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Complete 7, suppression and Néel triplets mediated exchange
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An antiferromagnetic insulator (AFMI) bearing a compensated interface to an adjacent conventional supercon-
ductor (S) has recently been predicted to generate Néel triplet Cooper pairs, whose amplitude alternates sign in
space. Here, we theoretically demonstrate that such Néel triplets enable control of the superconducting critical
temperature in an S layer via the angle between the Néel vectors of two enclosing AFMI layers. This angle
dependence changes sign with the number of S monolayers providing a distinct signature of the Néel triplets.
Furthermore, we show that the latter mediate a similarly distinct exchange interaction between the two AFMIs’

Néel vectors.
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I. INTRODUCTION

Hybrids comprising a conventional spin-singlet super-
conductor (S) and one or more magnetic layers realize
unconventional superconductivity and Cooper pairs, thereby
enabling intriguing physics and potential applications [1-7].
The central role of magnets in this engineering of supercon-
ductivity is to induce a spin-splitting field which generates
spin-triplet Cooper pairs from their spin-singlet counterparts
available in S [8—10]. This also reduces the superconducting
critical temperature 7,. A canonical structure sandwiches a
thin S layer between two ferromagnet (FM) layers and en-
ables control over the T, via the relative angle o between the
two FM magnetizations [11-19]. The dominant effect in this
trilayer is the addition (cancellation) of spin-splitting fields
from the two FMs when their magnetizations are parallel
(antiparallel), resulting in the smallest (largest) 7. out of all
FM configurations. This has been exploited to switch the S
to its normal resistive state by controlling « via an applied
magnetic field. This in turn admits a change of resistance from
zero to a nonzero value, i.e., an infinite magnetoresistance
[13,18,19].

The dipolar stray fields and GHz frequency magnons in
FMs are parasitic detrimental influences in these devices. Em-
ploying antiferromagnets (AFMs) could significantly reduce
these problems due to their zero net magnetization and higher
magnon frequencies [20-23]. Furthermore, their two or more
sublattices admit intriguing phenomena that bring along en-
tirely novel functionalities [24]. However, early experiments
with metallic AFMs found no influence on an adjacent S,
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attributing this to their lack of net magnetization and thus
spin-splitting field [25]. Subsequently, there have been
theoretical predictions of spin-dependent transport at such
AFM-S interfaces [26-29]. More recent experiments find a
strong effect of the AFM on an adjacent S layer [30-35].
An AFM or antiferromagnetic insulator (AFMI) bearing an
uncompensated interface to the adjacent S has recently been
shown to induce spin splitting [23], which contributes to
influencing the S.

Intriguingly and subsequently, even a compensated inter-
face with an AFMI [Fig. 1(a)] was found to be spin active [36].
This has recently been understood as being due to the gener-
ation of the so-called Néel triplet Cooper pairs [37]. These
have been so named as their amplitude changes sign from one
lattice site to the next [Fig. 1(b)], while the magnitude varies
slower on the coherence length scale. This alternation of sign
is due to the Néel triplets being formed from interband pairing
[37]. Alternately, within an extended Brillouin zone scheme,
they can be considered to result from finite-momentum pair-
ing. In contrast, the regular spin-triplet Cooper pairs generated
by an adjacent FM only manifest a gradual spatial variation at
the coherence length scale associated with the usual intraband
pairing [2,3].

In this paper, we theoretically investigate how such Néel
triplet Cooper pairs enable intriguing phenomena in an
AFMI-S-AFMI trilayer [Fig. 1(a)]. Employing the
Bogoliubov—de Gennes framework, we show that the critical
temperature of the S layer depends on the angle 6 between
the two AFMIs’ Néel vectors via a dominant cos# variation
and a weaker sin’6 contribution. The dominant effect is
due to the constructive [Fig. 1(c)] or destructive [Fig. 1(d)]
interference between the Néel triplets generated by the two
AFMI-S interfaces [37], while the sin?6 term is reminiscent
of equal-spin triplets resulting from noncollinearity between

©2023 American Physical Society
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S AFMI,

