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We have investigated the proximity effect in superconductor/ferromagnet junctions in a systematic manner to
discuss the relationship between the zero-energy peak (ZEP) of the local density of states (LDOS) and spin-triplet odd-
frequency pairing. By exactly solving the nonlinear Usadel equations, we have found that the ZEP is realized in a wide
range of geometrical and material parameters in the case of the noncollinear magnetization. This strongly suggests the
robustness of the ZEP induced by spin-triplet odd-frequency pairing in such systems. We also found that the crossover
from singlet pairing to triplet pairing can be detected by measuring the F layer thickness dependence of the ZEP height.
Furthermore, we show how to observe signatures of spin-triplet odd-frequency pairing and the pairing crossover by
LDOS measurement. Our results provide a direct way to experimentally detect signatures of the odd-frequency pairing

state.
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1. Introduction

The study of the proximity effect in superconductor S-F
hybrid structures has a long history following the first
theoretical proposal of the so-called m state in a mesoscopic
ring containing SFS Josephson junctions."” The penetration
depth of Cooper pairs into a diffusive normal metal (N)
is characterized by the length scale & = /AD/2nT. In a
ferromagnet, this length scale is considerably smaller and
is given by &, = /AD/2E. Here, T is the temperature, D
is the diffusion constant, and Ex is the magnitude of the
exchange potential in the ferromagnet. Since the exchange
field differently affects electrons with opposite spins, spin-
singlet Cooper pairs are fragile under the exchange potential.
In addition to a small penetration length, the pairing function
of spin-singlet pairs spatially oscillates with changing sign
under the exchange potential,>® which enables the forma-
tion of 7 states in SFS junctions.” Although the 7 state was
predicted theoretically in the 1970s, it has been confirmed
experimentally only recently.>™” Details of the progress of
research on SF hybrids have been summarized in several
review papers.®!?

Bergeret et al.!" theoretically proposed a new type of
proximity-induced superconducting state in ferromagnets,
the so-called long-range spin-triplet pairing state. Inhomo-
geneous magnetic structures near the SF interface (see
Fig. 1) rotate the spin direction of an electron, which induces
equal spin-triplet s-wave Cooper pairs in ferromag-
nets.'%!1>1 Such Cooper pairs should have an odd-
frequency symmetry to satisfy the requirement of the
Fermi—Dirac statistics of electrons. Since equal spin-triplet
pairs are not suppressed by the exchange potential, they
have a long-range length of penetration into ferromagnets
characterized by &;. Experimentally, such an effect has been
observed first as the long-range Josephson coupling in SFS
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junctions,'> where the ferromagnet is a half-metallic CrO,
compound. In clean half-metallic SFS junctions, equal-spin
triplet pairs can have an odd-parity even-frequency sym-
metry.'® However, in the experimentally relevant dirty-limit
case, the equal-spin triplet even-parity s-wave odd-frequency
symmetry is the only possible choice. The experiment'> as
well as anomalous conductance oscillations observed in SF
hybrids'” stimulated many theoretical'®" and experimen-
tal works.”>” As a result, a number of signatures of triplet
correlations have been observed. However, no experiment so
far has shown direct and unequivocal evidence of long-range
spin-triplet odd-frequency pairs.

Existing theories predict that the presence of odd-
frequency pairs causes the enhancement of the zero-energy
local density of states (LDOS).'118-2D According to a
number of theoretical studies of the proximity effect in
various SF hybrid structures, e.g., diffusive SF,239 ¢lean
SE, %49 S /magnetic-vortex,***”) unconventional-supercon-
ductor/F,®>Y and nonequilibrium SF junctions,’” the
relative fraction of odd-frequency pairs to even-frequency
pairs depends sensitively on junction parameters such as the
resistivity of F, the transparency of the SF interface, the
amplitude of the exchange energy E.x, and the geometry of
junctions. To obtain clear evidence of spin-triplet odd-
frequency pairs in experiments, theoretical studies should
show a way of optimizing the fraction of odd-frequency
spin-triplet pairs in a wide parameter range tunable in actual
experiments.

In this study, by solving the full-spin Usadel equation
a wide parameter range, we systematically calculate the LDOS
at a surface of a diffusive ferromagnet connected to a metallic
superconductor. In particular, we focus on the relationship
between the magnitude of the zero-energy peak (ZEP) in the
LDOS and the fraction of triplet odd-frequency pairs, and
show the robustness of the presence of the ZEP. Note that
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Fig. 1.
F2 layers are collinear (¢ = 0) or noncollinear (¢ = 7/2).

ZEP formation has been reported in measured tunneling
conductance spectra in oxide-based SF heterostructures with
nonuniform ferromagnets.”>>% However, the physical origin
of ZEP in these structures is still unclear. Therefore, we
propose an experimental method of explicitly detecting the
signature of spin-triplet pairing by measuring ZEP.

This paper is organized as follows. In Sect. 2, we present
a model of an SF junction and describe a numerical method
of solving the nonlinear Usadel equation in such a system.
The numerical results of the LDOS for various parameters
and the discussion of the robustness of ZEP are presented in
Sect. 3. In Sect. 4, the summary of our results is presented.
Throughout the paper, we confine ourselves to the regime of
zero temperature and put kg = 1.

2. Nonlinear Usadel Equation

Let us consider SF junctions in the dirty limit shown in
Fig. 1. We assume that the junction is homogeneous within
the yz plane. The magnetization in the ferromagnet can be
either homogeneous or inhomogeneous. As an example of
the inhomogeneous magnetization, we divide the F layer into
two segments, F1 and F2, as shown in Fig. 1. In the F1 layer
(0 < x < Lp), the magnetic moment is in the zx plane and
rotated by « from the z-direction. In the F2 layer (Lp; <
x < Lg), on the other hand, the magnetic moment points the
z-direction. The magnetic moments in the two layers are
non-collinear to each other for o 0, which results in spin-
flip scattering. The misorientation angle o in exchange-
spring ferromagnets®®%? can be experimentally controlled
by applying an in-plane magnetic field. The length of the

DOS probe

y

.’L‘ZLF

(Color online) Model of an SF junction for observation of spin-triplet pairing through LDOS measurement. The magnetization directions in F1 and

) 8 E) [ E)
g, E) = [ _f(x’ E) —g(xE) :|, (3
with
E(x,E)=(E+i8)1 — V() -6, )
E(x, E) = {E(x, —E)}, o)
A(x, E) = {A(x, —E)Y*, ©6)

where § is a small imaginary part indicating the retarded
causality of the Green function. Physically, i5 represents
the self-energy due to inelastic scatterings, for instance, by
the thermal excitation or electron—electron interactions.
Throughout this paper, we set §/Ag = 107*, where A is
the amplitude of the Pair potential at zero temperature. Here,
6 with j = 1,2, 3 are Pauli matrices and 6o = 1isthe2 x 2
unit matrix. The magnetic moment V(x) in a ferromagnet is
defined as

