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We discuss the surface impedance (Z = R — i X) of a normal-metal/superconductor proximity structure taking
into account the spin-dependent potential at the junction interface. Because of the spin-mixing transport at the
interface, odd-frequency spin-triplet s-wave Cooper pairs penetrate into the normal metal and cause the anomalous
response to electromagnetic fields. Atlow temperature, the local impedance at a surface of the normal metal shows
the nonmonotonic temperature dependence and the anomalous relation R > X. We also discuss a possibility of

observing such anomalous impedance in experiments.
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I. INTRODUCTION

Physics of odd-frequency Cooper pairs' has been a hot
issue since a theoretical paper pointed out the existence of
odd-frequency pairs in realistic proximity structures.” There
are mainly two ways to create the odd-frequency Cooper
pairs in proximity structures. At first, spin mixing due to
spin-dependent potential should generate odd-frequency pairs.
The authors of Ref. 2 considered a ferromagnet/metallic-
superconductor junction, where the direction of magnetic
moment near the interface is spatially inhomogeneous. The
spin-flip scattering in such a magnetically inhomogeneous seg-
ment produces the odd-frequency spin-triplet s-wave Cooper
pairs in the ferromagnet. This prediction has promoted a
number of theoretical studies.>~!! Manifestations of triplet
pairs were recently observed experimentally as a long-range
Josephson coupling across ferromagnets.!>!3 Alternatively,
the odd-frequency pair was suggested in proximity struc-
tures involving a normal metal attached to an odd-parity
spin-triplet superconductor that belongs to the conventional
even-frequency symmetry class. The parity mixing due to
inhomogeneity produces the odd-frequency pairs even in this
case.'® The unusual properties of spin-triplet superconducting
junctions due to odd-frequency pairs'’>> were predicted
theoretically. Unfortunately, however, we have never had clear
scientific evidences of odd-frequency pairs in experiments.
This is because physical values focused in experiments have
only indirect information of the frequency symmetry.

In a previous paper,”® we showed that the surface impedance
directly reflects the frequency symmetry of Cooper pair. Sur-
face impedance Z = R — i X represents the dynamic response
of Cooper pairs to low-frequency electromagnetic field.>*>
The surface resistance R corresponds to resistance due to
normal electrons. The reactance X represents power loss of
electromagnetic field due to Cooper pairs. In conventional
even-frequency superconductors, the positive amplitude of the
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Cooper-pair density guarantees a robust relation R < X at
low temperatures and at low frequencies. The validity of the
relation R < X, however, is questionable for odd-frequency
Cooper pairs because the odd-frequency symmetry and neg-
ative pair density are inseparable from each other according
to the standard theory of superconductivity.”® We have con-
sidered a a normal-metal/superconductor (NS) junction where
superconductor belongs to spin-triplet odd-parity symmetry.
On the basis of the quasiclassical Green’s function method, we
have theoretically shown that the odd-frequency Cooper pairs
in the normal metal lead to the unusual relationship R > X.
Therefore, observing the relation R > X in experiments can be
a very clear and direct evidence which suggests the existence
of odd-frequency Cooper pairs. Although the detection of
such unusual relation is possible these days, the fabrication
of a well-characterized NS junction using chiral p-wave
spin-triplet superconductor Sr,RuQy4 (Ref. 27) is not an easy
task. Thus, we need to discuss a possibility for observing
the unusual relationship R > X in other accessible proximity
structures.

In this paper, we discuss the surface impedance in the
NS junction consisting of a metallic superconductor where
pairing symmetry belongs to spin-singlet s wave. At the
junction interface, we introduce a thin ferromagnetic layer
which produces the odd-frequency spin-triplet s-wave Cooper
pairs in the normal metal. The local complex conductivity
is calculated based on the linear response theory using the
quasiclassical Green’s function method. We will conclude that
the local impedance in the normal metal shows the unusual
relation R > X when the odd-frequency pairs are dominant in
the normal metal. We also discuss a possibility to detect the
relation in experiments.

This paper is organized as follows. In Sec. II, we explain
the theoretical model of a NS junction and the formula for
complex conductivity. The calculated results of impedance in

©2012 American Physical Society
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FIG. 1. (Color online) The schematic picture of a normal-
metal/superconductor junction under consideration.

NS junctions are shown in Sec. III. The conclusion is given in
Sec. IV.

