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RICH PHYSICS AT INTERFACES:
SUPERCONDUCTOR / HALFMETALLIC FERROMAGNET

kx

ky

|k, !"

|!k, "#

 Fundamental physics interest:
 - exotic superconducting state in the interface region

 Applications:
     - spintronics with superconductors
     - superconducting electronics with ferromagnets
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COOPER PAIR CORRELATIONS
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!c!k"ck#"Superconducting order parameter:
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More general formulation: F!"(!r1, "1;!r2, "2) = !T#!!(!r1, "1)!"(!r2, "2)"

Homogeneous system, after Fourier transformations: F!"(!p, "n) = !F!"(!!p,!"n)

Pauli principle
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Divide up the spin part into spin singlet and spin triplet:

S=0 S=1, m=0, -1, +1
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SYMMETRY CLASSIFICATION

ARTICLES

Table 1 The four classes of superconducting correlations following from the Pauli
principle. All four symmetry components are induced in the superconducting
regions next to the interface, but only the!!-triplet ones in the half-metallic
region. The dominating orbital contributions to the supercurrents in the half metal
are shown in the lower two rows (triplet): even-frequencyp-wave and f-wave,
and odd-frequency s-wave and d-wave. Wavy lines symbolize the dynamical
nature of the odd-frequency amplitudes.
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INDIRECT JOSEPHSON EFFECT

In the following, we calculate the Josephson current through the
junction to leading order in t and !. This approximation is not
essential, but simplifies the following discussion while all important
phenomena are captured. The presence of an m = 0 triplet
amplitude with a magnitude proportional to sin! (see equation (2)
below) is accompanied by a suppression of the singlet pairing
amplitudes proportional to sin2(!/2) in the superconductors
near the interface (see Supplementary Information, Table S1), as
illustrated in Fig. 3 (green lines)5,7,8. It leads to corrections to
the singlet order parameter ! that are second order in !. Thus,
to leading order, the corresponding suppression of ! can be
neglected. It follows that Anderson’s theorem11,12 holds and ! is
also insensitive to impurity scattering (note, however, that in the
immediate interface region described by the scattering matrix, the
gap is dramatically suppressed, for example, owing to di!usion
of magnetic moments; this e!ect is included in our theory). For
simplicity we consider the case of equal gap magnitudes in the two
superconductors, !j =|!|ei"j , for superconductors j =1 and j =2,
see Fig. 1.

Owing to spin mixing at the interfaces, a spin triplet (S = 1,
m = 0) amplitude ft0 j(x) is developed that extends from the
interfaces about a coherence length into each superconductor,

ft0 j(x) = i#|!|ei"j sin!j

|$n|" s
0j(x)+#n" a

0j(x)

# 2
n

, (2)

where #n = !
$2

n +|!|2. We have separated the influence of the
interfaces from that of the disorder in the bulk materials by
introducing the real functions " s,a

0j (x). The superscript denotes
symmetric (s) and antisymmetric (a) components with respect to
µ = cos(%p), where %p is the angle between the Fermi velocity
and the x axis. In the clean limit, " a

0j(x)="(sgn(µ)/2)e"|x"xj |/&S |µ|

and " s
0j(x) = (sgn($n)/2)e"|x"xj |/&S |µ|, where &S = vS/2#n and vS

is the Fermi velocity in the superconductor. For an arbitrary
impurity concentration, the " -functions are modified and must be
calculated numerically for each given value of mean free path (see
Supplementary Information, Fig. S1).

The induced m = 0 triplet amplitude derived above, together
with the presence of spin-flip tunnelling amplitudes, leads to an

equal-spin (m = 1) pairing amplitude f##(x) in the half metal. The
singlet component in the superconductor, being invariant under
rotations around any quantization axis, is not directly involved
in the creation of the triplet in the half metal. A picture of an
indirect Josephson e!ect emerges, therefore, that is mediated by the
appearance of the m = 0 triplet amplitudes in the superconductor.

In the tunnelling limit, it is convenient to split the pairing
amplitude in the half metal into contributions induced at the left
and right interfaces: f## = f##1 + f##2, with momentum-symmetric
and momentum-antisymmetric components

f s,a
##j(x) = 2#iAj|!|ei"̄j
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where the amplitude is given by
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and the e!ective phase by

"̄j = "j " (!##j +!$#j) = "j " (#+(j). (5)

In equation (3), we have separated the contributions from the
interface scattering and the contributions from the disorder in the
half metal by introducing the (real) functions " s,a

j .
The Josephson current reads (see also Supplementary

Information, equation (S13))

Jx = "Jc sin("̄2 " "̄1), (6)

where the critical current density is given by
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Here, the current unit is J0 =4#evHNHTc, NH is the density of states
at the Fermi level in the half metal, e is the electron charge and
%···& =

& 1

0
dµ···.

Equations (4)–(7) describe an exotic Josephson e!ect in several
respects. Equation (5) is related to the phase dependence of the
Josephson e!ect and can be tested for example by studying the
magnetic-field dependence of the critical current. For a half
metal, there can be extra phases that lead to shifts of the usual
Fraunhofer pattern7,13. Within our model there are contributions
!( = (2 " (1 to the phases that depend on the microscopic
structure of the disordered magnetic moments at the two interfaces.
In particular, if the averaged magnetic interface moments m1

and m2 are non-collinear in the plane perpendicular to M, such
phases arise. The microstructure can be a!ected for example by
applying a magnetic field that leads to hysteretic shifts !((H)
of the equilibrium positions depending on the magnetic pre-
history. When subtracting the shifts, the junction shows the typical
characteristics of a #-junction14, as revealed by the minus sign in
equation (6). The possibility to manipulate the shifts !( with an
external field yields a way to measure the relative orientation of
m1 and m2 at the two interfaces. Finally, the critical Josephson
current is proportional to the sine of the spin-mixing angles !j/2,
the transmission probabilities t2

j and the sine of the angles 'j

between mj and M. This points to a strong sensitivity of the critical
Josephson current to interface properties and is expected to lead to
strong sample-to-sample variations. Note that none of the above
parameters need to be small, such that critical currents of the order
of that for normal junctions are possible. All of these findings are in
agreement with the experiment2.
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DISCOVERED REALIZATIONS OF
THE DIFFERENT STATES

ARTICLES

Table 1 The four classes of superconducting correlations following from the Pauli
principle. All four symmetry components are induced in the superconducting
regions next to the interface, but only the!!-triplet ones in the half-metallic
region. The dominating orbital contributions to the supercurrents in the half metal
are shown in the lower two rows (triplet): even-frequencyp-wave and f-wave,
and odd-frequency s-wave and d-wave. Wavy lines symbolize the dynamical
nature of the odd-frequency amplitudes.
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In the following, we calculate the Josephson current through the
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phenomena are captured. The presence of an m = 0 triplet
amplitude with a magnitude proportional to sin! (see equation (2)
below) is accompanied by a suppression of the singlet pairing
amplitudes proportional to sin2(!/2) in the superconductors
near the interface (see Supplementary Information, Table S1), as
illustrated in Fig. 3 (green lines)5,7,8. It leads to corrections to
the singlet order parameter ! that are second order in !. Thus,
to leading order, the corresponding suppression of ! can be
neglected. It follows that Anderson’s theorem11,12 holds and ! is
also insensitive to impurity scattering (note, however, that in the
immediate interface region described by the scattering matrix, the
gap is dramatically suppressed, for example, owing to di!usion
of magnetic moments; this e!ect is included in our theory). For
simplicity we consider the case of equal gap magnitudes in the two
superconductors, !j =|!|ei"j , for superconductors j =1 and j =2,
see Fig. 1.

Owing to spin mixing at the interfaces, a spin triplet (S = 1,
m = 0) amplitude ft0 j(x) is developed that extends from the
interfaces about a coherence length into each superconductor,
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is the Fermi velocity in the superconductor. For an arbitrary
impurity concentration, the " -functions are modified and must be
calculated numerically for each given value of mean free path (see
Supplementary Information, Fig. S1).

The induced m = 0 triplet amplitude derived above, together
with the presence of spin-flip tunnelling amplitudes, leads to an

equal-spin (m = 1) pairing amplitude f##(x) in the half metal. The
singlet component in the superconductor, being invariant under
rotations around any quantization axis, is not directly involved
in the creation of the triplet in the half metal. A picture of an
indirect Josephson e!ect emerges, therefore, that is mediated by the
appearance of the m = 0 triplet amplitudes in the superconductor.

