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We present measurements of Josephson junctions containing three magnetic layers with noncolin-
ear magnetizations. The junctions are of the form S/F ′/N/F/N/F ′′/S, where S is superconducting
Nb, F ′ is either a thin Ni or Permalloy layer with in-plane magnetization, N is the normal metal Cu,
F is a synthetic antiferromagnet (SAF) with magnetization perpendicular to the plane, composed
of Pd/Co multilayers on either side of a thin Ru spacer, and F ′′ is a thin Ni layer with in-plane
magnetization. The supercurrent in these junctions decays more slowly as a function of the F -layer
thickness than for similar spin-singlet junctions not containing the F ′ and F ′′ layers. The slower
decay is the prime signature that the supercurrent in the central part of these junctions is carried
by spin-triplet pairs. The junctions containing F ′ = Permalloy are suitable for future experiments
where either the amplitude of the critical current or the ground-state phase difference across the
junction is controlled by changing the relative orientations of the magnetizations of the F ′ and F ′′

layers.

I. INTRODUCTION

When a conventional superconductor is brought into
contact with a ferromagnetic material, Cooper pairs will
penetrate into the ferromagnet via the proximity effect
and remain correlated over length scales typically only
a few nanometers1. The exchange field in the ferro-
magnet causes spin-up and spin-down electrons to split
into different bands that have different momenta at the
Fermi level. Thus opposite spin electron pairs acquire a
net center-of-mass momentum– i.e. the pair-correlation
function does not only decay, but oscillates in sign as
a function of the ferromagnetic layer thickness 2–5. Ex-
perimental verification of this fact was achieved in the
early 2000’s6,7, followed by many other groups who mea-
sured the oscillation and decay of the critial current in
Josephson junctions8–17. In these systems the resulting
pair correlation function in the ferromagnet contains a
mixture of both spin-singlet and spin-triplet components
with magnetic quantum number m = 018.

A thoroughly different situation occurs if the electrons
near the superconducting/ferromagnetic (S/F) interface
are paired with the same spin-orientation. In that case,
both electrons enter the same spin band and can re-
main correlated in the ferromagnet over much longer dis-
tances. In a Josephson junction there is thus an over-
all slower decay in the critical current and no oscilla-
tion of the supercurrent with the thickness of the fer-
romagnet19. While spin-triplet superconductivity is not
commonly found in nature, it was predicted18–22 that it
could be engineered in multi-layered ferromagnetic sys-
tems having noncolinear magnetizations or magnetic in-
homogeneity. Since then, demonstrations of spin-triplet
proximity effects have been reported by many groups us-
ing a variety of experimental techniques23–44.

Our group has focussed on spin-triplet Josephson junc-
tions (JJs) of the form suggested by Houzet & Buzdin45,
S/F ′/N/F/N/F ′′/S25,30,46,47. Such a JJ converts be-
tween spin-singlet and long-range spin-triplet supercur-
rent in the following manner48: 1) spin-singlet pairs from
the first superconductor enter the first ferromagnet (F ′)
and acquire a net center-of-mass momentum, generat-
ing a short-range (m = 0) spin-triplet component, as
previously described. 2) The electron pairs enter a sec-
ond ferromagnet (F ) with magnetization non-colinear to
the first. Expression of the m = 0 triplet state in the
rotated basis includes the long-range (m = ±1) spin-
triplet states; the spin-triplet conversion is maximized
when the magnetizations are perpendicular. While the
spin-singlet and m = 0 spin-triplet states decay quickly
in F , the (m = ±1) states propagate much further. 3)
Since the final superconducting electrode can only ac-
cept spin-singlet states, a third ferromagnetic layer (F ′′)
is needed to convert the long-range triplet states back
into spin-singlet. Again, that conversion process is op-
timal when the magnetization of F ′′ is perpendicular to
that of F . Recently, our group successfully implemented
a scheme where by rotating the magnetization of the F ′′

layer, the long-range triplet supercurrent could be con-
trollably toggled “on” or “off” as evidenced by large am-
plitude changes in the critical current47.

The theory of spin-triplet JJs predicts that the ground-
state phase difference across a junction of the form de-
scribed above depends on the relative orientations of the
three magnetizations18,21,22,45,49,50. Spin-triplet junc-
tions where the magnetizations of all three ferromagnetic
layers are coplanar exhibit complementary 0 and π-phase
states dependent only on whether the outer two magne-
tizations are parallel or antiparallel.

In principle, there are many ways to design a JJ to
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test that prediction. We have focused on designs where
the magnetizations of the outer F ′ and F ′′ layers both
lie in-plane; the junctions are given an elliptical shape
to set the directions of those in-plane magnetizations by
shape anisotropy. But the elliptical junction shape makes
it difficult to achieve non-colinear magnetization in the
central F layer, if it is also in-plane. A solution is to use
out-of-plane magnetization for F , which is easily accom-
plished using a magnetic material with strong perpen-
dicular magnetic anisotropy (PMA)46. Then, one can
utilize shape anisotropy to preferentially orient the mag-
netization direction of the F ′ and F ′′ layers, all the while
preserving the optimal 90 degree relative magnetization
angle between each successive ferromagnetic layer. Pre-
vious efforts by our group to detect the JJ phase change
using such a design were only partially successful, how-
ever51; while a π phase change appeared in some experi-
ments, the magnetic behavior of the junctions was poor
and irreproducible. We suspected at the time that stray
fields from the domain walls in the PMA F layer pene-
trated the F ′ and F ′′ layers and ruined their magnetic
properties. A possible solution to that problem is to re-
place the central PMA layer with a PMA synthetic an-
tiferromagnet (SAF), in which each magnetic domain in
the lower half of the SAF is coupled to a domain with
opposite-pointing magnetization in the upper half of the
SAF. Such a system should produce minimal stray fields
in the F ′ and F ′′ layers that are located above and below
the SAF52.

