interlayers obtained from the AJF
analysis. Large values of the saturation magnetization 47 My; =~ 7 kG are consistent with the value for bulk Ni and preclude the presence of

dead magnetic layers.
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FIG. 3. (a) Temperature dependencies J.(T") of Nb/Pt;_,Ni, /Nb
junctions with dr = 20 nm, normalized to the value at T = 0.4 of the
onset temperature. A gradual evolution of J.(T') dependencies from
linear for pure Pt, x = 0, to superlinear at x >~ 0.5-0.6 and back to
linear for pure Ni, x = 1, indicates a transition from SNS to dirty SFS
and to clean SFS cases. (b) Corresponding onset temperatures of the
junctions versus Ni concentration.

The large value of My, confirms that supercurrents in our
Nb/Ni/Nb JJ’s flow through a pure Ni with strong ferro-
magnetic properties. Remarkably, we observe a large J. ~
2 x 10° A/cm?, even through 20 nm of Ni, see Fig. 1(f).
This is a much longer scale compared to earlier reports
[21,26,27,31,34] in which supercurrent was observed only
through a few nm of Ni. Observation and clarification of such
a profound LRPE through a strong F is the main objective of
this work.

B. Temperature dependencies of critical currents:
Crossover between dirty and clean regimes

To clarify our observations, we start with a short summary
of proximity effects in SNS and SFS JJ’s (more detailed anal-
ysis can be found in Ref. [50], where various regimes have
been considered). In SNS JJ’s J, is determined by the super-
conducting order parameter at the junction interface W,y and
the ratio of the thickness dy to the coherence length &y of the
interlayer. Close to 7, it can be written in the following simple

form [51],

d
Jo \Ilé/N exp (—é—j:) 2)

For II’s with thick dy, or short &y, dy > &n(T,), the J.(T)
is determined predominantly by the 7" dependence of &y (T),
leading to a strong superlinear T" dependence. In the opposite
case, dy < &n(T¢), Jo(T) is determined by Wg/y(T'), leading
to a conventional linear J.(T') close to T, and a saturation at
T — 0.

For SFS JJ’s the coherence length &5 is complex [6,20],

£ =& +iEp,. 3)

The real part, £r1, represents the decay length; the imaginary,
m&py, represents the period of oscillations. In the clean case,

hvf
2(mkgT + iEey)’

where v/ is the Fermi velocity in F. In the dirty case,

L
§r(d) = EEF(C)' &)

Since here [, < |&r(c)|, the coherence length in the dirty case
is shorter than in the clean case. For strong F with E /kg >
T., in the dirty case &r(d) ~ &ra(d) = (fil,vs/3Eex)"/? are
equally short. However, in the clean case the two scales
are different: &r(c) > (hvy/2mkgT) is as long as &y, and
Era(c) = (hvy/2E) is short [8,14,15,24]. From the discus-
sion above, it follows that the shape of J.(T') provides an
important clue about the proximity effect [20,22,23,26].

Figure 3(a) shows the evolution of J.(T"), normalized to
the value at 0.4T* for Nb/Pt;_,Ni,/Nb JJ’s with different Ni
concentrations and dr >~ 20 nm. The onset temperature 7.
is shown in Fig. 3(b). Ferromagnetism in Pt;_,Ni, appears
at a critical concentration x, = 0.4 [43,44], as described in
Appendix C. In Fig. 3(b), apart from a minimum of 7* for the
pure Ni, x = 1, we can also see a clear minimum at x, = 0.4.
Both minima can be interpreted as being due to suppression
of Wy at the interface (dead superconducting layer) due to
either a reverse magnetic proximity effect for pure Ni, x = 1,
or quantum fluctuations at the quantum critical point, x, = 0.4
[44].