FIG. 1. Schematic depiction of the system and key underlying
phenomena. (a) A conventional superconductor (S) is sandwiched
between two compensated antiferromagnetic insulators (AFMIs)
bearing Néel vectors n; and n, that subtend an angle 6. (b) In
an AFMI-S bilayer, spatially alternating spin splitting induced by
the AFMI predominantly generates Néel spin-triplet Cooper pairs
characterized by a checkerboard pattern of their amplitude Fj‘ [371,
thus manifesting an alternating spatial parity. (c) In an AFMI-S-
AFMI trilayer with odd number (considered 5 here) of S monolayers
and 6 = 0, the Néel triplets generated by the two AFMIs interfere
constructively. This results in more induced spin triplets and larger
weakening of the spin-singlet superconductivity. (d) If instead 6 =
7, the Néel triplets from the two AFMI-S interfaces interfere de-
structively and superconductivity is weakened less. This dependence
of the superconducting state on 6 is reversed when the number of
S monolayers is even due to the checkerboard pattern associated with
the Néel triplets.

the two Néel vectors [38—41]. For large enough AFMI-S
interfacial exchange coupling, a complete and abrupt
suppression of superconductivity (i.e., 7. — 0) is achieved.
Due to the alternating sign of Néel triplet correlations, the 7
vs 6 dependence reverses when the number of S monolayers
changes parity, providing a distinct and unique signature of
the Néel triplets’ role. By computing the superconducting
free-energy density as a function of 6, we further demonstrate
that the generated Néel Cooper pairs mediate coupling
between the two AFMIs’ Néel vectors exhibiting the signature
parity effect with the S monolayers number. Our theoretical
results suggest a direct experimental probe of these recently
predicted Néel triplets [37] while enabling antiferromagnetic
superconducting spintronics devices.

II. SYSTEM AND THEORETICAL MODEL

We consider a thin-film superconductor which on each side
is interfacing an antiferromagnetic insulator, as schematically
depicted in Fig. 1(a). While electron hopping is only allowed
within the S layer, the two AFMIs impose a local spin splitting
via interfacial exchange onto the atomic layer closest to the
S-AFMI interfaces [23,37]. We can thus describe the system
by the Hamiltonian

N J
H=—1t Z C;T,acjﬂ —,chJ'.’ch,g — EZMJ -S;
(i.j).0 J.o J
|Aj|2 * ot 1
+ Z U —i—Ajcj,lcj,T +Ajcj7¢cj’¢ . (1)
J

Here, c(.T; is the annihilation (creation) operator associated

with an electron of spin o at lattice site j = (j;, j,), t
parametrizes electron hopping between nearest-neighbor sites
within the S, §; = ZU’U, c}gam(,rcjg(,r is the spin operator
for S electrons with o as the vector of Pauli matrices, and
Aj = —Uf(cj cj¢) is the self-consistently evaluated mean-
field superconducting gap [42]. The chemical potential wu is
adjusted to fix the filling fraction, which we assume to be
n = 0.5 here. We consider the S lattice to bear the size N; x Ny
with periodic boundary conditions along z [Fig. 1(a)]. As we
consider ideal insulating antiferromagnets, their thicknesses
do not influence the phenomena investigated here.

A local spin-splitting field JM /2 is imposed by the two
AFMIs onto the S interfacial monolayers (j, 1) and (j;, N,).
Here, J parametrizes the AFMI-S interfacial exchange cou-
pling. As depicted in Fig. 1(a), the magnetic moments in
the first AFMI have a fixed orientation corresponding to the
Néel vector ny =z so that M(; 1) = (—1)"'n;. The Néel
vector n, = [cos(6)z + sin(6)y] of the second AFMI leads to
rotation of the local spin splitting oriented along M ;. n,) =
(—1)"n,.

We numerically diagonalize the Hamiltonian in Eq. (1)
by solving the Bogoliubov—de Gennes equation [42] self-
consistently,

/
H = HO + ZEnVnTVm (2)
n
with
H=_NH_ZM_12E 3)
0 - U ) - ns

where ) denotes the sum over positive eigenenergies E, > 0
only, {y,'} is a set of unique fermion operators, and N = N_N,
is the total number of S lattice sites. The resulting solution
provides complete information on the superconducting or nor-
mal state of the S layer.

III. CRITICAL TEMPERATURE CONTROL VIA 6

In order to examine the magnetoresistance and S layer’s
critical temperature dependence on the AFMIs, we numeri-
cally compute the superconducting critical temperature 7. It
is determined using a binary search algorithm locating the
temperature at which the superconducting gap starts to in-
crease from a near-zero initial guess upon its self-consistent
evaluation [43,44].

