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Evidence for triplet superconductivity in Josephson junctions with barriers of the ferromagnetic
Heusler alloy Cu,MnAl
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We have studied Josephson junctions with barriers prepared from the Heusler compound Cu,MnAl. In the

as-prepared state the Cu,MnAl layers are nonferromagnetic and the critical Josephson current density j,.
decreases exponentially with the thickness of the Heusler layers dr. On annealing the junctions at 240 °C the
Heusler layers develop ferromagnetic order and we observe a dependence j.(dy) with j. strongly enhanced and
weakly thickness dependent in the thickness range 7.0 <dp<<10.6 nm. We interpret this feature as an indica-
tion of a triplet component in the superconducting pairing function generated by the specific magnetization

profile inside thin Cu,MnAl layers.
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Superconducting pairing functions with a symmetry dif-
ferent from conventional s-wave singlet pairing are in the
focus of interest since the advent of BCS theory.l However,
unconventional pairing functions are rare in nature and ex-
perimental realizations had to wait until detecting systems
such as the heavy fermion,? the high-7,,*> and the Sr,RuO,
superconductors.* Unconventional pairing states might also
be induced by the superconducting proximity effect at
superconducting/ferromagnetic (S/F) interfaces (see Refs. 5
and 6 for recent reviews). The exchange field in the ferro-
magnetic layer favors triplet pairing, i.e., a superconducting
condensate function with parallel spins. The penetration
depth of superconducting triplet pairs into a ferromagnet in
the limit of dirty metals with weak pair breaking scattering is
given by &=\hDy/2mkgT (electron-diffusion constant D)
whereas the penetration depth of singlet pairs is limited by
the ferromagnetic exchange energy E,, via &x=\AD/E,.>
Thus at low temperatures triplet pairs can penetrate deeply
into a ferromagnetic metal.

Measurements on lateral Josephson junctions with half
metallic CrO, (Ref. 7) and the rare-earth metal Ho (Ref. 8)
as the barrier material gave indications of very weak long-
range triplet contributions to the supercurrent. In vertical Jo-
sephson junctions (with the current direction perpendicular
to the layers) with ferromagnetic barrier layers of variable
thickness d the decay of the superconducting critical current
Jj.(dp) directly defines the superconducting decay length. Up
to now, however, the experimental studies of j.(dy) with bar-
riers made from elemental ferromagnetic transition metals or
alloys did not indicate long-range triplet superconductivity.”
Singlet pairing with a transition from 0 to 7 coupling (0 and
7 denoting the phase shift of the pair wave function across
the barrier) could reasonably well explain all data.

Theoretical work suggested an interesting possibility to
enhance the amplitude of the triplet component at the S/F
interface drastically. Instead of a homogeneous magnetiza-
tion profile one should better use a ferromagnetic layer sys-
tem with some intrinsic spin canting, e.g., an in-plane do-
main wall at the interface,'® an S/F/S multilayer with
nonparallel orientation of the F layers,!! or a trilayer system
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PACS number(s): 74.50.4+r, 74.45.4+c, 75.70.Cn

with canted spins on both sides facing the S layers.'? In these
model calculations the triplet component in the condensate
function is enhanced by conversion of singlet Cooper pairs
into triplet pairs by the spin active interfaces.'* The dominat-
ing superconducting wave function is the so-called odd-
frequency triplet pairing, i.e., a superconducting wave func-
tion even in space, even in spin but odd in time (or odd in the
Matsubara frequencies). This exotic type of pairing state has
been proposed originally for the pairing in the >He
superfluid.'* Following these ideas Khaire et al.'> very re-
cently incorporated a complicated ferromagnetic multilayer
structure with separate weakly magnetic interface layers and
a Co-core layer as a barrier in Josephson junctions and could
demonstrate a weakly decaying j.(dp) in favor odd triplet
superconductivity.

