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Josephson current in the presence of a precessing spin
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The Josephson current in the presence of a precessing spin between various types of superconductors is
studied. It is shown that the Josephson current flowing between two spin-singlet pairing superconductors is not
modulated by the precession of the spin. When both superconductors have equal-spin-triplet pairing state, the
flowing Josephson current is modulated with twice the Larmor frequency by the precessing spin. It was also
found that up to the second tunneling matrix elements, no Josephson current can occur with only a direct
exchange interaction between the localized spin and the conduction electrons, if the two superconductors have
different spin-parity pairing states.
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There is an intense interest in a number of techniques that The model system under consideration is illustrated in
allow one to detect and manipulate a single spin in the solidFig. 1. It consists of two ideal superconducting leads coupled
state. Partial list includes optical detection of electron-spirto each other by a single magnetic spin. In the presence of a
resonancéESR) in a single moleculé,tunneling through a  magnetic field, the spin precesses around the field direction.
quantum dof, and more recently electron-spin-resonance-\We neglect the interaction of the spin with two supercon-

scanning tunneling microscopfESR-STM technique’™® It qgucting leads. The Hamiltonian for the Josephson junction
has also been recognized that the ESR-STM technique isan then be generally written s

capable of detecting the precession of a single spin through
the modulation of the tunnel current. Interest in ESR-STM H=H, +Hs+H )
L o . . . L R T-
lies in the possibility to detect and manipulate a single $pin,
which is crucial in spintronics and quantum information pro-The first two terms are, respectively, the Hamiltonian for
cessing. electrons in the left and right superconducting leads of the
Several proposals have been made for the mechanism ainneling junction:
the spin detection with the ESR-STM. One is the effective
spin-orbit interaction of the conduction electrons in the two- +
dimensional surface coupling the injected unpolarized cur-Hi(r)= E €k(p)Ck(p),oCk(p).o
. . : k(p);o
rent to the precessing spimAnother one is the interference

between two resonant tunneling components through the 1

magnetic field split Zeeman levelBBoth these mechanisms += E [Aw,(k(p))cl(p)’gcik(_p)]o,+H.C-],
rely on a spin-orbit coupling to couple the local spin to the k(p)io,o’!

conduction electrons and have assumed no spin polarization (2)

of tunneling electrond.0n the other hand, one can perform o
ESR-STM measurements on samples with much smalléfhére we have denoted the eJ!ectron creatiannihilatior)
spin-orbit coupling’. Theoretically it is also important to in- OPerators in the leftL) lead byc,,, (c,) while those in the
vestigate the role of direct exchange in ESR-STM measureight (R) lead byc/, (c,,). The quantitiesk (p) are mo-
ments, without any spin-orbit couplif§.Exchange interac- menta ando is the spin index. The quantitiesp) .,
tion has a tremendous effect on the physics of conducting . (k(p)) are, respectively, the single-particle energies of
substances when magnetic impurities are preSent. conduction electrons, and the pair potentelso called gap
The above-mentioned experimental and theoretical studunction) in the leads. For the purpose of this work, the
ies are concentrated on the tunneling between two normdihysical origin for the superconducting instability is beyond
metals. A natural extension is a question of the role of @&he scope of our discussion. The two leads are weakly
precessing spin localized inside a tunneling barrier on th€oupled with the tunneling Hamiltonian:
Josephson current between two weakly coupled supercon-
ductors. This is the problem we address in this paper. B
Previously, the Josephson effect between superconductors
with nontrivial pairing symmetry has been extensively stud-
ied, see, e.g., Ref. 13. There are two main aspects of the
current study that differ from the previous work.
(1) We will consider the effect of the precessing localized
spin in the junction on the Josephson current. This effect, to S
our knowledge, has not been addressed before.
(2) We will assumeno spin-orbit couplingbetween the FIG. 1. Magnetic spin coupled to two superconducting leads. In
superconductors. The role of the spin-orbit coupling will bethe presence of a magnetic fieRj the spin precesses around the
addressed elsewhere. field direction.
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t ; ’
Hr= 2 [Too(K,P)Cl,Cpo +H.Cl, (3) |J(t):ef dt'[e VAL, A(L)])
k,p;o,0’ —
where the tunneling matrix elemeft,,.(k,p) transfer elec- —e eV TAT (1), AT(t) )], 7)

trons through an insulating barrier. When a local spin is em-
bedded into the tunneling barrier, the tunneling matrix can bé&"
written in the spin space 5

