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Abstract

We propose a controlled Josephson spin current across the junction of two non-
centrosymmetric superconductors like CePt3Si. The Josephson spin current
arises due to the direction-dependent tunnelling matrix element and different
momentum-dependent phases of the triplet components of the gap function.
Its modulation with the angle & between the non-centrosymmetric axes of two
superconductors is proportional to sin£. This particular dependence on & may
find application of the proposed set-up in making a Josephson spin switch.

Traditionally, Josephson junctions [1, 2] in superconductors draw interest both scientifically
and in their applicability in making devices. With no exception, they have also been studied
in unconventional superconductors like spin-singlet cuprate [3] and spin-triplet Sr,RuQOy4 [4]
superconductors. However, no Josephson junction between nonmagnetic superconductors is
known to generate spin-polarized current. The purpose of this letter is to theoretically show
that the direction-dependent tunnelling matrix element across the junction between two recently
discovered [5] non-centrosymmetric superconductors like CePt3Si leads to tunnelling of both
spin-singlet and spin-triplet Cooper pairs. As a consequence, a non-vanishing spin-Josephson
current is viable along with the usual charge-Josephson current. This novel spin-Josephson
current depends on the relative angle & between the axes of non-centrosymmetry r2; and 7R in
the left and right side of the junction respectively. This angular dependence may be used to
make a Josephson spin switch.
The normal state Hamiltonian [6, 7] for the electrons in a band of a lattice without inversion
symmetry is
Hy = Zékclscks + Z gk * Uss'Clkasu (1)
k.s Kk,s,s’
where electrons with momentum k and spin s (=1 or |) are created (annihilated) by the
operators clts (cks), and &g is the band energy measured from the Fermi energy ep. The
second term in the Hamiltonian (1) breaks parity symmetry as g_x = —gx for a non-
centrosymmetric system. For a system like the heavy fermion compound CePt3Si which has
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a layered structure, Hj is considered to be two-dimensional. For such a system of electrons
with band mass m, & = % — er and gk = ony, where 9, = n x Kk, ie., the spin—
orbit interaction is of Rashba type [8] and « is the Rashba parameter. Here 7 represents
the axis of non-centrosymmetry which is perpendicular to the plane of the system. Due to
the breaking down of the parity, spin degeneracy of the band is lifted; by diagonalizing Hj,
one finds two spin-split bands with energies &, = & + Awalk|, where A = =+ describes
the helicity of the spin-split bands. Therefore in the diagonalized basis Hy (1) becomes
Hy = Zmzi ék,\f‘ltﬁk,\, where ¢, = (ckp — 1A exp(iqﬁk)ckl)/ﬁ is the electron destruction
operator and Eltk = (cltT +iA exp(—iq&k)cl D/ /2 is the electron creation operator in band A with
momentum k whose orientation with x-axis is ¢x. The density of electronic states at the Fermi

energy in these bands may be found as v, = 7-(1 — Ama/| [kE + m2a?), where kp = +/2meg
is the Fermi momentum.

Band structure calculation [9] on CePt;Si reveals that the energy difference between the
two spin-split bands near kg is 50-200 meV, which is much larger than the superconducting
critical temperature, kg 7. ~ 0.06 meV [5]. The formation of Cooper pairing between electrons
in different spin-split bands may thus be ignored. The Hamiltonian for these superconductors
may then be written as

o= Y [odto + (Mudhiy +he)], @
K A=+
where Cooper pairs are only between intraband electrons. Therefore the normal and anomalous
Green’s functions are obtained respectively as G (K, i€,) = — (i€, + &) /(€2 + &2, + | A |?)
and F, (k, i€,) = Ak,\/(e,f +«§f}\ + A |?), where €, is the fermionic Matsubara frequency [13].
The superconducting order parameter Ay, obeys the symmetry [9, 10]: A_xy = —Axs.
We consider Ay, = Ak,\Ak, i.e., the angular dependences of k on the order parameters
of the two bands are assumed to be same. Apart from the overall phase rigidity angle ®
of the superconductor, there may be a relative phase difference 6 between the two bands:
AH = |Ak+|ei@ and Ajp_ = |Ak,|ei(@+9). Reverting H; (2) to a spin-up (-down) basis,
we find

& Axpy Tkr  Axgy

— il Alt,TT —&k Alt,m Flt,R
= ;\yk MR Bkyr & Ak e ®)

