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h-(BETS),GaCl,

I[sostructural A-(BETS),FeCl,

Low symmetry
Triclnic P-1 space group

Ve

Stacking in c-direction

Stacking in a-direction . , ,
Side-by-side coupling

Dimerization

A. Kobayashi, et al., Chem. Lett. 2179-2182 (1993).
H. Kobayashi, et al., Chem. Lett. 1559-1562 (1993).
H. Kobayashi, H. Cui, and A. Kobayashi, Chem. Rev. 104, 5265 (2004).
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Experiments for determining superconducting gap symmetry:
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Results
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Angular dependence of H,
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V-shape spectra

In-plane angular dependence is
mainly describe by two-fold
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Down to 0.6 K

Spin Fluctuation at metalic state
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Muon spin relaxation (uSR) study on (BETS),GaCl,

0.22 - (BETS),GaCl,
H,,,=300Oe
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A-(BETS),GaCl, : Increasing of TF-linewidth = formation of the vortex state
T.=55K
Kk-(BETS),GaCl, : T, ~ 150 mK.

F. L. Pratt, et al. Polyhedron 22,2307 (2003).
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TF-uSR for studying superconductivity
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TF-uSR for determining superconducting gap symmetry
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R. P. Singh, et al., Phys. Rev. B 90, 104504 (2014)
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Polytypes organic superconductors

molecular - dimer molecular dimer
va — filled s — filled va — filled 72 — filled

M ' X MY I’ M T’ X M Y B
cf. Shubnikov de Haas experiment

Huckel tight binding approximation

2 : cf. Shubnikov de Haas experiment
first principle calculation
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Theoretical work

Band energy calculated by extended Hiickel tight-binding appr.
“Kobayashi” “Mori1”
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Research Purpose:
To determine superconducting gap symmetry in

A-(BETS),GaCl, by uSR
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Muon Site Calculation

e Muon Position
e X=0.675
e Y=0.605
e /=0.0915

Close to the edge of BETS
molecules

Minimum Potential Calculation Isosurface ~25 eV

To determine superconducting gap symmetry in A-(BETS),GaCl, by
uSR and DFT



Transverse Field uSR
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Phenomenological model analysis of SUPERFLUID DENSITY

1 4nnsezx 1
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e F = Fermi function
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S. Chandrasekhar and D. Einzel, Ann. Phys. 505, 535 (1993) A. Suter
and B. M. Wojek, Physics Procedia 30 69 (2012)
A. Carrington and F. Manzano, Physica C 385, 205 (2005)
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How is the gap symmetry?
neither simple s—wavé nor simple d—wave
s+d wave model best explained the uSR results
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D. P. Sari, Ph. D. Thesis, Osaka University March 2018
D. P. Sari et al., in preparation



s+d—wave??

How can we understand from
theoretical view point?

DFT calculation
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Band Structure, DOS
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Flat band at the Z-point gives rise to the large DOS around the Fermi surface
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Comparison to the extended Hiickel tight-binding appr.
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Dimer approximation does not hold
C. Hotta, J. Phys. Soc. Jpn. 72, 840 (2003).



Transfer integrals

f DFT (VASP)
ITl:cans elrt Mori- Kobayashi ' '
negra Katsuhara et al Wannier | Wannier
lme) 4-band 2-band
o A 336 238 235
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= s s 171 48 81
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§ S Z d, 13 2 8 13
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Dimer approximation:
t=Ya(t,+1,+1), ty=-Yaty, ty=-Y2t,
tp=-"21, lg=-"21c

Dimer 2-band model

C. Hotta, J. Phys. Soc. Jpn. 72, 840 (2003)



Transfer integrals

Lo Tars Taps Tass Taa o> La1s Lap» Ta3s Laa» e
anisotropic triangular lattice

DFT calculation dimer 2-band model

C. Hotta, J. Phys. Soc. Jpn. 72, 840-853, (2003)



Fermi1 Surface

Point-like gaps, low crystal

symmetry
51 x 51 %X 51 Not simple gap structure
grids neither s nor d (mixed) 1s

in Brilluoin zone expected
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. . Dimer 2-band model
Random Phase Approximation

: , : H = t,.jc;[,cjc + EUn'an
Spin Fluctuation mediated superconductor ~ — T
Spin-singlet channel

L from DFT calculations

Spin-singlet gap function in k-space Ky

O
X X

The SC gap phase changes its sign, but has the same sign within the same Fermi surface

D. P. Sari, Ph. D. Thesis, Osaka University March 2018
H. Aizawa et al., J. Phys. Soc. Jpn. 87, 093701 (2018)
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Basis function defined in the k-space:

e [sotropic s-wave: fso(kz, ky) =1

o cxtended si-wave:  fo1(kg, ky) = 2 [cos(kz) + cos(ky)]

o extended s-wave:  fs2(kz, ky) = 2[cos(ky + ky) + cos(ky — ky)]
e d,2_,2-wave: fd,o_ 2 (e, ky) = 2[cos(kz) — cos(ky)]

- -y

e d, -wave: fday (kz, ky) = 2[cos(kz + ky) — cos(ky — ky)]

xy

The gap function then was fitted by

A*(ky, ky)
Ag

:C?OfSO(kws ky) + C?lfsl (kxa ky) + ngfSZ(kma ky)
2 fdxz_yz (k:m ky) + C(Cixmyfdmy (kx’ k'y)

+* = = (up to N =25 neighbors)

+Cq,,_

Yy
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Finite d,2_,2 - wave component

Extended s-wave component

Gap function around the Fermi surface
red: RPA results, blue: fitting
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Summary:

1. uSR result of London penetration depth is well explained by
std-wave gap symmetry.

2. From the DFT and RPA calculations, it 1s revealed that the
superconducting phase 1s changing a sign along the extended
Brilluoin zone but does not change sign within the same
Fermi surface > give rise to that a large s-wave component.

3. Next step =2 Single crystal alignment measurement
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Aligning the single crystals

~ne D aba el * 3

a*b*-plane

a*c-plane

Typical crystals
Champion crystal: 0.3 x 0.22 x ~6 mm
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Time Spectra
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Temperature Dependence
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I need further investigation (another crystal orientation?)

I do need the SuperMUSR
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