In this Rapid Communication we will show that with a
ferromagnetic Heusler alloy Cu,MnAl as the barrier one can
create a magnetization profile which also seems to be very
effective in generating triplet superconductivity. Our
Josephson junctions with a lateral size of 10X 50 or 10
X200 um? were grown by magnetron sputtering and micro-
structured by a combination of optical lithography and ion-
beam etching, as described in detail in Ref. 16. The barrier
between the two Nb electrodes is composed of an about
I-nm-thick AlO, layer and a Cu,MnAl layer. The thin AlO,
layer enhances the normal resistance R, without changing the
physics discussed above. In a single preparation run we pre-
pared several hundred junctions covering the thickness range
from typically 5 to 15 nm for the Heusler alloy while keep-
ing the other layer thicknesses constant.

The magnetization measurements of our samples, con-
ducted in a commercial superconducting quantum interfer-
ence device magnetometer (Quantum Design Magnetic Prop-
ertiecs Measurement System) on nonmicrostructured
reference samples, reveal that in the as-prepared state, the
Cu,MnAl layers are nonferromagnetic (Fig. 1) as typical for
Heusler layers prepared at room temperature.'” Only after
annealing at 240 °C for 24 h a ferromagnetic hysteresis loop
develops (see inset of Fig. 1). In the as-prepared state the
unit cell of the Cu,MnAl layers has A2 symmetry with a
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FIG. 1. (Color online) Magnetic moment (measured at 1 kOe
and 15 K) divided by the sample area versus the thickness of the
Heusler layer in the as-prepared state (diamonds) and after anneal-
ing at 240 °C for 24 h (dots). The dashed linear slope corresponds
to a magnetic moment of 2.9 up/Mn atom. The inset shows hys-
teresis loops measured at 15 K for samples in the annealed state
with the Heusler layer thickness drp=5.4 nm (inner loop), dp
=10.2 nm (middle loop), and dr=17 nm (outer loop).

random distribution of all atoms on a bcc lattice.!” In this
structure nearest-neighbor Mn atoms are coupled by strong
antiferromagnetic exchange interactions whereas Mn next-
nearest neighbors with an Al atom in between are coupled
ferromagnetically via an indirect type of exchange
interaction.'® The competition of these two interactions and
the randomness of the atomic distribution in the A2 structure
gives rise to spin-glass magnetic order with a very low value
for the magnetization. Upon annealing at 240 °C the unit
cell symmetry transforms toward the ordered L2,-type Heu-
sler structure which is a combination of four interpenetrating
fce sublattices occupied by Mn, Cu, and Al, exclusively.!”
With L2; symmetry in Cu,MnAl there are no Mn-Mn nearest
neighbors and the ferromagnetic Mn-Al-Mn exchange inter-
action leads to strong ferromagnetic order with a magnetic
moment of about 3.2 up/Mn atom and a ferromagnetic Cu-
rie temperature of 603 K.!”

In the annealed state a ferromagnetic hysteresis loop is
observed above a critical thickness of the Heusler layers
dp=5 nm, for dp<5 nm there is no ferromagnetic magne-
tization, indicating that at both interfaces of the Heusler lay-
ers an interlayer of 2.5 nm thickness with spin-glass order
persists. Above dr=5 nm the saturation magnetic moment
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per Mn spin increases gradually over a very broad thickness
range (Fig. 1). The microscopic origin of this behavior is an
intrinsic gradient of the degree of L2,-type atomic order in-
side the Heusler layers with a low degree of order at the
interfgces and a higher degree of order in the interior of the
film.

The Josephson critical current of the junctions is deter-
mined by taking the -V characteristics for different in-plane
magnetic fields. We observe textbooklike Fraunhofer patterns
(Fig. 2) for both, the as-prepared and the annealed states with
the critical current vanishing at the minima thus giving clear
evidence of a high quality and homogeneity of the AlO,—as
well as the Cu,MnAl barrier.

