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We theoretically propose a method to identify �s-wave order parameter in recently discovered Fe-pnictide
superconductors. Our idea uses the Riedel anomaly in ac-Josephson current through a SI��S� �single-band
s-wave superconductor/insulator/�s-wave two-band superconductor� junction. We show that the Riedel peak
effect leads to vanishing ac-Josephson current at some values of biased voltage. This phenomenon does not
occur in the case when the �s-wave superconductor is replaced by a conventional s-wave one so that the
observation of this vanishing Josephson current would be a clear signature of �s-wave pairing state in
Fe-pnictide superconductors.
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The pairing symmetry is one of the most important issues
in Fe-pnictide superconductors.1–5 Since the discovery of
LaFeAsO1−xFx,

1 various key properties of these materials
have been clarified. FeAs layers form a quasi-two-
dimensional electron system, consisting of hole and electron
pockets around the � point and M point, respectively.6–13 An
antiferromagnetic �AF� phase exists without carrier doping,14

so that the possibility of pairing mechanism associated with
AF spin fluctuations has been discussed.15–18 The decrease in
Knight shift19 below the superconducting phase-transition
temperature Tc indicates a singlet pairing state. A tunneling
experiment,20 as well as angle-resolved photoemission spec-
troscopy �ARPES�,11,12 have shown that Fe-pnictides are
multigap superconductors. The ARPES experiment also re-
ports that the order parameter in each band may have a node-
less s-wave symmetry.11,12 While this is consistent with the
exponential temperature dependence of the penetration depth
far below Tc,

21 it seems contradicting with the T3 behavior of
NMR T1

−1,22,23 implying the existence of nodes.
As a candidate for the pairing symmetry, a �s-wave state

has been proposed.15–18 In this pairing state, nodeless s-wave
order parameters in electron and hole bands have opposite
sign to each other. This unconventional superconductivity
can consistently explain the observed superconducting prop-
erties mentioned above,11,12,19,20 except for the power-law
behavior of NMR T1

−1.22,23 However, some theory groups
have shown that the NMR result can be also explained
within the framework of �s-wave scenario, when one in-
cludes impurity scattering24 and/or anisotropic Fermi
surfaces.25 It has been also reported that the enhancement of
inelastic neutron-scattering rate at a finite momentum trans-
fer observed in superconducting Ba0.6K0.4Fe2As2 is consis-
tent with the �s-wave scenario.18,26

In this paper, we theoretically propose a method to con-
firm the �s-wave order parameter in Fe-pnictide supercon-
ductors. In identifying the pairing symmetry, phase-sensitive
experiments are very powerful. For example, the �-junction
superconducting quantum interference device �SQUID�
played crucial roles to identify the dx2−y2-wave order param-
eter in high Tc cuprates.27 Our idea uses the ac-Josephson
current IJ through a SI��S� �single-band s-wave supercon-

ductor/insulator/�s-wave superconductor� junction shown in
Fig. 1. In this case, IJ consists of two components associated
with two bands in the �s-wave superconductor. Because of
the sign difference of two order parameters in the �s-wave
state, these two current components are found to flow in the
opposite direction to each other. In addition, as in the case of
ordinary ac-Josephson current, each current component
shows the Riedel anomaly,28,29 where the Josephson current
diverges at a certain value of biased voltage V across the
junction. These two phenomena are shown to give vanishing
total ac-Josephson current IJ at some values of V. This van-
ishing IJ does not occur when the order parameters in the
two-band superconductor have the same sign. Since the
ARPES experiment reports a nodeless s-wave order param-
eter in each band,11,12 the observation of the vanishing ac-
Josephson current would be a clear signature of �s-wave
state in Fe-pnictides.

