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The coherent quantum transport is investigated in normal-metal/superconductor/normal-metal (N/S/N) double

tunnel junctions under a Zeeman magnetic field on the S. Taking simultaneously into account the electron-injected

current from one N electrode and the hole-injected current from the other N electrode, we derive a general formula

for the differential conductance in the N/S/N system. It is shown that the conductance spectrum exhibits oscillatory

behaviour with the bias voltage, and the oscillation amplitude is reduced with increasing temperature and Zeeman

magnetic field, the Zeeman energy can lead to the Zeeman splitting of conductance peaks. In the tunnel limit, a series

of bound states of quasiparticles will form in the S.
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1. Introduction

Coherent effects of the quasiparticle transport in
double tunnel junctions consisting of superconductor
(S) and normal metal (N) have attracted much atten-
tion since early experiments by Tomasch.[!l The co-
herent tunnelling has been studied in S/N/S double
tunnel junctions by considering current-carrying An-
dreev bound states,/?? and multiple Andreev reflec-
tion (AR),*=7] The geometric resonance nature of dif-
ferential conductance oscillations in the S/N/SI8=10]
and ferromagnet (F)/F/S['"'?l double tunnel junc-
tions have been ascribed to the quasiparticle interfer-
ence in the central film. Recently,the study of coherent
quantum transport has been extended to F /S /F['3—15]
double tunnel junctions. It was pointed out!4] that
for an F/S/F double tunnel junction, if only the in-

jection of electrons from the left F to S is taken into

account, the current continuous condition cannot be
satisfied, which arises from the creation and annihi-
lation of Cooper pairs in superconductor. To solve
this difficulty, in the presence of a voltage drop be-
tween two F electrodes, it is necessary to take into ac-
count not only the electron injection from one F elec-
trode to S, but also the hole injection from the other
F electrode to S.'4 Several important features have
been revealed. The quantum interference effects of
quasiparticle in the S interlayer give rise to oscillations
of reflection and transmission probabilities as well as
conductances with energy above the superconducting
gap, and the AR and corresponding transmission co-
efficients show periodic vanishing phenomenon. In the
tunnel limit, all the reflection and transmission coef-
ficients exhibit some sharp peaks, corresponding to a
series of bound states of quasiparticles in S. A sim-

(15]

ilar but somewhat different approach!*®’ was applied
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to the same F/S/F structure, in which both electron
and hole injections from the left F to S were taken
into account. If the exchange splitting of F is taken

14,15] are equivalent to

to be zero, both the approachesl
each other, reducing to the Lambert approach to the
N/S/N structures.[6]

Very recently, the coexistence of superconduc-
tivity and ferromagnetism has been a most inter-
esting subject in condensed matter physics.[}7—27]

(28] and

Following the original work of Clogston,
Chandrasekhar,??! the modification of superconduc-
tivity by the Zeeman coupling between the spins of
the electrons and an applied magnetic field has at-
tracted intermittent attention.(*?] It is predicted in
early 1960s by Fulde and Ferrell® and Larkin and
Ovchinnikov®?! (FFLO) that a finite momentum pair-
ing state can occur under magnetic fields when elec-
tron momenta at the Fermi energy are different for
the two spin directions. Experimentally, the clas-
sic predictions on the nature of the s-wave phase
boundary have been confirmed by the work on thin
Al films.[33] Unlike the conventional Cooper pairs in
which two electrons have opposite spins and momenta
(K1, —K|), the Cooper pair in the FFLO state has
a finite centre-of-mass momentum @ of the order of
2ho/hvp, and consequently leads to a spatially mod-
ulated superconducting order parameter, where hg is
the magnetic exchange energy corresponding to the
half of the difference in the energy between the spin-

up and spin-down bands, and vg is the Fermi ve-

locity. It was shown that the coexistence of super-
conductivity and ferromagnetism is given by hg <
0.707Aq for zero centre-of-momentum Cooper pairs
and 0.707A4g < hg < 0.754 A for the FFLO states for
the s-wave S,[31’32] or hg < 0.564 for zero centre-of-
momentum Cooper pairs and 0.564¢ < hg < 1.064,
for the FFLO states for the d-wave S,[34 where Ay is

the energy gap in a nonmagnetic S.