In the tunnelling limit, it is convenient to split the pairing
amplitude in the half metal into contributions induced at the left
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Equations (4)–(7) describe an exotic Josephson e!ect in several
respects. Equation (5) is related to the phase dependence of the
Josephson e!ect and can be tested for example by studying the
magnetic-field dependence of the critical current. For a half
metal, there can be extra phases that lead to shifts of the usual
Fraunhofer pattern7,13. Within our model there are contributions
!( = (2 " (1 to the phases that depend on the microscopic
structure of the disordered magnetic moments at the two interfaces.
In particular, if the averaged magnetic interface moments m1

and m2 are non-collinear in the plane perpendicular to M, such
phases arise. The microstructure can be a!ected for example by
applying a magnetic field that leads to hysteretic shifts !((H)
of the equilibrium positions depending on the magnetic pre-
history. When subtracting the shifts, the junction shows the typical
characteristics of a #-junction14, as revealed by the minus sign in
equation (6). The possibility to manipulate the shifts !( with an
external field yields a way to measure the relative orientation of
m1 and m2 at the two interfaces. Finally, the critical Josephson
current is proportional to the sine of the spin-mixing angles !j/2,
the transmission probabilities t2

j and the sine of the angles 'j

between mj and M. This points to a strong sensitivity of the critical
Josephson current to interface properties and is expected to lead to
strong sample-to-sample variations. Note that none of the above
parameters need to be small, such that critical currents of the order
of that for normal junctions are possible. All of these findings are in
agreement with the experiment2.
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S-MATRIX:
MISALIGNED INTERFACE MOMENT
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S-MATRIX:
INTERFACE BARRIER WITH STRONG RASHBA 
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NOTE ABOUT QUASICLASSICAL 
FORMULATION OF SUPERCONDUCTIVITY

ǧ(pf ,R, !, t) =
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Input to the theory:  material parameters (e.g. band structure)
 boundary conditions - the S-matrix
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EXPERIMENT ON TRIPLET SUPERCURRENTS
singlet superconductors

half-metallic ferromagnet

first observation of a supercurrent through a half-metallic ferromagnet

R.S. Keizer et al., Nature 439, 825 (2006)
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A spin triplet supercurrent through the half-metallic
ferromagnet CrO2

R. S. Keizer1, S. T. B. Goennenwein1†, T. M. Klapwijk1, G. Miao2,3, G. Xiao3 & A. Gupta2

In general, conventional superconductivity should not occur in a
ferromagnet, though it has been seen in iron under pressure1.
Moreover, theory predicts that the current is always carried by
pairs of electrons in a spin singlet state2, so conventional super-
conductivity decays very rapidly when in contact with a ferro-
magnet, which normally prohibits the existence of singlet pairs. It
has been predicted that this rapid spatial decay would not occur if
spin triplet superconductivity could be induced in the ferro-
magnet3,4. Here we report a Josephson supercurrent through the
strong ferromagnet CrO2, from which we infer that it is a spin
triplet supercurrent. Our experimental set-up is different from
those envisaged in the earlier predictions, but we conclude that the
underlying physical explanation for our result is a conversion
from spin singlet pairs to spin triplets at the interface. The
supercurrent can be switched with the direction of the magnetiza-
tion, analogous to spin valve transistors, and therefore could
enable magnetization-controlled Josephson junctions.
In our experiment we realized a sample (Fig. 1b) in which two

s-wave superconductors, made out of NbTiN (ref. 5), are coupled by
the conducting ferromagnet CrO2, a material well known from
magnetic recording tapes6. Using electron-beam lithography, sput-
tering and lift-off, two ‘T’-shaped NbTiN electrodes with a relatively
large mutual distance of 0.3–1mm are patterned on top of the CrO2

(Fig. 1c). On cooling the sample to temperatures between 1 and 10K,
we find that the current between the two electrodes, which can only
pass through the ferromagnetic CrO2 film, is a supercurrent (Fig. 2a).
We also find that with increasing temperatures the maximum super-
current, Ic, decreases, and disappears at a temperature comparable to
the superconducting transition temperature, T c, of the thin NbTiN
film (Fig. 2b). The observation of a supercurrent through a ferro-
magnet has been reported before7,8, but only for very weak ferro-
magnets and over significantly shorter distances.
The ferromagnet we use, CrO2, is a so-called half-metallic ferro-

magnet6. The electronic transport is metallic for the spin-up elec-
trons, while it is insulating for the spin-down electrons, a property
which is entirely due to the band structure of the material, schema-
tically shown in Fig. 1a. Some details of the electronic structure are
still under debate, but CrO2 is assumed to be a self doped double
exchange ferromagnet with a gap (of ,2 eV) in the spin-down
density-of-states at the Fermi level9. The material has a Curie
temperature TCurie < 390K and is metallic at low temperatures10,
with a resistivity of about 8.9 mQ cm at 1.6 K. It has been experimen-
tally demonstrated that, as expected, the spin polarization is close to
100% (refs 11, 12). The saturation magnetization is equal to two
Bohr magnetons (2mB) per unit cell. Important for our experiments
is that the magnetic behaviour (switching/rotation of the magnetiza-
tion direction) has been shown to be single-domain-like, even for
macroscopic films13.

From magnetotransport measurements at temperature T ! 4.2 K
(in which the resistance of the film is measured as a function of an
external, in-plane magnetic field), we find the CrO2 films to have a
biaxial (cubic) magneto-crystalline symmetry in the plane of the
film. This biaxial character appears as two switches in the resistance
as a function of field, which enabled us to identify the directions of
the easy axes of the ferromagnet: 308, 1508, 2108 and 3308 to the
crystallographic c axis. As shown in Fig. 1d, the junction is aligned
along this axis, while the a axis and b axis are out-of-plane and in-
plane, respectively.
In conventional superconductors—such as NbTiN used here—

electrons are paired in so-called singlet Cooper pairs. In singlet pairs,
an electron with spin up is paired with another electron with spin

LETTERS

Figure 1 | Basic aspects of the experimental system. a, Simplified view of
the spin dependent density-of-states (DOS) of CrO2. At the Fermi level,
there is a gap in the DOS for spin-down, while the spin-up band is metallic,
leading to a fully spin-polarized conductor. The absence of spin-down states
rules out spin-flip scattering in the transport. EF, Fermi energy. b, Schematic
illustration of the studied devices. The half-metallic CrO2 (100) single
crystal thin film (100 nm thick) is epitaxially grown on top of an (insulating)
TiO2 (100) substrate by chemical vapour deposition23. Then, patterns are
defined in an organic resist mask with conventional electron beam
lithography. Before the deposition of the s-wave superconductor NbTiN
(ref. 5) contacts, the surface not covered by the mask is sputter-cleaned with
an Ar plasma to remove the natural oxide Cr2O3 terminating the surface in
order to obtain high quality contacts to the CrO2. Note that this fabrication
procedure precludes spurious connections between theNbTiN electrodes, as
independently confirmed by scanning electron microscopy. c, Scanning
electron micrograph of a typical final device. d, Illustration of the alignment
of the current directionwith respect to themagnetization axes.w is the angle
of the applied magnetic fieldH with respect to the current direction I, and v
is the direction of the magnetization M.

1Kavli Institute of NanoScience, Faculty of Applied Sciences, Delft University of Technology, 2628 CJ, Delft, The Netherlands. 2MINT Center, University of Alabama, Tuscaloosa,
Alabama 35487, USA. 3Physics Department, Brown University, Providence, Rhode Island 02912, USA. †Present address: Walther-Meißner-Institut, Bayerische Akademie der
Wissenschaften,Walther-Meißner-Straße 8, D-85748, Garching, Germany.
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down. When two superconductors are coupled through a normal
metal, a supercurrent will flowwhen the thickness of the normal layer
is less than, or of the order of, the normal metal coherence length
yN !

!!!!!!!!!!!!!!!!!
"D=kBT

p
;with Planck’s constant ", the diffusion constant for

elastic scattering D, and Boltzmann’s constant kB. In normal metals,
yN < 100 nm is a measure for the length over which a Cooper pair
looses its coherence, and is insensitive to the spin of the electrons
forming the Cooper pair. If the normal metal is replaced by a
conducting ferromagnet, as in our experiment, the electrons sense
the magnetization and are pulled apart in energy depending on their
spin orientation. yN must then be replaced by yF <

!!!!!!!!!!!!!!!!!!!!!!!!
"D=kBTCurie

p
.