To explain the details of our idea, we explicitly calculate
the ac-Josephson current through the SI��S� junction in Fig.
1. The Hamiltonian is given by H=Hs+H�s+HT, where Hs
and H�s, respectively, describe the single-band s-wave su-
perconductor on the left of the junction and �s-wave super-
conductor on the right of the junction. Tunneling effects are
described by HT. In the BCS approximation, Hs is given by
Hs=�p,��p

s ap�
s† ap�

s +�p��sap↑
s† a−p↓

s† +h.c.�. Here, ap�
s† is the cre-

ation operator of an electron in the s band, with the
kinetic energy �p

s measured from the Fermi energy.
�s=Us�p�a−p↓

s ap↑
s � is the order parameter in the s band,

where Us�0 is a pairing interaction.
For H�s, we simply assume a two-band system as a

minimal model to describe �s-wave superconductivity �al-
though band calculations,6–10,15 as well as ARPES experi-
ment,11 indicate the existence of more than two bands�.

±s-wave superconductors-wave superconductor

hole band: ∆h
electron band: ∆e

s-band: ∆s

IJ(V)

FIG. 1. Model SI��S� junction considered in this paper.
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In the mean-field approximation, H�s is given by17,30

H�s=�p,�,	�p
	cp�

	†cp�
	 +�p,	��	cp↑

	†c−p↓
	† +h.c.�, where cp�

	†

is the creation operator of an electron in the 	�=e ,h� band,
with the kinetic energy �p

	 measured from the Fermi
level. �h�Uhh�p�c−p↓

h cp↑
h �+Uhe�p�c−p↓

e cp↑
e � and �e

�Uee�p�c−p↓
e cp↑

e �+Ueh�p�c−p↓
h cp↑

h � are, respectively, the or-
der parameters in the h and e band,30 where U		 is an intra-
band interaction in the 	 band and U		� �	�	�� describes a
pair tunneling between the e band and h band. �We take
Ueh=Uhe.� In this model, the �s-wave state is easily ob-
tained by setting Uhe
0 and Uee=Uhh=0. We note that �h
and �e have the same sign when Uhe�0. In Fig. 2, we show
the calculated �h and �e. We will use these results in evalu-
ating the ac-Josephson current. We briefly note that although
we take Uee=Uhh=0 to realize �s-wave superconductivity in
a simple manner, the following discussions are not affected
by detailed values of U		�, as far as �s-wave state is
realized.

The tunneling Hamiltonian has the form HT=A+A†,
where A=�p,k,�,	=h,eTp,k

	 ap�
s† ck�

	 ��	A	. Here, Tp,k
	 is the

tunneling-matrix element between the s band and the 	 band,
which satisfies the time-reversal symmetry, as Tp,k

	 =T−p,−k
	� .

Assuming a weak junction, we calculate the tunneling cur-

rent I�t��−e�N�t�˙
s�= ie�A�t�−A†�t�� within the lowest order

in terms of Tp,k
	 �where Ns=�p,�ap�

s† ap�
s is the total number

operator of electrons on the left of the junction in Fig. 1 and
A�t��ei�Hs+H�s�tAe−i�Hs+H�s�t�. Effects of finite voltage V
across the junction are conveniently incorporated by replac-
ing A�t� by e−ieVtA�t�.

The total current I involves both the Josephson current IJ
and the quasiparticle current Iq. Extracting the former com-
ponent, we find

IJ = − 2e �
	=h,e

Im�e−2ieVt�	�� = eV�� � IJ
h + IJ

e. �1�

Here, �	���=−i	−
t dtei�t��A	�t� ,A	�0���0, where the

average �¯ �0 is taken in the absence of HT. The key of our
idea is that Eq. �1� is given by the sum of the contribution

from the h band ��IJ
h� and that from the e band ��IJ

e�. In the
�s-wave superconductor, when the Josephson current
component between the s band and the h band has the
form Jh sin � �where � is the phase difference between �s
and �h across the junction�, the Josephson current compo-
nent between the s band and the e band behaves as
Je sin��+��=−Je sin �, so that they flow toward the oppo-
site direction to each other. �Note that the phase � comes
from the phase difference between �e and �h.�

This phenomenon is similar to the suppression of the Jo-
sephson current in a d-wave superconductor/insulator/s-wave
superconductor �DIS� junction. As shown in Ref. 33, the Jo-
sephson current in the DIS junction vanishes within the
second-order tunneling process because the Josephson cur-
rent component, coming from the momentum region where
the d-wave order parameter is positive, is cancelled out by
the component coming from the region where the d-wave
order parameter is negative. However, in contrast to the DIS
junction, we will find that the total Josephson current
J=Jh sin �+Je sin��+�� in our case does not vanish except
at some values of V.