Eex(sina,0,cosa) for 0 <x < Lg;

E(0,0,1) for Lpp <x < Lp
Throughout this paper, - - and -*- indicate 4 x 4 and 2 x 2
matrices, respectively. In what follows, we only consider the

s-wave spin-singlet pair potential in a superconductor, (i.e.,
A = Ayidy). The particle-hole symmetry results in

4. E) = {8(x, —E)Y", ®)
[0 By = (fx, =)} ©)

63-66)

Vi) = { @)

To solve Eq. (1), we use the Riccati parameterization
for the Green function, i.e.,

F2 layers is denoted by Lg, (i.e., Lp = Lg; + Lg>). The A 1+99 2y
resistance due to the barrier at the SF interface is denoted by 3(x,E) = |: ]Y (3 :| - . . (10)
Rp and that in the F layer by Ry. In our calculation, we 0 N =2y —=(+py
assume that the exchange energies E.x in the F1 and F2 -
layers are the same, and that the interface between the two  with
layers is transparent. N=(- ¥, (11)
In the presence of spin-flip scattering, we have to solve a & N
4 x 4 matrix Usadel equation®® given by N=d=-p»—. (12)
d d 5 The normalization condition of the Green function is auto-
ihD — (g — é) —[H,g] =0, (1) matically satisfied under the parameterization, i.e., g¢¢& = 1.
dr \” dx The derivative of the inverse matrix 8, N can be obtained as
where D is the diffusion constant in § and F. The - NN
Hamiltonian H and the Green function g are respectively 0N = NAN, (13)
defined by A ) with
i = [ BBy 26 B ] @) A= @)y + 70, (14)
Ax,E) E,E) ~ ~
- - which is obtained from the identity 3,(NN—') = 0.
124702-2 ©2013 The Physical Society of Japan
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Finally, the Usadel equation [Eq. (1)] is reduced to two
partial differential equations for ¥ and :

ihDI3}y + @ f @ - Ey + YE+A -y Ay =0,
(15)

— D[ P +@ P @ —EF+PE+A—-7Ap=0.
(16)

After taking the complex conjugation and £ — —F in the
above equations, we find that $*(x, —E) and $(x, E) obey the
same equation. Thus, we conclude that ~

Y, E) = 9 (x, —E). A7)

At the interface between a ferromagnet and a super-
conductor, the Kupriyanov—Lukichev boundary condition®”
connects Green functions on both sides, i.e.,

2T &7, § 0,8 = [Gs, &1, (18)
with 'y = Rg/RY and
X, Qi SA
Go=| & (19)
fSOZ _gs1

E

S TE & 20
iA

reE b

Here, Rg is the resistance of the barrier at the SF interface
and RY is the resistance of a ferromagnet whose length
is & = /AD/2nT,, with T. being the superconducting
transition temperature. The resistance of the ferromagnet,
Ry, is then given by RONLF/ETC. We obtain two boundary
conditions:

Wty 07 =287 +AFo -6, (22)
Wty 0 P =28 7 (G 62 762  (23)

Since g,(—F) = gi(E) and f(—E) = f(E), y*(x,—E) and
y(x, E) satisfy the same boundary condition.

~ By numerically solving the nonlinear differential equa-
tions [Egs. (15) and (16)] together with the boundary
conditions [Egs. (22) and (23)], we calculate the LDOS
as

NE) 1 .
No —ETr[Reg(E)],

(24)

and the pair function matrix as
J(E) =[fo(E)L +f - 6lo>
_ [ fi(E) +H(E)  —ifs(E) —ifo(E) j| 25)
—iA(E) +ifo(E)  —ifi(E) +f(E) |

where N, is the normal DOS and f = (fi,f,f3). The
components fy, fi, f», and f3 respectively represent the
pairing function for the spin-singlet state [(|1{) — |1 1))/
V2], the equal-spin-triplet states [(|11) — [14))/v/2],
[(I11) + [44))/~/2)], and the opposite-spin-triplet state
[(114) + [41)/+/2]. The LDOS N(E) and the pairing
function f; are local values depending on x.

In the dirty limit, the singlet component f; has an even-
frequency symmetry, while the three triplet components f;
(i =1,2,3) have an odd-frequency symmetry. Note that the
y component of the magnetic moment V(x) is zero in this
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paper [see Eq. (7)]. Thus, the equal-spin-triplet component
f>» is always zero.

3. Results

In this section, we study the LDOS in the cases of uniform
and nonuniform magnetizations systematically. In order to
show the robustness of the ZEP in the LDOS induced by
spin-triplet odd-frequency pairs, we calculate the phase
diagrams of the ZEP and the pair amplitudes as functions of
several variables. We also discuss how to detect signatures
of long-range triplet pairing experimentally.

3.1 Local density of states and pair functions

Let us first discuss the LDOS in the uniform-magnet-
ization case, i.e., o =0. We consider a very weak
ferromagnet by choosing E./2nT. =0.1 and a rather
moderate proximity effect by setting the RY/Rp = 0.2.
In Figs. 2(a)-2(c), we show the dependence of the LDOS
N(E) at the edge of the F2 layer (i.e., at x = Lg) on the F
layer thickness Lg. When Lg/&7 is much smaller than unity
or when the Thouless energy Ety is much larger than E,
ie., Etp = hD/L% > E., a minigap is formed owing to the
proximity effect. In this case, we can neglect the effect of the
magnetic moment on the proximity effect. As a result of the
proximity effect, the minigap appears in LDOS, as shown in
Figs. 2(a) and 2(c), for Lg/&; < 1. The magnitude of the
minigap is approximately given by®

Eth
Rp’
RN
as in the case of diffusive S/N (normal metal) junctions.
When we increase L [i.e., decrease Etn (~ Lg 2)], the size
of the minigap gradually decreases, as shown in Fig. 2(c).
Eventually, when the resonant condition Eex = Ey, is
satisfied, the minigap is closed completely®® and the ZEP
is developed. However, when we increase L or decrease
Ery, further, the LDOS profile near E = 0 becomes almost
flat because the minigap edges move outwards toward the
superconducting-gap edge. Therefore, the ZEP can be
realized only near the resonant condition E. = Emg.ég’m)
Note that, for a large Lg > &7, the LDOS has peaks at
E=+FE, ~ +035A¢ for E./2nT. =0.1, which is in
agreement with the theoretical prediction.’”"