From Fig. 3(a) it can be seen that for a pure Pt, x =0
(black line), J.(T) is almost linear. As explained above, this
is expected for SNS JJ’s with &y(T.) > dy. Upon increas-
ing Ni concentration, J.(7) remains linear for nonmagnetic
interlayers x = 0.13, 0.2, 0.27. At the critical concentration,
x. = 0.4 (green line), a positive curvature develops in J. (7). It
becomes most pronounced for x = 0.5-0.6 (magenta and red
curves). Such a transformation is the consequence of a rapid
reduction of &z both due to enhancement of E., and reduction
of [,. While E increases linearly at x > x,, the m.f.p. reaches
minimum at x >~ 0.5, corresponding to atomically disordered,
l, ~ 1 nm [14], dirty metal (see Appendix C). With further
increase of concentration to pure Ni, x = 1 (orange line),
the linear J.(7) dependence is restored, similar to a pure Pt,
x = 0. Such a recovery implies that £z in pure Ni is similarly
long as &y for pure Pt, despite the large Eex ~ 10° K. As
discussed above, this indicates occurrence of clean, ballistic

§r(c) = “
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transport in Ni. Thus, variation of the shape of J.(T') reveals
two crossovers in electron transport regimes with changing Ni
concentration. First a crossover takes place from a clean SNS
type proximity effect in pure Pt to a dirty SFS case in diluted,
atomically disordered alloy x ~ 0.5. With further increase of x
a second crossover from dirty to clean ballistic transport takes
place for JJ’s with pure Ni.

As mentioned in the Introduction, interpretation of LRPE
in strong ferromagnets is still controversial. In several cases
it was attributed to appearance of the unconventional odd-
frequency spin-triplet order parameter. Recently the dominant
(~70%) spin-triplet supercurrent was reported in SF{F,S
Josephson spin-valve structures with similar Ni interlayers
[41]. However, the triplet supercurrent appears only in the
noncollinear state of the spin valve and is tuned by the relative
orientation of magnetization in the two F layers. Appearance
and disappearance of the long-range triplet supercurrent upon
remagnetization of the spin valve leads to a profound distor-
tion of the I.(H) pattern [41]. Such a distortion is the main
fingerprint of the triplet component [46] and, thus, provides
the key evidence for it’s existence. SFS junctions, containing
just a single F layer, behave completely differently (see, e.g.,
the discussion in Sec. IV C of Ref. [41]). In particular, I.(H)
patterns of all our junctions are Fraunhofer-like, with the only
distortion caused by the hysteresis in Mp(H). As discussed
in the Introduction, the triplet state is not anticipated in SFS
junctions because there is no obvious mechanism for appear-
ance of the noncollinear magnetic state in the perpendicular
direction across the single F-layer. Therefore, we want to em-
phasize that LRPE in Nb/Ni/Nb JJ’s with clean Ni is achieved
by the spin-singlet current without involvement of the un-
conventional odd-frequency spin-triplet order parameter. Such
LRPE is simply a consequence of the lack of scattering mech-
anism that can destroy singlet Cooper pair correlations in a
clean metal (no matter F or N) at 7 = 0 [12]. Thus, it is
the cleanliness of pure Ni that facilitates LRPE in Nb/Ni/Nb
JI’s. Concurrently, the extreme dirtiness suppresses proximity
effect through diluted F alloys, despite a small E.

We also studied Nb/Cu(10 nm)/Ni(10 nm)/Nb JJ’s, with
Cu/Ni bilayer. Interestingly, they show an order of magnitude
smaller J. than Nb/Ni(10 nm)/Nb JJ’s, see Table I in the
Appendix, consistent with earlier results for Ni-based JJ’s
with Cu buffer layers [27,31,34]. This is surprising because,
due to a large &y ~ 1 um of Cu, 10 nm should have little
influence. On the other hand, neighbors in the periodic table
Cu and Ni tend to easily alloy with each other. Therefore,
Cu/Ni bilayers likely contain a dirty CuNi interlayer, which
leads to suppression of J,.

IV. CONCLUSIONS

To conclude, we have studied SFS junctions with different
Ni-based interlayers. We observed that supercurrents through
pure Ni may be much larger than through diluted alloys with
much smaller E.. Analysis of J.(T) dependencies revealed
that this counterintuitive result is caused by the dirtiness of
disordered Ni alloys, leading to a short coherence lengths
&r1 ~ 1 nm. To the contrary, the mean-free path in pure Ni
interlayers can easily exceed the film thickness [52] up to sev-
eral tens of nm, facilitating ballistic Cooper pair transport with

the decay length as long as in nonmagnetic normal metals. Our
observation suggests that SFS junctions with strong-but-clean
ferromagnets may have significant advantages, compared to
commonly considered weak-but-dirty alloys.