We now evaluate the Josephson current in Eq. �1� from
the analytic continuation of

�	�i�n� = − 

0

1/T

d�ei�n��T��A	���A	�0���0

= − 2T�
p,k

Tp,k
	 2�

�m

G21
s �p,i�m�G12

	 �k,i�m + i�n� ,

�2�

where �n and �m are the boson and fermion Matsubara fre-
quencies, respectively, and A����e��Hs+H�s�Ae−��Hs+H�s�.
G12

� �p , i�m��−�� / ��m
2 +�p

�2+ ��2���=s ,	� is the off-
diagonal Green’s function, which satisfies G21

� =G12
��.

For simplicity, we approximate the tunneling-matrix ele-
ment Tp,k

	 to the value averaged over the Fermi surface
���Tp,k

	 ��. Executing the momentum summations in Eq. �2�,
we obtain �	�i�n�=2�2�Tp,k

	 �2Ns�0�N	�0��s
��	�	�i�n�,

where

�	�i�n� = T�
�m

1

��m
2 + �s2

1
���m + �n�2 + �	2

. �3�

Here, Ns�0� is the density of states at the Fermi level in the
normal state of the s band. We evaluate the �m summation in
Eq. �3� by transforming it into the complex integration.
Changing the integration path so as to be able to carry out
the analytic continuation, we execute i�n→�+ i�. Substitut-
ing the result into Eq. �1�, we find that the sine component of

ac-Josephson current ��ĪJ� can be written as ĪJ
=Jh sin�2eVt+�s−�h�+Je sin�2eVt+�s−�e�, where �s, �h,
and �e are the phases of the order parameter �s, �h, and �e,
respectively. When the phase difference between �h and �e
is � or 0 �i.e., �e=�h+� or �h�, this expression can be

written as ĪJ=J sin�2eVt+�s−�h�, where

0
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FIG. 2. Temperature dependence of the order parameter �h and
�e, normalized by the value �h�T=0�. The temperature is
normalized by the superconducting phase-transition temperature

Tc=
2��c

� e−1/Uhe�Ne�0�Nh�0�, where �=1.78, and �c is the ordinary
cutoff energy in the BCS theory. N	�0� �	=e ,h� is the density of
states at the Fermi level in the normal state of the 	 band. We set
Uhh=Uee=0, Uhe�Nh�0�+Ne�0��=1.0, and Ne�0� /Nh�0�=0.4. We
note that �h and �e have opposite sign to each other when
Uhe
0, while they have the same sign when Uhe�0.
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J = Jh + �Je. �4�

Jh and Je describe the Josephson current component between
the s band and the h band and that between the s band and
the e band, respectively. They are given by31

J	 =
G	

e

�s�	
2



−



dz tanh
z
2T

� ����s − z − eV���z − �	�
��s2 − �z − eV�2�z2 − �	2

+
��z − �s����	 − z + eV�
�z2 − �s2��	2 − �z + eV�2� , �5�

where G	=4�e2Ns�0�N	�0��Tp,k
	 �2. In Eq. �4�, � involves

useful information about the phase difference between
�h= �hi�h and �e= �eei�e, as

� = �− 1 ��e = �h + �� ,

+ 1 ��e = �h� .
� �6�

When �=−1 �SI��S� junction�, the phase difference be-
tween �h and �e equals �. In this case, the current Je flows
in the opposite direction to Jh. This leads to the suppression
of the total Josephson current as J=Jh−Je. We note that al-
though this is the same mechanism as the suppression of the
Josephson current in the DIS junction mentioned
previously,33 in the present case, J remains finite �except at
some values of biased voltages, as shown in Fig. 3�. When

�e=�h in the case of �=+1, the Josephson current is simply
given by J=Jh+Je.