In this paper, we present a theory of the coherent
quantum transport in N/S/N double tunnel junctions
under a Zeeman magnetic field on the S, study the
response of S to a magnetic field, and derive a gen-
eral formula for the differential conductance in terms
of reflection and transmission coefficients by taking
simultaneously into account the electron-injected cur-
rent from one N electrode and the hole-injected cur-
rent from the other N electrode, as shown in Figs.1(a)
and (b) (or (d) and (c)).

potential in S is determined by the current continuity

In this case, the chemical

condition, i.e. the current from the left N to S via the
left N/S interface must be equal to that from the S
to the right N via the right interface. In the present
coherent transport, the coexistence state between su-
perconductivity and ferromagnetism means that there
is an exchange splitting in the S caused by the Zee-
man magnetic field, the quasiparticle interference in
the S and the resonant tunnelling play an important
role, exhibiting new quantum effects on the tunnelling

conductance in the N/S/N structures.
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Fig.1. Schematic illustration of reflections and transmissions of quasiparticles in an N/S/N structures.
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2.Ferromagnetic superconductor
and quasiparticle transport co-

efficients
Consider an N/S/N double tunnel junctions,
in which the left and right electrodes are made of the
same N, and they are separated from the central S
There
is a uniform magnetic field B applied to the S, the

by two thin insulating interfaces, separately.

Zeeman energy hqg = uB, where p = gug/2 is the

magnetic moment of an electron, ug is the Bohr mag-

Hy —nsho
A* (T, hy)

Here the excitation energy E is measured relative to
Fermi energy Er, A(T, hg) is the effective supercon-
ducting order parameter, and depends on the temper-
ature T' and Zeeman energy hg, 1, = 1 for o =T,
ns = —1 for 0 =], ¢ standing for the spin opposite
to o. Ho(r) = —h®V2/2m + V(r) — Ep with V(r)
the usual static potential. In our calculations, the
two very thin insulating layers at + = 0 and x = L
can be modelled to be two d-type barrier potentials:
U(z) = Up[é(x) + 6(x — L)], where L is the thickness
of the interlayer S, and Uy depends on the product of
barrier height and width. From the BdG equation, we

obtain

u? = % {1 + \/1 — A2 (T,ho)/(E+nah0)2] , (2)

2 _
Vs =

V1 2 (@) (B el )

N | =

The wave vectors of the electron-like and hole-like

1= fr,

A (T, hy)
_HO + ’I’]g—ho

neton, g is the g factor of the paramagnetic centre. We
adopt the Bogoliubov—de Gennes (BdG) approach[®!
to study the superconducting order parameter A and
the transport of quasiparticles in the N/S/N structure
in a magnetic field. In the absence of spin-flip scat-
tering, the four-component BdG equations may be de-
coupled into two sets of two-component equations: one
for spin-up electron-like and spin-down hole-like quasi-
particle wavefunctions (us, v ), the other for (uy,vq).
The decoupled BAG equation has the form!1-3%]

quasiparticles are given by

ke = @ [EF + \/(E + noho)? — A2(T, ho)] 1/2,
(4)
k= @ [EF - \/(E — nizho)” — A% (T, ho)} / .

(5)
In the S the effective order parameter A(T, hg) can be

determined by the self-consistent equation[®3]

A=V (vr¢y) (6)

where V} is the strength of the effective attractive po-

tential between the conducting electrons, and

Vo = Z ('Ykauka - ’Y]—:EUZU) ) (7)

k

with v, being the Bogoliubov transformation opera-
tors. With the help of Eqgs.(2), (3), (6) and (7) along
with the equation 7, obeys, we obtain

_ fki , (8)

Vo

where

p \/eiT + A2 (T, ho) \/»sil + AZ(T, ho)

1

fko’z

exp {ﬂ ( g2+ A2(T, ho) — noh())] +1

(9)

with ex, = h?(kS)?/(2m) — Ep and 8 = 1/kgT being the inverse temperature. From Eqs.(8) and (9), we obtain

Ao hwp de

In——2 =

A (T7 hO) 0

2 + A2 (T, hy)

1
<eXP[5(v €2+ A% (T, ho) — ho)| +1

1
* exp[B(y/22 + A2 (T, ho) + ho)] + 1>'



1212 Dong Zheng-Chao

Vol. 14

Here Ag is the superconducting gap at zero temper-
ature and in the absence of magnetic field, and wp is

the Debye frequency.

