PHYSICAL REVIEW LETTERS 131, 076001 (2023)

Superconducting Proximity Effect and Long-Ranged
Triplets in Dirty Metallic Antiferromagnets

Eirik Holm Fyhn®, Arne Brataas, Alireza Qaiumzadeh®, and Jacob Linder
Center for Quantum Spintronics, Department of Physics, Norwegian University of Science and Technology,
NO-7491 Trondheim, Norway

® (Received 25 October 2022; revised 19 May 2023; accepted 19 July 2023; published 14 August 2023)

Antiferromagnets have no net spin splitting on the scale of the superconducting coherence length.
Despite this, antiferromagnets have been observed to suppress superconductivity in a similar way as
ferromagnets, a phenomenon that still lacks a clear understanding. We find that this effect can be explained
by the role of impurities in antiferromagnets. Using quasiclassical Green’s functions, we study the
proximity effect and critical temperature in diffusive superconductor-metallic antiferromagnet bilayers. The
nonmagnetic impurities acquire an effective magnetic component in the antiferromagnet. This not only
reduces the critical temperature but also separates the superconducting correlations into short-ranged and
long-ranged components, similar to ferromagnetic proximity systems.
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Introduction.—Antiferromagnets and superconductors
both have prominent roles in condensed matter physics
[1-9]. Separately, they are both theoretically interesting due
to their different types of quantum order [10—13]. They are
also technologically wuseful: superconductors in part
because of their perfect diamagnetism and dissipationless
current [14,15], and antiferromagnets because of their
ultrafast dynamics [16,17], negligible stray field and
considerable magnetotransport effects [1]. However, while
materials with superconducting or magnetic properties can
be interesting on their own, new physics and applications
can be found in systems that combine both. For instance,
combining superconductivity and ferromagnetism in meso-
scopic heterostructures is now a well-established method to
produce odd-frequency superconductivity and long-range
spin-triplet superconductivity [13,18]. The latter can carry
dissipationless spin currents, giving superconductors a
unique role in the field of spintronics [2].

Superconductor-antiferromagnet (SC-AF) heterostruc-
tures have been studied both theoretically and experimen-
tally [19-29], but much less than their ferromagnetic
counterparts. As a result, much remains to be fully under-
stood about SC-AF heterostructures. For instance, experi-
ments show that proximity to antiferromagnets can severely
suppress the superconducting critical temperature [27-29].
This suppression is much stronger than the prediction by
the theoretical models which considered the AFs to be
similar to normal metals due to their lack of uncompensated
magnetic moments [28-30]. In fact, the suppression has
been reported to be even larger than the suppression seen in
ferromagnetic junctions [27]. Various proposals have been
suggested to explain this suppression, such as finite spin
splitting coming from uncompensated interfaces [29], the
possibility of magnetic impurities having been infused into
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the superconductor during sample preparation [27], or the
complex spin structure of the specific antiferromagnetic
materials used in the experiments [28].

More recently, in a theoretical study of superconductor-
antiferromagnetic insulator bilayers with compensated
interfaces, Bobkov er al. [31] suggested that a band-gap
opening mechanism together with the induction of spin-
triplet Cooper pairs could explain the suppression. As these
effects are smaller when the mean free path is shorter, they
argued that the suppression would be larger for cleaner
systems, but noted that a fully detailed analysis of the roles
of impurities and AF length should consider a metallic AF.

Here, we study the proximity effect in diffusive super-
conductor (SC)-antiferromagnetic metal (AFM) bilayers
using our newly derived quasiclassical framework [32].
Interestingly, our results show that the suppression of
superconductivity is not larger for clean systems, but that
impurity scattering is in fact the dominant mechanism for
superconductivity suppression in metallic AFs. The reason
is that the sublattice-spin coupling in the antiferromagnet
gives the nonmagnetic impurities an effective magnetic
component. These effective magnetic impurities are detri-
mental to superconductivity, except for spin-triplet super-
conductivity with spin aligned orthogonal to the Néel
vector. As a result, dirty AFMs work as superconductivity
filters letting only spin-triplet superconductivity with
orthogonal spin projection to the Néel vector pass through.
After studying the critical temperature in SC-AFM bilayers,
we show how the superconducting correlations penetrate
into the antiferromagnetic metal, as well as the inverse
proximity effect. Moreover, we show how the long-range
spin-triplet components can be induced by either uncom-
pensated or magnetic interfaces with magnetic misalign-
ment relative to the AFM Néel vector.
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Theory.—To study SC-AFM bilayers, we employ the
quasiclassical Keldysh formalism derived in [32]. It is valid
under the assumption that the Fermi wavelength is short
compared to the coherence length and the mean free path,
and the chemical potential y is much larger than all other
energy scales in the system, except possibly the exchange
energy between localized spins and conducting electrons J.