As typically T ,, TCurie, yF in a ferromagnet is short, of the order of
1 nm. The reason is that a singlet Cooper pair (just as a normalmetal)
is symmetric for the spin directions. In contrast, a ferromagnet likes
to have all spins pointing in the same direction. Several recent
experiments have confirmed this short-length-scale picture7,8.
However, Bergeret, Volkov and Efetov3 have demonstrated theor-

etically that coherent triplet Cooper pairs—that is, pairs of electrons
with both spins in parallel—can be induced in a ferromagnet in close
proximity to a conventional singlet pair superconductor, given
suitable conditions14. They also predict that the coherence length
will be equal to yN of a normal metal, hence the name ‘long range
proximity effect’. These authors furthermore show4 that triplet
correlations are, unlike the anomalous order parameters in 3He
(ref. 15) and unconventional superconductors16,17, robust against
impurity scattering. There are some indications for the existence of
these long-range correlations18–20, but an unequivocal experiment
ruling out other explanations, such as the observation of a Josephson
supercurrent through a fully spin-polarized ferromagnet, has not
been reported. In our experiment, we observe such a supercurrent

which prevails over very long length scales ,1 mm, that is much
longer than expected for singlet correlations, and which character-
istically depends on the orientation of the magnetization in the
ferromagnet. Therefore, we attribute this long-range supercurrent to
superconducting triplet correlations.
In conventional Josephson junctions, the supercurrent I s is given

by I csin(f1 2 f2), meaning that the maximum value, the critical
current I c, is obtained for a phase difference f1 2 f2 ! p/2, with f1

the quantum phase of superconductor 1 and f2 the quantum phase
of superconductor 2. The application of an external magnetic field,
H, creates a position dependence of the phasesf1 andf2, leading to a
characteristic periodic dependence onmagnetic induction, B, known
as a Fraunhofer pattern2 (in analogy to optical diffraction). We have
applied a magnetic field in the plane of the CrO2 film. Besides the
conventional Fraunhofer pattern, we observe additional effects due
to the finite magnetization,M, of the sample, as shown in Fig. 2c. As
evident from the raw data shown in the inset, there are clear signs of
hysteresis in the critical current as a function of the magnetic field.
Owing to the biaxial symmetry of the magnetic system, the magne-
tization vector follows a different trajectory along the easy directions
of the film (clockwise versus anticlockwise) in the up and down
sweep of the magnetic field (Fig. 1d). This results in the magnetiza-
tion in the upsweep lagging behind with respect to the magnetization
in the downsweep, leading to an overall shift in the two sweeps (of the
order of 45mT). After removal of the hysteresis, clear oscillations are
visible in the critical current, corresponding to the addition of one
flux quantum through the junction area per period of the oscillation
of 80mT. This corresponds to an effective junction length of 240 nm
(which is somewhat shorter than the actual length of the junction,
310 nm). Although the periodic dependence is quite analogous to the

Figure 2 | Observed superconducting transport properties of the
superconductor–CrO2–superconductor system. a, Typical current–voltage
(I–V) characteristic at temperatureT ! 1.6 K: a zero resistance supercurrent
branch is clearly visible (for larger critical currents the current–voltage
characteristic is hysteretic, see inset). Similar data have been observed in 10
different samples, some of which had several devices in series. From device
to device a spread of critical current of less than 2 orders of magnitude is
found. The magnitude of IcRN (the product of the critical current, Ic, and
the normal state resistance, RN) is for all junctions smaller than 4mV (twice
the estimated gap size of the NbTiN), and typically 10–300mV, for nominal
junction lengths, L, of 0.3–1 mm. b, Critical current as a function of

temperature for three devices. c, Critical current as a function of external
magnetic field, applied in the plane of the film, for the device used in a. The
anglew between the direction of the current and the field is 908. The raw data
are shown in the inset with a trace for increasing (up-sweep) and one for
decreasing (down-sweep) magnetic field strength, demonstrating that we
observe hysteresis. In the main figure the measurements for decreasing field
strength are shifted by m0H ! 45mT (with the permeability of vacuum, m0)
with respect to those for increasing field to correct for the hysteresis. The
main figure clearly shows oscillations in the critical current with the applied
magnetic flux through the junction. For technical reasons no measurements
are performed in perpendicular field.
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down. When two superconductors are coupled through a normal
metal, a supercurrent will flowwhen the thickness of the normal layer
is less than, or of the order of, the normal metal coherence length
yN !

!!!!!!!!!!!!!!!!!
"D=kBT

p
;with Planck’s constant ", the diffusion constant for

elastic scattering D, and Boltzmann’s constant kB. In normal metals,
yN < 100 nm is a measure for the length over which a Cooper pair
looses its coherence, and is insensitive to the spin of the electrons
forming the Cooper pair. If the normal metal is replaced by a
conducting ferromagnet, as in our experiment, the electrons sense
the magnetization and are pulled apart in energy depending on their
spin orientation. yN must then be replaced by yF <

!!!!!!!!!!!!!!!!!!!!!!!!
"D=kBTCurie

p
.

As typically T ,, TCurie, yF in a ferromagnet is short, of the order of
1 nm. The reason is that a singlet Cooper pair (just as a normalmetal)
is symmetric for the spin directions. In contrast, a ferromagnet likes
to have all spins pointing in the same direction. Several recent
experiments have confirmed this short-length-scale picture7,8.
However, Bergeret, Volkov and Efetov3 have demonstrated theor-

etically that coherent triplet Cooper pairs—that is, pairs of electrons
with both spins in parallel—can be induced in a ferromagnet in close
proximity to a conventional singlet pair superconductor, given
suitable conditions14. They also predict that the coherence length
will be equal to yN of a normal metal, hence the name ‘long range
proximity effect’. These authors furthermore show4 that triplet
correlations are, unlike the anomalous order parameters in 3He
(ref. 15) and unconventional superconductors16,17, robust against
impurity scattering. There are some indications for the existence of
these long-range correlations18–20, but an unequivocal experiment
ruling out other explanations, such as the observation of a Josephson
supercurrent through a fully spin-polarized ferromagnet, has not
been reported. In our experiment, we observe such a supercurrent

which prevails over very long length scales ,1 mm, that is much
longer than expected for singlet correlations, and which character-
istically depends on the orientation of the magnetization in the
ferromagnet. Therefore, we attribute this long-range supercurrent to
superconducting triplet correlations.
In conventional Josephson junctions, the supercurrent I s is given

by I csin(f1 2 f2), meaning that the maximum value, the critical
current I c, is obtained for a phase difference f1 2 f2 ! p/2, with f1

the quantum phase of superconductor 1 and f2 the quantum phase
of superconductor 2. The application of an external magnetic field,
H, creates a position dependence of the phasesf1 andf2, leading to a
characteristic periodic dependence onmagnetic induction, B, known
as a Fraunhofer pattern2 (in analogy to optical diffraction). We have
applied a magnetic field in the plane of the CrO2 film. Besides the
conventional Fraunhofer pattern, we observe additional effects due
to the finite magnetization,M, of the sample, as shown in Fig. 2c. As
evident from the raw data shown in the inset, there are clear signs of
hysteresis in the critical current as a function of the magnetic field.
Owing to the biaxial symmetry of the magnetic system, the magne-
tization vector follows a different trajectory along the easy directions
of the film (clockwise versus anticlockwise) in the up and down
sweep of the magnetic field (Fig. 1d). This results in the magnetiza-
tion in the upsweep lagging behind with respect to the magnetization
in the downsweep, leading to an overall shift in the two sweeps (of the
order of 45mT). After removal of the hysteresis, clear oscillations are
visible in the critical current, corresponding to the addition of one
flux quantum through the junction area per period of the oscillation
of 80mT. This corresponds to an effective junction length of 240 nm
(which is somewhat shorter than the actual length of the junction,
310 nm). Although the periodic dependence is quite analogous to the

Figure 2 | Observed superconducting transport properties of the
superconductor–CrO2–superconductor system. a, Typical current–voltage
(I–V) characteristic at temperatureT ! 1.6 K: a zero resistance supercurrent
branch is clearly visible (for larger critical currents the current–voltage
characteristic is hysteretic, see inset). Similar data have been observed in 10
different samples, some of which had several devices in series. From device
to device a spread of critical current of less than 2 orders of magnitude is
found. The magnitude of IcRN (the product of the critical current, Ic, and
the normal state resistance, RN) is for all junctions smaller than 4mV (twice
the estimated gap size of the NbTiN), and typically 10–300mV, for nominal
junction lengths, L, of 0.3–1 mm. b, Critical current as a function of

temperature for three devices. c, Critical current as a function of external
magnetic field, applied in the plane of the film, for the device used in a. The
anglew between the direction of the current and the field is 908. The raw data
are shown in the inset with a trace for increasing (up-sweep) and one for
decreasing (down-sweep) magnetic field strength, demonstrating that we
observe hysteresis. In the main figure the measurements for decreasing field
strength are shifted by m0H ! 45mT (with the permeability of vacuum, m0)
with respect to those for increasing field to correct for the hysteresis. The
main figure clearly shows oscillations in the critical current with the applied
magnetic flux through the junction. For technical reasons no measurements
are performed in perpendicular field.
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PROXIMITY EFFECT IN A HALF-METALLIC 
FERROMAGNET?

For strong exchange splitting: what happens at the interface?

magnetic interface states
disorder, clusters
spin precession
spin flips
...
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Table 1 The four classes of superconducting correlations following from the Pauli
principle. All four symmetry components are induced in the superconducting
regions next to the interface, but only the!!-triplet ones in the half-metallic
region. The dominating orbital contributions to the supercurrents in the half metal
are shown in the lower two rows (triplet): even-frequencyp-wave and f-wave,
and odd-frequency s-wave and d-wave. Wavy lines symbolize the dynamical
nature of the odd-frequency amplitudes.