Here we report measurements of S/F ′/N/F/N/F ′′/S
spin-triplet based Josephson junctions in which the cen-
tral magnetic layer, F , is a synthetic antiferromagnet
(SAF) based on [Pd/Co] multilayers with PMA. This
study was performed with an eye towards future devices
in which the phase state of the junctions can be reli-
ably controlled. The main result of this work is that
the critical current in these junctions decays more slowly
with increasing thickness of the PMA SAF than it does
in junctions that do not contain the F ′ and F ′′ layers.
That result represents strong evidence that the super-
current in the central part of these junctions is carried
by spin-triplet pairs, whereas it is carried only by the
short-range components in the control samples. These
junctions are therefore suitable for phase-control experi-
ments envisioned above.

II. SAMPLE FABRICATION AND
CHARACTERIZATION

A. Magnetic Properties of Pd/Co Multilayers and
Synthetic Antiferromagnets With Perpendicular

Magnetic Anisotropy

Thin multilayers of Pd and Co can be grown to have
perpendicular magnetic anisotropy (PMA), i.e. with
magnetization perpendicular to the sample plane, as re-
ported by Chang et al.53. Moreover, when two such

Pd/Co multilayers are separated by a thin normal metal
spacer (such as Ru, Rh, Ir, or Cu), they may couple
via the exchange interaction to form a SAF in which the
magnetizations on either side of the spacer align in an an-
tiparallel fashion. The outstanding PMA and SAF prop-
erties of such layers have attracted interest towards their
use in spin-transfer-torque magnetic random access mem-
ories54 and other applications. We investigate if PMA
SAFs could be advantageous for spin-triplet JJs with
phase control. For the PMA SAF to serve as the cen-
tral F layer and optimize the generation of long-range
spin-triplet supercurrent its magnetization needs to re-
main pinned perpendicular to the sample plane over the
range of measurement fields used in the experiments.

To characterize the Pd/Co multilayers and ver-
ify that they have PMA, we sputtered films of:
Nb(5)/Cu(5)/[Pd(dPd)/Co(0.3)]n/Pd(dPd)/Cu(5)/Nb(5),
where the layer thicknesses in nanometers are shown in
parentheses and the sequences in brackets are repeated
n = 10 or 20 times. Similar to Chang et al.53 we fix the
Co thickness to 0.3 nm while the Pd thickness, dPd, was
varied from 0.8 - 1.0 nm.

All the samples throughout this paper were fabricated
using high-vacuum sputtering deposition on 0.5×0.5 in2

silicon chips as follows. Before sputtering, the chamber
was baked for eight hours and reduced to a base pres-
sure of 2×10−8 Torr with a cryopump. The chamber
was then cooled by circulating liquid nitrogen though a
Meissner trap to reduce the partial pressure of water in
the chamber to < 3 × 10−9 Torr as confirmed by an in-
situ residual gas analyzer. The films were deposited via
dc sputtering with either 1-inch magnetron or 2.25-inch
triode guns in an Argon plasma of pressure 1.3 × 10−3

Torr. During the deposition the sample temperature was
held between −30 ◦C and −20 ◦C. The thicknesses of the
various deposited materials were controlled by measur-
ing the deposition rates (accurate to ±0.1Å/s) using a
crystal film thickness monitor and a computer controlled
stepper motor that operates the position of the shutter
and sample plate.

We measured the films’ magnetic moment m per unit
area vs. the applied magnetic field (M -H loop), us-
ing a Quantum Design dc-SQUID magnetometer at 5 K.
Sweeping an applied magnetic field that is perpendicular
to the sample plane results in square-like M -H loops, as
shown in Fig. 1 (black data points), confirming that the
Pd/Co multilayer has PMA. The sample with dPd = 0.9
nm had the best magnetic properties: a coercive field of
over 160 mT and the largest squareness. With H applied
parallel to the sample plane, the M -H loops show only a
slight hysteresis with small remanent magnetization, in-
dicating a very small in-plane moment (red data points).
Note that dividing the m/area values by the total Co
thickness of 3.0 nm gives a saturation magnetization of
about 2.7×106 A/m (=2700 emu/cm3) which is about
twice the saturation magnetization of bulk Co. This is
because the Co partially polarizes the surrounding Pd
layers55.
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FIG. 1. Hysteresis loops of a Pd/Co multilayer film measured
at 5K using a SQUID magnetometer. The data are expressed
as total magnetic moment m per unit area. With the applied
magnetic field perpendicular to the sample plane (black, left
axis), the loop is square-like indicating the Pd/Co multilayer
has perpendicular magnetic anisotropy (PMA), with a large
coercive field of over 160 mT. Due to the diamagnetic
background of the Si substrate the data in the saturation
region has a slight negative slope. With the applied field
parallel to the sample plane (red, right axis) the hysteresis
is only slightly discernable, thus the magnetization has a
very small in-plane component. Also, note the comparatively
smaller scale on the right axis. The sample is composed
of Nb(5)/Cu(5)/[Pd(0.9)/Co(0.3)]10/Pd(0.9)/Cu(5)/Nb(5)
with thicknesses in nanometers. Lines are to guide the eye.