II. MODEL AND METHOD

Let us consider a bilayer of a superconductor and a thin
normal-metal film as shown in Fig. 1, where L is the thickness
of the normal metal. At the interface between the normal
metal and the superconductor, we insert a magnetic thin
film. This theoretical junction corresponds to the experimental
junction,?® consisting of a superconductor and a ferromagnetic
semiconductor GdN. The exchange potential at GAN causes
spin-dependent transport through the ferromagnetic film. To
calculate the complex conductivity in the normal metal, we
first solve the quasiclassical Usadel equation® in the standard
6 parametrization:

D d*0,(x,€)
dx?

where D is the diffusion constant of the normal metal and
€ is the quasiparticle energy measured from the Fermi level.
The subscript v = =1 describes two Nambu spaces: v = 1
indicates the subspace for electron spin up and hole spin down,
and v = —1 indicates that for electron spin down and hole spin
up.

The spin-dependent potential at the ferromagnetic semi-
conductor/insulator is easily considered through the boundary
condition for wave function when we solve the Bogoliubov—de
Gennes equation.’® The effects of spin-dependent scatterings
on the Green’s function are taken into account in the boundary
condition at the NS interface:”3!-3*

do,
dx x=0

h + 2iesinf,(x,e) =0, (1)

VB = sin(6, — Os) + ivﬂ sin6,,, 2)
Gr

where yp = Lﬁ—i is an interface parameter with R; and

R, being the resistance of the normal metal and that of

the NS interface, respectively. The Green’s function in the

superconductor is described by

gs = cosbtg = ;, 3)
JSetirng—a
| A
fs = sinfs = : )

Je+ir2—A’

where A is the amplitude of pair potential in the bulk
superconductor and A is a small parameter providing the
retarded Green’s function. The second term in Eq. (2) describes
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the spin-mixing effect at the junction interface. G represents
the spin-independent tunneling conductance of the junction
interface, whereas G is the spin-mixing conductance. At
the outer surface of the normal metal, we require

00(x,€)
dx x=—L

=0. 5)

The normal and anomalous retarded Green’s functions are
obtained as

gv(x,€) =cosb,(x,e), f,(x,e)=sinb,(x,e¢), (6)

respectively.

Having found the Green’s functions, we can calculate the
local complex conductivity that describes the response of
the sample to the electromagnetic field. The local complex
conductivity on(x,w) = o7 + i, at frequency w is determined

by the general expression’’

oo 1 de [J(e + hw) — J(e)] K1, @)
(o)) 4h(,() —00
UZ(x’w) _ 1

= de [J(e + hw)K, + J(€)K3], 3
o 4hw —00

Ki=Y" fu1(€)fui(€ +ho)+gr(€)gnrle +hw), (9

Ky =Y fur(€)fo1(€ +hw)—g, 1(€)g.r(€ +hw),  (10)

K3 :va,R(G +hw) fo,1(6)—gv,1(€ +hw)gyr(€),  (11)

with J(e) = tanh (¢ /2kgT) and
gv.r(€) = Re[gu(x,€)], gvi(€) =Imlg,(x,€)], (12)
Jo.r(€) =Relfu(x €)1, foi(€) =Im[f(x,e)]. (13)

The local impedance in the normal metal is calculated from
the complex conductivity as

. . ha) (o))
ZIn(x,w) =Ry —iXn=(1—1) [ — Zy, (14)
Ap on(x,w)

where Zo = /2w Ag/ogcth, A is the amplitude of pair
potential at 7 = 0, and oy is the Drude conductivity in the
normal metal. The derivation of the local conductivity is given
in Appendix A. In this paper, we describe the dependence of A
on temperature by the BCS theory. In particular, we focus on
the local impedance at the surface of the normal metal defined
by

ZL = RL - lXL = ZN(—L,(,()). (15)

Such local impedance is an accessible observable these days.
Usual experiments measure the impedance of the whole NS
structure, which is calculated as

_ Zscosk,L—iZysink,L
N Zncosk,L—iZssink,L’
where Zg is the impedance of superconductor which is ob-
tained by substituting the Green’s function of superconductor
in Egs. (3) and (4) into Egs. (7)—(13). The derivation of Eq. (16)
is given in Appendix B. In this paper, L is chosen to be

comparable to &7, = /h D /2m T¢ with T¢ the superconducting
transition temperature. In such junctions, the conductivity is

(16)