Spin

Singlet (odd)
Even

Odd

Even

Even

Odd

OddEven

Odd

Triplet (even)

Frequency Momentum

s

p

p

s

d

f

f

d

INDIRECT JOSEPHSON EFFECT

In the following, we calculate the Josephson current through the
junction to leading order in t and !. This approximation is not
essential, but simplifies the following discussion while all important
phenomena are captured. The presence of an m = 0 triplet
amplitude with a magnitude proportional to sin! (see equation (2)
below) is accompanied by a suppression of the singlet pairing
amplitudes proportional to sin2(!/2) in the superconductors
near the interface (see Supplementary Information, Table S1), as
illustrated in Fig. 3 (green lines)5,7,8. It leads to corrections to
the singlet order parameter ! that are second order in !. Thus,
to leading order, the corresponding suppression of ! can be
neglected. It follows that Anderson’s theorem11,12 holds and ! is
also insensitive to impurity scattering (note, however, that in the
immediate interface region described by the scattering matrix, the
gap is dramatically suppressed, for example, owing to di!usion
of magnetic moments; this e!ect is included in our theory). For
simplicity we consider the case of equal gap magnitudes in the two
superconductors, !j =|!|ei"j , for superconductors j =1 and j =2,
see Fig. 1.

Owing to spin mixing at the interfaces, a spin triplet (S = 1,
m = 0) amplitude ft0 j(x) is developed that extends from the
interfaces about a coherence length into each superconductor,

ft0 j(x) = i#|!|ei"j sin!j

|$n|" s
0j(x)+#n" a

0j(x)

# 2
n

, (2)

where #n = !
$2

n +|!|2. We have separated the influence of the
interfaces from that of the disorder in the bulk materials by
introducing the real functions " s,a

0j (x). The superscript denotes
symmetric (s) and antisymmetric (a) components with respect to
µ = cos(%p), where %p is the angle between the Fermi velocity
and the x axis. In the clean limit, " a

0j(x)="(sgn(µ)/2)e"|x"xj |/&S |µ|

and " s
0j(x) = (sgn($n)/2)e"|x"xj |/&S |µ|, where &S = vS/2#n and vS

is the Fermi velocity in the superconductor. For an arbitrary
impurity concentration, the " -functions are modified and must be
calculated numerically for each given value of mean free path (see
Supplementary Information, Fig. S1).

The induced m = 0 triplet amplitude derived above, together
with the presence of spin-flip tunnelling amplitudes, leads to an

equal-spin (m = 1) pairing amplitude f##(x) in the half metal. The
singlet component in the superconductor, being invariant under
rotations around any quantization axis, is not directly involved
in the creation of the triplet in the half metal. A picture of an
indirect Josephson e!ect emerges, therefore, that is mediated by the
appearance of the m = 0 triplet amplitudes in the superconductor.

In the tunnelling limit, it is convenient to split the pairing
amplitude in the half metal into contributions induced at the left
and right interfaces: f## = f##1 + f##2, with momentum-symmetric
and momentum-antisymmetric components

f s,a
##j(x) = 2#iAj|!|ei"̄j

|$n|
# 2

n

" s,a
j (x), (3)

where the amplitude is given by

Aj = 2t##j t$#j sin

!
!j

2

"
= t2

j sin('j)sin

!
!j

2

"
, (4)

and the e!ective phase by

"̄j = "j " (!##j +!$#j) = "j " (#+(j). (5)

In equation (3), we have separated the contributions from the
interface scattering and the contributions from the disorder in the
half metal by introducing the (real) functions " s,a

j .
The Josephson current reads (see also Supplementary

Information, equation (S13))

Jx = "Jc sin("̄2 " "̄1), (6)

where the critical current density is given by

Jc = J0

T

Tc

#

$n >0

|!|2$2
n

# 4
n

$
µA1A2(" s

2"
a
1 "" s

1"
a
2 )

%
. (7)

Here, the current unit is J0 =4#evHNHTc, NH is the density of states
at the Fermi level in the half metal, e is the electron charge and
%···& =

& 1

0
dµ···.

Equations (4)–(7) describe an exotic Josephson e!ect in several
respects. Equation (5) is related to the phase dependence of the
Josephson e!ect and can be tested for example by studying the
magnetic-field dependence of the critical current. For a half
metal, there can be extra phases that lead to shifts of the usual
Fraunhofer pattern7,13. Within our model there are contributions
!( = (2 " (1 to the phases that depend on the microscopic
structure of the disordered magnetic moments at the two interfaces.
In particular, if the averaged magnetic interface moments m1

and m2 are non-collinear in the plane perpendicular to M, such
phases arise. The microstructure can be a!ected for example by
applying a magnetic field that leads to hysteretic shifts !((H)
of the equilibrium positions depending on the magnetic pre-
history. When subtracting the shifts, the junction shows the typical
characteristics of a #-junction14, as revealed by the minus sign in
equation (6). The possibility to manipulate the shifts !( with an
external field yields a way to measure the relative orientation of
m1 and m2 at the two interfaces. Finally, the critical Josephson
current is proportional to the sine of the spin-mixing angles !j/2,
the transmission probabilities t2

j and the sine of the angles 'j

between mj and M. This points to a strong sensitivity of the critical
Josephson current to interface properties and is expected to lead to
strong sample-to-sample variations. Note that none of the above
parameters need to be small, such that critical currents of the order
of that for normal junctions are possible. All of these findings are in
agreement with the experiment2.
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Figure 1 Conversion between singlet and triplet supercurrents.We consider two
singlet superconductor banks separated by a half-metallic ferromagnetic layer with
magnetization vectorM. Spin-rotation symmetry aroundM is broken at the
interfaces (hatched), characterized by misaligned averaged interface momentsm1

andm2. As a consequence, inside the superconductors within a coherence length
from the interfaces, there is a conversion from a supercurrent of singlet Cooper pairs
(jsinglet, blue line) to a supercurrent of triplet Cooper pairs (jtriplet, green line), as
illustrated by the shading from blue to yellow. Only the triplet supercurrent can
penetrate the half metal.

or transmitted) from an interface8–10. It results from either a
spin polarization of the interface potential, or di!erences in
the wave-vector mismatches for spin-up and spin-down particles
at either side of the interface, or both. It is a robust and
ubiquitous feature for interfaces involving strongly spin-polarized
ferromagnets. Another, equivalent, way of discussing spin mixing,
shown in Fig. 2a, is in terms of a spin precession around M when
wave packets penetrate the interface region.

Broken spin-rotation symmetry leads to spin-flip processes
at the interfaces. Its origin is more subtle and deserves special
attention. We discuss in the Supplementary Information some
possible origins of misalignment of the interface moments with
respect to the bulk magnetic moment relevant for the material
CrO2. Magnetic materials often exhibit surface order that is
di!erent from the bulk order, possibly with disordered surface
phases. Here, we only assume that the averaged interface magnetic
moment deviates from the direction of the bulk magnetization.
A possible insulating magnetic interface layer is also described by
our theory. The exact microscopic distribution of local moments
at the interface is not important for superconducting phenomena,
because Cooper pairs are of the size of the coherence length !, which
is much larger than the atomic scale. It is, however, important
for the e!ective interface scattering matrix, as it can lead to spin-
flip terms if the distribution of the local-moment directions breaks
spin-rotation symmetry around M.

The two above-mentioned e!ects, spin mixing and broken
spin-rotation symmetry around M, are interface properties and
lead to the appearance of the long-range m = 1 triplet correlations
in the half metal as seen schematically in Fig. 3. This is in contrast to
the case of a weak ferromagnet coupled to a superconductor, where
without either large-scale inhomogeneities (for example, domain
wall structures near the interfaces) or strongly enhanced interface
magnetism such correlations are negligible.

To quantify the above discussion, we use a simple model
that is formulated in terms of an interface scattering matrix,
which connects incoming to outgoing waves in the asymptotic
regions5. The scattering matrix depends in general on the
following parameters: (1) the total transmission t between the
superconductor and the half metal; (2) the orientation of the
averaged interface magnetic moment, m, with polar angles " and #
as shown in Fig. 2b; (3) two spin-mixing angles, one for reflection
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Figure 2 Spin mixing and broken spin-rotation symmetry around M. a, The
spin-mixing angle ! corresponds to the precession of a spin around the
magnetizationmwhen a wave packet penetrates into the classically forbidden
interface region. The spin component alongm acquires a spin-dependent scattering
phase. b, Definition of the polar angles " and # for an interface momentm
misaligned with respect toM.
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Figure 3 Proximity amplitudes induced at superconductor–ferromagnet
interfaces. a, Misaligned spins in the interface region (described by a scattering
matrix) add little to the main effect for weakly polarized ferromagnets, an
out-of-phase oscillation of a singlet and a!" +"! (m= 0) triplet component in
the ferromagnet. b, For strongly polarized ferromagnets, a considerablem= 0
triplet amplitude is induced in the superconductor by the strong interface spin
polarization. Disordered interface moments rotate thism= 0 into a !! (m= 1)
triplet amplitude in the ferromagnet, if the averaged interface moment is misaligned
with the bulk magnetization.