Figure 3�a� shows J at T=0. Each Jh and Je has a peak at
eV= �s+ �	 �	=e ,h� �Riedel anomaly�. The ac-Josephson
current J��=−1�=Jh−Je vanishes when the voltage V satis-
fies Jh�eV�=Je�eV� �see the solid line in Fig. 3�a��. The
Riedel peaks at eV= �s+ �h and eV= �s+ �e guarantee
that this condition always satisfies at a voltage ��V0� in the
region,32

�s + Min��h, �e� � eV0 � �s + Max��h, �e� . �7�

When the phase difference between �h and �e is absent
��=+1�, J is always finite, as shown in Fig. 3�a�. Thus, the
vanishing ac-Josephson current would be a clear signature of
�s-wave state in Fe-pnictides.

The vanishing Josephson current can be also seen at finite
temperatures, as shown in Fig. 3�b�. On the other hand, when
�h= �e and Jh�eV��Je�eV� are accidentally satisfied, the
Riedel peaks in Jh and Je appear at the same value of V, so
that J��=−1�=Jh−Je only has one Riedel peak at
eV= �h+ �s. In this special case, the vanishing J is not
obtained even in the SI��S� junction. However, since two
different energy gaps have been observed in
Fe-pnictides,11,12,20 we can determine the relative sign of the
two order parameters corresponding to the observed two en-
ergy gaps by our method.

We expect that the vanishing ac-Josephson current dis-
cussed above may be observed by using the conventional
method to observe the Riedel peak and the amplitude of
ac-Josephson current by measuring the step height of Sha-
piro step.29,35,36 When the ac voltage V�t�=Vrf cos �rft is ap-
plied to the junction by radiating radio-frequency field with
angular frequency �rf, the height of the Nth Shapiro step is

given by35 IN= �n=−
 J̃n�	�J̃N−n�	�J�n− N

2 �rf� �where J̃n is
the nth Bessel function and 	=eVrf /��rf�. In particular, for
the first Shapiro step �N=1�, we have

I1 = �2�
n=0



J̃n�	�J̃1−n�	�J��n −
1

2
��rf�� . �8�

When one sets �rf �2��s+ �h�, the term with n=0
dominantly contributes to the summation in Eq. �8� because
J��� rapidly decreases above �= �s+ �h �see Fig. 3�.
Thus, in this case, one may approximate Eq. �8� to

I1�2J̃0�	�J̃1�	�J�
�rf

2 � when �rf �2eV0. Indeed, as shown in
Fig. 4, we clearly see the remarkable suppression of I1 at
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FIG. 3. Calculated ac-Josephson current J, normalized by
J0��GhGe��h�T=0�+ �e�T=0�� /e, as a function of biased volt-
age V. �a� T=0, �b� T /Tc

s =0.9, where Tc
s is Tc of the superconductor

on the left of the junction in Fig. 1. The Riedel anomaly can be seen
at eV / ��s+ �h�=1.0 and 1.48 in panel �a�, and at 0.80 and 1.24 in
panel �b�. In addition to these peaks, we also find weak singularities
at eV= �	− �s, for example, eV / ��s+ �h��0.37 in panel �b�.
We take �Tp,k

h �= �Tp,k
e � for simplicity. For the values of �h�T� and

�e�T�, the results in Fig. 2 are used. Values of the interaction Us is
chosen to realize �h�T=0� /�s�T=0�=1.5.
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FIG. 4. Step height I1��rf� of the N=1 Shapiro step.

IDENTIFICATION OF THE �s-WAVE PAIRING STATE… PHYSICAL REVIEW B 79, 224527 �2009�

224527-3



�rf =2eV0 when �=−1, reflecting the vanishing J at V=V0.
Thus, the observation of step height of the N=1 Shapiro step
would be useful for the confirmation of �s-wave pairing
state based on our idea.

One can immediately extend our idea to the case with
more than two order parameters. In this case, when all the
order parameters do not have the same sign, we again obtain
the vanishing ac-Josephson current due to the same mecha-
nism discussed in this paper.