Our results may also help to resolve the controversy around
LRPE in strong ferromagnets, which is either seen [19,30,35]
or not [21,40]. We want to emphasize that proximity effect
in ferromagnets essentially depends on the internal structure.
In contrast to SNS JJ’s, which always show LRPE at low
enough temperatures because &y(T — 0) — oo irrespective
of cleanliness, for SFS JJ’s LRPE occurs only in the clean
case, for which &ri(c) — oo at T — 0, while for the dirty
case &p)(d) remains short irrespective of 7T'. This leads to a
principle difference in the range of proximity effects for clean
and dirty ferromagnets with otherwise similar compositions
and exchange energies.
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APPENDIX A: Nb/Ni FILM STRUCTURE

Figure 4 shows topography maps obtained by atomic force
microscopy for (a) a Nb film with thickness d = 100 nm and
(b)—(d) Nb/Ni bilayers with increasing Ni thickness. It can be
seen that the Nb film has a rise-seed-like structure with elon-
gated crystallites (a). In Nb/Ni bilayers, with increasing Ni
thickness dy;, the structure of Ni first inherits that of Nb (b) but
at dyi ~ 5 nm a reconstruction to square-shaped crystallites
occurs (c¢), which do not change significantly in shape and size
( ~20 nm) with further increase of dy; (in the studied range).
The mean-square-root roughness of all films is R, >~ 1 nm,
although few spikes up to ~ & 4 nm can be seen in all cases.
Probably because of that, we could not obtain reliable data for
junctions with dy; < 5 nm, which were usually shorted and
did not exhibit JJ behavior. As can be seen from Fig. 4, the
overall roughness of the junction S/F interface is determined
by the roughness of the bottom Nb layer and is R, >~ 1 nm for
all studied 1J’s.

APPENDIX B: SUMMARY OF JUNCTION
CHARACTERISTICS

Tables I-III represent characteristics of all types of stud-
ied junctions. Figure 5 summarizes measured critical current
densities at 7 = 3 K for JJ’s with different interlayer compo-
sition and thickness, studied in this work. J. decreases both
with increasing Ni concentration and interlayer thickness. For
Nb/Ni/Nb JJ’s (blue) we have sufficient samples to observe
the nonmonotonous dependence J. vs dr due to 0-w tran-
sitions [20,22,23,26]. The blue line, connecting points for
Ni-JJ’s, however, is drawn solely for the easiness of identi-
fication of the data points and does not reflect the anticipated
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FIG. 4. Atomic force microscope topography maps of a 100 nm thick Nb film (a) without Ni on top, and (b) with 2 nm Ni, (¢) 6 nm Ni,
and (d) 15 nm Ni films on top. It can be seen that the Ni film reconstruction occurs at about 5 nm thickness.

J.(dr) dependence, which should oscillate at a much shorter
scale £gp(Ni) ~ 1 nm [26].

Our conclusions are based on the overall analysis of SFS
junctions, as listed in Tables I and III. In particular we want
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FIG. 5. A summary of measured critical current densities for
different junctions at 7' = 3 K versus the interlayer thickness.

to note that the small J, value for Ni(20 nm) JJ in Fig. 5 is the
consequence of the much lower onset temperature 7* < 4 K
for this JJ, as shown in Fig. 3(b). The data in Fig. 5 is shown
for T = 3 K. This temperature was chosen because we have
data for this T for all junctions. The low T* of Ni-JJ results in
the misleadingly low J. (3 K), as can be seen from Fig. 1(f).
More appropriate comparison should be done for 7" < T*.
Such data is listed in Tables I and III and is consistent with
our conclusion. One should also keep in mind the oscillatory
dependence of J,. on dr with a nm-scale period of oscillations.
Since the periods are different for different ferromagnets, it
becomes impossible to make a conclusion by comparing just
two JJ’s with a fixed dr. For the same reason we do not claim
that J. in Ni is always larger than in an alloy (which cannot
be true due to different oscillatory dependencies of the two).
Also, because of that we cannot make an estimation of decay
lengths for our SFS junction. Somewhat reliable decay length
estimation from the data in Fig. 5 could be made only for
nonmagnetic alloys with x < 0.4 (see, e.g., black and violet
lines in Fig. 5 and Table II) because such JJ’s should not
exhibit oscillations.