($) and one for transmission ($!!). The most general form of the
scattering matrix for the tunnelling limit, apart from irrelevant
spin-independent phases, has the form (see the Supplementary
Information)

Ŝ =

!

"
e

i
2 $ 0 t!!ei($!!+ $

4 )

0 e# i
2 $ t"!ei($"!# $

4 )

t!!e#i($!!# $
4 ) t"!e#i($"!+ $

4 ) #1

#

$. (1)

Here, t!! = t cos("/2) and t"! = t sin("/2) are transmission
amplitudes from the two superconducting spin bands to
the conducting half-metallic spin-! band, and $, $!! and
$"! = % + # # $!! are spin-mixing angles. Each interface j = 1, 2
is characterized by the five parameters tj , "j , #j , $j and $!!j , which
in general can depend on the direction of incoming quasiparticles.
An alternative set is t!!j , t"!j , $j , $!!j and $"!j . The presence of the
spin-flip term t"!ei$"! in the scattering matrix, equation (1), is a
direct consequence of the broken spin-rotation symmetry around
M at the interface.
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Figure 1 Conversion between singlet and triplet supercurrents.We consider two
singlet superconductor banks separated by a half-metallic ferromagnetic layer with
magnetization vectorM. Spin-rotation symmetry aroundM is broken at the
interfaces (hatched), characterized by misaligned averaged interface momentsm1

andm2. As a consequence, inside the superconductors within a coherence length
from the interfaces, there is a conversion from a supercurrent of singlet Cooper pairs
(jsinglet, blue line) to a supercurrent of triplet Cooper pairs (jtriplet, green line), as
illustrated by the shading from blue to yellow. Only the triplet supercurrent can
penetrate the half metal.

or transmitted) from an interface8–10. It results from either a
spin polarization of the interface potential, or di!erences in
the wave-vector mismatches for spin-up and spin-down particles
at either side of the interface, or both. It is a robust and
ubiquitous feature for interfaces involving strongly spin-polarized
ferromagnets. Another, equivalent, way of discussing spin mixing,
shown in Fig. 2a, is in terms of a spin precession around M when
wave packets penetrate the interface region.

Broken spin-rotation symmetry leads to spin-flip processes
at the interfaces. Its origin is more subtle and deserves special
attention. We discuss in the Supplementary Information some
possible origins of misalignment of the interface moments with
respect to the bulk magnetic moment relevant for the material
CrO2. Magnetic materials often exhibit surface order that is
di!erent from the bulk order, possibly with disordered surface
phases. Here, we only assume that the averaged interface magnetic
moment deviates from the direction of the bulk magnetization.
A possible insulating magnetic interface layer is also described by
our theory. The exact microscopic distribution of local moments
at the interface is not important for superconducting phenomena,
because Cooper pairs are of the size of the coherence length !, which
is much larger than the atomic scale. It is, however, important
for the e!ective interface scattering matrix, as it can lead to spin-
flip terms if the distribution of the local-moment directions breaks
spin-rotation symmetry around M.

The two above-mentioned e!ects, spin mixing and broken
spin-rotation symmetry around M, are interface properties and
lead to the appearance of the long-range m = 1 triplet correlations
in the half metal as seen schematically in Fig. 3. This is in contrast to
the case of a weak ferromagnet coupled to a superconductor, where
without either large-scale inhomogeneities (for example, domain
wall structures near the interfaces) or strongly enhanced interface
magnetism such correlations are negligible.

To quantify the above discussion, we use a simple model
that is formulated in terms of an interface scattering matrix,
which connects incoming to outgoing waves in the asymptotic
regions5. The scattering matrix depends in general on the
following parameters: (1) the total transmission t between the
superconductor and the half metal; (2) the orientation of the
averaged interface magnetic moment, m, with polar angles " and #
as shown in Fig. 2b; (3) two spin-mixing angles, one for reflection
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Figure 2 Spin mixing and broken spin-rotation symmetry around M. a, The
spin-mixing angle ! corresponds to the precession of a spin around the
magnetizationmwhen a wave packet penetrates into the classically forbidden
interface region. The spin component alongm acquires a spin-dependent scattering
phase. b, Definition of the polar angles " and # for an interface momentm
misaligned with respect toM.

Triplet

Ferromagnet
Scattering 

matrix Superconductor

Singlet

Singlet

Triplet

Triplet

a

b

Figure 3 Proximity amplitudes induced at superconductor–ferromagnet
interfaces. a, Misaligned spins in the interface region (described by a scattering
matrix) add little to the main effect for weakly polarized ferromagnets, an
out-of-phase oscillation of a singlet and a!" +"! (m= 0) triplet component in
the ferromagnet. b, For strongly polarized ferromagnets, a considerablem= 0
triplet amplitude is induced in the superconductor by the strong interface spin
polarization. Disordered interface moments rotate thism= 0 into a !! (m= 1)
triplet amplitude in the ferromagnet, if the averaged interface moment is misaligned
with the bulk magnetization.

($) and one for transmission ($!!). The most general form of the
scattering matrix for the tunnelling limit, apart from irrelevant
spin-independent phases, has the form (see the Supplementary
Information)

Ŝ =

!

"
e

i
2 $ 0 t!!ei($!!+ $

4 )

0 e# i
2 $ t"!ei($"!# $

4 )

t!!e#i($!!# $
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Here, t!! = t cos("/2) and t"! = t sin("/2) are transmission
amplitudes from the two superconducting spin bands to
the conducting half-metallic spin-! band, and $, $!! and
$"! = % + # # $!! are spin-mixing angles. Each interface j = 1, 2
is characterized by the five parameters tj , "j , #j , $j and $!!j , which
in general can depend on the direction of incoming quasiparticles.
An alternative set is t!!j , t"!j , $j , $!!j and $"!j . The presence of the
spin-flip term t"!ei$"! in the scattering matrix, equation (1), is a
direct consequence of the broken spin-rotation symmetry around
M at the interface.
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Figure 1 Conversion between singlet and triplet supercurrents.We consider two
singlet superconductor banks separated by a half-metallic ferromagnetic layer with
magnetization vectorM. Spin-rotation symmetry aroundM is broken at the
interfaces (hatched), characterized by misaligned averaged interface momentsm1

andm2. As a consequence, inside the superconductors within a coherence length
from the interfaces, there is a conversion from a supercurrent of singlet Cooper pairs
(jsinglet, blue line) to a supercurrent of triplet Cooper pairs (jtriplet, green line), as
illustrated by the shading from blue to yellow. Only the triplet supercurrent can
penetrate the half metal.

or transmitted) from an interface8–10. It results from either a
spin polarization of the interface potential, or di!erences in
the wave-vector mismatches for spin-up and spin-down particles
at either side of the interface, or both. It is a robust and
ubiquitous feature for interfaces involving strongly spin-polarized
ferromagnets. Another, equivalent, way of discussing spin mixing,
shown in Fig. 2a, is in terms of a spin precession around M when
wave packets penetrate the interface region.

Broken spin-rotation symmetry leads to spin-flip processes
at the interfaces. Its origin is more subtle and deserves special
attention. We discuss in the Supplementary Information some
possible origins of misalignment of the interface moments with
respect to the bulk magnetic moment relevant for the material
CrO2. Magnetic materials often exhibit surface order that is
di!erent from the bulk order, possibly with disordered surface
phases. Here, we only assume that the averaged interface magnetic
moment deviates from the direction of the bulk magnetization.
A possible insulating magnetic interface layer is also described by
our theory. The exact microscopic distribution of local moments
at the interface is not important for superconducting phenomena,
because Cooper pairs are of the size of the coherence length !, which
is much larger than the atomic scale. It is, however, important
for the e!ective interface scattering matrix, as it can lead to spin-
flip terms if the distribution of the local-moment directions breaks
spin-rotation symmetry around M.

The two above-mentioned e!ects, spin mixing and broken
spin-rotation symmetry around M, are interface properties and
lead to the appearance of the long-range m = 1 triplet correlations
in the half metal as seen schematically in Fig. 3. This is in contrast to
the case of a weak ferromagnet coupled to a superconductor, where
without either large-scale inhomogeneities (for example, domain
wall structures near the interfaces) or strongly enhanced interface
magnetism such correlations are negligible.