To make the above points clearer, we plot the zero-energy
density of state N(0) and the amplitude of the pair functions
|£:(0)] (i=0,1,3) as functions of Lr in Fig. 3(a). In the
uniform-magnetization case, the long-range triplet compo-
nents f; and f, are completely absent.'”’ Near the resonant
condition Ecx = Ep,g, the short-range triplet component f3(0)
is rather more dominant than the singlet one f;(0), as shown
in the lower panel of Fig. 3(a). Two short-range components
with a decay length &, ~ 2.2&; basically coexist with each
other. These observations are consistent with previous
results.!?4®)

In the case of a nonuniform magnetization (o« = 7/2), on
the other hand, the characteristic behaviors of N(0) are
largely different from those in the uniform-magnetization
case owing to the appearance of the long-range spin-triplet
components. The decay length of the long-range component
is given by min(&y, &5), where & = Re[+/RD/i3] is the decay

Emg = (26)

I+
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(Color online) LDOS N(E) at the edge of the F, layer, i.e., x = L, as a function of energy E and the F layer thickness Ly for an SF junction with

(a) uniform (o = 0) and (d) nonuniform (« = 7/2) magnetizations with Lg; = 0.5§7,, Eex/27T. = 0.1, and RON /Rp = 0.2. No, A, and &7, are the normal-
state LDOS, superconducting gap, and coherence length at 7 = T, respectively. Panels (b) and (e) are magnified images of (a) and (d) near E =0,
respectively. Panels (c) and (f) are magnified images of (a) and (d) around the small-Lg regime, respectively. The arrows indicate the resonant condition

Ecex = Eng, where Ep, is the minigap in the case of Eex = 0.

length stemming from inelastic scattering. In the present
results, &5 < & because we consider the limit of zero
temperature. The LDOS at the edge of the F2 layer is shown
as a function of Lg in Figs. 2(d)-2(f). As clearly shown in
Figs. 2(d) and 2(e), the ZEP develops not only near the
resonant condition, but also in a wider range of Lg.

In order to understand the physical origin of the ZEP, we
plot the zero-energy LDOS N(0) and the pairing functions
f;(0) at the edge of the F2 layer (x = L) as a function of Lg
in Fig. 3. The results show that N(0) is larger than Ny (the
ZEP develops) when the amplitude of the long-range triplet
component fi(0) is larger than those of the short-range
components fy and f3. The short-range components show
exponentially damped oscillation as a function of Lp,
whereas the long-range one decays considerably slowly
with increasing Lg. This is due to the fact that long-range
pairs (]11), |4 {)) have a zero center-of-mass momentum as
in the case of singlet pairs in conventional SN junctions.
Therefore, in the case of the long F2 layer, i.e., Lp > &,
one can have an almost pure long-range triplet component
near the edge of the F, layer.

Note that the dependences of N(0) and f;(0) on L in the
regime Lp/&, > 1 are closely related as shown in Fig. 3(b).
This can be explained as follows. When only the long-range
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component f1(0) exists, the zero-energy LDOS is approxi-
mately given by

N0 1
NLO) =3 TrRe 2(O)] ~ V1 + [iO)F,

using the normalization condition
Fff=1
Thus, the Lr dependence of ZEP is closely related to that
of the long-range triplet odd-frequency component f;(0).'”
Therefore, we conclude that the systematic ZEP measure-
ments by changing Lg give strong evidence of the long-
range spin-triplet correlations. In Sect. 3.3, we will discuss

in more detail ways to experimentally discriminate between
the short- and long-range triplet components.

27)

(28)

3.2 Robustness of the zero-energy peak

A number of theoretical papers have discussed the ZEP
appearing in LDOS in a ferromagnet attached to a super-
conductor. However, the investigation has been limited to
very specific cases such as a very weak exchange field,*® a
very strong exchange field (like half metals),'®?%?! a very
small F layer thickness (Lr < &7.),”” and a weak-proximity-
effect regime (equivalently, RON/ Rp <« 1). Therefore, the

©?2013 The Physical Society of Japan
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Fig. 3. (Color online) (a) Zero-energy LDOS N(0) and the absolute value
of the zero-energy pair-functions f;(0) as a function of the F layer thickness
Lg at the edge of the F2 layer (x = Lg). The results for the uniform
magnetization o = 0 are in (a) and those for the nonuniform magnetization
o = /2 are in (b). fy (black dashed line), f3 (blue dotted line), and f; (red
solid line) are the short-range singlet, short-range triplet, and long-range
triplet components, respectively. The vertical dotted line corresponds
to the resonant condition Ee = Ey. The parameters are Lp = 0.5§7,
Eex/27T. = 0.1, and RY/Rp = 0.2.

natural question to ask is how robust the presence of the ZEP
induced by spin-triplet odd-frequency pairing is in actually?
To answer this question, we calculate the zero-energy LDOS
N(0) and the pair amplitudes f;(0) by systematically varying
two parameters, (1) the exchange energy E. and (2) the
barrier resistance Rg, which are controllable in experiments.
We will show the robustness of the presence of ZEP induced
by spin-triplet odd-frequency pairs.

In Fig. 4, we show the phase diagram of N(0)/N, and the
most dominant pairing function in F for uniform [Figs. 4(a)
and 4(b)] and nonuniform [Figs. 4(c) and 4(d)] magnetiza-
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Fig. 4. (Color online) Phase diagram of the zero-energy LDOS N(0) at
x = Lgp as a function of Ry/Rp and E./Er, for an SF junction with
(a) uniform (o = 0) and (b) nonuniform («¢ = 7/2) magnetizations, where
Lg; = 0.5&7, and Lg = 4.0&7,. The minigap, zero-energy peak (ZEP), and
flat phase are respectively defined by the regions of N(0)/Ny < 0.98,
N(0)/Np > 1.02, and 0.98 < N(0)/Ny < 1.02. Panels (c) and (d) show the
phase diagram of the most dominant component of pair amplitudes at
x = Lg for an SF junction with uniform and nonuniform magnetizations,
respectively. Black, blue, and red regions are the singlet fy-, short-range
triplet f3-, and long-range triplet fj-dominant phases, respectively. The
dotted lines correspond to the resonant condition Eex = Ep,.

tion configurations as a function of RNx/Rp and Ee/ETh.
In the calculation, we have assumed that Lg; = 0.5&7, and
Lg =4.06;. It is possible to define the following three
phases: (i) minigap phase with N(0)/Ny &~ 0, (ii) ZEP phase
with N(0)/ Ny > 1, and (iii) flat phase with N(0)/Ny =~ 1. In
the calculation, we have defined the ZEP phase as regions
with N(0)/Ny > 1.02 and the flat phase with as those with
0.98 < N(0)/ Ny < 1.02 for practical convenience. As was
already discussed in Sect. 3.1, in the case of the uniform
magnetization, only the short-range components f; and f3
exist. Thus, only in the vicinity of the resonant condition the
ZEP phase develops [see the dotted line in Figs. 4(a) and
4(b)].