To succinctly capture and present the 7;. variation with 6 for
different thicknesses N, of the S layer, we first parametrize
T. vs 6 on symmetry grounds. This parametrization is only
valid for small changes in 7. For a small J, T is only weakly
altered by the adjacent AFMIs and is expected to bear the
dependence,

- T.(0
T.(0) = T(o)

=AT. cosf + AT, sin? 0 +T., (4

where T g is the critical temperature of the same S layer when
it is not coupled to the AFMIs, i.e., assuming J = 0 in Eq. (1).
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FIG. 2. Normalized critical temperature T, variation with 6 for
(a) stronger and (b) weaker interfacial exchange coupling J. The
variation is reversed when the number of S monolayers N, changes
from even to odd. A complete suppression of 7, is observed for
the stronger J case (a), while the weaker exchange (b) results in a
variation of T as per Eq. (4). (c) By fitting the numerically evaluated
T.(9) to Eq. (4) for different thicknesses N,, AT, and AT, are
obtained and studied for their thickness N, dependence. The parity
effect of AT, with respect to N, results from the alternating sign
of Néel triplets’ amplitude, as discussed in Fig. 1. In all panels, N, =
202.In(a),U/t = 1andJ/t = 0.08.In(b),U/t = 1 and J/t = 0.02.
In(c),U/t = 1.3 and J/t = 0.08.

From Eq. (4) above, we see that
AT = [T.(0) = To(m)1/2, Ty = [T(0) + Te(1)]/2,
AT, =T.(n/2) - T.). ()

In Eq. (4), the ATC,” cos 6 term is expected due to the interfer-
ence of zero-spin Néel triplets generated by the two AFMI-S
interfaces [37], as briefly outlined in Fig. 1. It is analogous to
the cos 6 dependence in FM-S-FM trilayers [11,12] and bears
the symmetry of vectorial addition of the spin-splitting fields
from the two AFMIs. The ATE, | sin? 6 term is expected from
the generation of equal-spin triplets via the noncollinearity
between n; and n, [38-41] as it is finite only when the
two magnetic orders are noncollinear. In Eq. (4), AT, char-
acterizes the T, difference between parallel and antiparallel
configurations. When it is positive (negative), the 7 is larger
for the parallel (antiparallel) configuration of the magnetic
orders. On the other hand, AT, | represents the change in
T. when going from parallel to perpendicular configurations.
Together, ATC,” and AT, | provide a succinct parametrization
to study and present 7;. vs 6 in our system. We emphasize that
our numerical evaluation of 7, does not depend on or assume
this parametrization [Eq. (4)].

In Fig. 2(a), we depict the T, variation when the interfacial
exchange is strong and results in a complete 7, suppression
for certain 6. When the number of S monolayers N, = 2, the
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FIG. 3. (a) Spin-triplet Cooper pairs generated by the AFMIs
mediate coupling between the two Néel vectors r; and n,. This
coupling is captured by the superconducting condensate’s contribu-
tion fc to the 6 dependence of the free energy density. (b) Fitting
numerically evaluated fr to Eq. (7) yields Afi-; and Af¢,, which
are plotted vs N,, thereby delineating the thickness dependence of
the mediated coupling. We have employed N, =202, U/t = 1.3,
J/t =0.05, and Bt = 10*.

Néel triplets generated by the two AFMI-S interfaces interfere
destructively for & = 0. This results in a weakening of the
effect due to the AFMIs and a larger 7, at & = 0. For N, = 3,
the interference becomes constructive for 6 = 0 [Fig. 1(c)]
due to the checkerboard pattern of the Néel triplets [Fig. 1(b)]
and the T, vs 6 trend is reversed. When the exchange coupling
J is small enough to avoid a complete suppression of T, the
numerically evaluated T.(0) [Fig. 2(b)] is found to perfectly
fit Eq. (4). The reversal of trends between N, =2 and 3
remains as before and is attributed to the interference and
checkerboard effects.

Considering a filling fraction n = 0.6, we found a negli-
gible dependence of 7. on 6. This is consistent with a much
weaker generation of Néel triplets away from n = 0.5 corre-
sponding to i = 0 [41]. Furthermore, for a direct comparison,
we discuss plots analogous to Figs. 2(a) and 2(b) for a tri-
layer comprising a ferromagnetic insulator (FMI) instead of
an AFMI in the Appendix. The FMI-S-FMI trilayer is found
to exhibit a weaker T, dependence, lack of an abrupt jump to
0 seen in Fig. 2(a), and no reversal of 7, variation between
N, =2 and 3. This emphasizes the several unique features
of our investigated AFMI-S-AFMI system. Here, we have
considered AFMIs with zero net magnetic moments. In the
presence of a finite magnetic moment due to canting [41], we
expect the T, variation to bear a small contribution reminiscent
of the FMI-S-FMI case investigated in the Appendix.