To quantify the above discussion, we use a simple model
that is formulated in terms of an interface scattering matrix,
which connects incoming to outgoing waves in the asymptotic
regions5. The scattering matrix depends in general on the
following parameters: (1) the total transmission t between the
superconductor and the half metal; (2) the orientation of the
averaged interface magnetic moment, m, with polar angles " and #
as shown in Fig. 2b; (3) two spin-mixing angles, one for reflection
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Figure 2 Spin mixing and broken spin-rotation symmetry around M. a, The
spin-mixing angle ! corresponds to the precession of a spin around the
magnetizationmwhen a wave packet penetrates into the classically forbidden
interface region. The spin component alongm acquires a spin-dependent scattering
phase. b, Definition of the polar angles " and # for an interface momentm
misaligned with respect toM.
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Figure 3 Proximity amplitudes induced at superconductor–ferromagnet
interfaces. a, Misaligned spins in the interface region (described by a scattering
matrix) add little to the main effect for weakly polarized ferromagnets, an
out-of-phase oscillation of a singlet and a!" +"! (m= 0) triplet component in
the ferromagnet. b, For strongly polarized ferromagnets, a considerablem= 0
triplet amplitude is induced in the superconductor by the strong interface spin
polarization. Disordered interface moments rotate thism= 0 into a !! (m= 1)
triplet amplitude in the ferromagnet, if the averaged interface moment is misaligned
with the bulk magnetization.

($) and one for transmission ($!!). The most general form of the
scattering matrix for the tunnelling limit, apart from irrelevant
spin-independent phases, has the form (see the Supplementary
Information)
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Here, t!! = t cos("/2) and t"! = t sin("/2) are transmission
amplitudes from the two superconducting spin bands to
the conducting half-metallic spin-! band, and $, $!! and
$"! = % + # # $!! are spin-mixing angles. Each interface j = 1, 2
is characterized by the five parameters tj , "j , #j , $j and $!!j , which
in general can depend on the direction of incoming quasiparticles.
An alternative set is t!!j , t"!j , $j , $!!j and $"!j . The presence of the
spin-flip term t"!ei$"! in the scattering matrix, equation (1), is a
direct consequence of the broken spin-rotation symmetry around
M at the interface.
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Main results:

•reversed current:

•renormalized phase difference:

•the critical current is very sensitive
  to the interface properties:

J = !Jc sin (!̃2 ! !̃1)

!̃2 ! !̃1 = !2 ! !1 + "2 ! "1

Jc ! A1A2, Aj =
1
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Figure 1 Conversion between singlet and triplet supercurrents.We consider two
singlet superconductor banks separated by a half-metallic ferromagnetic layer with
magnetization vectorM. Spin-rotation symmetry aroundM is broken at the
interfaces (hatched), characterized by misaligned averaged interface momentsm1

andm2. As a consequence, inside the superconductors within a coherence length
from the interfaces, there is a conversion from a supercurrent of singlet Cooper pairs
(jsinglet, blue line) to a supercurrent of triplet Cooper pairs (jtriplet, green line), as
illustrated by the shading from blue to yellow. Only the triplet supercurrent can
penetrate the half metal.

or transmitted) from an interface8–10. It results from either a
spin polarization of the interface potential, or di!erences in
the wave-vector mismatches for spin-up and spin-down particles
at either side of the interface, or both. It is a robust and
ubiquitous feature for interfaces involving strongly spin-polarized
ferromagnets. Another, equivalent, way of discussing spin mixing,
shown in Fig. 2a, is in terms of a spin precession around M when
wave packets penetrate the interface region.

Broken spin-rotation symmetry leads to spin-flip processes
at the interfaces. Its origin is more subtle and deserves special
attention. We discuss in the Supplementary Information some
possible origins of misalignment of the interface moments with
respect to the bulk magnetic moment relevant for the material
CrO2. Magnetic materials often exhibit surface order that is
di!erent from the bulk order, possibly with disordered surface
phases. Here, we only assume that the averaged interface magnetic
moment deviates from the direction of the bulk magnetization.
A possible insulating magnetic interface layer is also described by
our theory. The exact microscopic distribution of local moments
at the interface is not important for superconducting phenomena,
because Cooper pairs are of the size of the coherence length !, which
is much larger than the atomic scale. It is, however, important
for the e!ective interface scattering matrix, as it can lead to spin-
flip terms if the distribution of the local-moment directions breaks
spin-rotation symmetry around M.

The two above-mentioned e!ects, spin mixing and broken
spin-rotation symmetry around M, are interface properties and
lead to the appearance of the long-range m = 1 triplet correlations
in the half metal as seen schematically in Fig. 3. This is in contrast to
the case of a weak ferromagnet coupled to a superconductor, where
without either large-scale inhomogeneities (for example, domain
wall structures near the interfaces) or strongly enhanced interface
magnetism such correlations are negligible.

To quantify the above discussion, we use a simple model
that is formulated in terms of an interface scattering matrix,
which connects incoming to outgoing waves in the asymptotic
regions5. The scattering matrix depends in general on the
following parameters: (1) the total transmission t between the
superconductor and the half metal; (2) the orientation of the
averaged interface magnetic moment, m, with polar angles " and #
as shown in Fig. 2b; (3) two spin-mixing angles, one for reflection
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m #
$
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Figure 2 Spin mixing and broken spin-rotation symmetry around M. a, The
spin-mixing angle ! corresponds to the precession of a spin around the
magnetizationmwhen a wave packet penetrates into the classically forbidden
interface region. The spin component alongm acquires a spin-dependent scattering
phase. b, Definition of the polar angles " and # for an interface momentm
misaligned with respect toM.
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Figure 3 Proximity amplitudes induced at superconductor–ferromagnet
interfaces. a, Misaligned spins in the interface region (described by a scattering
matrix) add little to the main effect for weakly polarized ferromagnets, an
out-of-phase oscillation of a singlet and a!" +"! (m= 0) triplet component in
the ferromagnet. b, For strongly polarized ferromagnets, a considerablem= 0
triplet amplitude is induced in the superconductor by the strong interface spin
polarization. Disordered interface moments rotate thism= 0 into a !! (m= 1)
triplet amplitude in the ferromagnet, if the averaged interface moment is misaligned
with the bulk magnetization.

($) and one for transmission ($!!). The most general form of the
scattering matrix for the tunnelling limit, apart from irrelevant
spin-independent phases, has the form (see the Supplementary
Information)

Ŝ =

!

"
e

i
2 $ 0 t!!ei($!!+ $

4 )

0 e# i
2 $ t"!ei($"!# $

4 )

t!!e#i($!!# $
4 ) t"!e#i($"!+ $

4 ) #1

#

$. (1)

Here, t!! = t cos("/2) and t"! = t sin("/2) are transmission
amplitudes from the two superconducting spin bands to
the conducting half-metallic spin-! band, and $, $!! and
$"! = % + # # $!! are spin-mixing angles. Each interface j = 1, 2
is characterized by the five parameters tj , "j , #j , $j and $!!j , which
in general can depend on the direction of incoming quasiparticles.
An alternative set is t!!j , t"!j , $j , $!!j and $"!j . The presence of the
spin-flip term t"!ei$"! in the scattering matrix, equation (1), is a
direct consequence of the broken spin-rotation symmetry around
M at the interface.
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Figure 5 Non-monotonic temperature dependence. a, The critical Josephson current Jc has a maximum at a low temperature that for a specific junction length (here
L= !0 = vH/2"Tc) depends on the mean free path #H in the half metal. Jc has been normalized to the zero-temperature value.b, The normalized current as a function of
junction length L for a fixed #H = 1.5!0. When the junction becomes effectively long compared with the diffusive-limit coherence length,L= !0 ! !d (T ), the current is
dramatically suppressed (see Fig. 4a) and the peak is shifted to a lower temperature.
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Figure 6 Peak position Tpeak in Jc (T ). a, Tpeak as a function of the mean free path #H in the half metal (full lines). Tpeak linearly approaches zero temperature with
decreasing #H. The corresponding slope characterizes Tpeak in the diffusive limit, and is well described by the formulaTpeak = 2.25ETh (shown as dotted lines), with the
Thouless energy ETh = D/L2 and the diffusion constant D= vH#H/3. b, Scaling plot with Tpeak/ETh as a function of L/!D with !D =

!
D/2"Tc. c, Tpeak for the clean limit

normalized to vH/L as a function of L/!0, showing for long junctions a scaling of Tpeak with vH/L.

peak appearing at a temperature below "Tc/2 as predicted for
ballistic systems in ref. 5. The origin of the peak is the factor

|!|2!2
n/" 4

n in equation (7), which results from the odd-frequency
pairing amplitudes on the superconducting sides of the interfaces
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Figure 4 Critical Josephson current Jc. a, In the crossover from the ballistic to the diffusive limits, Jc is monotonically suppressed. b, In the crossover region, contributions
to Jc from higher partial waves (l! 2, d-wave, f-wave and so on) are suppressed. In the diffusive limit, the current (black line) is given by a product ofs-wave (l= 0) and
p-wave (l= 1) components (blue line). c, For a given mean free path !H, Jc is exponentially suppressed with junction length L. The unit for Jc is J0A1A2/4". The length unit
is #0 = vH/2"Tc. We assumed an anisotropy of t proportional to |µ|.