On the other hand, the ZEP phase in the nonuniform
magnetization (o = 7/2) appears in wide parameter ranges
of E./ETmh and Rx/Rg, as clearly shown in Fig. 4(b). This
can be attributed to the appearance of the long-range triplet
component f1(0) [see Fig. 4(d)]. Note that the flat phase
appearing for Ry/Rg < 1 and Ec/ET, > 2 in Fig. 4(b) is
due to the practical definition of the phase. At Rn/Rp < 1,
the proximity effect in the ferromagnet is very weak, which
results in a very modest modulation of the LDOS. Although
the zero-energy LDOS in the flat phase is larger than N, it
cannot be larger than 1.02N,. As a consequence, the flat
phase appears in Fig. 4(b). From the above results, one can
conclude that, in the SF junction with the nonuniform
magnetization, the appearance of the ZEP induced by odd-
frequency spin-triplet pairs is very robust and insensitive to
the device configuration and material parameters as long
as Eex/Emg > 1 is satisfied. Therefore, the experimental

©?2013 The Physical Society of Japan
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Fig. 5. (Color online) Zero-energy peak spectroscopy. Deviation of the
zero energy LDOS N(0) from its normal value Ny, i.e., vy = N(0)/No — 1,
as a function of the F layer thickness Lg for an SF junction with o =0
(black dashed line) and « = /2 (red solid and blue dotted lines) for
different values of R%/RB. The LDOS is evaluated at x = Lg. The
parameters are Lg; = 0.5§7, and Eex /27T, = 0.1.

observation of the ZEP gives unequivocal evidence of odd-
frequency spin-triplet pairs. This is one of the important
findings in this work.

3.3 Zero-energy peak spectroscopy

In this subsection, we study details of the ZEP structure in
LDOS and propose an experimental method of detecting
odd-frequency spin-triplet pairs by analyzing the ZEP, i.e.,
the ZEP spectroscopy. The possibility of observing the
singlet-to-triplet crossover by ZEP spectroscopy is discussed
as well.

We study the deviation of the LDOS at the zero-energy
N(0) from its normal value Ny, i.e., |§vy| = |N(0)/ Ny — 1].
The LDOS is calculated at the end of the F2 layer (x = Lg).
In the calculation, we fix Lg; = 0.587, and E../27T. = 0.1
as in Fig. 3. In Fig. 5, we show |[6vp| as a function of Lg in
the cases of a moderate-proximity-effect regime (RY/Rp =
0.2) and a strong-proximity-effect regime (RY/Rp = 1.0). In
the strong-proximity-effect regime, the widely used linear-
ized Usadel approach is not justified at all. In the case of the
uniform magnetization («¢ = 0), |8vy| shows the oscillatory
damped behavior, as shown by the thick broken line in
Fig. 5. This means that §vy changes its sign almost
periodically with the an increase in Lg. Such behavior is
consistent with previous theoretical predictions’'””® as well
as with experimental results.”*">

In contrast, the behaviors of |§vy| for the inhomogeneous
magnetization (o« = 7/2) are largely different from those for
the uniform one. Owing to the development of the long-
range triplet component f1(0), |dvy| decays very slowly as a
function of Ly, as shown by the solid and dotted lines in
Fig. 5. The sign of vy is always positive as long as
Eex > Eng [see also Fig. 3(b)]. The above results suggest
that it is possible to distinguish between the spin-singlet
even-frequency component (fy) and spin-triplet odd-fre-
quency ones (fi, f>, and f3) by systematically measuring the
LDOS at zero energy as a function of Lg. Namely, when the
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Fig. 6. (Color online) (a) Deviation of the zero-energy LDOS N(0) from

its normal value Ny, i.e., [8vg| = |N(0)/ Ny — 1| at x = L as a function of
the F layer thickness Lg for an SF junction with a nonuniform magnetization
(o = /2) in a strong proximity regime (R% /Rp = 1.0). Panel (b) shows the
absolute value of pair functions f;(0) at x = L as a function of L. f (black
dashed line), f3 (blue dotted line), and f; (red solid line) are the short-range
singlet, short-range triplet, and long-range triplet components, respectively.
The parameters are Lg; = 0.5&7, and Eex /27T = 0.1. The gray, blue, and
red region correspond to the singlet-, short-range triplet-, and long-range
triplet-dominant phases. The upper table shows pairing symmetries for the
most dominant component and the signs of dvy.

even- and odd-frequency pair dominant phases crossover
with each other, the crossover points correspond to the deep
minima of |§vg].

To confirm our prediction, we also calculate the pairing
functions as a function of L in Fig. 6, where the amplitudes
of the pairing functions are shown in (b) with the results
of [8vo| with RY/Rg = 1 in (a). The dip positions of [Svy|
are almost identical to the crossover points between the
even- and odd-frequency pair dominant phases. The physical
origin of the above remarkable phenomenon can be
explained as follows. When all the components f; (i =
0-3) coexist, 6vy can be expressed by Eq. (28) as'?

NO) . 1AOP O
= IR T Y e ()

0 i=1,2,3
by assuming |[fj| < 1, and considering the facts that
Imfy(0) = 0 for the singlet component and Re f;(0) = 0 for
the triplet components (i = 1,2, 3).1940) Therefore, the spin-
singlet even- and spin-triplet odd-frequency components
respectively have negative and positive contributions to §vy.
Thus, vy changes its sign at the crossover points in Lg. This
gives rise to a dip structure in the |§vg| vs Ly curve shown in
Fig. 6(a).

The even—odd frequency (singlet—triplet) crossover hap-
pens even in the weak- or moderate-proximity-effect regime
(R%/Rg < 1). As shown in Fig. 3(b) in the moderate-
proximity-effect regime, the amplitude of the long-range

©?2013 The Physical Society of Japan
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component f1(0) is rather larger than that in the strong
proximity cases in Fig. 6(b). Therefore, the crossover (from
short-range singlet to long-range triplet) happens only once
near the resonant condition. By extending the argument to
the uniform SF junction shown in Figs. 3(a) and 5, the well-
known zero-energy LDOS oscillations can be interpreted as
a result of a series of (short-range) singlet-to-(short-range)
triplet crossovers. Therefore, it is possible to identify the
crossover points from the dip positions of |5vg|. This
remarkable feature has never been observed in previous
studies and is one important finding of this study. From
the above results, it is clear that the systematic LDOS
measurement by changing the exchange field E.y, the F layer
thickness Lg, and the barrier resistance Rp gives unequi-
vocal evidence of the novel long-range triplet odd-frequency
pairs.

Finally, we would like to propose an experimental method
of detecting the signature of the odd-frequency pairing and
observing the singlet-to-triplet crossover. Figure 7(a) shows
a scheme of an SF junction in contact with a scanning
tunneling microscope (STM) tip for measuring the differ-
ential conductance or the LDOS in the F layer. The spatial
dependence of the LDOS of F in the strong proximity regime
is plotted in Fig. 7(b). As clearly shown in Fig. 7(b), the
measurement of the position dependence of the zero-energy
LDOS enables clear identification of the long-range odd-
frequency pairing as well as of the the singlet-to-triplet
Crossover.

