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We demonstrate that antiferromagnet-superconductor (AF-S) junctions show qualitatively different transport
properties than normal metal-superconductor (N-S) and ferromagnet-superconductor (F-S) junctions. We at-
tribute these transport features to the presence of two different scattering processes in AF-S junctions, i.e.,
specular reflection of holes and retroreflection of electrons. Using the Blonder-Tinkham-Klapwijk formalism,
we find that the electrical and thermal conductances depend nontrivially on antiferromagnetic exchange strength,
voltage, and temperature bias. Furthermore, we show that the interplay between the Néel vector direction and
the interfacial Rashba spin-orbit coupling leads to a large anisotropic magnetoresistance. The unusual transport
properties make AF-S interfaces unique among the traditional condensed-matter-system-based superconducting

junctions.
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Introduction. Heterostructures composed of superconduc-
tors and nonsuperconducting materials exhibit technologically
relevant quantum phenomena [1-8]. Examples include super-
conducting qubits [9-11], microwave resonators [12], single-
photon detectors [13], and AC Josephson junction lasers
[14]. Superconducting heterostructures also form the basis
for experimental methods such as point-contact spectroscopy
[15-17] and scanning tunneling spectroscopy [18,19], en-
abling the determination of the superconducting gap and
investigations of the phase diagram in unconventional super-
conductors [20-22].

The simplest superconducting heterostructure is a normal
metal (N)-superconductor (S) junction. The low-bias trans-
port is dominated by Andreev reflection (AR) [8,23,24]. In
conventional AR, an incident electron is retroreflected as a
hole of the opposite spin, and a Cooper pair is transmitted into
the S layer. Since the Cooper pair carries a charge of 2e and
zero heat, AR enhances electrical conductance and suppresses
thermal conductance [25-27]. In a Josephson junction (S-N-
S) [28], AR can occur repeatedly, resulting in Andreev bound
states that carry a supercurrent across the junction. Josephson
junctions enable technologies such as electrical and thermal
interferometers [29,30].

The spin dependence of AR at superconducting interfaces
causes the transport properties to change drastically when
ferromagnetic (F) layers are introduced [31]. The exchange
interaction splits the majority- and minority-spin bands in the
F layer, which reduces the AR amplitude and consequently
the conductance in a F-S junction [21,32]. However, finite
spin-orbit coupling (SOC) at the interface enables tunable
anisotropic spin-flipped AR, which can increase the electric
and thermal conductance [33-36]. S-F-S Josephson junctions
have been shown to exhibit spin-triplet pairing, potentially
enabling superconducting spin currents and qubits [2,3,37—

2469-9950/2020/102(14)/140504(6)

140504-1

41]. However, the finite net magnetization of ferromagnets in
superconducting spintronics presents a significant drawback
for applications in nanoscale devices.

Antiferromagnets (AFs) are magnetically ordered materi-
als with zero net magnetization and negligible stray fields,
as well as intrinsic high-frequency dynamics. Thus, AFs are
promising candidates for novel high-density and ultrafast
spintronic-based nanodevices [42]. Based on these charac-
teristics and recent experimental developments, the emerging
field of antiferromagnetic spintronics has attracted intensive
interest [43—-52]. Additionally, the possible coexistence of an-
tiferromagnetism with superconductivity [53-55] shows the
great potential of antiferromagnetic materials for application
in superconducting spintronics [31].

AF-S junctions have been theoretically shown to exhibit
additional scattering processes that differ from those in N(F)-
S junctions [56]. In Josephson junctions, these scattering
processes create low-energy bound states [57] that lead to
anomalous phase shifts [58] and atomic-scale O-rr transitions
[59-62]. However, although the existence of Josephson super-
currents in S-AF-S junctions has been experimentally reported
[63-68], other theoretical predictions have yet to be explored.

To our knowledge, the effect of these additional scattering
processes on the electrical and thermal transport in AF-S
bilayers remains an open question. In this Rapid Communica-
tion, we address this issue and point out unique experimental
signatures in the electrical and thermal conductance.