Next, we characterized the magnetic behavior of two
such Pd/Co multilayers arranged on either side of a thin
Ru spacer to form a SAF with PMA. The coupling of
the Pd/Co multilayer into a SAF structure arises due to
interlayer exchange coupling (IEC) between the two mul-
tilayers. The energy density of the IEC can be modulated
by tuning the thickness of the spacer layer and depends
strongly upon which material(s) it forms interfaces with.
We arranged the Ru spacer to have adjoining Co layers
on either side, similar to Chang et al.53.

To optimize the antiferromagnetic coupling
in the SAF, we sputtered a set of samples
with an “unbalanced” SAF configuration of the
form: Nb(5)/Cu(5)/[Pd(0.9)/Co(0.3)]12/Ru(dRu)/
[Pd(0.9)/Co(0.3)]10/Cu(5)/Nb(5), varying the Ru thick-
ness between dRu=0.7, 0.8, ..., 1.1 nm. We measured
the samples’ magnetic response in a dc-SQUID magne-
tometer with H perpendicular to the sample plane. As
shown in Fig. 2, at a Ru thickness of 0.7 nm the Pd/Co
multilayers are ferromagnetically coupled, since only a
single (slightly distorted) loop is observable. As the Ru
thickness increases, the M -H loops have an intermediate
step with a flat plateau in the magnetization, indicating
stable antiferromagnetic exchange coupling at applied
fields less than ± 250 mT. The maximum width of
the intermediate plateau, and hence the maximum
antiferromagnetic coupling measured, was obtained for
the samples with dRu = 0.9 and 1.0 nm (not shown).
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FIG. 2. Hysteresis loop measurements of synthetic antifer-
romagnet (SAFs) films measured using a dc-SQUID magne-
tometer at 5K with the applied field perpendicular to the sam-
ple plane. The data are expressed as total magnetic moment
m per unit area. The SAF is composed of Pd(0.9 nm)/Co(0.3
nm) multilayers separated by a thin Ru spacer, whose thick-
ness, dRu, was varied from 0.7 to 1.1 nm (0.7-0.9 nm shown).
At a Ru thickness of 0.7 nm (blue) the Pd/Co multilayers
are ferromagnetically coupled out-of-plane, since only a sin-
gle loop is observable. However, as the Ru thickness increases,
the out-of-plane M -H loops have an intermediate step with
a flat plateau in the magnetization (yellow, red). The width
of the intermediate plateau is maximal near dRu = 0.9 (red),
indicating stable antiferromagnetic exchange coupling at ap-
plied fields less than ± 250 mT. Lines are to guide the eye.

Therefore, in the Josephson junction samples presented
in the next section we choose to fix dRu = 0.95 nm.

Note that the extra two repeats of the Pd/Co multi-
layer in the data presented in Fig. 2 are added merely to
accentuate the separation between the two corresponding
hysteresis loops, allowing us to more easily determine the
optimal Ru thickness. In spin-triplet JJs, it is desirable
to maximize the flux cancelation within the PMA SAF.
Thus, in the experiments that follow, we used a balanced
SAF structure which has an equal total thickness of Pd
and Co on either side of the Ru spacer.

We briefly mention that we tested another, simi-
lar type of PMA SAF which was composed of Ni/Co
multilayers of the form: [Co(0.3)/Ni(0.6)]n/Co(0.3)/
Ru(dRu)/[Co(0.3)/Ni(0.6)]m /Co(0.3), where n = 4 and
m = 3 or 4. The magnetic behavoir of these PMA SAFs
was quite similar to the data in Fig. 2, with strong an-
tiferromagnetic pinning, PMA, and square-shaped M -H
loops. However, after fabricating them into Josephson
junctions, we found the Ni/Co SAFs to be rather unsat-
isfactory from a device perspective in that they suffered
from extremely small critical current. The same was not
true for the Pd/Co based PMA SAFs which will be dis-
cussed in the next section.
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B. Josephson Junctions

We next seek to address the following questions: 1)
how does the Pd/Co PMA SAF structure behave as a
barrier to current transport in Josephson junctions (JJs)?
2) can a PMA SAF of this nature be utilized in a JJ
device with ferromagnetic layers to generate spin-triplet
supercurrent? Both questions can be answered by mea-
suring how the critial current in these type of junctions
varies with the number of Pd/Co layers on either side of
the Ru spacer. To this end we fabricated three sets of
JJs. The first is a series of control samples which con-
tain only the Pd/Co PMA SAF, shown in Fig. 3 (a), and
are meant to measure the decay of the short-range spin-
singlet supercurrent. The second and third series of JJs
are designed to carry long-range spin-triplet supercur-
rent. They contain a Pd/Co PMA SAF centered between
two additional ferromagnetic layers with in-plane magne-
tization, shown in Fig. 3 (b). In the second set both the
bottom ferromagnet, F ′, and the top ferromagent, F ′′,
are Ni with thickness 1.6 nm. The third set of JJ’s is
similar, but the F ′ layer is Permalloy (Py = Ni81Fe19)
with thickness 1.25 nm and the F ′′ layer is Ni(1.6 nm),
as shown Fig. 3 (b).