ROLE OF DISORDER

We now proceed with a detailed description of the role of disorder
in the materials. For definiteness, in the remaining discussion we
keep the mean free path in the superconducting banks fixed to
!S = 0.1"̃0 with "̃0 = vS/2#Tc, and vary the mean free path of
the half metal. It is well known that anisotropic superconducting
correlations are sensitive to impurity scattering. Studies of
unconventional superconductivity reveal that superconductivity
disappears at a critical impurity concentration9,15. This is however
not the case for the proximity-induced pairing amplitudes studied
here. Figure 4 shows results for the critical Josephson current
as a function of the elastic mean free path, normalized to
"0 = vH/2#Tc. As shown in Fig. 4a, the critical current is
monotonously suppressed for decreasing mean free path, from the
ballistic (left part of the abscissa in the figure) to the di!usive (right
part) limits. The suppression is exponential in the di!usive limit,
with a crossover taking place at a mean free path !H comparable
with the clean-limit coherence length "c = vH/2#T .

The critical Josephson current can be rewritten as a
sum of terms, each consisting of products of neighbouring
momentum-symmetry components of the functions ! j " Aj!j

in equation (7), that is, Jc = !#
l=0 Jc;l,l+1, where l = 0,1,2,3 . . .

denotes the s-, p-, d- and f -wave and so on pairing components
(see the Supplementary Information). We have verified (see
Supplementary Information, Fig. S2) that for ballistic systems
the p-wave amplitudes are larger than the s-wave amplitudes
near the interfaces, whereas the opposite holds for di!usive
systems. The amplitudes are tied to each other through the

following general relation between the momentum-antisymmetric
and the momentum-symmetric parts: f a

$$ = %sgn($n)µ"H%x f s
$$,

where "%1
H = !%1

H + 2|$n|/vH. In the di!usive limit, there is a
further relation, f p-wave

$$ = %sgn($n)!H%x f s-wave
$$ . It follows that the

magnitudes of the amplitudes di!er (their ratio depends on the
amount of disorder), whereas the decay lengths of the two are
always identical, crossing over from the ballistic coherence length
"c = vH/2#T to the di!usive coherence length "d = &

!H"c/3.
The first three terms of the partial wave expansion of the critical

current are shown in Fig. 4b. The sum of these contributions (red
dashed line), composed of the s · p (blue), p · d (green) and d · f
(purple) components, already amounts to almost the entire current
(black line). In the di!usive limit, the current is carried almost
exclusively by the product of the even-frequency p-wave and the
odd-frequency s-wave pairing amplitudes (blue). In the crossover
region to ballistic transport there is an onset of contributions from
higher-order partial waves l ! 2. It is clear from the figure that for
!H ! "0 the di!usive Usadel approximation breaks down. Note that
in the half metal, only partial waves compatible with the spin-triplet
combinations of Table 1 are possible, as indicated in Fig. 4b.

Figure 4c shows for several mean free paths the dependence of
the critical current on the junction length L. A rapid exponential
suppression of the e!ect with junction length is observed in the
di!usive limit, whereas in the moderately disordered region a
considerable e!ect is expected for junction lengths of up to 5–10
coherence lengths.

Figure 5 shows the influence of disorder on the temperature
dependence of the critical current. We have normalized all Jc(T)
curves to their zero-temperature value. There is a characteristic
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Figure 6 Peak position Tpeak in Jc (T ). a, Tpeak as a function of the mean free path #H in the half metal (full lines). Tpeak linearly approaches zero temperature with
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!
D/2"Tc. c, Tpeak for the clean limit

normalized to vH/L as a function of L/!0, showing for long junctions a scaling of Tpeak with vH/L.

peak appearing at a temperature below "Tc/2 as predicted for
ballistic systems in ref. 5. The origin of the peak is the factor

|!|2!2
n/" 4

n in equation (7), which results from the odd-frequency
pairing amplitudes on the superconducting sides of the interfaces
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FIG. S1: (Supplementary Figure) Spatial dependences
of pairing amplitudes in the superconductor (in units of
sin(!)|!|ei!j ) and in the half metal (in units of iAj |!|ei!j ,
length L = 2"0, only left half shown) for a #-junction. The
odd-frequency s-wave triplet amplitude is shown in the up-
per panel, the even-frequency p-wave triplet amplitude in the
lower panel. In the inset we show the induced spin polarisa-
tion of quasiparticles near the interface in the superconductor.

F p
j (x) =

1

3
T

!

!n>0

!µf!!j(x)"
|!|
"n

. (S16)

In the superconductor an analogous definition holds for
the m = 0 components F s

t0j and F p
t0j . In the left panels

of Supplementary Fig. S1 we vary the superconducting
mean free path !S, and in the right panels the half metal
mean free path !H for fixed !S . Whereas the interface
value of F p

t0j in the superconductor does not change with
varying mean free path, the interface value of F s

t0j in-
creases with decreasing mean free path in the supercon-
ductor, !S , as 1/

#
!S until it reaches values comparable

with the singlet amplitude. Their decay length in the su-
perconductors decreases, and changes from (""1

S +!"1
S )"1

in the ballistic limit to
"

"S!S/3 in the di#usive limit. An
analogous picture is seen on the half-metallic side.

In the inset we also show the induced spin polarisation
in the superconductors. It is calculated from the diagonal
part of the Green’s function, given (for small #j) by

gzj(x) = $$
|!|2 sin#j

%2
n + |!|2

sgn(%n)$s
0j(x). (S17)

There is, consequently, a surface spin polarisation in the
superconductor, that in the clean limit is given by

!gzj(x)" = $
$|!|2

2(%2
n + |!|2)

!sin#je
"|x"xj|/"S |µ|". (S18)

The induced spin magnetisation is then

&Mz(x) = 2µBNST
!

!n

!gzj(x)", (S19)
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FIG. S2: (Supplementary Figure) Role of triplet correlation
functions in the half metal. The contribution to the Joseph-
son current from the s-wave !!-triplet correlation function
always enters as a product with the p-wave !!-triplet, with
one of the two originating from the left superconductor and
the other from the right. For clean half metals, shown in (a),
the p-wave component is larger than the s-wave. For more
dirty structures, shown in (b), the p-wave component is sup-
pressed compared with the s-wave and the Josephson current
is suppressed accordingly. Amplitudes are plotted in units of
iAj |!|ei!j .

where µB is the Bohr magneton and NS is the density of
states in the superconductor.

In Supplementary Fig. S2 we present an analysis of
the spatial dependences of the odd-frequency s-wave and
even-frequency p-wave pairing amplitudes in the half
metal. We show for the ballistic case (!H = 10"0) and
for the di#usive case (!H = "0/10) the pairing amplitudes
induced from the left and right interfaces. By multiply-
ing the two black curves with each other and the two red
curves with each other, and summing the two contribu-
tions, we obtain a quantity related to the s·p contribution
to the Josephson current [see equation (7)]. For ballistic
systems the p-wave amplitudes are larger than the s-wave
amplitudes near the interfaces, while the opposite holds
for di#usive systems. Amplitudes for fixed frequency give
a similar picture.
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Figure 4 Critical Josephson current Jc. a, In the crossover from the ballistic to the diffusive limits, Jc is monotonically suppressed. b, In the crossover region, contributions
to Jc from higher partial waves (l! 2, d-wave, f-wave and so on) are suppressed. In the diffusive limit, the current (black line) is given by a product ofs-wave (l= 0) and
p-wave (l= 1) components (blue line). c, For a given mean free path !H, Jc is exponentially suppressed with junction length L. The unit for Jc is J0A1A2/4". The length unit
is #0 = vH/2"Tc. We assumed an anisotropy of t proportional to |µ|.

ROLE OF DISORDER

We now proceed with a detailed description of the role of disorder
in the materials. For definiteness, in the remaining discussion we
keep the mean free path in the superconducting banks fixed to
!S = 0.1"̃0 with "̃0 = vS/2#Tc, and vary the mean free path of
the half metal. It is well known that anisotropic superconducting
correlations are sensitive to impurity scattering. Studies of
unconventional superconductivity reveal that superconductivity
disappears at a critical impurity concentration9,15. This is however
not the case for the proximity-induced pairing amplitudes studied
here. Figure 4 shows results for the critical Josephson current
as a function of the elastic mean free path, normalized to
"0 = vH/2#Tc. As shown in Fig. 4a, the critical current is
monotonously suppressed for decreasing mean free path, from the
ballistic (left part of the abscissa in the figure) to the di!usive (right
part) limits. The suppression is exponential in the di!usive limit,
with a crossover taking place at a mean free path !H comparable
with the clean-limit coherence length "c = vH/2#T .