Model. We consider a collinear, two-sublattice AF metal
on a cubic lattice attached to a conventional s-wave supercon-
ductor. The AF and S are both semi-infinite and occupy the
regions z < 0 and z > 0, respectively. We assume a compen-
sated interface at z = 0.

To investigate the electrical and thermal transport, we use
the Blonder-Tinkham-Klapwijk (BTK) scattering formalism
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[25], where the conductances are determined by the reflection
coefficients of the scattering matrix. We obtain the reflec-
tion coefficients by solving the Bogoliubov—de Gennes (BdG)
equation.

The BdG Hamiltonian of an AF-S junction in the con-
tinuum limit consists of a Hamiltonian for itinerant charge
carriers H,, an antiferromagnetic exchange coupling Hap, an
interfacial barrier potential Hy, and a Hamiltonian modeling
the S layer Hs,

H = H. + Har + H; + Hs. (D

The Pauli matrices s, o, and 7 denote the spin, sublattice, and
charge degrees of freedom, respectively. We also define rf =
diag(1l, £K), where K represents complex conjugation, and
7 = (1, £iT1y)/2.

The Hamiltonian governing the motion of the itinerant
charge carriers is [48,69,70]

Ho=y(P) T, ®0: Q50 — 11, ® 0y R 50, ()

where y(p) = (p* — hzk(z)) /2m is the kinetic energy, p =
—ihV is the momentum operator, m is the effective mass of
the charge carriers, k) is the wave vector at which y (7iky) = 0,
and 7 is the reduced Planck constant. The chemical potential is
U= puar®(—2) + us®(z), where O(-) is the Heaviside step
function.

The s-d exchange interaction between localized antiferro-
magnetic moments and itinerant spins reads [48,69,70]

Hyp=Jt, Qo,@(m-5), 3)

where J = Jy®(—z) denotes the interaction strength and n =
(sin @ cos ¢, sin B sin ¢, cos 0) is the uniform Néel vector. We
assume strong anisotropy sets the direction of spins and sup-
presses quantum fluctuations. The interfacial potential is

H=V1®0®s+Ikt, 0, ®[(sxq)-2], (4

where V = V;8(z) is the strength of the spin-independent po-
tential barrier and Ag = X¢8(z) is the strength of the Rashba
SOC (RSOC) [71] due to the inversion symmetry breaking in
the z direction. These terms permit spin-conserving and spin-
flipped reflection processes, respectively. AR and spin-flipped
AR result in spin-singlet and spin-triplet Cooper pairs in S,
respectively.

Finally, we model the S layer using a mean-field BCS
Hamiltonian,

Hs = A(T) 74 ® (09 ®isy) + H.c., ®)

where A(T) = Agtanh [1.74/(T./T) — 1]©(z) is an interpo-
lation formula for the temperature-dependent gap of an s-wave
superconductor with a critical temperature T, [72-74]. Ag is
the constant bulk value of the gap [57].

To determine the reflection coefficients, we solve the BdG
eigenvalue problem,

Hy =Ey, (6)

where Y is an eigenvector with eigenvalue £ > 0 (see the
Supplemental Material [75]). The x and y directions are trans-
lationally invariant. Hence, the eigenvector takes the form
Y = xe'UTel%% where q = (gx, gy, 0) is the conserved com-
ponent of the wave vector parallel to the interface and g, is the
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FIG. 1. (a) The allowed scattering processes [see Eq. (8)]. Elec-
trons (holes) are drawn as solid (open) circles. Incoming (reflected)
particles are represented by rightward (leftward) arrows. (b) A sketch
of the possible scattering processes that can occur at an AF-S
junction.

wave-vector component normal to the interface. The spinor x
is expressed in the basis [75]

X = (Aey, Ay, Ber, Bey, Apy, Any, Biy, Bry). @)

Here, A (B), 1 (), and e (h) refer to sublattice, spin, and
charge degrees of freedom, respectively. Substituting the
eigenvector into Eq. (6) for z < 0, gives the wave vectors
q. = q;t(h) in the AF layer,

2m
Ty = \/ké —qj £ F\/[E + (Duarl? —J2 (®)

Figure 1 shows a plot of the dispersion relations of the AF
layer given in Eq. (8), where the possible scattering processes
are identified. In contrast to an N(F)-S junction, an AF-S
junction permits both specular AR and retro normal reflection
(NR) [56-58].