Note that |J/u| < 1, since |u| = VJ* + 2, where ¢ is the
hopping parameter evaluated at the Fermi surface. We also
assume the dirty limit, meaning that the system is diffusive,
and that there is no electromagnetic vector potential. In this
case, the quasiclassical Green’s function ¢ solves [32]
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Here, J is the matrix current, 7, and o, are Pauli matrices in
Nambu- and spin space, respectively, ¢ is energy, o is the
Dynes parameter, 7y, is the elastic impurity scattering

time, and A = Aizy, under the assumption that the gap
parameter A is real. The spin-quantization axis is chosen to
be parallel to the Néel vector, which is assumed homo-
geneous within the AFM. We let the system be large in the
directions parallel to the interface, such that the problem
becomes an effective 1D problem.

The quasiclassical Green’s function can be written
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where §f, 3, and §X are the retarded, advanced, and
Keldysh Green’s functions, respectively. In thermal equi-
librium which is assumed here, it is sufficient to solve for
,since ' = —7_(%) 7z, and X = (% — &) tanh(Be/2).
Equatlon (1) is similar to the Usadel equation for normal
metals [33] but is modified by the antiferromagnetic order

in two important ways. First, the expression for the matrix
current iS now
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where D is the diffusion constant. The second way
AFMs differ from normal metals is through the term
proportional to ¢,7.go,7, in Eq. (1). This is exactly the
way magnetic impurities enter the Usadel equation for
normal metals [34]. Hence, the antiferromagnetic order
gives rise to effective magnetic impurities with scattering
time equal to Tyy,u*/J?.

The presence of Ti}lp in the equations requires some
special care, as discussed in detail in Ref. [32]. Since the
impurity scattering rate, Ti‘n}p, is small in the dirty limit, one
should project onto only the long-ranged components
of § when J?>/u*>~ 1. This is possible because some

components become negligible in this limit of very strong
exchange coupling. Here, we consider smaller values of
J?/u?. Consequently, the effective magnetic scattering rate
J?/ (;ﬂrimp) is not necessarily large, and we must keep all
components of g.

To model SC-AFM bilayers, we set J = 0 in the SC and
A =0 in the AFM. The dimensionless quantity J/u is
nonzero in the AFM, while the gap parameter in the SC is
determined through the self-consistency equation [35],

1 wp o
:mA deTr[(z, —ity) 3], (4)

where symmetries of the Green’s function were used to
write A as an integral over only positive energies, @p, is a
cutoff energy and A, is a material-specific parameter
defining the gap parameter in the bulk. We set wp = 30A,,.

The two materials must be connected through a boun-
dary condition, which is also derived in [32]. We consider
both compensated and uncompensated interfaces. Let the
interface be located at x =0, and let gsc = §(0~) and
Jar = §(0™) be the quasiclassical Green’s functions on the
superconducting and antiferromagnetic sides of the inter-
face, respectively. We similarly let jsc and j,p be the
matrix current on the SC and AFM sides, respectively. The
general boundary condition for the matrix current going out
of material @ € {SC, AF} and into material § € {SC, AF}
is [32]

[ 'ja = [?(l/iélff/}{l + iieav Z}a]’ (5)

where e, is the outward-pointing normal vector, f’aﬁ is the
tunneling matrix, and R, is the reflection matrix. For the
case of a compensated interface, we assume that tunneling
and reflection are independent of spin and sublattice. In this
case Ta,, = T}}a =t and R, are scalars.