Zns = Rns—iXns =
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almost independent of x in the normal metal. Therefore, it is
possible to define spatially averaged values of the conductivity,
the impedance, and the wave number of electromagnetic field
as follows:

0
oN = / dx on(x)/L, (17)

—-L
ZN = RN — lXN = —i\/ 47tia)/(c26N), (18)
k, = idmwon /2. (19)

To understand the relation between the frequency symmetry
of a Cooper pair and the sign of the imaginary part of complex
conductivity o,, we analyze the spectral pair density defined
by

Kye) =) K,(v,e), (20)

v==%1
Ks(v,€) = fu.r(€) fy,1(€) — gv,r(€)80,1(€), (21

=2f,.r(€) fo.1(€) = Imf2(e), (22)

which appears in the integrand of o, in Eq. (8) at very small
w. We used the normalization condition gf(e) + ff(e) =1.
The spectral pair density contains full information about the
symmetry of f(€) and, therefore, the frequency symmetry of
Cooper pairs. At T = 0, the Cooper-pair density in the normal
metal is

ng = foo de J(e)K(€). (23)

Since K is an odd function of € according to its definition and
J () is also an odd step function of €, the pair density becomes

oo
ng = 2/ de K(€). (24)
0
Finally, the local density of states is given by
N(e,x) =}, N(e,x,v), (25)
N(e,x,v) = Re[gy(e,x)], (26)

which is normalized to the normal density of states at the Fermi
level.

III. RESULTS

The theory includes several independent parameters dis-
cussed as follows. Throughout this paper, we fix the thickness
of a normal metal L at &7,. The spatial dependence of the
Green’s function in the normal metal becomes weak in this
choice. In numerical simulation, we do not discuss details
of the averaged impedance Zy in Eq. (18) because we have
confirmed that Z; ~ Zy. The second parameter R, /R, tunes
the degree of the proximity effect in a normal metal. The larger
R,/ Ry gives the stronger proximity effect. The third one is
G,/ Gr, which represents the strength of the spin-dependent
potential at the NS interface. The fourth one is the frequency
of electromagnetic field @ which should be smaller than Ay /A
to obtain information about Cooper pairs. Finally, we fix the
small imaginary part in energy as A = 0.001A, which does
not affect following conclusions.

PHYSICAL REVIEW B 86, 024510 (2012)

G¢/GT=O

Local density of states at the surface of normal metal

FIG. 2. (Color online) Local density of states at the surface of
the normal metal with R;/ R, = 0.2. The results of N(e, —L,v = 1)
and N(e, —L,v = —1) are shown with the solid and broken lines,
respectively.

A. Density of states

We first show the local density of states (LDOS) at a
surface of the normal metal for several choices of G4/Gr
in Fig. 2. Here, we choose the parameter R;/ R, = 0.2, which
means the proximity effect is weak. The solid and broken
lines are the results calculated for v = 1 and —1, respectively.
At G4/Gr =0, two LDOS for v = %1 are identical to each
other and show the minigap structure for |e| < 0.2A due to
the proximity effect. In Fig. 3, we show the pair spectral density
defined in Eq. (22). At G4/Gr =0, K, has a large positive
peak around € =~ 0.2A(. Therefore, the local pair density
in Eq. (24) becomes positive. This means the penetration
of even-frequency pairs into the normal metal. When we
introduce G4/Gr at 0.5, LDOS for v = 1 shifts to negative
direction, whereas that for v = —1 moves to positive direction.
Correspondingly, large positive peaks in K are separated into
two as shown in Fig. 3. At G4/ Gr = 1.0, two peaks in LDOS
overlap each other. In the K; function, the large positive
peak for v =1 totally cancels the large negative peak for
v = —1. As discussed in a previous paper,” G,/Gr = 1.0is a
critical value. For G4/Gr < 1.0, the even-frequency Cooper
pairs are dominant in the normal metal. On the other hand,
for G4/ Gt > 1.0, the fraction of odd-frequency Cooper pair
increases with increasing G4/ Gr. In particular at € = 0, the
frequency symmetry of Cooper pairs is purely odd. When we
increase G4/ Gr = 1.5 and 2.0, the minigaps in two subspaces
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FIG. 3. (Color online) K function at the surface of the normal
metal. The local pair density is calculated from Eq. (24). The results of
K (v = 1,¢) and K,(v = —1,¢) are shown with the solid and broken
lines, respectively.

are separated from each other as shown in Fig. 2. At the same
time, K, has a large negative peak in the low-energy region,
which means the penetration of odd-frequency Cooper pairs
into the normal metal.