Due to Permalloy’s sharp magnetic switching at low
magnetic field, we envision using it in controllable
JJs47,56–58. However, from previous experience we know
that Py’s magnetic properties degrade if grown on a
rough surface. Thus, in the third series of JJ’s, the Py
layer is intentionally placed near the bottom of the stack
where it will be the least effected by upward-propagating
surface roughness, as discussed in more detail later in
Fig. 4. Nickel, while harder to control magnetically, is
the ferromagnetic material we and others have found to
be the least detrimental to the propagation of supercur-
rent59. Thus, it was used as both F ′ and F ′′ in the
second set of samples in case the critical currents in the
JJs with Py were too small to measure. The role of the
other layers in Fig. 3 will be discussed later.

C. Josephson Junction Sample Fabrication

The sample fabrication proceeds similarly to other
nanopillar junctions made by our group16,17, which we
outline in somewhat less detail here, but specifically
mention any differences. The geometry of the bottom
leads was defined via optical photolithography and a
lift-off process. The bottom electrode is a sputtered
Nb/Al multilayer of form [Nb(25)/Al(2.4)]3/Nb(20),
which is much smoother than a continuous Nb layer60–62,
and is capped with a thin 2 nm layer of Au to prevent
oxidation. We then had to break vacuum and exchange
sputtering targets. Ideally one would sputter the entire
stack in situ, however, we are limited to seven sputtering
targets in our chamber. During the target exchange,
which takes less than 10 minutes, the samples are
contained in a bag filled with continuously flowing N2
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FIG. 3. A schematic representation of the vertical cross sec-
tional structure of our Josephson junctions (not to scale).
The central F layer is composed of two sets of n [Pd(0.9
mm)/Co(0.3) nm] bilayers with perpendicular magnetic
anisotropy (PMA), on either side of a Ru(0.95 nm) spacer
to form a synthetic antiferromagnet (SAF). (a) With only
the PMA SAF in the center, the supercurrent is carried by
short-range spin-singlet pairs. (b) When combined with the
two other ferromagnets, F′ and F′′, with in-plane magneti-
zation, the supercurrent in F is carried by long-range spin-
triplet pairs. In this study, the F ′ layer is either Ni(1.6 nm),
which maximizes the spin-triplet supercurrent, or Py (1.25
nm), which can act as a “free” layer, switching its magneti-
zation at a low field.

gas to limit contamination. After another bakeout,
pump down, and liquid nitrogen cooling, we ion mill
away the protective Au layer before continuing the
sputtering process. All the ferromagnetic layers are
then deposited in situ in the following sequence: for
the “spin-singlet” samples of Fig. 3(a), Cu(4)/PMA-
SAF/Cu(4)/Au(2); and for the “spin-triplet” samples of
Fig. 3 (b) we sputter, Cu(2)/[Ni(1.6) or Py(1.25)]/Cu(4)/
PMA-SAF/Cu(4)/Ni(1.6)/Cu(7)/Au(2), where PMA-
SAF=[Pd(0.9)/Co(0.3)]n/Ru(0.95)/[Co(0.3)/Pd(0.9)]n.
Due to the crystal lattice mismatch between the fcc
ferromagnetic materials and the bcc Nb we add a Cu(2)
spacer before the (Py or Ni) F ′ layer. Meanwhile,
between the F ′, F , and F ′′ layers, Cu(4) buffers are
inserted to prevent them from coupling magnetically.
Finally, the stack is capped with a thin layer of Cu and
Au to prevent oxidation.

The junctions were patterned by electron-beam lithog-
raphy followed by ion milling in Argon. We use the neg-
ative e-beam resist ma-N2401 as the ion mill mask. The
junctions are elliptical in shape with an aspect ratio of 2.5
and area of 0.5 µm2, sufficiently small for the Py layers
to be mostly single domain17. Elliptically-shaped junc-
tions have the advantage that the Fraunhofer patterns
follow an analytical formula while the (small) demagne-
tizing field is nearly uniform when the magnetization is
uniform.

Outside the mask region, we ion milled from the cap-
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FIG. 4. Vertical cross sections of the junctions described in Fig. 3 (b) prepared using a focused ion beam (FIB) were investigated
by high-resolution scanning transmission electron microscopy (STEM) and energy dispersive x-ray spectroscopy (EDX). Panel
(a) shows an STEM image of the full extent of the junction, including the smooth Nb/Al bottom electrode. Expanded views of
the individual ferromagnetic layers are shown in panels (b) and (c) near the center and side of the junction, respectively. The
EDX phase map shown in panel (d) corresponds to the area within the orange square in panel (c). The multivariate statistical
analysis of the spectra from each individual pixel are color coded and numbered in the figure as follows: Au (yellow, 1), Cu
(blue, 2), Ni + Fe (cyan, 3 and 6), Pd + Co (magenta, 4), Co + Ru (white, 5), Nb (red, 7), Al (green, 8), SiO (black).

ping layer through the F ′ layer, and nominally half-way
into the underlying Cu spacer layer. After ion milling, a
50-nm-thick SiO layer was deposited by thermal evapo-
ration to electrically isolate the junction and the bottom
wiring layer from the top wiring layer.