APPENDIX C: PROPERTIES OF Nb/Pt,;_,Ni./Nb
JUNCTIONS

Group-10 elements Pt and Ni are well intermixed with
each other and can form solid solutions at arbitrary propor-
tions [53-55]. PtNi alloys should be fairly uniform, contrary
to CuNi alloys which are prone to phase segregation and
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FIG. 6. Characteristics of Pt;_,Ni, thin films. (a) Anomalous Hall effect conductivity versus temperature and Ni concentration. (b) Curie
temperature obtained from the AHE data. Note that the magnetic quantum phase transition with T¢y4e 2~ 0 occurs at x. ~ 0.4. (c) Residual
in-plane resistivity of films. Maxima of p,, are observed at x ~ 0.4 and 0.6, corresponding to the sign-reversal points of the AHE in panel (a).

Data from Refs. [43,44].

formation of Ni clusters. Therefore, we have chosen this alloy
for detailed analysis of variation of properties of SFS junction
with the strength of the F interlayer. For that we made a se-
ries of Nb/Pt;_,Ni,/Nb JJ’s with different Ni concentrations
x = 0-1. Composition of Pt;_,Ni, films was estimated using
energy-dispersive x-ray spectroscopy [43].

Figures 6(a) and 6(b) summarize magnetic properties of
thin Pt _,Ni, films (35-45 nm thick) obtained in earlier works
[43.,44]. Figure 6(a) shows the anomalous Hall effect (AHE)
conductivity oy, at the T'-x phase diagram. The AHE indicates
the appearance of the ferromagnetic state [56]. Figure 6(b)
shows the Curie temperature extracted from Hall measure-
ments. It is seen that ferromagnetism in Pt;_,Ni, thin films
appears at x > 0.4, similar to bulk alloys [54].

Pt;_Ni, alloys may form a disordered fcc state (Al),
which is presumably dominant in our sputtered films. How-
ever there are also three ordered states Pt3Ni (L1,), PtNi
(L1yp), and NisPt (L1,) with centra of stability at x = 0.25, 0.5,
and 0.75, respectively [53,55]. The most remarkable feature
of the AHE in PtNi films, Fig. 6(a), is the sign change of o,,
from electronlike to holelike at x ~ 0.4-0.6, which coincides
with the expected range of stability of the layered L1y PtNi
compound [53,55,57].

Figure 6(c) represents residual longitudinal resistivities of
the films at T = 2 K. The p,, increases upon mixing of Ni
and Pt with a maximum around x >~ 0.5. This indicates a pro-
gressive shortening of the electronic m.f.p. due to the growing
disorder. The 50-50 mixture has almost an order of magni-
tude larger p,.o than the pure Ni film x = 1. Simultaneously
we also see sharp peaks at x >~ 0.4 and 0.6, which indicates
that additional frustrations in the film structure appear at the
borders between stability regions of the ordered L1, and L1,
states.

Since ferromagnetism in Pt;_,Ni, alloy appears at x,
0.4, diluted ferromagnets with small T¢yqe ~ 10 K, compara-
ble to 7, of Nb, correspond to an extremely dirty metallic state.
The short electronic m.f.p. leads to a short &7, which leads to
a rapid suppression of the proximity induced superconduct-
ing order parameter with increasing dr [6,15]. Therefore, as
discussed in the paper, SFS junctions with weak disordered
ferromagnets may have small critical current densities despite
small exchange fields.

Nb/Pt;_,Ni, /Nb junctions with different x and dr were
fabricated and studied, see Table II. An example of I.(H)

~

modulation for Nb/PtNi/Nb JJ can be found in Fig. 4
of Ref. [45]. Figure 7(a) shows measured J. (T =3 K)
for Nb/Pt;_,Ni,/Nb junctions versus Ni concentration and

Nb/Pt,_Ni /Nb
T=3K

36 T T T T T T T T T
(b) £ T =3K PtHNiX O d=20 nm

32 d=25 nm
< A 0=-24nm |
S 16 ¢ 0=30nm _]
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< , hormal magnetic i
'-Oo — | —p

\ ]
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i) 4 ) : -
@) © 4

0 1 I L I 1 !) () C 1 I 1 J
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FIG. 7. (a) Three-dimensional plot of critical current densities of
Nb/Pt;_,Ni,/Nb junctions at T = 3 K as a function of Ni concen-
tration and interlayer thickness. (b) Projection of the same data to
the two-dimensional plot. Red dashed lines in (a) indicate possible
0 — 7 transition for a fixed dr upon increasing Ni concentration.
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interlayer thickness. Figure 7(b) shows projection of this data
to the J.-x plane. Generally, J. decreases both with increasing
x and dp. However, it decreases nonmonotonously. Oscilla-
tory decay of J. vs dr in SFS junctions is well documented
and is caused by sequential O-r transitions [20,22,23,26].