In the case of an uncompensated interface, we assume
that tunneling can only occur between the SC and the A
sublattice in the AFM. In this case, we find from Ref. [32]
that the tunneling matrix becomes

\/1+J//t+\/1 T/u
+ ( \/1+J///t V1=

Here, we have allowed for a possible misalignment
between the magnetization direction in the AFM and the
magnetization direction at the interface through the unit
vector m. When the system is uncompensated, there should
in general also be spin-dependent reflection. For simplicity,
we set the reflection matrix equal at both sides of the
interface and equal to Ryc = Rpp = rt,m - o. Note that
instead of an uncompensated interface, one can instead use
a thin ferromagnetic (F) layer. For instance, one could

TSC,AF = TAF SC —

J/u)r.m o). (6)
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FIG. 1. Critical temperature T~ as a function of AFM length

L g normalized by the coherence length & = \/D/Aq. T is the
bulk critical temperature. The inset shows a sketch of an
SC/AFM bilayer with a compensated interface. The length of
the superconductor is Lgc = £, the impurity scattering rate is
1/Timp = 1004, the Dynes parameter is § = 0.0014, and the

tunneling amplitude is t = 3\/Ay¢&.

consider an SC/F/1/AFM structure, where the insulator (T)
is used to reduce the exchange bias effect. In this case, m
would be the magnetization direction of the ferromagnet.

We solve Egs. (1) and (3)—(5) numerically using the
Ricatti-parametrization [36,37] and a collocation method
[32], and determine the matrix current by fixed-point
iterations of Eq. (3). For simplicity, we set the diffusion
constant to be equal in both materials. We denote by Lar
and Lgc the lengths of the AFM and SC, respectively, and
&= /D/A, is the diffusive coherence length. To find the
critical temperature, we use the algorithm described
in Ref. [38].

Critical temperature.—We plot the critical temperature
as a function of AFM length for various values of J/u in
Fig. 1 for the case of a compensated interface. As J/u is
increased, the critical temperature is reduced substantially,
which is consistent with experiments [27-29]. While T
decays slowly, reaching only around one-third of the bulk
value in the SC/NM bilayers (J/u = 0), T is reduced all
the way to 0 in the SC/AFM bilayers. The AFM length
needed to make T vanish reduces with increasing J/pu.
This can be understood from the effective magnetic
impurities in the AFM, which has a scattering rate propor-
tional to J?/u?. It has long been known that even a small
amount of magnetic impurities can strongly reduce the
superconducting transition temperature [39—41]. The mag-
netic impurities give rise to spin-flip scatterings which
break the spin-singlet Cooper pairs, thereby lowering the
transition temperature.

Note that the maximal suppression of 7 depends on the
length of the superconductor and the magnitude of the
tunneling amplitude. When the superconductor is long
compared to the coherence length, 7~ will be nonzero no
matter how much the gap is suppressed near the interface.

[%4(r)l

® [ ] ® [ ]
A B A B

FIG. 2. Exaggerated sketch of the spatial distribution of the
conduction electron state with spin down. The overlap is larger
with the B sublattice than with the A sublattice. As a result, the
conduction band electrons with spin-down will be affected more
strongly by nonmagnetic impurities on the B sublattice than by
nonmagnetic impurities on the A sublattice.

Therefore, while one can observe total 7'~ suppression for
short superconductors, as in Ref. [28], one should expect
only a partial suppression, as in Refs. [27,29], when the
superconductor is long or the tunneling amplitude is small.
In the case of partial suppression, one should expect the
minimal value to be reached when the length of the
antiferromagnet reaches approximately the penetration
depth of spin-singlet correlations, determined by 7y,
and J/pu.

To understand the origin of the effective magnetic
impurities, consider the spatial distributions of the two
degenerate spin states of the antiferromagnetic conduction
band. The spin-down state is sketched in Fig. 2. The spin-
down (spin-up) state has larger amplitude on sublattice
B(A) compared to sublattice A(B). As a result, nonmag-
netic impurities on sublattice B(A) act like superpositions
of nonmagnetic impurities and impurities with magnetiza-
tion in the —z(+z) direction on the conduction band
electrons. Therefore, electrons in the conduction band
experience an effective magnetic impurity potential giving
rise to spin-flip scattering described by the term propor-
tional to iJ?/27,,u* in Eq. (1). The spin orientations of
these impurities are locked along the direction of the Néel
vector. This gives rise to the possibility of long-ranged
triplet correlations, as is shown in the following.