- |®-3S &
= Oex — T

0

here the operator

A= 2 Toe(Kpi)Ch (1) Cpyr(1).

k,p;o,0’

, (4)

Here the operatorsy ) ,(t) = e t®'cy ) 6~ L@t with

where ® is the spin-independent potential barrieb Kiwry=HLwr) — #L)NLr)
=%2/2m.d? is the characteristic energy scale for the barrier
width d, J is the exchange interaction between the local spin

Sand the tunneling electrons denoted by the Pauli matrix
In an external magnetic fiel®, a torque will act on the N (r)= TE
magnetic momenj of amountux B, whereu= yS with y K(P): 7)o C(p)r
being the gyromagnetic ratio. The equation of motion of the
local spin is given bydu/dt=uX (yB). For a static mag-
netic field applied along thedirection, we shall see that the
local spin would precess about the field at the Larmor fre
guencyw, = yB, i.e.,S=n(t)S, whereSis the magnitude of
the .Iocal spin and n(t)=(nx,nyznz)=(nLcos@,_t),- Cko_zz (uk(r(r")’k(r’_o-vtkg-g-"ytka-/) 8
—n;sin(w.t),n)) the unit vector for the “instantaneous” spin o’

orientation. Herenj andn, are the magnitudes of the longi-

For either spin-singlet or spin-triplet superconductors, we
can perform the Bogoliubov transformation to express the
electron operators in terms of quasipatrticle operators:

. . S to diagonalize the unperturbed Hamiltonian, where
tudinal and transverse componentsSab the field direction. (Ukow’ D1oyr)T IS the Bogoliubov quasiparticle wave func-

They obey the sum rulef +n?=1. We note that the EXPIES- tion. For a spin singlet superconductor, the order-parameter
sion forn(t) shows the constant left-handed precession, and__, . . R g .
thez component ofSis time independent. The precession Ofmatrlx Ca? be.wnttekn a?(k)_('fry) ’ﬂ.(ll()’ where?ﬁ(k)_ IS
the spin can also be obtained quantum mechanically by ret%n even UBCIIOI’I ok. The quasiparticle wave function is
placing the local spin operator with its average value. The en given by
exchange term in the exponent of the tunneling matrix ele- U, e letos
ment is very small as compared with the barrier height ( koo ):( k 77 )
We then perform the Taylor expansionJd® and arrive at

&k

. [ D
T:Toexr<_ _)
" u 2|1 E,
- JS |® k| _ k
+n(t).asin}‘(ﬁ E)} (5) (Uk)_ 1(1_ gk) ) (10

2|7 Eq

9

Ukoo! vkéa',*o"

with

JS [®
cos ﬁ 30 1

Since the energy associated with the spin precession . _ (ot @) i
fw ~107% eV is much smaller than the typical electronic where we have introducedj(k)=|y(k)le with

energy on the order of 1 eV, the spin precession is very slow and ¢ being the internal an global phasgs, a‘fw
as compared to the time scale of all conduction electron pro- €k~ 4 and Eq= Vét+|w(k)|°. For the spin-triplet
cess. This fact allows us to treat the electronic problem adiaPairing state, the order parameter can be writtenAgs)
batically as if the local spin is static for every instantaneous=i(d(k)- [r)&y, whered=(d,,d, ,d,,) is an odd vectorial
spin orientatiort* Our remaining task is to calculate the Jo- function of k defined in a three-dimensional spin space
sephson current in the presence of the spin. The current ogpanned by ,v,w). We shall be typically concerned with
erator is given by two types of triplet pairing states—nonequal-spin pairing,
where the Cooper pairs are formed by electrons with antipar-
o + allel spins, and equal-spin pairing, where the Cooper pairs
I=ie > , [Toor (K,P;)C s Cpor —H.C]. 6)  are formed by electrons with parallel spins. The non-equal
kpio. spin pairing state has the form

When a voltage biasV= | — ur is applied across the junc- 0 di(k
tion, following the standard procedutéwe can write the A(k)z( 1(K) (11)
phase dependent contribution, i.e., the Josephson current as d,(k) 0 )’
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corresponding to d,,d,,d,)=(0,0d,(k)). This type of where the Fermi distribution functiori(E)=1[expE/T)
pairing state may be realized in the recently discovered su+1]. We evaluate the Josephson current in various types of
perconducting SRuQ,.'%1 The equal-spin pairing state has superconducting junctions. First let us consider that both the
the form left and right superconductors are of spin-singlet pairing
symmetry, one can arrive at the Josephson current as