Finally, the top Nb wiring layer was patterned using
the same photolithography and lift-off process as the bot-
tom leads. The surface is cleaned with oxygen plasma
etching followed by in-situ ion milling in which 1 nm of
the top Au surface is removed immediately before sput-
tering. We deposited top leads of Nb(150 nm)/Au(10
nm), ending with the Au to prevent oxidation.

In order to verify the fabrication process, verti-
cal cross sections of the junctions were investigated
by high-resolution scanning transmission electron mi-
croscopy (STEM) and energy dispersive x-ray spec-
troscopy (EDX). The cross sections were prepared us-
ing a FEI Helios focused ion beam (FIB) with a Ga ion
source, and transferred to a Ti grid for imaging in a FEI
Titan G2 80-200 aberration-corrected STEM operated at
200kV and equipped with four silicon drift X-ray detec-
tors.

The high-angle annular dark field STEM image in
Figs. 4(a)-(c) show cross sections of a junction with the
same structure as Fig. 3 (b) with n = 3. The Nb/Al
bottom electrode, seen at the bottom of Fig. 4(a), is
a smooth and continuous surface that provides a good
growth template for the layers grown on top. Fourier
transforms of regions of the high-resolution STEM image

show that the Cu layer directly above grows with a [111]
orientation on Nb [011]. Grains with favorable orienta-
tion relative to the beam direction show lattice fringes
extending through the entire Cu/ferromagnetic layer/Cu
thicknesses. In the top Cu(7 nm) layer there appear to be
three to four isolated regions (width ≈ 5 nm) with lower
Cu density than the rest of the layer (one such dark patch
can be clearly seen in Fig. 4(c)). The origin of those low-
density Cu regions is unknown. The individual Pd and
Co layers inside the SAF, shown in Fig. 4(b), near the
center of the junction, appear relatively smooth and con-
tinuous. Furthermore, the STEM image shows that the
ion milling procedure used in the sample fabrication to
define the junction area is accurately calibrated to mill
down to the desired depth.

Identifying the elemental composition of the layers is
achieved through EDX phase maps, created by perform-
ing a multivariate statistical analysis of the spectra from
each individual pixel, and color-coding pixels contain-
ing the same spectral shape63. The phase map shown
in Fig. 4(d) corresponds to the area within the orange
square in Fig. 4(c). The Py layer (cyan, labeled as layer
6) is clearly uniform and continuous. The individual lay-
ers inside the SAF are not distinguishable due to their
sub-nanometer thickness and the lower spatial resolution
of EDX compared to STEM. However, we clearly show
a difference between the component Pd/Co X-ray peaks
from the outer regions of the SAF (magenta, labeled as
layer 4) compared to its center, where component Ru/Co
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peaks are more promenent (white, labeled as layer 5).
The Ni layer (cyan, labeled as layer 3), while continu-
ous, has some observable roughness, consistent with the
magnetic behavior discussed in the next section.

III. TRANSPORT MEASUREMENTS AND
ANALYSIS

Each device was connected to the wire leads of a dip-
stick probe with pressed indium solder. The samples
were immersed in a liquid-He dewar outfitted with a
Cryo-perm magnetic shield and placed inside a shielded
room to reduce noise from external sources of electro-
magnetic radiation. The dipping probe is equipped with
a superconducting solenoid used to apply uniform mag-
netic fields along the long-axis of the elliptical junctions.
The current-voltage characteristics of the junctions were
measured at 4.2 K in a four-terminal configuration. The
voltage across the junction is measured with a commer-
cial Quantum Design rf SQUID in a self-balancing poten-
tiometer comparator circuit, and the measurement cur-
rent is provided by a battery-powered ultra-low noise pro-
grammable current source64. The rf SQUID compara-
tor scheme has very low RMS voltage noise of only 6
pV when measuring over 10 power line cycles. Typical
I-V curves have the expected behavior of overdamped
Josephson junctions65. The critical current Ic was ex-
tracted by fitting the I-V curves to a square root function
of the form,

V = RN

√
I2 − I2

c , I ≥ Ic, (1)

where the sample resistance in the normal state RN was
determined by the slope of the linear region of the I-V
curve when |I| � Ic.

When Ic is less than a few µA, the I-V curves exhibit
noticeable rounding due to thermal effects and instru-
mental noise. Such rounding is accommodated by the
theories of Ivanchenko and Zil’berman (IZ) and of Ambe-
gaokar and Halperin66,67. Fitting the I-V curves with the
IZ function instead of the square-root function of Eqn. 1
results in values of Ic that are somewhat larger – typ-
ically 30% for Ic ≈ 1µA17. However, fitting every I-V
curve with the IZ function is computation-intensive and
not practical, so we used the simpler square-root fits for
the Fraunhofer data shown in Figs. 5-7. For the sum-
mary shown in Fig. 8, we used the values obtained from
fitting the IZ function to the data near the peaks of the
individual Fraunhofer patterns.