In the following, we show how these two scattering mech-
anisms, i.e., retro NR and specular AR, affect the transport
properties of AF-S junctions.

Thermoelectric coefficients. To study electrical and thermal
transport, we assume that the AF is in contact with a biased
reservoir, and that the S is in contact with a reference reservoir.
Applying a bias voltage U or a temperature difference AT
through the junction induces an electric current or a heat
current, respectively. In the BTK formalism [25,26,76], the
differential charge (G¢c = dI/dU) and heat (Lyp = dI/dAT)
conductances read

G Ae2 /dEdz 1—R6+Rh (9)
= s a
€= aoon U 4ksT cosh? (5Z)

E2(1 - Re - Rh)

Akg )
0= T dE d*q 2 E ’
473h [2kp (T + AT)P cosh’ [ 5z |

(9b)

where A and T are the interfacial area and the thermal
equilibrium temperature, respectively. The total reflection
probabilities for electrons (e) and holes (&) are

Reay = Y (R + Royy - (10)
N

Here, ijs is the reflection probability for particles with wave
vector qgc, where ¢ = e, h and s =1, | [75]. AR results in a
net charge transfer of 2e, but zero heat transfer [77-79] across
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FIG. 2. The reflection probabilities as functions of the energy
E /A, the barrier strength Z, and the exchange strength Jy/u. The
scattering processes associated with R, are absent at an N(F)-S
junction; they are the result of the additional degrees of freedom in an
AF. R} and R, correspond to retro NR and specular AR, respectively.

the interface; thus, AR increases the electrical conductance
and decreases the thermal conductance.

Numerical parameters. Before presenting our numerical
results, we introduce our dimensionless parameters: The
spin-independent barrier strength Z = Vym/h*q,., the Rashba
strength A = 2xom/hi’q,, and the exchange strength Jo/u.
Here, ¢> = k3 + g}, where g2 = 2mu/ 1. For simplicity, we
set war = us = i and normalize the electrical and thermal
conductance with respect to the corresponding Sharvin con-
ductance [8]: G¢ = G¢ / Ggh and ZQ =L /Lzh. The Sharvin
electrical (thermal) conductance is the electrical (thermal)
conductance evaluated in the limit Ag = Jy = Z =0, i.e., the
response functions of a normal metal with perfect transmis-
sion: Ggh = e?q?A /47l and Lzh = Ak%]}qi/lZﬁ.

In our calculations, we estimate the effective mass to be
i?/2m = 0.5 eV nm? based on a tight-binding model with
typical material parameters [48,69,70]. Furthermore, the su-
perconducting gap Ay is several orders of magnitude smaller
than the chemical potential u. For concreteness, we set i =
2 eV and allow the exchange strength to lie in the interval 0 <
Jo/1 < 1, where the system is conducting. As Jyo/u — 1, the
AF material becomes an insulator, and the transport properties
vanish. We consider the temperature range 0 < T /7. < 1 so
that superconductivity does not break down.

Calculation of reflection probabilities. Figure 2 shows the
behavior of the reflection probabilities as functions of en-
ergy for different exchange strengths in both the transparent
(Z =0) and tunneling (Z > 1) regimes in the absence of
RSOC.

For simplicity, we first consider a transparent interface
(Z = 0) and the subgap regime (E < Ap). In the normal metal
limit (Jy = 0), we find that retro AR is the dominant scatter-
ing process [25]. Retro NR and specular AR increase as the
exchange interaction Jy increases, because with the onset of
Jo, the new scattering channels associated with the sublattice
degrees of freedom become available. In the supergap regime
(E > Ay), electronlike and holelike charge carriers can prop-
agate in the S layer.