From Fig. 7 it can be seen that for a given dp the J. is
decaying nonmonotonously with increasing Ni concentration
x, as indicated by dashed red lines in Fig. 7(a) for dp = 20
and 30 nm. We attribute such oscillatory behavior to 0-w
transitions at a given dr upon increasing the ferromagnetic
exchange energy E.x. The increase of Ni concentration leads
to the enhancement of E.x, which leads to the shrinking of &
and causes the O-7 transition. As described above, ferromag-
netism in Pt;_,Ni, films appears at the critical concentration
x. >~ 0.4. We observe that the relative spread in J. values
increases in JJ’s with the ferromagnetic interlayer x > 0.4.
Most likely this is also a consequence of a rapid shrinkage
of & down to about 1 nm, comparable to the roughness of our
films, see Fig. 4.

APPENDIX D: INTERFACE RESISTANCES IN
Nb/Pt;_,Ni./Nb JUNCTIONS

Figure 8(a) shows a 3D plot of measured normal resis-
tivities p, of studied Nb/Pt;_,Ni,/Nb junctions versus Ni
concentration and interlayer thickness. Parameters of JJ’s are
listed in Table III. Here p, = R,A/dF, where A is the junction
area. Figure 8(b) shows the 2D projection of the same data.
It is seen that p, greatly increases at x = 0.4-0.6 which is
correlated with the region with maximal longitudinal resis-
tance of PtNi films, see Fig. 6(c). Thus frustration and disorder
is directly reflected in junction characteristics. However, p,
exhibits much larger peaks at the frustration points x >~ 0.4
and 0.6, compared to p,,o. Especially at the onset of ferro-
magnetism x, = 0.4, where p, increases by almost an order
of magnitude. This indicates that properties of SFS junctions
depend not only on the electronic disorder (m.f.p.) but also
on the magnetic disorder and, particularly, are affected by
quantum fluctuations at the quantum phase transition reflected
by the sign change of the AHE, Fig. 6(a).

From the comparison of p,,o and p,, Figs. 6(c) and 8(b), it
is also seen that junction resistivity is several times larger than
the film resistivity. This indicates that junction resistances
are dominated by an additional resistance at S/F interfaces
due to a finite interface transparency 8 < 1. For SNS junc-
tions the interface transparency is reduced by a mismatch
between Fermi velocities and Fermi surfaces (electronic band
structures) of S and N metals [58,59]. For example, the trans-
parency of Nb/Cu interface was estimated to be 8 ~ 0.4 [58].
The transparency of S/F interfaces is further reduced due to
spin imbalance, which affects the Andreev reflection of spin-
singlet Cooper pairs from spin-polarized ferromagnet [1,4,59—
65]. The values R,A ~ 1 x 10719 Qcm? in our junctions, see
Tables I-III, are comparable to the value 0.64 x 107'% Qcm?
reported for Nb/Co interfaces [65]. From Table III it can
be seen that for Nb/Pt;_,Ni,/Nb JI’s with x >~ 0.4 and 0.6,
corresponding to quantum critical points of vanishing AHE,
oape(T = 0) = 0, see Fig. 6(a) and Ref. [44], the R, A value
and thus the interface resistance greatly increases. Simul-
taneously the critical current density increases, leading to
extraordinary large I.R, products of several hundreds of uV,
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FIG. 8. (a) Three-dimensional plot of normal resistivities of
Nb/Pt,_,Ni,/Nb junctions versus Ni concentration and interlayer
thickness. (b) Projection of the same data on the two-dimensional
plot. Note sharp singularities at the critical concentration x, = 0.4
and a secondary maximum at x >~ 0.6, corresponding to points of
sign-reversal AHE in Fig. S3(a).

comparable to that for SINIS (I-insulator) junctions [66]. The
origin of this phenomenon remains to be understood. So far
we can only speculate that anomalous junction characteristics
at these critical concentrations are related to quantum phase
transitions occurring between ordered L1y and L1, phases
with different magnetic properties [53,55,57,67]. For all our
junctions, R, is dominated by S/F interface resistances, con-
sistent with earlier reports for other types of S/F interfaces
[59,63,65]. Therefore, there are significant barriers at S/F in-
terfaces, despite that the deposition of SFS trilayers occurred
in one run without breaking vacuum.