B. Impedance

Next, we show the impedance as a function of temperature
for several choices of G4/Gr in Fig. 4, where hiw = 0.1A.
We choose a boundary parameter as R;/R, = 0.2 in Fig. 4,
which again means the proximity effect is weak. The results
for G4/ G7 = 01in Fig. 4(a) show the typical and conventional
behavior of impedance in NS junctions. The local impedance
at the surface of normal metal R; and X; monotonically
decreases with decreasing temperature far below 7 and
satisfies the robust relation R; < X;. The impedance of a
NS bilayer Rys and Xns shows qualitatively similar behavior.
Namely, the impedance satisfies Rxs < Xns. These behaviors
are a direct consequence of the fact that all Cooper pairs belong
to even-frequency spin-singlet s-wave pairing symmetry. Such
a characteristic feature remains even if we introduce G4/Gr
by small amount up to 1.0 as shown in Fig. 4(b). In the
presence of the spin-dependent potential at the NS interface,
the odd-frequency spin-triplet s-wave Cooper pairs appear in
the normal metal in addition to conventional even-frequency
spin-singlet s-wave pairs. The fraction of odd-frequency

PHYSICAL REVIEW B 86, 024510 (2012)

T/Tg T/Tg
0.0 0.5 1.0 0.5 1.0
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0.0fmeerent ™ femeee™ 00
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FIG. 4. (Color online) Impedance is plotted as a function of
temperature for R;/R, = 0.2 and hw = 0.1A,. The length of the
normal metal is fixed at L/&7. = 1. The symbols (Rys and Xys)
represent the results of impedance for the whole NS bilayer in
Eq. (16). The lines (R, and X) are the local impedance at the
surface of the normal metal given in Eq. (15).

pairs is much smaller than that of even-frequency pairs for
Gy/Gr < 1. However, G4/Gr exceeds unity as shown in
Figs. 4(c) and 4(d), and the local impedance shows the unusual
relation R; > X, at low temperature for T < T*, where
T* is defined as the crossover temperature. In Figs. 4(c)
and 4(d), T* is about 0.02 for G4/Gr = 1.5 and is 0.06
for G4/Gr = 2, respectively. At the same time, Rns and
Xns show the nonmonotonic dependence of temperature for
T < T* For Gg/Gr > 1, the fraction of the odd-frequency
Cooper pairs becomes larger than that of the even-frequency
pairs. Thus, the anomalous behavior of impedance in Figs. 4(c)
and 4(d) is the direct evidence of the odd-frequency Cooper
pairs in the normal metal.>

Such anomalous behavior of impedance (R; > X ) is
expected in a much wider temperature range when we consider
stronger proximity effect. The results are shown in Figs. 5 and
6, where we choose R;/R, =1 in Fig. 5 and R;/Ry, =5

(@) Gy /Gr=15

(b) G, / Gy =2

:I\o-oooa:""'..

00 05 10 00 05 1.0
T/Tg T/Te

FIG. 5. (Color online) The results of impedance for R;/R, = 1
and iw = 0.1A,.
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FIG. 6. (Color online) The results of impedance for R;/R, =5
and iw = 0.1A.

in Fig. 6. The frequency of electromagnetic field remains
unchanged from hw = 0.1A in both figures. At G4/Gr =
1.5, for instance, the crossover temperature is 7* = 0.027¢
for R;/R, = 0.2 in Fig. 4(c), T* = 0.17T¢ for R;/R, = 1 in
Fig. 5(a), and T* = 0.5T¢ for R;/ R, = 5 in Fig. 6(a). In the
same way, at G4/Gr = 2.0, T*/T¢ is 0.06, 0.3, and 0.8 in
Figs. 4(d), 5(b), and 6(b), respectively. Thus, we conclude that
the anomalous relation in the local impedance R; > X can
be observed in a wider temperature range for larger R;/R;. On
the other hand, the impedance of the whole NS bilayer always
shows the usual relation Rns < Xns. The even-frequency
Cooper pairs in the superconductor dominate the impedance
of the bilayer. The nonmonotonic temperature dependence of
Ryns and Xys, however, can be seen for T < T*.

