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Basic concepts of materials characterization
Solid State Physics:

study interactions between particles in a solid, and consequences (properties and various phases)

Physical properties of a solid state
e x-ray and microanalysis

e magnetic: susceptibility

e thermodynamic: specific heat

e transport: electrical resistivity

e optical properties

Linear response: Y =2 X

e X: Apply perturbation (tuning parameters)
e Y: Investigate the response

e Find out Z (represent physical properties)

Tuning parameters

e Temperature

e Field

e Pressure

e Chemical substitution
e Pulse laser

Advanced characterization

e New technique or higher precision

e Allows to measure different quantities

e Allows to access different phases or states.
e Collaborations

e Often, need to visit national facilities

open circles: DOE lab

NSF, National High Magnetic Field Lab



Superconductivity

Resistance=0, perfect conductor
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Superconductivity: Examples

UTe; YPtBi

Basic characterizations

e resistivity

e magnetic susceptibility
e specific heat

Advanced characterization
e London penetration depth
e Superconducting energy gap

S. Ran et al., Science 365, 684 (2019)

S. Ran et al., Nature Physics 15, 1250 (2019) H. Kim et al., Science Advances 4, eaao4513 (2018)



Electrical transport: resistivity

What can we learn?
Conductivity: how easy electrons can flow

j=oE V=IR (Ohm'’s law)

j : current density
E: electric field

(Drude model)

m: mass of electron
n : carrier concentration ~ 1022 cm-3

T : scattering or collision time ~ 109 s

e Electron scattered by lattice vibration
(phonon)

e Temperature dependence from change in
electron-phonon scattering

4-probe resistance measurement
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Magnetic susceptibility

What is magnetic susceptibility?

How easy we can induce magnetization M
M = yH

H: magnetic field we apply
¥ : magnetic susceptibility

= ug(H + yH) = py(1 + n)H
B=uH

pu = po(l +y)

Superconducting phase transition
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S. Ran et al., Science 365, 684 (2019)

What can we learn?
Magnetic ground state

y >0 paramagnetic: metals
-1 <xy<0

x=0

diamagnetic: insulators

non-magnetic

superconductor y=-1
perfect diamagnetic

B =0 (inside a superconductor)
Meissner effect
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S Specific heat, C

What is this? How easily you can change its temperature. AT — lAQ
What can we learn? Thermodynamic properties (entropy) C

In a non-superconducting solid, In a superconductor,

Ciotal = Cetectron T Clartice Ciotal = Cetectron + Clarsice

Cetectron = ¥T i (T=T)
Ciice = constant Near 300 K Ciotal = Cpair T Clattice

Temperature below T~200K
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Specific heat, C

What is this? How easily you can change its temperature. AT — lAQ
What can we learn? Thermodynamic properties (entropy) C

In a non-superconducting solid, In a superconductor,

Ciotal = Cetectron T Clartice Ciotal = Cetectron + Clarsice

Cetectron = ¥T * (T=T)
Clasice & coOnstant Ciotal = Cpair T Clatice

Temperature below T~200K
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Superconductivity

R=0, perfect conductor
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Superconductivity: Microscopic theory
condensate of Cooper pairs of conduction electrons

Cooper pair

glue Q

e |attice vibration

e spin fluctuation

e orbital fluctuation

N(E)

(BCS)
E, = 2A(0) = 3.53kT,

AJA(0)

superconducting gap function

Ak)=|Al "



Superconducting energy gap, A(k,, k) = |A] el®

zero gap

(node)
I. 1. Mazin, Nature 464, 183 (2010)

conventional superconductor vs. unconventional superconductor

*symmetry of gap < symmetry of crystal lattice



Symmetry of spin-1/2 Cooper pairing state

total wave function W = (spin part) x (orbital part)

antisymmetric for particle exchange, i.e., ¥(r|, ) = — ¥(r,, 1)
spin part orbital part
singlet (S =0, odd)
| ‘ |
|0,0>=$(|Tl>—|Tl>)

s-wave (even) d-wave (even)

triplet (S=1, even)

LI)y=|11) .)
1
LOy=—(1TL)+[T1))
) 73 ) )
I,—-1)=[1]1) p-wave (odd)

noncentrosymmetric superconductor: parity is not a good quantum number
—>mixing of both parity states

High spin Cooper pairing beyond S = 1 triplet?



High spin pairing in solid state? Yes!

Hamiltonian of multi-electron atom

H = HO + Helectronic + HSOC

2

e
X — U(r)) electronic interaction
|r; — 1}

H

electronic

Hyge x L; - S, spin-orbit interaction
dominant when Z is large.

In compounds with strong spin-orbit coupling (heavy elements),
total angular momentum j and mj are good quantum numbers.

total angular momentum of a pair:J=L+S

e.g.s=1/2,1=1 (p-orbital) = j = 3/2 (p-character)

Cooper pair from j=3/2 quasiparticles can have up to J=3 septet.



j=3/2 Cooper pairing states

j = 1/2 fermions (4 states) j = 3/2 fermions (16 states)
e J=0—1spin singlet e J=0—1spinsinglet
e J=1— 3 spin triplet e J=1— 3 spin triplet

e J=2 — 5spin quintet
e J=3 — 7 spin septet

singlet (S =0, odd)

1 P. M. R. Brydon et al., PRL 116, 177001 (2016)
10,0) = $(| TL)=1171) H. Kim et al., Sci. Adv. 4, eaao4513 (2018)
triplet (S=1, even)
LD =[11)
1,0>=%<m>+|u»
L-D=[11)

How to study Cooper pairing states?