Ay Tero Ay b
where AkxTT = %(Ak%— + Ak_)Ak, Akmbi = %exp[2i¢k](ﬁk+ + Ak_)Ak, and AksT~L =
—Ag 4 = %exp[iqﬁk](AH — Ar_)Ay are the different components of pairing potential
Ak sy between electrons with spins s and s', and 'k g = ix|k|exp[—i¢x] is the Rashba
spin—orbit coupling potential. The Hamiltonian (3) has been expressed in the basis such
that \IJIZ = (CIZT, C_kts Cltl’ C_xy). Since Ag4, = —Agy, there is no triplet component
with zero projection along the spin-quantization direction; pairing between electrons with
unequal spins entirely gives rise to the singlet component. If we choose Ax = —iexp[—i¢gk],
the triplet component of the pairing may be expressed as Ak,T = (di - 0)io, with d, =
ﬁ (Apy + Ak,)ﬂk. In other words, the only stable [7] spin triplet component whose d || 17y
corresponds to this Ag. Therefore Ay 44 and Ay ;| will have equal but opposite momentum-
dependent phase. Accordingly the singlet component of the pairing potential becomes Ak s =
L(Aky — Ako). I |Agy] # |Ax_|, the admixture [6, 7] of singlet and triplet pairing takes
place. Recent observation [11] of Josephson current in the junction of CePt;Si and an s-wave
superconductor suggests the existence of a spin-singlet order parameter, while larger [S] upper
critical field H., seems to suggest that spin-triplet pairing occurs. One normally assumes the
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Figure 1. Schematic picture of two non-centrosymmetric superconductors, denoted by L and R,
coupled at x = x. Their orientations are characterized by the axes of non-centrosymmetry, 71y, and
AR.

(This figure is in colour only in the electronic version)

superconducting order parameter to be independent of the magnitude of momentum, i.e., Az,
is k-independent. The anomalous Green’s function Fiy (K, i€,) in the up—down basis is related
to F as Fyy = 2(Fp + F2), Fyy = 1eX%(Fy + F),and Fry = —F |y = $e™(Fy — 7).
Apart from the applicable momentum-dependent phases, the triplet (singlet) component of Fy
is the addition (subtraction) of the anomalous Green’s function of the two spin-split bands.

We now consider Josephson tunnelling between two such non-centrosymmetric
superconductors as depicted in figure 1. The Hamiltonian for the system then reads H =
H; + Hr + Hy, where Hp, and Hy are the bulk Hamiltonian of the left and right side
of the junction respectively and Hrt describes the tunnelling between these two sides. The
Hamiltonian Hy is described by H; (2) and Hy is also defined equivalently with the change
in the notation of momentum k — p to distinguish each side of the junction. Further,
each parameter in the left (right) is denoted by superscript or subscript L (R). The tunnelling
Hamiltonian reads Hy = ka,s(TchltsCPS + Tk*pc;scks), where Ty, is the tunnelling matrix
element for an electron with momentum p to tunnel from the right side to the left side with
momentum k. Time-reversal symmetry of Hr suggests Tk —p = T,

In a charge-tunnelling process, the number of electrons in either side of the junction
changes with time, e.g., the rate of change in the number of electrons of the right side of
the junction N = qus cgscps reads as NR = i[Hr, Nr]. Therefore the tunnelling charge
current becomes I.(t) = —e(NR(t)): one part corresponds to quasi-particle tunnelling and
the other part is due to the process of Josephson tunnelling [12, 13], i.e., tunnelling of
the Cooper pairs. We are herewith interested in the Josephson charge current defined as
Iy () = 2elmlexp(—2ieVt)P}, (eV)] at time ¢ and for an applied bias voltage V across

ret
the junction, where ®°(iw,,) = — foﬂ dr e " (T; A(t)A(0)) with imaginary time 7, A(7) =
kas Tkpclts (t)cps ('), the bosonic Matsubara frequency [13] w,,, and inverse temperature .
Instead of the axes of non-centrosymmetry of the two sides of the junction being parallel,
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general axes A and Ag will lead to , = Ay x k and fl, = Air X P. In that case, Josephson
tunnelling occurs in both the singlet and triplet channels. Separating these channels, we find

. |Tkp|2 ~ ~
O (i) = — Y [xs + Gix - i) xr] )
i€, kp 2'3
where
Xs = ) MM MAGT (K, i) For (. i€y — i) 5)
v
and
Xt = AAGF (K, i€,) T (p. i€y — iwp) (6)
s

represent singlet and triplet contributions respectively. While the direction-independent
electronic tunnelling probability |Tip|> = |T'|* leads to tunnelling of the singlet component
only, the triplet components of Cooper pairs tunnel due to the realistic direction-dependent [14]
|Tkp|2. This triplet part in the charge Josephson tunnelling process may effectively provide
spin-Josephson tunnelling. The rate of change of spin S, = ZP[C;TCM - c:, 1Cpy] due
to tunnelling, i.e., S‘Z = i[Hr, S;], gives rise to the spin-Josephson tunnelling current
I} (t) = —2Im[exp(—2ieV1)®} (eV)], where ®*(iw,) = —foﬂ dr e ™ (T, B(t)A(0)) with

B(1) = Yy, Tip L6 (1)p1 (7) — ¢ (T)cpy (T)]. We thus find

N . |Tkp|2 A A
D (iwn) =i ) D G X i) jxr, (7)
i€, kp 2p J

where (), x 1,), represents the jth spatial component of #; x .

