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HBIEICET A EDIEN
EAMEBIEE  Unconventional superconductivity

Full symmetry group § §=U(1) XG ®SU(2) KT

C U(l) gauge symmetry
G  symmetry group of crystal lattice
SU(2) symmetry group of spin rotation

T time reversal symmetry operation

One or more symmetries in addition to U(1) are broken at T,
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Pairing mechanism €=» nodes in the gap

H.=V, .ct, C"W:C.:C, V, .- may be anisotropic in unconventional SCs
int kk'C k1 C1CrrCpy K.k

ex) Superconductivity mediated by antiferromagnetic fluctuaions with q=(m,n)

V(Q) = - IP(a)xo(a) / [1- 12(a)xe*(a)]

Favors opposite order parameters on the two points connecting by q vector

Order parameter

G

Fermi surface

dyy (ki)

/ zeros at k,=0, k=0

zeros at k,=+k,, -k




Breaking time reversal symmetry  §=U(1) XG ®SU(2) KT

5 t— —t 5
ih=v(z,t) = Hu(z,1) > z'ha(_ﬂw’(x, —t) = Hy'(z, —t)
H=-— ﬁ;: + V(z) —z’ﬁ%ﬂ**[z.f) = Hy*(z.t)
Yz —t) = ¥*(x,t)
If the order parameter has imaginary part Uz, k) = vy (k) + 15 (k)

then its time reversal state becomes different  U*(x, k) = 4y (k) — i (k)

Time reversal symmetry is broken

example  Chiral atwave k

A o< k(g ik,

horizontal line node &k, —0 ——

pointnode k,=k,=0 R



How to determine symmetry of unconventional superconductors
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Superconducting state of URu,SI, studied
by the thermal transport measurements

heater RuO2 thermometer sample

g —=—KVT

“/'

B A A

Cu thermal bath
Y. Kasahara et al. Phys. Rev. Lett. 99, 116402 (2007).



1.6} H| a . 1. Steep increase at low H
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Multiband superconductivity (consistent with the compensation)
EocVe cl/m*

Low-H behavior of ¥ Light hole band with small "H_,"

High-H behavior of ¥ Heavy electron band with large "H_," i




Low field behavior of the thermal conductivity, which is governed by the
light sperical hole band

URu,SI,
H<04T: 08
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9
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Low field behavior of the thermal conductivity, which is governed by the

light sperical hole band .
URu,SI,

/ < A
\/\/

H<04T:

In spite of large anisotropy of
H.,, k¥ IS nearly isotropic.
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High field behavior of the thermal conductivity, which is governed by the

elliptical heavy electron band URuU.Sis,
1.6_ T T T T ! |
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High field behavior of the thermal conductivity, which is governed by the

elliptical heavy electron band URu »Si,
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: S H,lla=125T H | a
Anisotropic H-dependence =  CjcmasT Lo " .
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Superconducting gap function of URu,SI,
(1) Spin-singlet
(2) Horizontal line node (light hole band)
(3) Point node along the c-axis (heavy electron band)

A simple classification by group theory

Even-parity (spin-singlet) pair states in a tetragonal crystal with point group D,

symmetry  basis function

nodal structure

Axg 1, k+ky?, ki? Full gap
Azg kxky(Kx? —ky?) Vertical line node
Big (dx*_y?) kx® —Ky? Vertical line node
B2g (dxy) Kxky Vertical line node
Eq (1,0) Kxkz Vertical line node + Horizontal line node
Eq (1,1) Kz(kx+ky) Vertical line node + Horizontal line node
Eq (1,0) kz(kx+iky) Horizontal line node + Point node




Superconducting gap function of URu,SI,
(1) Spin-singlet
(2) Horizontal line node (light hole band)

(3) Point node along the c-axis (heavy electron band)

Superconducting gap symmetry

Chiral d-wave (E,)

k, (ks £ ik,)

A = Agsin b (sin = ha & isin B2 g

(Body center tetragonal)

"‘i

horizontal line node k. =

point node ks

Y. Kasahara et al. Phys. Rev.

Lett.99, 116402 (2007).



Microwave penetration depth measurements in the
new Fe-based high-T, superconductors
K. Hashimoto et al., Phys. Rev. Lett. 102, 017002 (2009).
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Probing low-energy quasiparticle excitations

| M), o4(T)
*Penetration depth A(T ) Surface impedance measurements
: —1/2
a direct probe for superfluid densityZ, = R, + iXs = (g”"’”:; )
/\2 0 1 — 2
ns =3 ((T)) Xs = powA(T)

e full gap superconductors

0Aap(T) ~ TA A Superconducting
Aap(T) — \ 2kpT R cavity resonator |
(Pb plated Cu)
TE,,;; mode
f;=27.75 GHz

Q0~106 Electrif field'E

SC cavity
* superconductors with line
nodes

(S)\ab(T) N 11’12k T Sapph.inrod/
Ao(T) ~ AP

A >103 A: reasonably representative of the bulk



Results: penetration depth

K. Hashimoto et al., Phys. Rev. Lett. 102, 017002 (2009). PfFGASOl-y
Tc ~ 35 K
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Results: penetration depth

K. Hashimoto et al., Phys. Rev. Lett. 102, 017002 (2004:);1 ng'SA\I?ZOLy
o~

0.20 | | | | | | |
#1 { #2

(221) (21D

Laue pattern

® line node
MAar(T) m—QkBT ® full gap
Aar(T) A ANa(T) [ D (_ A )
(2A/kpT, = 4) Aab(0) 2kpT knT

A fKeT~1.5 £0.2

Inconsistent with the data



D | SCUSS | ODN ! 1. Mazin et al., Phys. Rev. Lett. 101, 057003 (2008).

K. Kuroki et al., Phys. Rev. Lett. 101, 087004 (2008).

K. Seo et al., Phys. Rev. Lett. 101, 206404 (2008).
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(2008).

NMR
(pollyxtalsl)

s |

La(0, F JFeAs

2,0/

penetration depth
e xtals)

~ (singl

0.8

0.6

0.4

0.2

T T

o, A2 =2.0 ksl

A1 =151 ksTe N,

0.0
0




Summary various symmetries in unconventional superconductors

URuU _i2 Fe-based hiqh-Tg superconductors

| l\h0|, : Nodes
T+ (sign changes)

MEN AN Full gap

Chiral d-wave symmetry Extended s-wave symmetry
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