0.5
AT/T,
Jo/1=0.6 =-==—Jo/u = 0.8]

AT/T,

[- = = d/u=0
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FIG. 3. The electrical conductance G¢ and the thermal conduc-
tance L, as functions of the dimensionless voltage eU/A, and
dimensionless temperature bias AT /T, respectively, for different
spin-independent barrier strengths Z and exchange strengths Jo /.
The insets show the peak in the electrical conductance, and the per-
centage increase in the conductances as a function Jy /i, respectively.

If the interface is not transparent (Z # 0), AR is suppressed
while NR is enhanced, because fewer electrons are allowed to
enter the S layer to form Cooper pairs. Increasing Jy leads to
an increase in retro NR and a decrease in specular NR (see
Fig. 2).

Electrical and thermal conductance. In the following, we
elucidate experimental signatures in the response functions of
the system. To simplify the discussion, we only consider the
low-temperature limit 7 — 0 in Egs. (9a) and (9b) in the rest
of this Rapid Communication. In Fig. 3, we plot the electrical
conductance and the thermal conductance as functions of the
voltage and temperature bias, respectively, for different ex-
change and barrier strengths in the absence of SOC.

First, we focus on the electrical conductance shown in
Fig. 3. In the absence of a barrier and exchange interaction,
the system behaves as a transparent N-S junction. In this
case, each electron incident from the N layer enters the S
layer and forms a Cooper pair, resulting in 100% retro AR;
consequently, the electrical conductance is G = 2. As the
exchange strength increases, retro NR eventually becomes the
dominant scattering process. Thus, with increasing Jp, less to-
tal charge is transported across the junction and the electrical
conductance decreases. In contrast to a F-S junction, we find a
sharp finite peak in the electrical conductance at eU /Ay = 1.

In the tunneling limit (Z = 10), the electrical conductance
is singular at eU /Ay = 1, which originates from the singular-
ity in the density of states (DOS) in the S layer.

In contrast to the electrical conductance, the thermal con-
ductance is suppressed by AR. The physical reason is that
Cooper pairs carry finite charge but zero heat across the junc-
tion. Therefore, for the thermal conductance to be finite, the
temperature must be so high that electronlike and holelike
particles can be transmitted into the S layer. Since higher
temperatures result in a greater transmission of particles, the
thermal conductance increases with increasing temperature
bias, as shown in Fig. 3.

140504-3



MARTIN F. JAKOBSEN et al.

PHYSICAL REVIEW B 102, 140504(R) (2020)

0 0.5 1 0 1 2 3 4

Jo/ 1 Jo/ Do

FIG. 4. Left: Zero-temperature electrical conductance G¢ of the
system as a function of the exchange strength Jy/u. The dashed-
dotted line represents the electrical conductance of a F-S junction
[32]. Right: The behavior of G as a function Jy /Ap. The dashed
red line represents a numerical fit of the electrical conductance,
Ge ~ (J/Ap)™*0.

In the transparent limit (Z = 0), the retro NR increases
with increasing exchange strength. Since less particles are
transmitted into the S layer, the thermal conductance de-
creases with increasing exchange strength. As the barrier
strength increases, even fewer particles are transmitted into
the S layer. In the tunneling limit (Z = 10), the thermal con-
ductance is strongly suppressed.

Figure 3 shows that, in the transparent limit, the increase
of exchange strength reduces both the electrical and thermal
conductance; by contrast, in the tunneling regime, the increase
in exchange strength increases both of them. This behavior oc-
curs due to the interplay between the exchange interaction and
the barrier in the supergap regime (E > A(), where tunneling
into the S layer is also allowed. In the tunneling limit, the
exchange interaction enhances the transmission of both elec-
tronlike and holelike particles into the S layer, consequently
increasing the electrical and thermal conductance.