Multiband superconductivity is affected by even nonmag-
netic impurities,34 so that the Riedel anomaly may be weak-
ened by impurity effects. The suppression of the Riedel
anomaly is also expected when one includes anisotropic
Fermi surfaces. When the Riedel peak in Je is broadened and
the peak height becomes smaller than the value of Jh at
eV= �s+ �e in Fig. 3�a�, the vanishing ac-Josephson cur-
rent is no longer obtained. In this case, however, unless the
Riedel peak becomes very broad, J would show a dip �peak�

structure at eV= �s+ �e when �=−1 ��=+1�, which may
still be useful to confirm �s-wave superconductivity. Since
any real superconductor more or less has impurities, as well
as anisotropic band structure, it is an interesting problem
how our idea discussed in this paper is modified when more
realistic situations are taken into account. We will separately
discuss this problem in our future paper.

To conclude, we have proposed a possible method to con-
firm the �s-wave pairing symmetry in Fe-pnictides. Since
the symmetry of order parameter is deeply related to the
mechanism of superconductivity, our method discussed in
this paper would be also helpful in clarifying the mechanism
of superconductivity in Fe-pnictides.
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1 Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, J. Am.
Chem. Soc. 130, 3296 �2008�.

2 G. F. Chen, Z. Li, D. Wu, G. Li, W. Z. Hu, J. Dong, P. Zheng,
J. L. Luo, and N. L. Wang, Phys. Rev. Lett. 100, 247002
�2008�.

3 X. H. Chen, T. Wu, G. Wu, R. H. Liu, H. Chen, and D. F. Fang,
Nature �London� 453, 761 �2008�.

4 Z. A. Ren, J. Yang, W. Lu, W. Yi, X. L. Shen, Z. C. Li, G. C.
Che, X. L. Dong, L. L. Sun, F. Zhou, and Z. X. Zhao, EPL 82,
57002 �2008�.

5 Z.-A. Ren, W. Lu, J. Yang, W. Yi, X.-L. Shen, Zheng-Cai, G.-C.
Che, X.-L. Dong, L.-L. Sun, F. Zhou, and Z.-X. Zhao, Chin.
Phys. Lett. 25, 2215 �2008�.

6 S. Lebegue, Phys. Rev. B 75, 035110 �2007�.
7 D. J. Singh and M.-H. Du, Phys. Rev. Lett. 100, 237003

�2008�.
8 L. Boeri, O. V. Dolgov, and A. A. Golubov, Phys. Rev. Lett.

101, 026403 �2008�.
9 K. Kuroki, S. Onari, R. Arita, H. Usui, Y. Tanaka, H. Kontani,

and H. Aoki, Phys. Rev. Lett. 101, 087004 �2008�.
10 C. Cao, P. J. Hirschfeld, and H. P. Cheng, Phys. Rev. B 77,

220506�R� �2008�.
11 H. Ding, P. Richard, K. Nakayama, K. Sugawara, T. Arakane, Y.

Sekiba, A. Takayama, S. Souma, T. Sato, T. Takahashi, Z. Wang,
X. Dai, Z. Fang, G. F. Chen, J. L. Luo, and N. L. Wang, EPL 83,
47001 �2008�.

12 T. Kondo, A. F. Santander-Syro, O. Copie, Chang Liu, M. E.
Tillman, E. D. Mun, J. Schmalian, S. L. Bud’ko, M. A. Tanatar,
P. C. Canfield, and A. Kaminski, Phys. Rev. Lett. 101, 147003
�2008�.

13 C. Liu, G. D. Samolyuk, Y. Lee, Ni Ni, T. Kondo, A. F.
Santander-Syro, S. L. Bud’ko, J. L. McChesney, E. Rotenberg,
T. Valla, A. V. Fedorov, P. C. Canfield, B. N. Harmon, and A.
Kaminski, Phys. Rev. Lett. 101, 177005 �2008�.