The characteristic behaviors of |dvg| and [f;(0)] for
x> &r in Fig. 7(b) are very similar to those for Lr > &,
in Fig. 6. The physics happening at the edge of a sufficiently
long ferromagnet and that at a point far enough from the SF
interface should be the same. However, the behaviors of
[8vo| and |f;(0)| for Lr < &7, in Fig. 6 are clearly different
from those for x < & in Fig. 7. In Fig. 6, the Thouless
energy Er, is larger than the exchange potential E¢ for
Lg < &7.. As already mentioned in Sect. 3.1, the effect of
the magnetization on the proximity effect is negligible in
such a case. Therefore all spin-triplet components are absent
in the ferromagnet, as shown in Fig. 6, which leads to a
minigap structure in LDOS. On the other hand, in Fig. 7, the
choice of Lr = 15§;, means a sufficiently large Eex/En
leading to the appearance of spin-triplet components near
the SF interface. Therefore, clear minigap structures are not
expected in experiments by zero-energy peak spectroscopy.
Note that the spatial dependence of the LDOS of an
inhomogeneous SF junction for a weak-proximity-effect
regime and small exchange fields has been investigated by
Cottet.*®

4. Conclusions

To summarize, we have systematically investigated the
superconducting proximity effect in SF junctions with
uniform and nonuniform magnetizations in terms of spin-
triplet odd-frequency pairing. By solving the nonlinear
Usadel equation fully numerically, we have calculated the
LDOS in a ferromagnet and found following the remarkable
results.

(1) In contrast to the case of the uniform magnetiza-
tion,?>’? the LDOS in SF junctions with the nonuniform
magnetization has a ZEP in a wide range of parameters,
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Fig. 7. (Color online) (a) Scheme of an inhomogeneous SF junction in

contact with an STM tip. Panel (b) shows the position x dependence of
8vp(0) and the pair functions f;(0) (i =0,1,3) in the F layer, where £+
corresponds to the sign of dvy. fy (black dashed line), f3 (blue dotted line),
and f; (red solid line) are the short-range singlet, short-range triplet, and
long-range triplet components, respectively. The parameters are o = /2,
Ly = 0.5&;, Ly, = 14.56;, RY/Rg = 2.0, and E /27T, = 0.1.

indicating the robust presence of the ZEP induced by spin-
triplet odd-frequency pairs.

(2) The ZEP height is damped very slowly with increasing
Lg owing to the development of long-range spin-triplet
pairing. This behavior is in marked contrast to the uniform
magnetization case in which the zero-energy LDOS
shows exponentially damped oscillation as a function of
Lp 7

(3) The dip position of |§vy| corresponds to the crossover
point between singlet and triplet or even- and odd-frequency
pairings. This means that ZEP spectroscopy can give us clear
information on the symmetry of Cooper pairs.

The above remarkable results clearly indicate that the
experimental observation of the ZEP for SF junctions with
a nonuniform magnetization provides the evidence of the
existence of the novel spin-triplet odd-frequency pairing.

In this paper, we have discussed the proximity effect,
assuming a spin-singlet s-wave superconductor as a bulk
state of S. An extension to unconventional superconductors
is possible on the basis of more general boundary
conditions’®”” taking the Andreev bound state (ABS)’>"”
into account. There have been many studies in various
systems that show that ABS supports the generation of odd-
frequency pairing.®**® The proximity effect in spin-triplet
p-wave superconductors is interesting®’°? since the odd-
frequency pairing induced from bulk superconductors with-
out exchange energy becomes prominent.’” In addition, we

©?2013 The Physical Society of Japan
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have particularly focused on the LDOS. It is interesting to
discuss the anomalous Meissner effect’>™ and surface
impedance’® due to the proximity effect caused by odd-
frequency pairing.

Acknowledgments

We would like to thank T. Akazaki, A. Cottet, N. Birge,
M. Blamire, S. Jiang, S. Kashiwaya, A. S. Vasenko, and T.
Yokoyama for useful discussions and comments. One of us
(S.K.) would like to thank the Theory Group of Institut
Laue—Langevin for their hospitality during the course of this
work. This work was supported by the Topological Quantum
Phenomena (Nos. 22103002 and 22103005) KAKENHI on
Innovative Areas, a Grant-in-Aid for Scientific Research
(No. 22710096) from the Ministry of Education, Culture,
Sports, Science and Technology of Japan, and the JSPS
Institutional Program for Young Researcher Overseas
Visits.

*s-kawabata @aist.go.jp

1) L. N. Bulaevskii, V. V. Kuzii, and A. A. Sobyanin: JETP Lett. 25
(1977) 291.

2) P. Fulde and R. A. Ferrell: Phys. Rev. 135 (1964) A550.

3) A.IL Larkin and Y. N. Ovchinnikov: Sov. Phys. JETP 20 (1965) 762.

4) A. 1. Buzdin, L. N. Bulaevskii, and S. V. Panyukov: JETP Lett. 35
(1982) 179.

5) V. V. Ryazanov, V. A. Oboznov, A. Yu. Rusanov, A. V.
Veretennikov, A. A. Golubov, and J. Aarts: Phys. Rev. Lett. 86
(2001) 2427.

6) T. Kontos, M. Aprili, J. Lesueur, F. Genet, B. Stephanidis, and R.
Boursier: Phys. Rev. Lett. 89 (2002) 137007.

7) J. W. A. Robinson, S. Piano, G. Burnell, C. Bell, and M. G. Blamire:
Phys. Rev. Lett. 97 (2006) 177003.

8) A. A. Golubov, M. Yu. Kupriyanov, and E. Ilichev: Rev. Mod. Phys.
76 (2004) 411.

9) A. I Buzdin: Rev. Mod. Phys. 77 (2005) 935.

10) F. S. Bergeret, A. F. Volkov, and K. B. Efetov: Rev. Mod. Phys. 77
(2005) 1321.

11) F. S. Bergeret, A. F. Volkov, and K. B. Efetov: Phys. Rev. Lett. 86
(2001) 4096.

12) A. F. Volkov, F. S. Bergeret, and K. B. Efetov: Phys. Rev. Lett. 90
(2003) 117006.

13) M. Eschrig: Phys. Today 64 [1] (2011) 43.

14) A. Kadigrobov, R. I. Shekhter, and M. Jonson: Europhys. Lett. 54
(2001) 394.

15) R. S. Keizer, S. T. B. Goennenwein, T. M. Klapwijk, G. Miao, G.
Xiao, and A. Gupta: Nature 439 (2006) 825.

16) M. Eschrig, J. Kopu, J. C. Cuevas, and G. Schon: Phys. Rev. Lett. 90
(2003) 137003.

17) 1. Sosnin, H. Cho, V. T. Petrashov, and A. F. Volkov: Phys. Rev. Lett.
96 (2006) 157002.

18) Y. Asano, Y. Tanaka, and A. A. Golubov: Phys. Rev. Lett. 98 (2007)
107002.

19) Y. Asano, Y. Sawa, Y. Tanaka, and A. A. Golubov: Phys. Rev. B 76
(2007) 224525.