j=3/2 Cooper pairing states

J = 1) singlet state

[ =0,ms=0)=3(3,-D - 1- 5D -l -D+I-141);
J =1 triplet states
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j=3/2 high spin Cooper pairing

Spin-1/2 Spin-3/2
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H. Kim et al., Sci. Adv. 4, eaao4513 (2018)




Half-Heusler RTBi (R=rare earth, T=Pt,Pd)

Topology

e Strong spin orbit interaction

e Band inversion

e Topological band structure

e Topological surface state

e Relativistic quasiparticles (Dirac and Weyl)

Superconductivity

e High-spin Cooper pairing

e Topological superconductivity

e Majorana fermion

e Low carrier superconductor

* non-centrosymmetric superconductor

Quantum information science and technology

e Topological qubits
e Superconducting qubits



half-Heusler RTBi compounds: Topological semimetal

e half-Heusler YPtBi (fcc)
= YBi (rocksalt) + PtBi (zincblende)

e strong spin-orbit coupling
® no inversion symmetry: spin-split band
e mixed parity Cooper pairing state

D. Xiao et al., PRL 105, 096404 (2010)

e band inversion

e spin-split band (Fermi surface)

e zero-gap semiconductor or semimetal
¢ j=3/2 conduction electrons

e Luttinger-Kohn Hamiltonian

normal
semiconductor

topological
semimetal

inversion
symmetry
breaking

—)

strong spin-orbit coupling

conduction
band

(c) spin-split Fermi surface

- = of YPtBi

valence

band k.alr |

H. Kim et al., Sci. Adv. 4, eaao4513 (2018)



Band inversion strength (eV)

Strong Band Inversion in RTBi
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RPtBi compounds show strong band inversion!

H. Lin et al., Nature Materials 9, 546 (2010)



Resistance (mOhms)
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Superconductivity in YPtBi
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G (millijoules /mole deq)

Probing superconducting energy gap
e.g. Aluminum: s-wave full gap, thermally activated quasiparticles

Electronic specific heat Electronic thermal conductivity
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N. E. Phillips, Phys. Rev. 114, 676 (1959) C. B. Satterthwaite, Phys. Rev. 125, 873 (1962)

e exponentially decreasing heat capacity and thermal conductivity
® no quasiparticles, i.e., fully gapped superconducting gap
e nodal superconducting gap would exhibit a power-law



Activation behavior of s-wave superconducting gap

Electronic specific heat
sensitivity proportional to

Ces ch _ .
xexp | — = C.,.=vT normal state density of states

& / or carrier density
YPtBi: n ~ 1018 cm-3

1 2
Yy = ED(GF)kB

Electronic thermal conductivity

2 1
K A A S
es x exp | — K = 3 Cvl ‘
Kon kBT kBT
w? nkgT nnkit
Ken = "Vpe b=
3 mvg 3m

London penetration depth

rA(0) A(0) 2
A = 4,(0) exp | — 4;(0) = e
2kBT kBT 4717’162




London penetration depth and Meissner effect

London penetration depth A
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Vacuum

Superconductor
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London equation
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} A A7
5 1
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inside superconductor
X

H = Hyexp <——>
AL

works only for isotropic case.



Semiclassical London theory and superfluid density

: c A(r)
Jr) = Az 12 anisotropic components of London penetration depth
3 S London penetration depth
47Z'Rl'l'
2 Veve [© 0 E(k
mi;
n(T') = 2 R;(T') superfluid density component

normalized superfluid density component

ni(T)  Ry0)  230)
n Ry(T) AXT)

pi(T) =

B. S. Chandrasekhar and D. Einzel, Ann. Physik. 2, 535 (1993)



Semiclassical London theory and superfluid density

3D spherical Fermi surface in-plane a-component
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ANT)

London penetration depth in YPtBi

radio frequency
-oscillator
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J=3 Septet Cooper pair in YPtBI

(c)
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e mixed s-wave singlet and p-wave septet pairing
e First high spin (beyond J=1 triplet) superconductor?
e Topological superconductor

H. Kim et al., Sci. Adv. 4, eaao4513 (2018)

Majorana surface fluid

C. Timmetal.,
PRB 96, 094526 (2017)
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PRB 96, 144514 (2017)

YPtBi: ‘silicon’ of
Quantum computation?



London penetration depth in YPdBi
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Radio frequency oscillator: Tunnel diode oscillator (TDO)

R

_\/\/\/\_ TD R3
| {>:| \/W Sample inside
=<k c—— L < . |
C G inductor coil

af 1V, Vs : sample volume
fo 2V. V¢ : coil volume

sample dimension
shape-dependent

Af v < A R > R : effective

R>1  AAT) « A (T)

Frequency resolution 10 mHz/10 MHz, 0.001 ppm
Penetration depth length resolution of TDO technique
~10-10 m (size of atom)




Tunnel diode oscillator (TDO) technique
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H. Kim et al., Rev. Sci. Instrum. 89, 094704 (2018)



mK-High field TDO

DOE Ames lab

M/C (T = 20 mK)
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H. Kim et al., Rev. Sci. Instrum. 89, 094704 (2018)




TDO measurement setup
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Superconducting energy gap spectroscopy

Nonlinear Meissner effect
(e.g., dx2-y2 -symmetry)
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S. K. Yip and J. A. Saul PRL 69, 2264 (1992)



Summary

e Quantum materials research can lead to a breakthrough in
technology.

e Topological guantum materials can be “silicon” of
guantum computation technology.

e There is need for finding topological materials.

e High spin j=3/2 materials host topological
superconductivity

e YPtBi is a candidate for the first high spin superconductor

Thank you for your attention!