Measurements of the area-resistance product in the
normal state typically yield consistent values of ARN ,
with a median value of 22.5 fΩ-m2, an indicator of the
reproducible high quality interfaces. The ARN values
for the full set of samples are shown in Fig. 8(b). The
junction area typically varies by less than 10% from the
nominal value of 0.5 µm2, and can be accurately ex-
tracted from the Fraunhofer pattern measurements dis-
cussed later. It is thought that RN is dominated by the

FIG. 5. The critical current, Ic, is plotted versus the ap-
plied in-plane field H for junctions with the structure shown
in Fig. 3 (a) (without F ′ and F ′′). The supercurrent is car-
ried primarily by spin-singlet pairs. Increasing the number of
Pd/Co layer repeats: (a) n = 1, (b) n = 2, (c) n = 3, causes Ic
to decay rapidly. Since the magnetization of the SAF is per-
pendicular to the plane there are only slight horizontal shifts
in the Fraunhofer patterns and very little magnetic hystere-
sis. The corresponding fits to Eqn. 2 (lines) show excellent
agreement for both the positive (red, dashed) and negative
(blue) field sweep directions.

interfacial resistance between the various layers. It is
therefore noteworthy that, although these junctions con-
tain many interfaces, the ARN products are (on average)
only about twice those of similarly-sized junctions con-
taining only a single ferromagnetic layer16,17, which had
5-10 fΩ-m2. The junctions with F ′ = F ′′ = Ni with n
= 3 or 4 Pd/Co repeats have slightly larger ARN than
those with n = 1 or 2. Otherwise, the average value of
ARN does not appear to be correlated with n.

A. Fraunhofer Patterns

Measuring Ic as a function of the applied magnetic
field, we map out “Fraunhofer” diffraction patterns,
shown in Figs. 5-7 for the three JJ types described in
Fig. 3.

Fig. 5 shows data from three spin-singlet samples with
n = 1, 2, and 3. Those data were acquired by applying
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a field of 60 mT then slowly ramping the field to -60 mT
in steps of typically 2 mT (blue data points). We then
repeated this procedure in the other field direction (red
data points) and observed very little magnetic hysteresis
since the F layer’s magnetizations are aligned perpendic-
ular to the applied field.

For the spin-triplet samples with the additional F ′ and
F ′′ layers, we first measured the critical current near zero
field to monitor the “virgin” or as-grown state of the var-
ious nanomagnets. Initially sweeping the field from (±
60 mT) the critical current was typically small and any
semblance of “Fraunhofer patterns” were rather irregu-
lar, as shown in Fig. 6 (a). Successively expanding the
applied field sweep range (±60, ±90, ±120, ±150 mT) to
help align the F ′ and F ′′ layers resulted in significant im-
provements in the Fraunhofer quality and enhanced the
peak value of Ic (near zero field), as shown in Fig. 6(b)-
(c). After initializing the samples at ±150 mT the peak
value of Ic appears to saturate, and the Fraunhofer pat-
tern closely follows the theoretical curve described later
in Eq. 2. This detailed “initialization” behavior was re-
producible on five separate junctions from various chips.
Therefore, for the data presented in Figs. 6-7, we deter-
mined that a large initialization field of 150 mT was re-
quired to help set the initial orientation of the Ni layer(s).
Ideally, an even larger initialization field would be ben-
eficial to fully magnetize the Ni68, however, too large a
field might disturb the magnetic properties of the PMA
SAF. Based on the results of Figs. 1-2, as a precaution-
ary measure any external magnetic fields were kept at
150 mT or below.

After the initialization procedure, we removed any flux
trapped in the junction or in the Nb leads by lifting the
dip-stick probe slightly in the Dewar until the sample lay
just above the liquid Helium bath. After reinserting the
sample into the liquid Helium we next applied a field of
90 mT and slowly ramped the field to -90 mT, in steps of
2 mT. Finally, the field was slowly swept in the opposite
direction, observing any hysteretic effects from the in-
plane ferromagnets.

Fraunhofer pattern measurements such as these con-
tain information about the magnetic state of the in-plane
ferromagnetic layers, the behavior of the critical current,
and the dimensions of the junction. For elliptical junc-
tions the functional form of the Fraunhofer pattern is an
Airy function65,

Ic = Ic0 |2J1 (πΦ/Φ0) / (πΦ/Φ0)| , (2)

where J1 is a Bessel function of the first kind, Ic0 is the
maximum critical current, Φ is the total magnetic flux
due to both the external field and the magnetic layers in
the junction, and Φ0 = h/2e is the flux quantum. Since
the magnetization of the F-layer is parallel to the cur-
rent flow, it does not contribute to Φ. The in-plane mag-
netizations of F ′ and F ′′ do contribute, however, and
cause shifts in the Fraunhofer pattern along the field
axis15–17,56,58,69. Hence the horizontal Fraunhofer pat-
tern shifts will differ for the three types of samples out-

a) b)

c)