20) V. Braude and Y. V. Nazarov: Phys. Rev. Lett. 98 (2007) 077003.

21) M. Eschrig and T. Lofwander: Nat. Phys. 4 (2008) 138.

22) J. W. A. Robinson, J. D. S. Witt, and M. G. Blamire: Science 329
(2010) 59.

23) T.S. Khaire, M. A. Khasawneh, W. P. Pratt, Jr., and N. O. Birge: Phys.
Rev. Lett. 104 (2010) 137002.

24) D. Sprungmann, K. Westerholt, H. Zabel, M. Weides, and H.
Kohlstedt: Phys. Rev. B 82 (2010) 060505(R).

25) M. S. Anwar, F. Czeschka, M. Hesselberth, M. Porcu, and J. Aarts:
Phys. Rev. B 82 (2010) 100501(R).

26) C. Klose, T. S. Khaire, Y. Wang, W. P. Pratt, Jr., N. O. Birge, B. J.
McMorran, T. P. Ginley, J. A. Borchers, B. J. Kirby, B. B. Maranville,

27)
28)
29)
30)
31)
32)

33)
34)

35)
36)
37)
38)
39)
40)
41)
42)
43)
44)

45)

46)
47)

48)
49)
50)
s1)
52)
53)
54)
55)
56)
57)
58)
59)

60)
61)

62)
63)
64)

65)
66)

67)

68)

124702-8

and J. Unguris: Phys. Rev. Lett. 108 (2012) 127002.

Y. Wang, W. P. Pratt, Jr., and N. O. Birge: Phys. Rev. B 85 (2012)
214522.

Ya. V. Fominov, A. F. Volkov, and K. B. Efetov: Phys. Rev. B 75
(2007) 104509.

M. Houzet and A. I. Buzdin: Phys. Rev. B 76 (2007) 060504(R).

A. Cottet: Phys. Rev. B 76 (2007) 224505.

J. Linder, T. Yokoyama, A. Sudbg, and M. Eschrig: Phys. Rev. Lett.
102 (2009) 107008.

M. Eschrig: Phys. Rev. B 80 (2009) 134511.

J. Linder, M. Cuoco, and A. Sudbg: Phys. Rev. B 81 (2010) 174526.
Y. V. Fominov, A. A. Golubov, T. Y. Karminskaya, M. Y.
Kupriyanov, R. G. Deminov, and L. R. Tagirov: JETP Lett. 91
(2010) 308.

L. Trifunovic and Z. Radovi¢: Phys. Rev. B 82 (2010) 020505(R).
A. Cottet: Phys. Rev. Lett. 107 (2011) 177001.

T. Y. Karminskaya, A. A. Golubov, and M. Y. Kupriyanov: Phys. Rev.
B 84 (2011) 064531.

A. Ozaeta, A. S. Vasenko, F. W. J. Hekking, and F. S. Bergeret: Phys.
Rev. B 85 (2012) 174518.

A. S. Vasenko, A. Ozaeta, S. Kawabata, F. W. J. Hekking, and F. S.
Bergeret: J. Supercond. Novel Magn. 26 (2013) 1951.

K. Halterman, P. H. Barsic, and O. T. Valls: Phys. Rev. Lett. 99 (2007)
127002.

A. I. Buzdin, A. S. Melnikov, and N. G. Pugach: Phys. Rev. B 83
(2011) 144515.

L. Trifunovic, Z. Popovi¢, and Z. Radovi¢: Phys. Rev. B 84 (2011)
064511.

M. Knezevié, L. Trifunovic, and Z. Radovi¢: Phys. Rev. B 85 (2012)
094517.

C. T. Wu, O. T. Valls, and K. Halterman: Phys. Rev. B 86 (2012)
014523.

A. S. Mel’nikov, A. V. Samokhvalov, S. M. Kuznetsova, and A. 1.
Buzdin: Phys. Rev. Lett. 109 (2012) 237006.

M. A. Silaev: Phys. Rev. B 79 (2009) 184505.

M. S. Kalenkov, A. D. Zaikin, and V. T. Petrashov: Phys. Rev. Lett.
107 (2011) 087003.

T. Yokoyama, Y. Tanaka, and A. A. Golubov: Phys. Rev. B 75 (2007)
094514.

Y. Sawa, T. Yokoyama, Y. Tanaka, and A. A. Golubov: Phys. Rev. B
75 (2007) 134508.

G. Annunziata, M. Cuoco, C. Noce, A. Sudbg, and J. Linder: Phys.
Rev. B 83 (2011) 060508(R).

G. Annunziata, D. Manske, and J. Linder: Phys. Rev. B 86 (2012)
174514.

I. V. Bobkova and A. M. Bobkov: Phys. Rev. B 82 (2010) 024515.
K. Usadel: Phys. Rev. Lett. 25 (1970) 507.

W. Belzig, F. K. Wilhelm, C. Bruder, G. Schon, and A. D. Zaikin:
Superlattices Microstruct. 25 (1999) 1251.

K. Dybko, K. Werner-Malento, P. Aleshkevych, M. Wojcik, M.
Sawicki, and P. Przyslupski: Phys. Rev. B 80 (2009) 144504.

Y. Kalcheim, T. Kirzhner, G. Koren, and O. Millo: Phys. Rev. B 83
(2011) 064510.

I. Fridman, L. Gunawan, G. A. Botton, and J. Y. T. Wei: Phys. Rev. B
84 (2011) 104522.

C. Visani, Z. Sefrioui, J. Tornos, C. Leon, J. Briatico, M. Bibes, A.
Barthélémy, J. Santamaria, and J. E. Villegas: Nat. Phys. 8 (2012) 539.
Y. Kalcheim, O. Millo, M. Egilmez, J. W. A. Robinson, and M. G.
Blamire: Phys. Rev. B 85 (2012) 104504.