The thickness dependence of the critical current density in
the as-prepared state is plotted in Fig. 3. One observes an
exponentially damped curve with a decay length §=0.8 nm,
as typical for a system with strong pair-breaking scattering.
Strong pair-breaking scattering in the Heusler layers must be
expected since in the spin-glass state there is a high density
of randomly oriented Mn magnetic moments. The decay
length of a dirty metal (€,,<< &z) with pair-breaking scattering
(E;.>kgT) is given by &y=\hDy/E;, with the diffusion con-
stant Dy and the scattering energy E;,=#/7;, (scattering time
7,,). Single Cu,MnAl layers in the as-prepared state have a
residual resistivity of p, =275 w() cm and with the Fermi
velocity v taken from the literature®® we can estimate Dy
and thus derive E;,=45 meV.

The thickness dependence for the same Josephson junc-
tions after annealing has also been plotted in Fig. 3. In the
thickness range below dr=~7 nm the critical current in the
annealed state is smaller than in the as-prepared state by a
constant factor of about 0.6, this is mainly caused by an
increase in the AlO, barrier resistance R, by about 40% upon
annealing. Above dr=7 nm the two curves j.(dF) in Fig. 3,
cross and in the annealed state the critical current is en-
hanced (see also Fig. 2). The enhancement factor reaches a
maximum value of nearly 100 close to dz=10.5 nm. This is
surprising since for the ferromagnetic state of the Cu,MnAl
layers we had expected a suppression of the critical current
rather than an enhancement. Above the plateau in the critical
current, at dp=~10.5 nm we find an additional remarkable
feature: there is a sharp decay and within a thickness range
of 0.3 nm the critical current drops below the experimental
resolution limit.

Examples for the temperature dependence of the critical
current are shown in Fig. 4. For all samples in the as-
prepared state and for the samples in the annealed state out-
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FIG. 2. (Color online) Critical current versus
the applied magnetic field for two junctions
(10X50 um?) with a thickness of the Heusler
layer (a) dp=6.7 nm and (b) dr=9.3 nm in the
as-prepared state (black squares) and the an-
nealed state (red circles).
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FIG. 3. (Color online) Critical current density (log) versus the
Heusler layer thickness in the as-prepared state (crosses:
10X 50 wm? and triangles: 10X 200 wm?) and the annealed state
(circles: 10X 50 um? and squares: 10X200 um?). Measurement
done at 4.2 K. The dashed line corresponds to a damping length
£=0.8 nm.

side the plateau region in Fig. 3 we find a monotonous in-
crease in the critical current with decreasing temperature, as
in conventional Josephson junctions. Within the plateau re-
gion we observe an anomalous, noncontinuous behavior with
a broad maximum in j.(7) at about 4.5 K and j, decreasing
toward lower temperatures.

Before invoking unconventional superconductivity for the
interpretation of the results, we first try to interpret them in
terms of conventional singlet superconductivity. The theory
for singlet pairing of junctions with a ferromagnetic barrier
of variable thickness dr in the dirty limit predicts the func-

i) = ool - £

tional dependence,
[22)
cos| —
&r1 &

with the decay length &, and the oscillation length &,.% The
second term in Eq. (1) describes the Josephson phase transi-
tion between a 0- and 7-type junctions and leads to a devia-
tion of the current density from an exponentially damped
curve toward smaller values with increasing thickness, in
sharp contrast to the plateau in j.(dy) observed for the an-
nealed state in Fig. 3. For singlet superconductivity the for-
mation of the plateau could be explained by a decay length
&py continuously increasing with increasing thickness dp.
Principally this is possible, if an increasing diffusion con-
stant Dy and a decreasing pair-breaking scattering rate 1/,
overcompensates the increasing ferromagnetic exchange en-
ergy E,.. Since we have no direct experimental access to
these parameters, we cannot rule out this possibility. How-
ever, within this model it is difficult to explain why the onset
of the plateau at dp=7 nm does not coincide with the onset
of ferromagnetism at dr=~5 nm. Furthermore, the most
striking feature in j.(dy), namely, the sharp drop-off of the
critical current between dp=10.3 nm and dy=10.6 nm is
difficult to reconcile with singlet pairing. In this thickness
range the ferromagnetic saturation moment increases only
slightly by about 5% and we find no plausible reason for a
drastic change in the ferromagnetic exchange energy E,,.