HswitchHswitch

updown

FIG. 6. Critical current, Ic, vs. the applied in-plane field H,
for a sample with F ′ = F ′′ = Ni (1.6 nm), and n=1, simi-
lar to Fig. 3 (b). If the initialization field is too small, e.g.
(a) Hinit= 60 mT or (b) Hinit= 90 mT, and the magnetiza-
tions of the two Ni layers are not aligned, the “Fraunhofer”
patterns are of poor quality. With an initialization field of
150 mT (c) the Ni layers are fully magnetized, and the data
before Hswitch (solid markers) show good agreement with the
expected form for both the positive (red) and negative (blue)
field sweep directions. Solid lines are fits to Eqn. 2. Hence we
initialized all our spin-triplet samples at 150 mT. In (c) the
hollow markers represent the data points after Hswitch and the
dashed lines are only to guide the eye. The Ni layers, while
amenable to large supercurrents, contain multiple magnetic
domains and switch magnetization over a broad field range.
The horizontal Fraunhofer pattern shift in this sample is not
as large as in some of the other samples measured, which are
typically about 10 mT.

lined in Fig. 3. For samples without the F ′ and F ′′ layers
there should be very little shift, resulting only from any
canting of the [Pd/Co] perpendicular magnetization into
the plane. That expectation is born out by the data
shown in Fig. 5. For samples with the F ′ and F ′′ layers
the shifts will be more pronounced. The shifts should be
largest when the magnetizations of F ′ and F ′′ are parallel
and smaller when they are antiparallel58.

The complex nature of these Fraunhofer pattern shifts,
combined with the possibility that the Ni layers do not
switch abruptly or behave as a single magnetic domain,
make a comprehensive analysis difficult. For the samples
with F ′ = F ′′, the two Ni layers may not switch at the
same field due to the upward propagating surface rough-
ness, making it impractical to fit all the data points in the
Fraunhofer patterns shown in Figs. 6 and 7. Therefore
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a)

b)

c)

FIG. 7. Ic is plotted vs. the applied in-plane field H, for junc-
tions with the structure shown in Fig. 3 (b) with F ′ = Py, F ′′

= Ni. Increasing the number of repeats of Pd/Co: (a) n=1,
(b) n=2, (c) n=3, causes Ic to decay, but more slowly than
without the F ′ and F ′′ layers (Fig. 5). The horizontal shifts in
the Fraunhofer patterns are indicative of the magnetic state
of the in-plane ferromagnets. The data before Hswitch, the
field at which the Py magnetization reverses direction (solid
markers), and the corresponding fits to Eqn. 2 (lines) show
excellent agreement for both the positive (red, dashed) and
negative (blue) field sweep directions. The hollow circles are
the corresponding data points after Hswitch. The Py typically
switches abruptly at low fields (< 2 mT), whereas the Ni is
thought to contain multiple magnetic domains and gradually
switches over a broad range of fields.

we only attempt to fit the clean sections of the Fraunhofer
patterns before the first magnetic switching event occurs.
We fit Eqn. 2 to the data starting from the initialization
field to Hswitch. The free parameters in the fit are Ic0,
the junction width transverse to the field direction, and
the field shift of the central peak. In Figs. 5 - 7 the cor-
responding fits show excellent agreement with the data,
for the positive (red) and negative (blue) sweep direc-
tions. In Figs. 6(c) and 7 the hollow data points denote
the data after Hswitch. Those data show that the rever-
sal of the Ni magnetization occurs over a range of fields,
consistent with the behavior of Ni seen in previous work
by us and others56,58. Most of the junctions display full
magnetic remanence, continuing to follow Eqn. 2 though

a)

b)

FIG. 8. (a) The maximum measured Ic times RN is plotted
vs. the number of Pd/Co repeats n in the PMA SAF. The
IcRN of the spin-singlet samples (blue circles) decays more
rapidly with increasing Pd/Co thickness than do the spin-
triplet samples with F ′ = Ni (orange triangles) and those
with F ′ = Py (red diamonds). The data are fit to the total
number of Pd/Co bilayers according to Eq. 3, with the best-fit
parameters shown in Table I. (b) The area-resistance product
of the junctions vs. n does not appear to be correlated to the
number of Pd/Co interfaces, and is on average 11.4 fΩm2

across all the datasets, with the exception of the F ′=Ni chips
with n = 3 and 4, which have slightly larger resistances.

zero applied field before Hswitch.

B. Critical Current vs Thickness

In Fig. 8(a) we plot the maximum measured Ic times
RN on a log scale versus the number of Pd/Co repeats
n on either side of the Ru spacer. In Fig.8 (b) we plot
the area-resistance product for the entire data set. The
IcRN products of the spin-singlet samples (blue circles)
decay much more rapidly with increasing n than do the
spin-triplet samples with F ′ = Ni (orange triangles) and
those with F ′ = Py (red diamonds). The three data sets
are fit to the total number of bilayers (2n) with a simple
exponential decay,

IcRN (n) = A0 ∗ e−(2n/n̄). (3)

The best-fit parameters are listed in Table I. The de-
cay length expressed as a number of [Co/Pd] bilayers
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TABLE I. Fitting the data in Fig. 8 to Eqn. 3 yields the
following best-fit parameters:

Sample Set A0 (µV) n̄

Spin-singlet, only F 89 ± 28 0.70 ± 0.04

Spin-triplet, F ′=F ′′= Ni 14 ± 3 1.38 ± 0.07

Spin-triplet, F ′=Py, F ′′=Ni 4.1 ± 0.6 1.53 ± 0.07

is 1.38±0.07 and 1.53±0.07 for the spin-triplet samples,
whereas it is only 0.70±0.04 for the spin-singlet samples.
That observation is the main result of this work.