Finally, Fig. 3(c) shows the dependence of ATC, | and ATC, n
on N, obtained by fitting the numerically evaluated data to
Eq. (4). AT, |, found to be an order of magnitude larger than
AT, |, exhibits a parity effect with N, due to the checker-
board pattern of Néel triplets [Fig. 1(b)] and the resulting
interference effects [Figs. 1(c) and 1(d)]. This further validates
the argument presented above that the AT, cos 6 term stems
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from the Néel zero-spin triplets [37,41]. As ATC’ | stems from
the regular equal-spin triplets generated by the noncollinearity
between n; and n; [38—40], it exhibits a simple decay with N,
without any alternation of its sign.

The results presented above (Fig. 2) show that an in-
finite magnetoresistance [18], resulting from a switching
between the normal resistive and superconducting states using
an applied magnetic field, is achievable in the considered
AFMI-S-AFMI trilayer by reorienting the Néel vector of one
AFMI with respect to the other. Recent experiments already
demonstrate manipulation of the Néel vector in an easy-plane
AFM]I, such as hematite above the Morin transition [45], using
small magnetic fields [46]. Furthermore, a complete suppres-
sion of T, [Fig. 1(a)] enables such a device at arbitrarily
low temperatures. An observation of the parity effect with N,
[Fig. 2(c)] will additionally provide evidence in favor of these
recently predicted Néel triplets.

IV. NEEL TRIPLETS MEDIATED COUPLING BETWEEN
THE ANTIFERROMAGNETIC INSULATORS

We have learned above how the generation of Néel triplets
by the two AFMIs enables control over the superconduct-
ing state in an AFMI-S-AFMI trilayer. Now, we seek to
examine the inverse effect, i.e., how the superconducting con-
densate enables a coupling between the two Néel vectors
n; and n, [Fig. 3(a)]. This is distinct from the conven-
tional exchange coupling between two magnetizations [11].
Since the latter vanishes in a typical AFMI, coupling two
AFMIs is more challenging and rewarding. Furthermore, in
an FMI-S-FMI trilayer, the coupling between the two mag-
netic orders mediated by Cooper pairs competes with a direct
dipolar interaction between them. A lack of the latter in our
AFMI-S-AFMI system makes the role of Cooper pairs more
important.

To examine the desired coupling, we need to compute the
S layer free-energy density f as a function of 6. It is given
by f=—(/BN)In(Z), where the partition function Z is
Z = Trlexp(—pBH)]. Here, B = 1/kgT with kg the Boltzmann
constant and 7 the temperature. Inserting the diagonalized
Hamiltonian Eq. (2) into the free-energy density expression
above, we obtain

__Hyp 1

- —BE,
f v ’BNXH:ln(1+e ), (6)

which is evaluated numerically [36]. This free-energy density
[Eq. (6)] includes the contribution of quasiparticles, which can
also mediate a coupling between the two AFMIs [21,47—49].
Since we are interested in the superconducting condensate’s
role in mediating this coupling, we focus on the superconduct-
ing condensation energy density contribution fr = fy — fs
attributed to the Cooper pairs [50]. Here, fx (fs) denotes
the free-energy density in the normal (superconducting) state
and is obtained when U =0 (U # 0) in the Hamiltonian
Eq. (1).

Making symmetry-based and physical arguments similar to
the ones put forward in assuming the 7. dependence Eq. (4),

we expect the relation

fc(9)
fco

+ Afei(ny x m)* + fey. @)

where fc is the condensation energy for the same S layer
without the adjacent AFMISs, i.e., considering J = 0 in Eq. (1).
Furthermore, we have expressed 6 in terms of the Néel
unit vectors to emphasize and clarify their mutual coupling
[Fig. 3(a)]. ~

Evaluating f¢(6) numerically, we find the results to fit
Eq. (7) perfectly, thereby vindicating it and providing the
desired A fc. j and A fc.1.. These have been plotted in Fig. 3(b)
for different number N, of S monolayers. Afc, originates
from the Néel zero-spin triplets [37,41] and captures an ex-
changelike interaction between the two AFMIs’ Néel orders.
Consequently, it also bears the parity effect resulting from the
alternating nature of the pairing amplitude [Fig. 1(b)]. On the
other hand, A fc, | represents an unconventional interaction
originating from the equal-spin triplets induced by the non-
collinearity between n; and n,.