E. F. Kneller and R. Hawig: IEEE Trans. Magn. 27 (1991) 3588.

E. E. Fullerton, J. S. Jiang, M. Grimsditch, C. H. Sowers, and S. D.
Bader: Phys. Rev. B 58 (1998) 12193.

J. Y. Gu, J. Kusnadi, and C. Y. You: Phys. Rev. B 81 (2010) 214435.
N. Schopohl and K. Maki: Phys. Rev. B 52 (1995) 490.

N. Schopohl: Quasiclassical Methods in Superconductivity and
Superfluidity (Springer, Heidelberg, 1998) p. 88.

M. Eschrig: Phys. Rev. B 61 (2000) 9061.

J. Linder, A. Sudbg, T. Yokoyama, R. Grein, and M. Eschrig: Phys.
Rev. B 81 (2010) 214504.

M. Y. Kupriyanov and V. F. Lukichev: Sov. Phys. JETP 67 (1988)
1163.

A. A. Golubov, M. Y. Kupriyanov, and Y. V. Fominov: JETP Lett. 75
(2002) 190.

©?2013 The Physical Society of Japan


mailto:s-kawabata@aist.go.jp
http://dx.doi.org/10.1103/PhysRev.135.A550
http://dx.doi.org/10.1103/PhysRevLett.86.2427
http://dx.doi.org/10.1103/PhysRevLett.86.2427
http://dx.doi.org/10.1103/PhysRevLett.89.137007
http://dx.doi.org/10.1103/PhysRevLett.97.177003
http://dx.doi.org/10.1103/RevModPhys.76.411
http://dx.doi.org/10.1103/RevModPhys.76.411
http://dx.doi.org/10.1103/RevModPhys.77.935
http://dx.doi.org/10.1103/RevModPhys.77.1321
http://dx.doi.org/10.1103/RevModPhys.77.1321
http://dx.doi.org/10.1103/PhysRevLett.86.4096
http://dx.doi.org/10.1103/PhysRevLett.86.4096
http://dx.doi.org/10.1103/PhysRevLett.90.117006
http://dx.doi.org/10.1103/PhysRevLett.90.117006
http://dx.doi.org/10.1063/1.3541944
http://dx.doi.org/10.1209/epl/i2001-00107-2
http://dx.doi.org/10.1209/epl/i2001-00107-2
http://dx.doi.org/10.1038/nature04499
http://dx.doi.org/10.1103/PhysRevLett.90.137003
http://dx.doi.org/10.1103/PhysRevLett.90.137003
http://dx.doi.org/10.1103/PhysRevLett.96.157002
http://dx.doi.org/10.1103/PhysRevLett.96.157002
http://dx.doi.org/10.1103/PhysRevLett.98.107002
http://dx.doi.org/10.1103/PhysRevLett.98.107002
http://dx.doi.org/10.1103/PhysRevB.76.224525
http://dx.doi.org/10.1103/PhysRevB.76.224525
http://dx.doi.org/10.1103/PhysRevLett.98.077003
http://dx.doi.org/10.1038/nphys831
http://dx.doi.org/10.1126/science.1189246
http://dx.doi.org/10.1126/science.1189246
http://dx.doi.org/10.1103/PhysRevLett.104.137002
http://dx.doi.org/10.1103/PhysRevLett.104.137002
http://dx.doi.org/10.1103/PhysRevB.82.060505
http://dx.doi.org/10.1103/PhysRevB.82.100501
http://dx.doi.org/10.1103/PhysRevLett.108.127002
http://dx.doi.org/10.1103/PhysRevB.85.214522
http://dx.doi.org/10.1103/PhysRevB.85.214522
http://dx.doi.org/10.1103/PhysRevB.75.104509
http://dx.doi.org/10.1103/PhysRevB.75.104509
http://dx.doi.org/10.1103/PhysRevB.76.060504
http://dx.doi.org/10.1103/PhysRevB.76.224505
http://dx.doi.org/10.1103/PhysRevLett.102.107008
http://dx.doi.org/10.1103/PhysRevLett.102.107008
http://dx.doi.org/10.1103/PhysRevB.80.134511
http://dx.doi.org/10.1103/PhysRevB.81.174526
http://dx.doi.org/10.1134/S002136401006010X
http://dx.doi.org/10.1134/S002136401006010X
http://dx.doi.org/10.1103/PhysRevB.82.020505
http://dx.doi.org/10.1103/PhysRevLett.107.177001
http://dx.doi.org/10.1103/PhysRevB.84.064531
http://dx.doi.org/10.1103/PhysRevB.84.064531
http://dx.doi.org/10.1103/PhysRevB.85.174518
http://dx.doi.org/10.1103/PhysRevB.85.174518
http://dx.doi.org/10.1007/s10948-012-2044-9
http://dx.doi.org/10.1103/PhysRevLett.99.127002
http://dx.doi.org/10.1103/PhysRevLett.99.127002
http://dx.doi.org/10.1103/PhysRevB.83.144515
http://dx.doi.org/10.1103/PhysRevB.83.144515
http://dx.doi.org/10.1103/PhysRevB.84.064511
http://dx.doi.org/10.1103/PhysRevB.84.064511
http://dx.doi.org/10.1103/PhysRevB.85.094517
http://dx.doi.org/10.1103/PhysRevB.85.094517
http://dx.doi.org/10.1103/PhysRevB.86.014523
http://dx.doi.org/10.1103/PhysRevB.86.014523
http://dx.doi.org/10.1103/PhysRevLett.109.237006
http://dx.doi.org/10.1103/PhysRevB.79.184505
http://dx.doi.org/10.1103/PhysRevLett.107.087003
http://dx.doi.org/10.1103/PhysRevLett.107.087003
http://dx.doi.org/10.1103/PhysRevB.75.094514
http://dx.doi.org/10.1103/PhysRevB.75.094514
http://dx.doi.org/10.1103/PhysRevB.75.134508
http://dx.doi.org/10.1103/PhysRevB.75.134508
http://dx.doi.org/10.1103/PhysRevB.83.060508
http://dx.doi.org/10.1103/PhysRevB.83.060508
http://dx.doi.org/10.1103/PhysRevB.86.174514
http://dx.doi.org/10.1103/PhysRevB.86.174514
http://dx.doi.org/10.1103/PhysRevB.82.024515
http://dx.doi.org/10.1103/PhysRevLett.25.507
http://dx.doi.org/10.1006/spmi.1999.0710
http://dx.doi.org/10.1103/PhysRevB.80.144504
http://dx.doi.org/10.1103/PhysRevB.83.064510
http://dx.doi.org/10.1103/PhysRevB.83.064510
http://dx.doi.org/10.1103/PhysRevB.84.104522
http://dx.doi.org/10.1103/PhysRevB.84.104522
http://dx.doi.org/10.1038/nphys2318
http://dx.doi.org/10.1103/PhysRevB.85.104504
http://dx.doi.org/10.1109/20.102931
http://dx.doi.org/10.1103/PhysRevB.58.12193
http://dx.doi.org/10.1103/PhysRevB.81.214435
http://dx.doi.org/10.1103/PhysRevB.52.490
http://dx.doi.org/10.1103/PhysRevB.61.9061
http://dx.doi.org/10.1103/PhysRevB.81.214504
http://dx.doi.org/10.1103/PhysRevB.81.214504
http://dx.doi.org/10.1134/1.1475721
http://dx.doi.org/10.1134/1.1475721

J. Phys. Soc. Jpn. 82 (2013) 124702

FuLL PAPERS

S. KawaBarta et al.

69)
70)
71)
72)
73)
74)
75)
76)
77

78)
79)

80)
81)

82)

T. Yokoyama, Y. Tanaka, and A. A. Golubov: Phys. Rev. B 72 (2005)
052512.

T. Yokoyama, Y. Tanaka, and A. A. Golubov: Phys. Rev. B 73 (2006)
094501.

A. S. Vasenko, S. Kawabata, A. A. Golubov, M. Y. Kupriyanov, C.
Lacroix, F. S. Bergeret, and F. W. J. Hekking: Phys. Rev. B 84 (2011)
024524.