14 C. de la Cruz, Q. Huang, J. W. Lynn, J. Li, W. Ratcliff II, J. L.
Zarestky, H. A. Mook, G. F. Chen, J. L. Luo, N. L. Wang, and P.
Dai, Nature �London� 453, 899 �2008�.

15 I. I. Mazin, D. J. Singh, M. D. Johannes, and M. H. Du, Phys.
Rev. Lett. 101, 057003 �2008�.

16 F. Wang, H. Zhai, Y. Ran, A. Vishwanath, and D. Lee, Phys. Rev.
Lett. 102, 047005 �2009�.

17 Y. Bang and H. Y. Choi, Phys. Rev. B 78, 134523 �2008�.
18 M. M. Korshunov and I. Eremin, Phys. Rev. B 78, 140509�R�

�2008�.
19 H.-J. Grafe, D. Paar, G. Lang, N. J. Curro, G. Behr, J. Werner, J.

Hamann-Borrero, C. Hess, N. Leps, R. Klingeler, and B. Buch-
ner, Phys. Rev. Lett. 101, 047003 �2008�.

20 Y. Wang, L. Shan, L. Fang, P. Cheng, C. Ren, and H. Wen,
Supercond. Sci. Technol. 22, 015018 �2009�.

21 K. Hashimoto, T. Shibauchi, S. Kasahara, K. Ikada, S. Tone-
gawa, T. Kato, R. Okazaki, C. J. van der Beek, M. Konc-
zykowski, H. Takeya, K. Hirata, T. Terashima, and Y. Matsuda,
Phys. Rev. Lett. 102, 207001 �2009�.

22 Y. Nakai, K. Ishida, Y. Kamihara, M. Hirano, and H. Hosono, J.
Phys. Soc. Jpn. 77, 073701 �2008�.

23 Y. Nakai, S. Kitagawa, K. Ishida, Y. Kamihara, M. Hirano, and
H. Hosono, Phys. Rev. B 79, 212506 �2009�.

24 D. Parker, O. V. Dolgov, M. M. Korshunov, A. A. Golubov, and
I. I. Mazin, Phys. Rev. B 78, 134524 �2008�.

25 Y. Nagai, N. Hayashi, N. Nakai, H. Nakamura, M. Okumura, and
M. Machida, New J. Phys. 10, 103026 �2008�.

26 A. D. Christianson, E. A. Goremychkin, R. Osborn, S. Rosen-
kranz, M. D. Lumsden, C. D. Malliakas, I. S. Todorov, H. Claus,
D. Y. Chung, M. G. Kanatzidis, R. I. Bewley, and T. Guidi,
Nature �London� 456, 930 �2008�.

27 D. J. van Harlingen, Rev. Mod. Phys. 67, 515 �1995�.
28 A. Barone and G. Paterno, Physics and Applications of the Jo-

sephson Effect �Wiley, New York, 1982�.
29 C. A. Hamilton and S. Shapiro, Phys. Rev. Lett. 26, 426

�1971�.
30 H. Suhl, B. T. Matthias, and L. R. Walker, Phys. Rev. Lett. 3,

552 �1959�.
31 A. I. Larkin and Yu. N. Ovchinnikov, Sov. Phys. JETP 24, 1035

�1967�.

DAISUKE INOTANI AND YOJI OHASHI PHYSICAL REVIEW B 79, 224527 �2009�

224527-4



32 In Fig. 3, in addition to V0 which satisfies Eq. �7�, one also
obtains the vanishing Josephson current at eV� �s
+Max��h , �e�.

33 T. Löfwander, G. Johansson, M. Hurd, and G. Wendin, Phys.
Rev. B 57, R3225 �1998�.

34 Y. Ohashi, J. Phys. Soc. Jpn. 71, 1978 �2002�.
35 N. R. Werthamer, Phys. Rev. 147, 255 �1966�.
36 D. A. Weitz, W. J. Skocpol, and M. Tinkham, Phys. Rev. B 18,

3282 �1978�.

IDENTIFICATION OF THE �s-WAVE PAIRING STATE… PHYSICAL REVIEW B 79, 224527 �2009�

224527-5