Finally, we look into the impedance for several choices
of the frequency of electromagnetic field in Fig. 7, where
we choose G4/Gr = 1.5 and R;/R;, = 5. The frequency of
electromagnetic field is chosen as hiw/Ay = 0.01 and 0.5 in
Figs. 7(a) and 7(b), respectively. Here, we focus only on the
local impedance Z; . These results should be compared with
Fig. 6(a) for hw/Ay = 0.1. The crossover temperature to the
anomalous relation is higher for smaller frequency. In Fig. 7(a),
we find T* ~ 0.8T¢. Thus, it is easier to detect the anomalous
relation R > X in lower frequency in experiments. On the
other hand, any sign for the odd-frequency pairs can not be seen
in the results for high frequency at hw = 0.5A in Fig. 7(b).
Thus, we need to tune the frequency of electromagnetic field
to be much smaller than Ay /A.

On the basis of the calculated results, we predict that
the anomalous relation of the impedance R > X due to the

0.08 0.6F

(a) ho = 0.01A (b) 7o = 0.5A¢
0.06
N
~ 0.04
N
0.02 G,/Gr=15
Ry/Rp=5
0.00 . 1 L
0.0 0.5 1.0 0.0 0.5 1.0
T/Tg T/Tg

FIG. 7. (Color online) The results of local impedance for
Ri/Ry, =5and G4/ Gr = 1.5. We choose hw/ Ay = 0.01 in (a) and
0.5 in (b). These results should be compared with the results for
hw/Ao = 0.1 in Fig. 6(a).
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odd-frequency Cooper pairs would be observed for high value
of G4/Gr and sufficiently low frequency of electromagnetic
filed. The fabrication of NS bilayers using a thin ferromagnetic
insulator® would realize large enough value of G4/Gr.
It is also important to note that, as shown in Ref. 34, in
the case of thin ferromagnetic (F) film, the effects of the
exchange field and the G4/Gr are equivalent. Therefore,
the predicted anomalous behavior of impedance can be also
realized in S/F junctions with thin F layer. At the same time,
the local impedance measurement is possible now.*® Thus, the
conclusion of this paper could be confirmed in experiments.

IV. CONCLUSION

We have studied the surface impedance (Z = R — i X) of
a normal-metal/superconductor bilayer, which has the spin-
dependent potential at its junction interface. The complex
conductivity is calculated from the quasiclassical Green’s
function which is obtained by solving the Usadel equation
numerically. The effects of the spin-dependent potential at
the interface are considered through the G4 term in the
Kupriyanov-Luckicev boundary condition at the junction
interface. The spin-dependent potential produces the odd-
frequency Cooper pairs in the normal metal. We conclude
that the local impedance in the normal metal shows the
unusual relationship R > X when the odd-frequency Cooper
pairs become dominant in the normal metal. The predicted
results can be observed by recently developed local impedance
measurement technique. In this paper, we consider the spin-
singlet s-wave superconductor as a bulk superconductor. It
is a challenging issue to extend this calculation available
for unconventional superconductor, spin-singlet d wave,®
spin-triplet p wave,* and topological superconductors.*’ In
these systems, it is known that the Andreev bound state or
Majorana fermion governs charge transport.*! Indeed, we have
shown a strong relationship between the Majorana fermions
and the odd-frequency Cooper pairs.*
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APPENDIX: DERIVATION OF THE LOCAL
CONDUCTIVITY

The formula of the local conductivity was originally derived
in Ref. 37. Here, we show an alternative derivation based
on the quasiclassical Green’s function method.** The Usadel
equation of spin-singlet s-wave superconducting junctions
under the exchange potential reads as

ihd, TG + ihd,GoTs — ihDAIY + [~V + A,G%] =0,

X _ fdl‘g,éigééé(z for X =R,A,
[dGRIGK + GKIGY, for X =K,

(AD
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. V(r)-o 0
s _[vo |
0 V() -o*

y 1 0 N P
;= Al G12 = lrx  1x s
0 -1 h* k* 1onn)

9

y 0 Aib,
A == “ A b
A*ib, 0
(A2)

<

=V, ¥ — ;’;—iA(r,li)[T3,1?ij], Yij = Y(r.t,t))
(A3)

where 6; for j =1 — 3 are the Pauli matrices, 1 is the unit
matrix in spin space, and .”. means 2 X 2 matrices in spin
space. The vector potential of electromagnetic field is given
by A(r,t). The Green’s function GX with X = R,A and K
mean the retarded, the advanced and the Keldysh functions,
which are represented in 4 x 4 matrix form indicated by . 7. .
The electric current is given by