To compare the AF-S junction with the F-S junction, we
plot the electrical conductance as a function of the exchange
strength in Fig. 4. In the F-S junction, the electrical conduc-
tance decreases linearly with increasing exchange strength,
Ge ~ 2(1 — Jo/1) [32]. However, in the AF-S junction, the
relationship between the electrical conductance and the ex-
change strength is more subtle. The electrical conductance
decays rapidly at small Jy/u, is almost constant for interme-
diate Jo/u, and decays as Jy/uu — 1. We have checked that
these features are robust by varying m, u, and A( within the
experimentally relevant intervals. The right panel of Fig. 4
shows that the electrical conductance decays rapidly with
increasing exchange strength on an energy scale set by the su-
perconducting gap. In the regime where Jy < A, the system
behaves as an N-S junction, such that G¢ = 2. In the regime
Jo ~ Ay, we find that the reflection probabilities become de-
pendent on the angle of incidence [75]. For electrons close to
normal incidence, we find that retro AR dominates transport.
For electrons with an angle of incidence nearly parallel to the
interface, we find that retro AR is suppressed and specular NR
is enhanced. This sudden enhancement of specular NR leads
to the sharp decay of the electrical conductance observed in
Fig. 4. Numerically, we find that G. ~ (Jo/No)~ 10 [75].

In the regime Ag < Jy < i, the DOS in the AF layer is
approximately constant, and consequently, so is the electrical
conductance [75]. As Jo/u — 1, the AF layer starts to behave
as an insulator, suppressing all transport properties.

2 )\ =0.1 |
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0

FIG. 5. The electrical AMR in an AF-S junction as a function of
the orientation 6 of the Néel vector and the exchange strength Jy/ k.
The inset show the dependence of the AMR maxima on the RSOC
strength A.

Anisotropic magnetoresistance. So far, we have not con-
sidered the effect of finite interfacial RSOC, resulting from
the inversion symmetry breaking at the interface. For finite
interfacial RSOC, additional scattering channels are opened
in which spin-flip scattering is allowed. Spin-flipped AR al-
lows for the formation of spin-triplet Cooper pairs in the
S layer [33,36,80]. Recently, it has been found that in F-S
junctions, interfacial RSOC leads to a large anisotropic mag-
netoresistance (AMR) [33,81], while there is no AMR in N-S
junctions.

In the AF layer, the spin quantization axis is determined
by the Néel vector. Consequently, a finite interfacial RSOC
leads to anisotropy in the electrical and thermal conduc-
tance for an AF-S junction. Since we consider only an
interfacial RSOC with an inversion-breaking axis in the z
direction, this AMR depends only on the Néel vector’s polar
angle 6.

Figure 5 shows electrical AMR(9) =1 — G(0)/G(0) as
a function of the Néel vector direction for a fixed RSOC
strength. We find that the minima and maxima occur at 6 =
{0, 7} and 6 = 7 /2, respectively. The inset shows that the
maximum AMR increases with A. The qualitative features of
the electrical and thermal AMR is identical. Thus, similar to
F-S junctions and in contrast to N-S junctions, AF-S junc-
tions show a strong AMR. In an AF-N junction (Ay — 0),
the electrical (thermal) AMR is approximately 75% smaller
(50% larger) than that in an AF-S junction. The simultaneous
enhancement of the electrical AMR and diminution of the
thermal AMR in an AF-S junction can be attributed to the
finite AR in the presence of the S layer.

Concluding remarks. We demonstrate that the electrical
and thermal conductance of AF-S junctions are qualitatively
different from those of N(F)-S junctions due to the emergence
of two scattering processes: Specular AR and retro NR. Fur-
thermore, we show that there is a large AMR in the presence
of a finite interfacial RSOC.

Our results reveal that superconducting spintronics based
on antiferromagnetic materials, opens a fascinating play-
ground for intriguing physical phenomena. We hope that this
theoretical study will inspire further experimental work on
AF-S heterostructures.
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