By solving Eq.(10) self-consistently, the depen-
dence of the effective order parameter A(T, hg) on the
temperature and Zeeman energy is obtained. At zero
temperature, A(0,hg) = Ag remains unchanged for
ho < Ay, independent of increasing hg; as hg is in-
creased to Ay, A suddenly drops to zero, exhibiting a
first-order phase transition from the superconducting
state to normal state. This zero-temperature solution
that A(0,hy) = Ag for by < Ay and A(0,hy) = 0
for hg > Ap has been obtained previously.?'%2 At
finite temperatures, it is found that for a Zeeman
energy, the order parameter decreases with increas-
ing temperature and has a sudden drop from a finite
value to zero at the critical temperature Ti.(ho), as
shown in Fig.2. Such a first-order phase transition
arises from the presence of Zeeman energy. While the
Zeeman energy ho = 0, the superconducting transi-
tion remains second-order as shown by the solid line
in Fig.1. With increasing Zeeman energy, the critical
temperature T.(hg) also decreases and is always lower

than T.(ho = 0).

A/ Ao

"0.0 0.2 0.4 0.6
kgT/ Ao

Fig.2. Dependence of the effective order parameter in S on
the temperature for different Zeeman energies: hg/Ag = 0
(solid line), ho/ Ao = 0.2 (dashed line), hg/Ag = 0.4 (dot-
ted line) and ho/A¢ = 0.6 (dot-dashed line).

Consider an electron of spin ¢ incident on the
interface at x = 0 from the left N. As shown in
Fig.1(a),there are four possible trajectories: normal
reflection (rec), AR (rpe), transmission to the right
electrode as an electron-like quasiparticle (¢._) and
as a hole-like quasiparticle (t.), where subscripts e
(h) and €’ (h') indicate the electron (hole) in the left
and right N electrodes, respectively. With general so-
lutions of the BAG equation (1), the wavefunctions in

the three regions have the following form:

U = 0 eI+ gy =T 4. e 14+T, (11)
for z < 0;
Uy L.e Vs . o e & b
WII —e elkaz + f e—lk;l) _|_g e—lkaaz + h elké:l:, (12)
(% Ug (% Ug
for 0 < z < L; and
. 0 .
WIII =tere e +thre 1 eilqii’ (13)
for z > L. Here g+ = \/2m(Ep £ E)/h are the differ-  and

ent wave vectors for the electron and hole in N. All the
coefficients in Egs.(11)—(13) can be determined by the
boundary conditions at x = 0 and x = L. The match-

ing conditions for the wavefunction are given by

WH(O) = WI(O),

(d¥pr/da)p—o — (d¥1/dz),—o = 2mU, ¥1(0)/h3,

Psyi(L) = ¥n(L),

(d !pIII/dm)ac:L - (d WII/dI)w:L = 2mU0 !pHI(L)/h2.

Since analytical results for these coefficients are te-
dious, we only give expressions for 7Tje, Tee, tere and
tne in the Appendix. From these expressions we ob-
tain Rhe = q_|rel2/as, Ree = [recl®s Ty = [terel?
and Ty, = q_|hwe|?/q+, respectively, for the AR,
the normal reflection coefficients, the transmission co-
efficients of electron-like and hole-like quasiparticle.

For a spin & hole incident on the interface at * = L
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from the right N, as shown in Fig.1(b), Terns, Thrn,
tens and tpy can be obtained by a similar calculation
and their expressions are also given in the Appendix.
As a result, Rep = qil|ryl?/a—s Ruyw = |rwwl?,
Ty = qeltew]?/q- |hwoie]?. From

electron-hole scattering symmetries as well as our cal-

and T},

culation results, we have Ree = R/, Run = Rprne,
Ry, = Rpe = Rerpy = Rh’el’ and Tere = Teer, Th'h =
Thpry The = Topy = Tern = Ther-
analytically that all the coefficients of electron—hole