Jr,) = % lim Tr/dt,E[GR(r,t,tl)ééK(r,tl,t’)
e t'—t

+ GE(rt,0)dGA(r,11,1)]. (A4)

In the linear response regime with A(r,t) = A,e ', the
current is expressed by

J(r,t):fd—wJ(r,w)e_i“’t,

e (AS)

LTToy de L R L vk
Jr,w)y=—i—A, | —Tr[T:G"(r,e + hw)T3G" (r,€)
8hc 2

+ IG5 (r,e + ho)T5GA(r,e)). (A6)

The Green’s functions in this expression are calculated at A =
0 in equilibrium. The retarded function obeys
—ihDV{GR(r,e)V,GR(r,)}

+[eTs — V + A,GR(r,e)] = 0. (A7)

The advanced function and the Keldysh one are calculated
from the relations

‘K _ € “ R kA

G (r,e) = tanh <_2kBT) [G™(r,e) — G“(r,e)],

5 L . (A8)
GA(r.e) = —T[G (r, o' T5.

From the symmetry of the Usadel equation in Eq. (A7), we
also find the relations

kR(r,e) = —628R(r,€)62,  hR(r.e) = 62 fR(r,€)62. (A9)

Using relation A, = —i(c/w)E,, the current is represented as

T oy de R . A
J(r,w) = _%Ea}/ E[Tr{g(Z)(g(l) + 8'(1))

_ A A1 — F _€
f D) f(l))}tanh[%BT}

~Tr{(g(2) + &'2)&"() + (f(2)}

_ Py £ € +ho
frfens (l)tanh[ aT H (A10)
g() = gh(re), 8Q)=g"(r.e +hw),

(A11)

f) = fRre), f@) = fRre+ho).
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Here, the current is expressed only by the retarded Green’s
function, which can be decomposed into

&R (r.e) = go(r, )1 + g(r,e) - 6,
FRr.e) = for.)l + f(re)-6.

By using these relations, the current becomes
T o) de €+hw
J(r,wo)= —E, | —| K;{tanh
hw 2 2]{3 T

€ €+hw
_ tanh i} K, tanh
an <2kBT>}+’{ 2tan (2kBT>

(A12)

€
+ K3 tanh <2kBT)}i|7 (A13)
3
Ki(r.€.0) = Y [Re(g;(r. +hw)}Re(g;(r.e)}
j=0
+Im{f;(r,e + ho)Im{ f;(r,e)}], (Al4)
3
Ky(r,e,w) = Z[Re{f,»(r,e)}lm{f]-(r,e + hw)}
j=0
—Im{g;(r,e)}Re{g;(r.e +hw)}]l, (AlS)
3
Ks(r.e.0) = Y _[Re(f;(r.€ +ho)Im{f;(r.€)}
j=0
—Im{g;(r,e +hw)}Re{g;(r,e)}]l. (Al6)
Since J(r,w) = [o1(r,w) + ior(r,w)]E,, we obtain
a(r,®) = d_eKl(r,e,a))l:tanh (€ —i—ha))
o) 2hw 2kpgT
€
— tanh (2k3T> :|, (A17)
oy(r.w) [ de € +how
0—0 = / %[Kz(r,e,w)tanh( ZkBT )
€
+ K;3(r,e,w) tanh <2kBT> ] (A18)

When the magnetic moment is V = V3e; with e; being
the unit vector of the third axis in spin space, we find that
g1 = & = fi1 = f>» = 0. By applying the parametrization

. . 14 vé:
2R (r.e) = go(r.e) + g3(r,€)é3 = v; cosB,(r.€)—— 2,
(A19)
~ . 1+v6
FRre) = for.e)+ fyr.e)63 =) _ sinf,(r.e) 3
v==1 2
(A20)

the Usadel equation is decomposed into two equations

—ihDVf@v +2(e + vV3)sinf, —2iAcosf, =0, (A21)

where v = +1 corresponds to two Nambu spaces. This
equation becomes Eq. (1) in a normal metal because
of V3=A=0. The current is represented in terms
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of 6,(r,e) as
T oy de| - €+ hw
J(r,w)=—E, | —|K;{tanh
2hw 2 2kgT
€ _ €+hw
— tanh i 1 K, tanh
o <2kBT>}+’{ 2 (2kBT>
+ R tanh [ —
an ,
: 2kpT