Ao (Zdu(k) 0 ) 2
= , 1 '
0 2difl) =63 3 (00)IM[T, (DT, (tel@Ve o]
K, oo’
corresponding tod,,d, ,d,,)=(0,—i2d,(k),0). This state P
may be relevant to thé phase of superfluidHe (Ref. 18 |l | | Qi p(€V)
and of heavy fermion URt!° A little algebra yields the qua- X 2E,E : (16)
siparticle wave function P
, where the phase differenég = (or— ¢ )+ (¢, ¢x), and
Ukgo! 0'U|'kel($k+(’o)5ggr
Ukoo! - V) k5 ’ ' (13) 1
o . Qpl V)= Vi E—E, eV-E rE,) (KB
for the nonequal-spin-triplet pairing state; while
1 1
i(pto+m) + _
uko’o") _ ( Uull,ke ‘pk(: 5(7’(7'/) (14) eV+ Ek+ Ep eV— Ek_ EJ
S POt X[1=f(E)—f(Ep)]. (17)

for the equal-spin-triplet pairing state. Heng(, ,v,(,,),k)T . S .
has the same form as that given by HA0) exceptE, The summation over spin indices involves terifis,T || anq
N TNy = (ot ¢) T;,T,;. It then follows from the structure of the tunneling
= V&t |di(K)* and dy (k) =]dy, (k) "), respec matrix as given by Eq(5), which has the propertyr
tively. Due to the opposite parity of the triplet pairing state as ' L

e . .
compared with the singlet counterpart, there appears an ad_—TTl’ that the flowing Josephson current is not modulated

ditional factore (=+1) in Egs.(13) and (14), which wil with time by the precessing spin. Similarly, one can find that

crucially influence the Josephson current between two supe his conclusion is also true for the Josephsor) current be‘gvyeen
wo superconductors both of nonequal-spin-triplet pairing

conductors of dissimilar spin parity. We shall also note tha ; . T
the electron component of the eigenfunction is an even funcymmetry. However, when each_ S'd.e of th_e_ junction Is a
tion of k (i.e., u_,=uj arising frome_,= @) for the spin- superconductor having equal-spin-triplet pairing symmetry,

) L s . ; the Josephson current becomes
singlet pairing state while is an odd function &f (i.e.,

Ujaiy, —k= — Uiy, k arising frome = ¢y + ) for the triplet

pairing state. = —e> D IM[Tyy (1) T g (t)el(2eVErde)]

The Josephson curremg originates from a number of kP o’

terms in the perturbation expression E@) in which the
expectation value of two creation operators in one supercon- [l d ol 2 p(€V)
ductor is combined with the expectation value of two anni- 2E(E, ’

hilation operators in the other superconductor, that is, . . . .
~t =t R ~ , _ which will be time dependent even in the absence of the
(ckgl(t)c_kgz(t ))(cpgi(t)c_paé(t )). Using the above

_ _ . voltage bias when the spin is precessingegt. In some
symmetry properties, one can fmd the expectation \{alues fodetail, becaus®; =T}, =|T; |e'"“t", I, contains a term with
superconductors with a spin-singlet, nonequal-spin-tripletg prefactor cos(@t). This implies that the Josephson current

(18

and equal-spin-triplet pairing state: flowing between two equal-spin-triplet pairing superconduct-
. ors is modulated in time at a frequency o, i.e., twice
085, ' Ui Uk the Larmor frequencyThe relative ratio between the Larmor
(Elg(t)?:f_kg,(t')ﬁ oo Ufvr | [EE (B modulation partsl ; and the constant palty is:
et o _ re 10 2-103 (19
_e—iEk(t—t')f(_Ek)]’ (153 [0 20D, '
and for ®=1 eV, ®;,=0.05 eV, JS=0.1 eV, which is experi-
mentally detectable. The modulation of a Josephson current
ggav_g,upvg py a precessing spin could be used for a single spin detec-
_ tion.
P = ! — * - —t’ . . .
(Con(t)C_por(t'))=|  Oo—orUipvip | [ Fp(t7S If we suppose that the left superconductor is a spin-singlet
~ 8o Ut pU o superconductor that is weakly coupled to the right supercon-