Proximity effect.—To study how the proximity effect is
affected by the antiferromagnetic order, we consider the
anomalous Green’s function, Tr[(z, — i7,)3"] = fo +f - 6.
Here, f, describes the conventional spin-singlet super-
conducting correlations while f = (f,. f,. f) describes the
spin-triplet correlations. Note that since we are working
with diffusive systems, the spin-singlet and spin-triplet
correlations are also even and odd in frequency,
respectively.

Figure 3 shows the anomalous Green’s function for
various SC/AFM structures evaluated at & = D/L3;.
There is a large singlet component in the SC as expected.
In Fig. 3(a), the neighboring material is a normal metal,
meaning that J/u = 0, and therefore the proximity induced
fo penetrates deeply without significant decay. On the other
hand, in Fig. 3(b), the neighboring material has
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FIG. 3. The nonzero components of the anomalous Green’s
function fy + f.0, + f,0, evaluated at energy ¢ = D/L/iF for
various bilayer cases illustrated by the insets. The SC/AFM
interface is at x = 0 and the Néel vector points in the z direction.
(a) SC/NM (J/u = 0), (b) SC/AFM with compensated interface,
(c) SC/AFM with uncompensated interface aligned in the z
direction, (d) SC/AFM with uncompensated interface aligned in
the x direction. (a)-(d) have Dynes parameter § = 0.001A,,
tunneling amplitude ¢ = 24/Ay&, temperature T = 0.057 ¢, SC
length Lgc =2&, and AFM length Lr =2&. (b)-(d) have
J2/u? =0.1, 1/Timp = 100A¢. (c),(d) have r = Ayé.

antiferromagnetic ~ ordering with J?/u?> =0.1 and
J? /u*Timp = 10A,. In this case, the spin-singlet f; induced
through the compensated interface decays over a much
shorter length scale because of the effective magnetic
impurities discussed above. Additionally, f is also more
suppressed on the SC side, as expected from the T results.
With an uncompensated interface, as shown in Figs. 3(c)
and 3(d), spin-triplet correlations f are also induced at the
interface. These correlations are aligned parallel to the
magnetization direction of the interface. When the corre-
lations are parallel to the Néel vector of the antiferromag-
net, as in Fig. 3(c), they are affected by the magnetic
impurities in the same way as the spin-singlet correlations,
and therefore decay over the same length scale. However,
when f is orthogonal to the Néel vector, as in Fig. 3(d), the
spin-triplet correlations become long ranged, decaying over
a length scale that is the same as for a normal metal.
Thus, one can distinguish between short-ranged triplets
and long-ranged triplets in diffusive AFMs, just as in FMs.
The reason why spin-singlet correlations and f||h are short
ranged in FMs with spin-splitting field h is because h
induces an energy difference between the electrons in the
Cooper pairs, causing decoherence. On the other hand, the
spins of the two electrons in f_Lh are both parallel to h,
such that they have the same wavelength as they propagate
into the FM. In diffusive antiferromagnets with Néel vector
n, the reason for the decoherence is nonmagnetic impu-
rities, but the effect is similar. Spin-singlet f, and spin-
triplet f||n are short-ranged while f Ln are long-ranged.
In order to compute the decay length associated with
long-ranged and short-ranged correlations, we linearize the

retarded component of Eq. (1) in the AFM. We let
K=z + ir,f. To first order in f, we get from Eq. (3)
thatjR = —Dz,Vf/(1 + J?/u?). Inserting this into Eq. (1),

we get to first order in f that

2
bv.s ——<2i8—26—

J? J?
m— 2)f+ so.fo.. (7)
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Thus, if lim,_ . f(x)=0 and f(0) = ay + a -6 for some
constants ag, and a=(a,,a,,a,), then f=(ag+a,o,)e "+
(a,0,+a,0,)e™*, where k; =1/2(1+J?/1?)(ie—5)/D
and kj =k, \/(ie — 8 —t,J?/u?)/(ie = 8), such that
the imaginary parts of k| and k are positive.