The critical Josephson current can be rewritten as a
sum of terms, each consisting of products of neighbouring
momentum-symmetry components of the functions ! j " Aj!j

in equation (7), that is, Jc = !#
l=0 Jc;l,l+1, where l = 0,1,2,3 . . .

denotes the s-, p-, d- and f -wave and so on pairing components
(see the Supplementary Information). We have verified (see
Supplementary Information, Fig. S2) that for ballistic systems
the p-wave amplitudes are larger than the s-wave amplitudes
near the interfaces, whereas the opposite holds for di!usive
systems. The amplitudes are tied to each other through the

following general relation between the momentum-antisymmetric
and the momentum-symmetric parts: f a

$$ = %sgn($n)µ"H%x f s
$$,

where "%1
H = !%1

H + 2|$n|/vH. In the di!usive limit, there is a
further relation, f p-wave

$$ = %sgn($n)!H%x f s-wave
$$ . It follows that the

magnitudes of the amplitudes di!er (their ratio depends on the
amount of disorder), whereas the decay lengths of the two are
always identical, crossing over from the ballistic coherence length
"c = vH/2#T to the di!usive coherence length "d = &

!H"c/3.
The first three terms of the partial wave expansion of the critical

current are shown in Fig. 4b. The sum of these contributions (red
dashed line), composed of the s · p (blue), p · d (green) and d · f
(purple) components, already amounts to almost the entire current
(black line). In the di!usive limit, the current is carried almost
exclusively by the product of the even-frequency p-wave and the
odd-frequency s-wave pairing amplitudes (blue). In the crossover
region to ballistic transport there is an onset of contributions from
higher-order partial waves l ! 2. It is clear from the figure that for
!H ! "0 the di!usive Usadel approximation breaks down. Note that
in the half metal, only partial waves compatible with the spin-triplet
combinations of Table 1 are possible, as indicated in Fig. 4b.

Figure 4c shows for several mean free paths the dependence of
the critical current on the junction length L. A rapid exponential
suppression of the e!ect with junction length is observed in the
di!usive limit, whereas in the moderately disordered region a
considerable e!ect is expected for junction lengths of up to 5–10
coherence lengths.

Figure 5 shows the influence of disorder on the temperature
dependence of the critical current. We have normalized all Jc(T)
curves to their zero-temperature value. There is a characteristic
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!H ! 40 nm

vH ! 2.2 · 105 m/s

! !0 " 27 nm
! !0/"H # 2/3

L ! 300 nm ! 11!0
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UNOBSERVED PREDICTION:
LOW-TEMPERATURE ANOMALY
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Figure 5 Non-monotonic temperature dependence. a, The critical Josephson current Jc has a maximum at a low temperature that for a specific junction length (here
L= !0 = vH/2"Tc) depends on the mean free path #H in the half metal. Jc has been normalized to the zero-temperature value.b, The normalized current as a function of
junction length L for a fixed #H = 1.5!0. When the junction becomes effectively long compared with the diffusive-limit coherence length,L= !0 ! !d (T ), the current is
dramatically suppressed (see Fig. 4a) and the peak is shifted to a lower temperature.
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Figure 6 Peak position Tpeak in Jc (T ). a, Tpeak as a function of the mean free path #H in the half metal (full lines). Tpeak linearly approaches zero temperature with
decreasing #H. The corresponding slope characterizes Tpeak in the diffusive limit, and is well described by the formulaTpeak = 2.25ETh (shown as dotted lines), with the
Thouless energy ETh = D/L2 and the diffusion constant D= vH#H/3. b, Scaling plot with Tpeak/ETh as a function of L/!D with !D =

!
D/2"Tc. c, Tpeak for the clean limit

normalized to vH/L as a function of L/!0, showing for long junctions a scaling of Tpeak with vH/L.

peak appearing at a temperature below "Tc/2 as predicted for
ballistic systems in ref. 5. The origin of the peak is the factor

|!|2!2
n/" 4

n in equation (7), which results from the odd-frequency
pairing amplitudes on the superconducting sides of the interfaces
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down. When two superconductors are coupled through a normal
metal, a supercurrent will flowwhen the thickness of the normal layer
is less than, or of the order of, the normal metal coherence length
yN !

!!!!!!!!!!!!!!!!!
"D=kBT

p
;with Planck’s constant ", the diffusion constant for

elastic scattering D, and Boltzmann’s constant kB. In normal metals,
yN < 100 nm is a measure for the length over which a Cooper pair
looses its coherence, and is insensitive to the spin of the electrons
forming the Cooper pair. If the normal metal is replaced by a
conducting ferromagnet, as in our experiment, the electrons sense
the magnetization and are pulled apart in energy depending on their
spin orientation. yN must then be replaced by yF <

!!!!!!!!!!!!!!!!!!!!!!!!
"D=kBTCurie

p
.

As typically T ,, TCurie, yF in a ferromagnet is short, of the order of
1 nm. The reason is that a singlet Cooper pair (just as a normalmetal)
is symmetric for the spin directions. In contrast, a ferromagnet likes
to have all spins pointing in the same direction. Several recent
experiments have confirmed this short-length-scale picture7,8.
However, Bergeret, Volkov and Efetov3 have demonstrated theor-

etically that coherent triplet Cooper pairs—that is, pairs of electrons
with both spins in parallel—can be induced in a ferromagnet in close
proximity to a conventional singlet pair superconductor, given
suitable conditions14. They also predict that the coherence length
will be equal to yN of a normal metal, hence the name ‘long range
proximity effect’. These authors furthermore show4 that triplet
correlations are, unlike the anomalous order parameters in 3He
(ref. 15) and unconventional superconductors16,17, robust against
impurity scattering. There are some indications for the existence of
these long-range correlations18–20, but an unequivocal experiment
ruling out other explanations, such as the observation of a Josephson
supercurrent through a fully spin-polarized ferromagnet, has not
been reported. In our experiment, we observe such a supercurrent

which prevails over very long length scales ,1 mm, that is much
longer than expected for singlet correlations, and which character-
istically depends on the orientation of the magnetization in the
ferromagnet. Therefore, we attribute this long-range supercurrent to
superconducting triplet correlations.
In conventional Josephson junctions, the supercurrent I s is given

by I csin(f1 2 f2), meaning that the maximum value, the critical
current I c, is obtained for a phase difference f1 2 f2 ! p/2, with f1

the quantum phase of superconductor 1 and f2 the quantum phase
of superconductor 2. The application of an external magnetic field,
H, creates a position dependence of the phasesf1 andf2, leading to a
characteristic periodic dependence onmagnetic induction, B, known
as a Fraunhofer pattern2 (in analogy to optical diffraction). We have
applied a magnetic field in the plane of the CrO2 film. Besides the
conventional Fraunhofer pattern, we observe additional effects due
to the finite magnetization,M, of the sample, as shown in Fig. 2c. As
evident from the raw data shown in the inset, there are clear signs of
hysteresis in the critical current as a function of the magnetic field.
Owing to the biaxial symmetry of the magnetic system, the magne-
tization vector follows a different trajectory along the easy directions
of the film (clockwise versus anticlockwise) in the up and down
sweep of the magnetic field (Fig. 1d). This results in the magnetiza-
tion in the upsweep lagging behind with respect to the magnetization
in the downsweep, leading to an overall shift in the two sweeps (of the
order of 45mT). After removal of the hysteresis, clear oscillations are
visible in the critical current, corresponding to the addition of one
flux quantum through the junction area per period of the oscillation
of 80mT. This corresponds to an effective junction length of 240 nm
(which is somewhat shorter than the actual length of the junction,
310 nm). Although the periodic dependence is quite analogous to the

Figure 2 | Observed superconducting transport properties of the
superconductor–CrO2–superconductor system. a, Typical current–voltage
(I–V) characteristic at temperatureT ! 1.6 K: a zero resistance supercurrent
branch is clearly visible (for larger critical currents the current–voltage
characteristic is hysteretic, see inset). Similar data have been observed in 10
different samples, some of which had several devices in series. From device
to device a spread of critical current of less than 2 orders of magnitude is
found. The magnitude of IcRN (the product of the critical current, Ic, and
the normal state resistance, RN) is for all junctions smaller than 4mV (twice
the estimated gap size of the NbTiN), and typically 10–300mV, for nominal
junction lengths, L, of 0.3–1 mm. b, Critical current as a function of

temperature for three devices. c, Critical current as a function of external
magnetic field, applied in the plane of the film, for the device used in a. The
anglew between the direction of the current and the field is 908. The raw data
are shown in the inset with a trace for increasing (up-sweep) and one for
decreasing (down-sweep) magnetic field strength, demonstrating that we
observe hysteresis. In the main figure the measurements for decreasing field
strength are shifted by m0H ! 45mT (with the permeability of vacuum, m0)
with respect to those for increasing field to correct for the hysteresis. The
main figure clearly shows oscillations in the critical current with the applied
magnetic flux through the junction. For technical reasons no measurements
are performed in perpendicular field.
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Additional prediction:
Josephson junctions of half-metals are natural pi-junctions!
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SUMMARY

• nanostructures made of different materials are laboratories for studies of new physics

• here: new superconducting state at interfaces with half-metallic ferromagnets

• important phenomena at interfaces between superconductors and strong ferromagnets:

• spin precession

• triplet Cooper pair rotation

• singlet-triplet Cooper pair mixing

• new indirect Josephson effect in junctions made of half-metals:

• agreement with the experiment

• unobserved prediction: peak in the temperature dependence of the critical current

• unobserved prediction: pi-junction
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