_ ) ductor having nonequal-spin-triplet pairing symmetry, the
X(—Ep)—e®lf(E)], (15b  Josephson current is found to be
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contribution of a Josephson current regardless of the pairing

li=eX 2 oIm[T,m (DT, (1) eV on)] symmetry.
kP oo’ In summary, we have studied the Josephson current
|l A1l Qi p(€V) through a precessing spin between various types of super-

(20 conducting junctions. It is shown that the Josephson current
flowing between two spin-singlet pairing superconductors is
not modulated by the precession of the spin. When both su-
perconductors have equal-spin-triplet pairing state, the flow-
ing Josephson current is modulated with twice the Larmor
lﬂrequency by the precessing spin. It was also found that up to
S g e second order in the tunneling matrix elements no Joseph-
superconductor of equal-spin-triplet pairing symmetry, dué,p ¢yrrent can occur by the direct exchange interaction be-
to the summation= /T, ()T (1)=0. Therefore, yyeen the localized spin and the conduction electrons, if the
we conclude that the Josephson current cannot flow betwego superconductors have different spin-parity pairing states.
two superconductors with the pairing symmetry of differentas far as we know, no measurements of Josephson current
spin parity even if there is a precessing spin located in thenrough a precessing spin between two superconductors have
tunnel barrier. been reported yet. We believe that the observation of our
Based on the above microscopic analysis, we can estalpredictions is within the reach of present technology. On one
lish a simple phenomenological theory for the Josephsohand, the ESR-Josephson junction spectrometer, using the
effect through the precessing spin. We definE, idea of coupling the magnetic impurities to an radio-
=0(CkeCk.—0)s (CkoCok.—o)s (CkeC—_ko) as the macro- frequency(rf) field > has been realiz&84% in an earlier
scopic wave function on each side of the junction with spin-time. In this technique, the effects of magnetic impurities
singlet, nonequal-spin and equal-spin triplet, pairing symmeenter via a complex susceptibility, which induces a fluctuat-
try. The equations of motion can be written as ing magnetization in the presence of the rf field. The spin-
relaxation time is generally governed by the coupling of the

2E,E,

Notice that the summationX,, oT,, (t)T_, _,(t)

==2,50T,,(1)T_, _,(t). This property mandates that
I; has to be zero. Also the Josephson current cannot occ
when a spin-singlet superconductor is weakly coupled to

N spin with its environment. In the situation studied by these
! ot :eWL~0+2 Koo VR (213 ezrlier authors, relaxation is determined both by the strong
7 correlation between magnetic impurities and by the tunneling
IV single electrons when a voltage bias is applied. In the present
i— = —eV\IfR,U+E Kfm,\PL,UV , (21  work, the spin relaxation is strongly suppressed due to the
Jt o’ gapped nature of quasiparticles when a dc Josephson effect is

gonsidered. Therefore, we can expect a very long spin-
relaxation time when the local single spin is embedded into
the tunneling barrier of the junction. This advantage allows
us to treat the single spin to precess freely along the direction
8f'the applied static magnetic field. On the other hand, as a
. . possible experiment, we mention results on atomically sharp
—0.=2eVtt og— ¢ . For the junction formed by two g ,herconducting tip in low temperature STM in both the qua-
spin-singlet paring superconductors, i}, are time inde-  ginarticle tunneling regin and the Josephson tunneling
pendent. For the spin-singlet/spin-triplet junction, the termsregimé5 [coined as “Josephson STM” or JSTKRef. 26]
contributing to the summation over spin indices cancel eachy,” -onventional superconductors. Therefore, it would be
other. However, fqr the spin—triplet/spin-triple.tjunqtion, therevery interesting to extend the JSTM technology by using a
are terms proportional tK, lexp(+2iwt). With this char- g, Jareonducting tip to study the Josephson current in the

acteristic ofK, one can then arrive at the same conclusion a@icinity of an atomic spin on the superconducting surface.
from the microscopic analysis. We should stress that in the

presence of spin-orbit coupling, one is allowed to have direct We thank D.P. Arovas and M. Sigrist for helpful discus-
coupling of a current produced by spin-singlet superconductsions. This work was supported by the Department of
ors and local spirs. This would lead to the time-dependent Energy.

where K, represents the spin-dependent coupling acros
the barrier. Making the  substitutions ¥ (g,
=NE/(2R)J exp( 9'-('?)) with NL(R):. 2 M (r).o b€INg the num-
ber of Cooper pairs on each side, one can get the Josephs
current |;=-N2NVEY2Im[K,, exp(d6)] where 56= 6
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