To find the decay lengths, we must take the imaginary
parts of k| and k;. When &> 4§, the long-ranged corre-
lations decay over a length scale equal to 4, =
1/Im(k,) = \/D/[(1 +J?/u*)e]. This is on the same
order as in a normal metal, Ay = \/D—/e On the other
hand, if J?/u*;,, > ¢, the short-ranged correlations decay

over a length scale equal to 4 = pulyg,/[J+/6(1 + J*/p?)],
which can be compared to the decay length for short-ranged
correlations in ferromagnets [18], Apy = \/D/h, where h
is the spin-splitting energy. Here, [, = vpTin, is the mean
free path, where v is the Fermi velocity.

Local density of states.—In Fig. 4 we show the normal-
ized density of states, N/Ny = Re(gf + 9%)/2, as a
function of energy at various positions with the same
parameters as in Fig. 3, except that J?/u?> =0.01 in
Figs. 4(b)-4(d). The local density of states in the
SC/NM bilayer is shown in Fig. 4(a), and one can see a
minigap in the spectrum as expected [42]. However, no
minigap is present in the SC/AFM bilayers. This is because
the effective magnetic impurities act similarly to inelastic
scattering for the spin-singlet correlations, leading to a

[—a/g=0—a/¢=05—a/c~1]

1.5 T

T T

10.98 5
! ! ! /Ao ! | /Ao
-2 -1 0 1 2 -2 -1 0 1 2

FIG. 4. The local density of states N, normalized by the normal
state density of states N,, at different positions inside the
antiferromagnet. The parameters are the same as in Fig. 3, except
that J2/u*> = 0.01 in (b)—~(d).
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much weaker suppression in the density of states, and a
more smeared-out spectrum. This is true also very close to
the interface, as can be seen in Fig. 4(b). As one moves
away from the interface as x = 0, the spectrum in the
Fig. 4(b) rapidly becomes flatter. This is in contrast to the
spectrum in the SC/NM system, which retains the minigap
also away from the interface. The flatness of the spectrum
away from the interface can be understood from the
exponential decay coming from the effective magnetic
impurities.

Figures 4(c) and 4(d) show the local density of states for
SC/AFM bilayers with short-ranged and long-ranged
triplets, respectively. Both show a pronounced peak in
the density of states at zero energy, similar to ferromagnetic
systems with spin-triplet superconductivity [43]. Close to
the interface, the spectrum in Fig. 4(c) is more smeared out
than the spectrum in Fig. 4(d), probably because the
effective magnetic impurities act on the short-ranged
spin-triplet correlations in a similar way as they do on
the spin-singlet correlations. However, the biggest differ-
ence can be observed when going away from the interface.
While the spectrum in Fig. 4(c) becomes flatter, as expected
from the exponential decay of the superconducting corre-
lations, the spectrum in Fig. 4(d) transforms in the opposite
way. The zero-energy peak becomes sharper as the distance
to the interface increases.

Conclusion.—We have theoretically studied diffusive
SC/AFM bilayers with both compensated and uncompen-
sated interfaces. We find a strong suppression of the critical
temperature, consistent with experiments [27-29]. This
suppression can be explained in terms of effective magnetic
impurities. Nonmagnetic impurities interact with conduc-
tion electrons in the AFM in a similar way as magnetic
impurities in NMs. Thus, we predict that cleaner AFMs will
suppress superconductivity to a smaller degree, giving rise
to higher critical temperatures. The impurities in AFMs not
only suppress spin-singlet superconductivity, and thereby
T, but they also suppress spin-triplet correlations that are
oriented parallel to the Néel vector. As a result, spin-singlet
correlations and spin-triplet correlations with parallel
orientation are short-ranged, decaying exponentially over
a length scale determined by the mean free path and the
exchange energy between localized spins and conducting
electrons. In contrast, spin-triplet correlations with orien-
tation orthogonal to the Néel vector are long-ranged. They
can penetrate as far as in normal metals. Such long-range
triplets can be induced by misaligned uncompensated
interfaces, or by more complicated heterostructures.
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