A. 1. Buzdin: Phys. Rev. B 62 (2000) 11377.

A. S. Vasenko, A. A. Golubov, M. Y. Kupriyanov, and M. Weides:
Phys. Rev. B 77 (2008) 134507.

T. Kontos, M. Aprili, J. Lesueur, and X. Grison: Phys. Rev. Lett. 86
(2001) 304.

K. M. Boden, W. P. Pratt, Jr., and N. O. Birge: Phys. Rev. B 84 (2011)
020510.

Y. Tanaka, Y. V. Nazarov, and S. Kashiwaya: Phys. Rev. Lett. 90
(2003) 167003.

Y. Tanaka, Y. V. Nazarov, A. A. Golubov, and S. Kashiwaya: Phys.
Rev. B 69 (2004) 144519.

Y. Tanaka and S. Kashiwaya: Phys. Rev. Lett. 74 (1995) 3451.

Y. Asano, Y. Tanaka, and S. Kashiwaya: Phys. Rev. B 69 (2004)
134501.

Y. Tanaka and A. A. Golubov: Phys. Rev. Lett. 98 (2007) 037003.
Y. Tanaka, A. A. Golubov, S. Kashiwaya, and M. Ueda: Phys. Rev.
Lett. 99 (2007) 037005.

Y. Tanaka, Y. Tanuma, and A. A. Golubov: Phys. Rev. B 76 (2007)
054522.

83)
84)
85)
86)

87)
88)

89)
90)

91)
92)

93)
94)
95)

96)

124702-9

Y. Tanuma, N. Hayashi, Y. Tanaka, and A. A. Golubov: Phys. Rev.
Lett. 102 (2009) 117003.

T. Yokoyama, M. Ichioka, and Y. Tanaka: J. Phys. Soc. Jpn. 79 (2010)
034702.

Y. Tanaka, M. Sato, and N. Nagaosa: J. Phys. Soc. Jpn. 81 (2012)
011013.

S. Higashitani, S. Matsuo, Y. Nagato, K. Nagai, S. Murakawa, R.
Nomura, and Y. Okuda: Phys. Rev. B 85 (2012) 024524.

Y. Tanaka and S. Kashiwaya: Phys. Rev. B 70 (2004) 012507.

Y. Tanaka, S. Kashiwaya, and T. Yokoyama: Phys. Rev. B 71 (2005)
094513.

Y. Asano, Y. Tanaka, and S. Kashiwaya: Phys. Rev. Lett. 96 (2006)
097007.

P. M. R. Brydon, B. Kastening, D. K. Morr, and D. Manske: Phys.
Rev. B 77 (2008) 104504.

P. M. R. Brydon: Phys. Rev. B 80 (2009) 224520.

S. Higashitani, Y. Nagato, and K. Nagai: J. Low Temp. Phys. 155
(2009) 83.

Y. Tanaka, Y. Asano, A. A. Golubov, and S. Kashiwaya: Phys. Rev. B
72 (2005) 140503.

T. Yokoyama, Y. Tanaka, and N. Nagaosa: Phys. Rev. Lett. 106
(2011) 246601.

S. Higashitani, H. Takeuchi, S. Matsuo, Y. Nagato, and K. Nagai:
Phys. Rev. Lett. 110 (2013) 175301.

Y. Asano, A. A. Golubov, Y. V. Fominov, and Y. Tanaka: Phys. Rev.
Lett. 107 (2011) 087001.

©?2013 The Physical Society of Japan


http://dx.doi.org/10.1103/PhysRevB.72.052512
http://dx.doi.org/10.1103/PhysRevB.72.052512
http://dx.doi.org/10.1103/PhysRevB.73.094501
http://dx.doi.org/10.1103/PhysRevB.73.094501
http://dx.doi.org/10.1103/PhysRevB.84.024524
http://dx.doi.org/10.1103/PhysRevB.84.024524
http://dx.doi.org/10.1103/PhysRevB.62.11377
http://dx.doi.org/10.1103/PhysRevB.77.134507
http://dx.doi.org/10.1103/PhysRevLett.86.304
http://dx.doi.org/10.1103/PhysRevLett.86.304
http://dx.doi.org/10.1103/PhysRevB.84.020510
http://dx.doi.org/10.1103/PhysRevB.84.020510
http://dx.doi.org/10.1103/PhysRevLett.90.167003
http://dx.doi.org/10.1103/PhysRevLett.90.167003
http://dx.doi.org/10.1103/PhysRevB.69.144519
http://dx.doi.org/10.1103/PhysRevB.69.144519
http://dx.doi.org/10.1103/PhysRevLett.74.3451
http://dx.doi.org/10.1103/PhysRevB.69.134501
http://dx.doi.org/10.1103/PhysRevB.69.134501
http://dx.doi.org/10.1103/PhysRevLett.98.037003
http://dx.doi.org/10.1103/PhysRevLett.99.037005
http://dx.doi.org/10.1103/PhysRevLett.99.037005
http://dx.doi.org/10.1103/PhysRevB.76.054522
http://dx.doi.org/10.1103/PhysRevB.76.054522
http://dx.doi.org/10.1103/PhysRevLett.102.117003
http://dx.doi.org/10.1103/PhysRevLett.102.117003
http://dx.doi.org/10.1143/JPSJ.79.034702
http://dx.doi.org/10.1143/JPSJ.79.034702
http://dx.doi.org/10.1143/JPSJ.81.011013
http://dx.doi.org/10.1143/JPSJ.81.011013
http://dx.doi.org/10.1103/PhysRevB.85.024524
http://dx.doi.org/10.1103/PhysRevB.70.012507
http://dx.doi.org/10.1103/PhysRevB.71.094513
http://dx.doi.org/10.1103/PhysRevB.71.094513
http://dx.doi.org/10.1103/PhysRevLett.96.097007
http://dx.doi.org/10.1103/PhysRevLett.96.097007
http://dx.doi.org/10.1103/PhysRevB.77.104504
http://dx.doi.org/10.1103/PhysRevB.77.104504
http://dx.doi.org/10.1103/PhysRevB.80.224520
http://dx.doi.org/10.1007/s10909-009-9868-0
http://dx.doi.org/10.1007/s10909-009-9868-0
http://dx.doi.org/10.1103/PhysRevB.72.140503
http://dx.doi.org/10.1103/PhysRevB.72.140503
http://dx.doi.org/10.1103/PhysRevLett.106.246601
http://dx.doi.org/10.1103/PhysRevLett.106.246601
http://dx.doi.org/10.1103/PhysRevLett.110.175301
http://dx.doi.org/10.1103/PhysRevLett.107.087001
http://dx.doi.org/10.1103/PhysRevLett.107.087001