We assume that the non-centrosymmetric axes are parallel to the interface of the junction
as shown in figure 1. The probability of tunnelling [14] will be greatest along the direction
transverse to the interface. In terms of normal state electronic tunnelling conductance Gy =
In/ 'V with Iy being normal state tunnelling current, we find the dc (V = 0) charge and spin
Josephson currents:

G
IJC = (ﬁ) [sin w(ngAl + ngZ) + COS¢(8+A3 + g*A4)] (8)

I = <eG2—;I__) Sk sin& [cos ¥ (A1 + Az) —sinyr (A + Ag)], 9)

where ¢y = O — Og, g+ = 8cos& + 1,8 € (0, 1) is a parameter depending on the model!
of the tunnelling matrix element, i.e., the angular dependence of Ty, cosé = AL - g, where
both 7. and g are in the plane of the interface, and « is the projection of np. x ng along the
direction perpendicular to the interface. Further, F = 7 Y, ,, vEvR (1 4 841" cos &) describes
the dependence of normal state tunnelling current on 8, Ay = ['yy + I'__cos(f. — 6Rr),
Ay =T_;4cosO +T'y_cosOr, A3 = I'__sin(f, — Or), and Ay = I'_; sinf — ' _ sinbg
with

AL||AR ALl — |AR

[ = mvloR JL*” ﬁL K |~i| |~;| (10)
[AG]+ 1AL A+ 1AL

at zero temperature, where K is an elliptic function of the first kind.

' For example, § =~ 0.4 for ITkpl2 ~ |T|212L[7L®(I€L[u) as suggested in [15], where ©® represents the Heaviside
function and subscript L represents the direction of momentum along the direction transverse to the junction.
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The charge (8) and spin (9) dc Josephson currents depend on both the sine and cosine of the
global phase difference ¥ between the two superconductors. Instead of a continuous relative
phase difference between the superconductors in each spin-split band, there is a possibility
of phase locking such that 6;,0r = nw (n € Z). In this case, A3 = A4 = 0 and hence
Iy (V =0) ocsinyr and I} (V = 0) o< cos . This situation is also true for 6, = 6g, even in the
absence of their locking at nsr. The critical charge- and spin-Josephson currents are modulated
with the angle &.

For general values of 6 and 6g, the charge (8) and spin (9) Josephson currents may be
parameterized as Iy = J7sin(y + x1) + Jysin(¥ + x2) and I} = J®cos(y + x1), where

Ji(eF/Gx) = Cicos&, J5(eF/Gn) = D, J'(€*F/Gy) = Coksing, xi = tan™' (54)

and x5 = tan~ (F=4) with C = [(A; + A2+ (A3 + 40?12, and D = [(A) — Ar)* + (As —
A4)?]'/2. With the application of external flux, the current and phase relationship [2, 3] for I i
may be found out. This will determine J{ and J; and thereby § and &. These determinations
will predict the value of ;. The spin current may be tested if the proposed set-up acts as a
source of spin current.

The spin-Josephson current (9) is proportional to sin&, which means that /§ is maximum
when the orientation of the axes of non-centrosymmetry between the left and right side of
the superconductors is transverse, and it vanishes when the axes are parallel. This particular
property should be useful to control the spin-Josephson current by orienting the axes about
which the inversion symmetries are lost. Therefore it will be useful to build a Josephson spin
switch.

To summarize, we have shown that the Josephson tunnelling process between two
superconductors without inversion symmetry consists of tunnelling of both spin-singlet and
spin-triplet Cooper pairs. Because the direction-dependent tunnelling matrix element in a real
junction and the momentum-dependent phases of the triplet components of the gap function,
namely Ay 44 and Ay |, are opposite, there is a net spin-Josephson current. This spin current
is proportional to sine of the angle & between the axes of non-centrosymmetry in the bulk
superconductors in each side of the junction. This may be used to make a Josephson spin
switch with the controlling parameter &.

SPM thanks CSIR, Government of India, for his research fellowship.
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