It is easily shown

transformation such as Rj. and T}, are proportional
to sin?[(k¢ —k2) L /2], which vanish if (k¢ —k2)L

with n being arbitrary positive integer. From the ex-

=2nm

pressions for k¢ and k! given above, this condition is

equivalent to

[E—i—nahor _ [QW”EF/NT”‘O) R

A(T, ho) kFL

under which there is neither AR nor hole (electron)
transmission so that the quasiparticles pass directly
from one N electrode to the other, not converting to

the Cooper pair in S.
3. Tunnelling conductance

Once all the transmission and reflection probabili-
ties are obtained, we can calculate currents in response
to a difference in chemical potentials between the two
Ns. Assume pur, and ur to be the chemical potentials
of the left- and right- N electrodes, respectively, and
s the chemical potential of S. Under the bias voltage
V(eV = p1, — pr) applied to the N/S/N structure,
and taking into account the four processes shown in

Fig.1, we obtain the current from the left N into S

I, =% Z/o dE[fo(E —ep1)(1
+ fo(E — ed2)(Thnr — Tenr)
+ fo(E +e¢1)(—1 — Rer, + Rin)
+ fO(E + e¢2)(The’ - Tee’)], (15)

Ree + Rhe)

where h is the Planck constant, fo(E) is the Fermi dis-
tribution function, ey = uy, — pus, and e¢y = us — UR.-
Similarly, the current from S to the right N is given
by

=g 3 [ ABE - 1) (T = Ti)
+ fo(E — ep2)(1 — Ry + Rerpr)
+ fo(E + ep1)(Tern — Thrn)
+f0(E—|—6¢2)(—1 _Rh’e’ +Re’e’)]- (16)

The current continuity condition requires I;, = IR,
from which g is determined to be ug = (ur, + pr)/2.
Using the property of probability Rec + Rpe + 1./, +
Thie=1, Ren+Rpn+ T,y +Thwn =1, R, + Rprer +
Teer + Ty =1, and Rerpr + Ry + Tep + Thir =1,
we obtain

hZ/ dE(Rhe + Rep + Ty, + Thrn)

<Jn(e-5)-n(e+5)] v

The differential conductance is given by

Z/ AB(Rne + Ron + Tore + TV,

16kBT
(18)
with G = 2e%/h and
o (2E—¢€eV o (2E+ eV
W =cosh? [ ———— h2(—=——).
o8 < 4ksT > o8 < 4ksT >
(19)
At zero temperature, the differential conductance is
reduced to
G= GOZ(R + Rop + T, + Thit) (20)
2 — he eh ee h'h)E=eV -
20f
1.6
o 1.2}
O
~
© 0.8}
0.4}
0.0 L .
0 2 4 6 8

eV /Ag

Fig.3. Differential conductance as a function of the
bias voltage at zero temperature for different Zee-
man energies: hg/Ag = 0 (solid line), hg/Ap = 0.3
(dashed line) and ho/Ap = 0.5 (dotted line). Here
Er/Aq = 2000, kp L = 1000 and z = 1.0.

Figures 3 and 4 show the differential conductance
G as a function of bias voltage eV/A, for different
Zeeman energy ho/Ao and different barrier strength
z at zero temperature, respectively. Several interest-
ing features can be found. First, the conductance ex-
hibits oscillatory behaviour, and the oscillation period
is given by Eq.(14). These oscillation phenomena arise

from the quantum interference effects of quasiparticles
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in S at the Fermi level. Second, with increasing Zee-
man energy, the conductance peak is gradually split
into two peaks, as shown in Fig.3, and the energy dif-
ference between the two split peaks is equal to 2hg.
For the case of a finite Zeeman energy, there is ex-
change splitting in the energy spectrum between the
spin-up and spin-down energy subbands, and conse-
quently it leads to the Zeeman splitting of conduc-
tance peaks. Third, with increasing barrier strength,
each split peak becomes two sharp peaks, correspond-
ing to a series of bound states of quasiparticles in S.
In the tunnel limit for large z, the positions of these
peaks are determined by k¢L = nr and k? = nn, as
has been discussed in Ref.[14]. These bound states are
the results of quantum interference between electron-
like quasiparticles in the S well and those between

hole-like ones.

1.2¢

091

G/Go

Fig.4. Differential conductance as a function of the
bias voltage at zero temperature for different barrier
strength: z = 1.0 (dotted line), z = 2.0 (dashed
line) and z = 3.0 (solid line). Here Fg/Ao = 2000,
kFL = 1000 and ho/A() =0.3.