APPENDIX E: CLARIFICATION ABOUT EXTRACTION OF
MAGNETIZATION CURVES FROM AJF ANALYSIS

In the derivation of Eq. (1) we assumed that My has an
in-plane orientation. Due to the small thickness of F inter-
layers, they have negligibly small demagnetization factors.
In this case the F layer does not generate magnetic fields at
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S/F interfaces and, therefore, does not induce any additional
flux in S electrodes. This leads to a simple separation of flux
contributions from the S electrodes and F interlayer, repre-
sented by first and second terms in Eq. (1). Here B in the
first term does not contain My (i.e., it is not H + 4w MF) and
differs from H solely due to screening by superconducting
currents and a finite demagnetization factor of S electrodes,
just like in the nonmagnetic junction. Since for our junctions
the total thickness of S layers 2dy, = 400 nm is comparable
to junction sizes, the demagnetization factor of electrodes is
non-negligible and the difference between B and H can be
sensible. Nevertheless, this does not affect the linearity of
®(H) curves above the saturation field because B o H in the
presence of the demagnetization effect. Therefore, subtraction
of the linear asymptotics, shown by dashed lines in the middle
panels of Figs. 2(a)-2(c), remains unambiguous.

The distance between points in the AJF analysis is de-
termined by the flux quantization field AH = ®y/LA. It is
smaller for the hard axis orientation of the field, corresponding
to the longest size of the junction L. Therefore, AJF curves for
the hard axis, Figs. 2(c) and 2(d), are much more detailed than
for the easy axis orientation, Figs. 2(a) and 2(b). Nevertheless,
extraction of Mp(H) for the hard axis orientation is com-
plicated by two factors: First, magnetization reversal in the
hard axis orientation occurs initially via coherent rotation of
magnetization (without hysteresis), followed by a small flip,
and continuing coherent rotation towards the saturated state
[41,46,68,69]. Since the flip is smaller than Mgy, it does not
allow direct extraction of M, from the size of the magnetiza-
tion jump. Second, since the length of the electrode L ~ 1 um

in the hard axis orientation is much larger than the London
penetration depth of S electrodes, Ag >~ 100 nm, junctions
are prone to penetration of Abrikosov vortices, which greatly
distort junction characteristics [45,70]. Therefore, the field
range of our analysis is limited by the range of the Meissner
state.

For the JJ with dy; = 10 nm, Fig. 2(c), the Meissner state
persists up to the saturation state, and the straightforward
subtraction of the high-field linear slope from the AJF curves,
shown by the dashed line in the middle panel of Fig. 2(c),
provides a magnetization loop with the expected saturation at
high fields, as shown in the bottom panel of Fig. 2(c). It can be
seen that saturation occurs at H >~ 1 kOe, which is consistent
with that obtained using the first-order reversal curves analysis
on the same junction, see Fig. 2(f) in Ref. [41].

For the JJ with dx; = 20 nm, Fig. 2(d), the field range is
limited by the entrance of Abrikosov vortices. It is smaller
than 1 kOe and the saturation is presumably not reached,
which does not allow unambiguous determination of the linear
asymptotics. In this case we have chosen to assume B = H in
Eq. (1) and calculate the first linear term using the definition
of the magnetic thickness, A = dr + Ag tanh(ds;/21s1) +
Aso tanh(dsy /2As2), where ds; o = 200 nm are is the thick-
nesses and Ag; » = 100 nm are the London penetration depths
of the two Nb electrodes. The corresponding linear depen-
dence ®;(H) is shown by the dashed line in the middle panel
of Fig. 2(d). Thus obtained magnetization curve, My;(H_),
shown in the bottom panel of Fig. 2(d), is in line with the
expected magnetization curve for the hard axis orientation, as
discussed above, and provides a correct value of Mgy,.
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