Altogether, Fig. 3 delineates the thickness dependence of
the desired coupling between the two AFMIs’ Néel orders,
which may find applications in control over AFMIs. At the
same time, the similarity between Figs. 2(c) and 3(b) indicates
the complementarity between and a common origin of the
effects investigated here providing valuable insights into the
Néel proximity effect and Cooper pairs.

fe0) =

= Afc)(ny -ny)

V. CONCLUSION

Employing the Bogoliubov—de Gennes framework and
numerical diagonalization of the Hamiltonian, we have
demonstrated a control of the superconducting critical tem-
perature (7;) and a condensate-mediated coupling between
the two Néel vectors in an AFMI-S-AFMI trilayer with
compensated interfaces. Our investigated trilayer manifests
various advantages over its conventional FMI-S-FMI coun-
terpart including a stronger effect on 7. and no interference
from magnetostatic fields in the coupling between the two
magnetic orders. The demonstrated dependence of 7. on the
two Néel vectors enables an infinite magnetoresistance in the
current-in-plane geometry via switching between the normal
and superconducting states of the S layer [18]. An interfer-
ence between the spin-triplet Cooper pairs generated by the
AFMI-S interfaces is further shown to enable coupling
between the two AFMIs’ Néel vectors n; and n,. The pre-
dominant coupling mediated by the Néel zero-spin triplets is
exchangelike ~n; - n,, while a weaker coupling of the form
~(n; x n,)* is caused by equal-spin triplets. These phenom-
ena are enabled by the recently predicted Néel triplet Cooper
pairs [37] generated at such compensated AFMI-S interfaces.
As aresult they bear a distinct parity effect carrying signatures
of the Néel triplets’ alternating amplitude and should provide
the means to experimentally observe them. Thus, our work
paves the way for investigating a broad range of supercon-
ducting hybrids incorporating antiferromagnets including the
effects of spin-orbit coupling. At the same time, the phe-
nomena discussed here outline possibilities for exploiting the
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broad range of advantages offered by antiferromagnets in
superconducting spintronic devices and phenomena.
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APPENDIX: FERROMAGNET-SUPERCONDUCTOR-
FERROMAGNET TRILAYER

Here, we consider trilayers comprised by ferromagnetic
insulator (FMI) layers [see Fig. 4(a)] instead of the compen-
sated antiferromagnetic insulator (AFMI) layers considered in
the main text. Employing the same numerical routines, we
evaluate 7; as a function of the angle 6 between magnetic
orders of the two FMI layers. The plots in Figs. 4(b) and 4(c)
show data analogous to that in Figs. 2(a) and 2(b) of the main
text, including use of the same parameter values.

There are two minor differences in the numerical method
though. First, we needed to employ a larger value of N, to
adequately capture the superconducting properties. This is
because the density of states for the AFMI-S-AFMI is larger
than its FMI-S-FMI counterpart for the considered parame-
ters. Thus, a larger number of lattice sites was needed to obtain
convergent values for the FMI-S-FMI trilayer. Second, the
algorithm for 7, evaluation needs to be modified and in each
binary search iteration, the superconducting gap needs to be
established self-consistently. This is because the FMI-S-FMI
system manifests a first-order phase transition with tempera-
ture [9,10] for larger values of J. There are thus multiple stable
solutions for the superconducting state for a range of param-
eters. Our updated 7, search algorithm overcomes all these
complications. As a result, the numerical evaluation for the

FMI,
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FIG. 4. (a) Schematic depiction of a system where the com-
pensated AFMIs are replaced with ferromagnetic insulators (FMIs)
with magnetization along m; and m, that subtend an angle 6. The
normalized critical temperature 7. variation with 0 is plotted for
(b) stronger and (c) weaker interfacial exchange coupling J. Contrary
to the AFMI/S/AFMI system, the variation is no longer reversed
when the number of S monolayers N, changes from even to odd. The
weaker exchange (b) results in variation of 7, as per Eq. (4) in the
main text. In both panels, N, =402 and U/t = 1. In (b), J/t = 0.08.
In (c), J/t = 0.02.

FMI-S-FMI system was much more computationally inten-
sive, resulting in our providing fewer data points in Fig. 4(b).

The numerically evaluated data plotted in Figs. 4(b) and
4(c) show that the variation of T, is weaker in the case of
FMI-S-FMLI, as compared to the situation in AFMI-S-AFMI.
Furthermore, the maximum 7, is always obtained at 8 = m,
as expected [11]. There is no parity effect with the number of
S layers, reinforcing our argument that the observed parity
effect in AFMI-S-AFMI system is a smoking gun signature of
the Néel triplets. Finally, Fig. 4(b) shows that for the FMI-S-
FMI system, T, varies smoothly with 6 and there is no abrupt
jump to 0, as what is seen for the AFMI-S-AFMI case.
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