We believe that the spin-scattering asymmetry in
[Co/Pd] underlies the fact that the decay of the spin-
triplet supercurrent is only a factor of two less steep than
the decay of the spin-singlet supercurrent. To see why,
it is instructive to compare the data in Fig.8(a) with
data from the only other study of spin-triplet Joseph-
son junctions containing PMA layers, namely ref. 46.
In that work the central F layer consisted of a [Ni/Co]
multilayer with strong PMA, but not a SAF. In those
junctions the decay of the spin-triplet samples was much
slower than the decay of the control samples that did
not contain the F ′ and F ′′ layers. (The ratio of the
spin-triplet to spin-single decay lengths in that work was
about 4.5, whereas it is only about 2.1 in the present
work.) Later, our group measured a series of junctions
containing [Ni/Co] PMA SAFs, and found not only that
they carried much smaller critical currents, but that the
decay with the number of repeats was also much steeper
than in the non-SAF [Ni/Co] junctions70. To explain
the sharp decay of the spin-triplet supercurrent in the
[Ni/Co] SAFs, we propose the following explanation. It
is known from Giant Magnetoresistance (GMR) stud-
ies71 that the [Ni/Co] interface has strong spin-scattering
asymmetry – i.e. minority-band electrons are scattered
more strongly than majority-band electrons. Hence in
a [Ni/Co]n multilayer, the current will become more
strongly spin-polarized as the number of repeats n in-
creases. In a [Ni/Co] SAF, the majority electrons in one
half of the SAF become minority electrons in the other
half and vice versa. Hence all electrons passing through
the SAF are strongly scattered at some point. This effect
increases with n, hence causing a steep decay of critical
current as a function of n. We note that this mechanism
affects both spin-singlet and spin-triplet supercurrents;
but the former already face a steep decay due to the stan-
dard S/F physics discussed in the introduction, whereas
for the spin-triplet supercurrent the presence of the SAF
becomes the dominant decay mechanism.

Our decision to use [Pd/Co] multilayers was a direct re-
sult of the discussion above. Unfortunately, the degree of
spin-scattering asymmetry at the [Pd/Co] interface has
not been measured, as far as we know. (Our own at-
tempts to do so using GMR techniques were thwarted by
our inability to achieve reproducible in-plane magnetic
states for any thickness combination in the [Pd/Co] sys-

tem.) From comparing the results shown in Fig. 8(a) with
our unpublished data on junctions containing [Ni/Co]
PMA SAFs, we infer that the spin-scattering asymme-
try in [Pd/Co] is weaker than in [Ni/Co].

An alternative explanation for the unusually steep de-
cay of the spin-triplet supercurrent in our samples is the
strong spin-orbit interaction in the Co/Pd system72. It
should be possible to distinguish between these two ex-
planations by comparing the decay of the supercurrent
in spin-triplet JJs containing [Pd/Co] plain multilayers
in the center, with the decay we observe in our JJs con-
taining [Pd/Co] multilayer SAFs. We intend to carry out
such a study in the near future.

The next question to address is, at what value of n
can we be certain that the spin-triplet component of
the supercurrent in the spin-triplet samples is the dom-
inant contribution. A straightforward interpretation of
the data shown in Fig.8(a) might lead one to conclude
that the point where the spin-triplet curves cross the
spin-singlet curve is the point where the spin-singlet and
spin-triplet contributions to the supercurrent are equal
in the spin-triplet samples. Those crossings occur ap-
proximately at n = 1 for the Ni-Ni samples and at n = 2
for the Ni-Py samples. But that interpretation is wrong.
The magnitude of the spin-singlet supercurrent in the
spin-triplet samples is surely far less than the supercur-
rent we measure in the spin-singlet samples, because the
spin-singlet supercurrent will be further suppressed when
it has to pass through the additional F ′ and F ′′ layers.
That suppression would effectively shift the entire spin-
singlet curve down vertically, thus the blue data set can
only be considered as a generous upper bound on the
magnitude of the spin-singlet supercurrent that can pass
through the spin-triplet samples. We do not know how
large that suppression is, but we can guess that the sup-
pression is roughly three times greater in the Py-Ni sam-
ples than in the Ni-Ni samples, from the vertical offset
between the two spin-triplet curves.

IV. CONCLUSION

In conclusion, we have measured the critical current
in Josephson junctions of the form S/F ′/N/F/N/F ′′/S,
where F is a synthetic antiferromagnets consisting of
[Pd/Co] multilayers with perpendicular anisotropy. The
critical currents in those junctions decay less steeply with
the number of [Pd/Co] bilayers than in junctions without
the F ′ and F ′′ layers. That result represents strong evi-
dence that the 3-layer junctions carry spin-triplet super-
current. The central SAF, which achieves the long-range
spin-triplet conversion, also serves to reduce stray mag-
netic fields detrimental to the other ferromagnetic layers.
Furthermore, by choosing F ′ to be a soft magnetic mate-
rial such as Permalloy, while F ′′ is a hard magnetic ma-
terial such as Ni, the relative magnetization directions of
those two layers can be controlled. Such junctions hold
promise for future experiments where the ground-state
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phase difference across the junction can be controlled by
changing the magnetic configuration.
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