Ki(r.e,0) = Z [Re{cos 8, (r,e)}Re{cos b,(r,e +hw)}
v==+l1
+ Im{sin 6, (r,€)}Im{sin 6, (r,€ + hiw)}],

(A23)

(A22)

Ky(r.e,0) = Z [Re{sin 6,(r,€)}Im{sin 0, (r € + hiw)}
v=x+l1
— Im{cos 0, (r,€)}Re{cos 0, (r,e + hw)}],

(A24)

Ks(r.e,0) = Z [Refsin 6, (r,€ + hw)Im{sin 6,(r,€)}
v==+1
— Im{cos 8, (r,e + hw)}Re{cos b, (r,€)}].
(A25)

We reach the expression of the local impedance in Eqgs. (7) and

(®).
APPENDIX B: DERIVATION OF THE IMPEDANCE OF NS
BILAYERS

Let us consider that the electromagnetic field propagating
the +x direction is described by

E = E(x)ye™, H = H(x)ze ', (B1)

where w > 0 is a frequency of the electromagnetic field, y (2)
is the unit vector in the y (z) direction. In such a situation, the
Maxwell’s equation in a metal and a superconductor reads as

dro W
—0H(x)=——E(x), Ex)=i—H(kx), (B2
c c

where o is the complex conductivity. By combining these
equations, it is possible to obtain

|: , Amow
oy +i—
c

4
] H(x) =0, [af ti ”j“’} E(x) =0.
(B3)
Therefore, the electromagnetic field in a metal is described by

E(x) — Eleikx + Eze—ikx’
(B4)

H(x) — Hleikx + Hze—ik)c’

dnwo
7

k> =i

c

When we consider a semi-infinite surface of a metal or a

superconductor, the first equation in Eq. (B2) with a condi-

tion H, = E, =0 gives —ikH, = (4wo /c)E,. The surface
impedance is defined by

—ik

—
=i 22 (B5)
cco

cHl_o

47TE1
7 =0

PHYSICAL REVIEW B 86, 024510 (2012)

In a normal metal, the complex conductivity is expressed by
o, = oo(1 + iwt)/{l + (w1)?} with 0y = (n,e’t/m), T, and
n, being the Drude conductivity, the mean-free time due to
elastic impurity scatterings, and the normal electron density.
In the low-frequency limit w <« 1/7, we find o,, =~ 09 and

2

C
kn = (1 + i)/(sskina 5skin = )
2w opw
(BO)
. . 2w
Zy=Ri—iX, =(1—)Z, Zo= |5~
c~0y

For a superconductor, we also obtain in the limit of v < Ay K
1/t

2

nge i 2

1 _ 4nge

o, =00+i—, ki=—, — = , B7
! 0 me YY) mc? (B7)
. . drw n,

Zs=Rs —iXs~—iZ|, Zj= |5——wt. (BY

2oy ng

Next, we derive the impedance of NS bilayers as shown in
Fig. 1. The electromagnetic field is described as

H(x) = Hie™* + Hye ™, E(x) = E1"™* + Eye i
(B9)
in the normal metal (—L < x < 0) and

H(x) = H,e's*, E(x) = Ee'** (B10)

in the superconductor (0 < x). The complex conductivity in
the normal metal o may be modified by the proximity effect
and is different from op. The wave number in the normal
metal in Eq. (BY9) is given by k% = 4wiwox/c?. We use the
Maxwell’s equation to have boundary conditions at the NS
interface (i.e., x = 0). From the first equation in Eq. (B2), we
obtain

ks Hy

Os

Lk Hy — ik o) = B11)
ON

Here, we impose the continuity of the electric field at x = 0
(i.e., E; = E; + E). At the same time, we also assume the
continuity of magnetic field H; + H, = H;. This condition
also corresponds to the continuity of d,E(x) through the
Eq. (B2). From these conditions, we obtain the magnetic and
electric field in a normal metal:

H, Zs\ i Zs\ _u
H N 1 - ikyx 1 — =2 ikyx
(x) 5 [( +ZN)e +< ZN>e ,

(B12)

47TO'N

E(x)

¢
= —ikN%[ (1 + ;—Z) etkvy <1 - ;—Z) e_ikNx:|.
(B13)
The impedance at a surface of the NS structure becomes
4w E(-L) ZscosknL —iZysinkyL
NST T H(=L) T N ZncosknL — iZssinkyL’
(B14)

with Zy = —ikN/O'N.
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