0.8

G/Go

0.4

0 2 4 6 8
eV /Ao

Fig.5. Differential conductance as a function of the
bias voltage for different temperatures: kpT/Ag =
0.3 (solid line), kpT/Ao = 0.4 (dashed line) and
kpT/Ap = 0.5 (dotted line). Here Er/Ap = 2000,
krpL = 1000, z = 1.0 and ho/Ap = 0.4.

For a finite temperature, the differential conduc-
tance is calculated in terms of Eqs.(18) and (10). The
dependence of the differential conductance on bias
voltage at different temperatures and Zeeman ener-
gies are plotted in Figs.5 and 6. It is found that the
G exhibits a damped oscillatory behaviour with bias
voltage, and the oscillation amplitude is reduced with

increasing temperature and Zeeman energy.

1.5

14}

1.3

G/Go

1.2¢

1.1

1.0

0 2 4 6 8
eV /Ao

Fig.6. Differential conductance as a function of the
bias voltage at finite temperature for different Zeeman
energies: ho/Ao = 0 (solid line), hg/Aop = 0.2 (dashed
line) and hg/Ap = 0.3 (dotted line). Here Ex/Aq =
2000, kpL = 1000, z = 0.5 and kgT/Ag = 0.3.

4. Conclusion

In summary, we have studied the coherent
tunnelling conductance in the N/S/N double tunnel
junctions under a Zeeman magnetic field on the S. The
expression for the tunnelling current through the junc-
tion is derived by simultaneously taking into account
the electron-injected current from one N electrode and
the hole-injected current from the other. The quan-
tum interference effects of quasiparticle in the S inter-
layer give rise to oscillations of the tunnelling conduc-
tance with bias voltage, and the oscillation amplitude
is reduced with increasing temperature and Zeeman
energy, the Zeeman energy can lead to the Zeeman
splitting of conductance peaks. In the tunnel limits
of strong barrier strength, a series of bound states of
quasiparticles will form in the S. The N/S/N struc-
tures can be made with the development of nanofab-
rication technique and the improvement of experimen-
tal methods. It is expected that the theoretical results

obtained will be confirmed in future experiments.
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Appendix Expressions for reflec-

tion and transmission coeffi-
of algebra, we find

Using the boundary conditions to the wavefunc-

tions given by Eqgs.(11)—(13) and carrying out a little

cients
The = = 2upvgsin [ (kg — kg) L/2] {(u3 + v3) sin [ (k5 — kg) L/2]
+1i (uZ —v2) (1+22°) cos (kS — k2) L/2]}/M, (A1)
ce =2{1 ( — v—)2 [(iz — 1)3 el(Ro+kz)L _ 2 (1+iz2) efi(ki‘“k;)l‘]
+ 2uZvZ [cos (k - kh) L— ] (i+2) (1 + 2z2)
+22(14+2)Q+(1—2)(1—iz)>W}/M, (A2)
toe = — (u2 —v2) e 1 E{[(iz — 1) el 4 e ko lu2
(2 — 1%L 4 22 (A3)
the =42u,v57 (u?r — v ) i~ L{sm [(ke + kh) L/2]
~ cos [(kg + k) L/2]ysin [ (ke — 2) L/2] /M (a4)
with
Q =2u202 — utel i(kg—k2)L _ véeﬂ(k k;)L, (A5)
W =2u?0v2 —ule” (ke —kg)L _ fuéel(kfﬁkg)L7 (A6)
M =22 (ug _ U%) [(i+ Z)zei(k§+k;)L - Z)Zefi(kj—i-kf'_‘)L]
+dugvZz®(1+ 2°)[eos (ks — kg) L — 1]+ Q2" + (1 +2%)*W. (A7)
The coefficients in Fig.1(b) can be similarly obtained as
S (A8)
T =29 (uZ — 02)2 i1 - 1Z)Z261(k +he)L (1+ iz)3e*i(k§+ki—l)L]
+ 2uZvZ[cos (k& — k) L — 1)(i— z)(1 + 22?)
+22(z - 1)Q+ (1 +12)*(i+ 2)W}/M, (A9)
b = = (a2 = 2) e L{[(1 4 i) 5D 4 2252
— [(1 4 iz)%e T 4 22T 02} /M, (A10)
and
ten' = thre, (A11)
where z = mUy /(h*kp).
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