(1)
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FIG. 4. (Color online) Normalized critical current density versus
temperature for junctions with different Heusler thicknesses (as pre-
pared: dp=7.3 nm, annealed: all others, A=10X50 um?).

Last not least, we find that the anomalous temperature de-
pendence of the critical current in the range of the plateau is
difficult to explain. A positive temperature coefficient j.(7)
can occur close to 0-7r transition,?! but only if the thermal
energy kg7 is of the same order as E;,+E,,, which we can
exclude here.

The alternative interpretation for the anomalous thickness
dependence in Fig. 3 is the assumption of an additional com-
ponent of the supercurrent which compensates the exponen-
tially damped singlet supercurrent. The theoretical work>®
strongly suggests that this additional component should be
identified as an odd-frequency triplet supercurrent. This as-
sumption implies that inside the Heusler layers there must be
a mechanism which very effectively generates triplet super-
conductivity. In Fig. 1 one sees that the anomalous feature
occurs in a relatively narrow thickness range only, thus the
microscopic origin for the conversion of the singlet into trip-
let pairs seems to depend sensitively on the magnetization
profile inside the Heusler layers. A similar sensitivity of the
triplet component to the thickness of the interface layers has
also been observed in Ref. 15.

Although we have no direct experimental information
about the specific magnetization profile inside the Cu,MnAl
layers in our junctions, from our knowledge of the magneti-
zation profile inside other Heusler layer systems'® we sug-
gest the following interpretation for the relation between the
development of the magnetization profile and the appearance
of the triplet component in the supercurrent: in the thickness
range just above the onset of ferromagnetism, ferromagnetic
order already exists in the core of the Heusler layers,
whereas at the interfaces spin-glass order still prevails. The
coupling between the two types of magnetic order will in-
duce a small ferromagnetic magnetization in the interface
layers, however, with some canting of the local magnetiza-
tion from the direction of the core magnetization because of
the coupling to the coexisting random spin-glass type of or-
der. It is appealing to identify these canted interface mo-
ments as the “spin active zone” needed for the conversion of
singlet pairs into triplet pairs.'>!3 With increasing thickness
and concomitantly increasing strength of the ferromagnetic
order in the core of the Heusler layers, the canting angle will
decrease and the spin active zones will be eliminated. This
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defines the upper thickness limit of the plateau in j.(dy). At
the lower thickness boundary of the plateau the spin active
interface layers and the ferromagnetic core layer first must be
formed, therefore this boundary is shifted by 2 nm compared
to the onset of ferromagnetism. This model for the genera-
tion of triplet superconductivity in the Cu,MnAl layers has
very recently been nicely reproduced by theoretical calcula-
tions modeling our system very closely.?> Within the model
of odd-triplet superconductivity we also find a reasonable
interpretation for the anomalous temperature dependence as
resulting from the competition of different contributions to
the supercurrent in junctions with unconventional pairing.?3

In summary, we have shown that high-quality Josephson
junctions with Cu,MnAl-Heusler barriers can be prepared.
The Heusler barriers offer the opportunity to change the
magnetic state of the barrier by annealing the complete junc-
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tions. The transformation of the magnetic state of the Heusler
layers from the spin glass to the ferromagnetic state is ac-
companied by an enhancement of the supercurrent density by
up to two orders of magnitude. We argued that the anoma-
lous behavior of the supercurrent is difficult to reconcile with
conventional singlet pairing and proposed an interpretation
in terms of an odd-triplet contribution to the supercurrent.
However, an unambiguous proof of the triplet character of
the supercurrent is not provided by our present experimental
results and must wait for future experimental verification.
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