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Rare event associated with fat tail distribution

The BlaCk Swan Event NEW “'“h‘f““\nl'~l~lmn

Actually Black Swan" Events are highly

severe consequences
if they happened

Frequency/likelihood
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unlikely to happen but would have BLACK SWAN
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HICHLY IMPROBABLY

Nassim Nicholas Taleb
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Gaussian distribution and Central limit theorem
B @ .

Normal Distribution

0.40] /\ In probability theory, the central limit theorem (CLT)

establishes that, in some situations, when independent
random variables are added, their properly normalized

go.zs
20.201 . . . .
5. sum tends toward a normal distribution (informally a bell
£ 010 curve) even if the original variables themselves are not
0.051 0.13% 2.14% {13.59% |34.13% | 34.13% | 13.59% )\ 2.14% 0.13% . .
normally distributed.
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Central limit theorem from the aspect of stable law
. R

Normal Distribution

= o e
Eo:zs- /\ f{I} - EREEKP( Eﬂ-z )

8% The normal distribution is the fixed-point function under

0.051 0.13% 2.14% .{13.59% | 34.13% |34.13% | 13.59% ) 2.14% 0.13% |terat|on

u—r4o ,u—éa U—20 U—O u u+o u+20 ,u+'3o ;u+l4o

C

i
|

P(x) forrx —+oo QO<p<2

The power law distribution is also stable under iteration.

Paul Lévy formulated the generalized CLT.

Paul Lévy, 1886-1971



Power law distribution
.

Havard Catalog (1977-1992)
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D. Sornette, et al., Rank-ordering statistics of extreme
events: application to the distribution of large earthquakes
J. Geophys. Res. 101, 13883 (1996).

Zipf's law
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Word frequency versus rank.

(Zipf-Mandelbrot law)
From Wikipedia.




Power law distribution
BT ——

, Power-law distribution
0.5
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0.3

— |nvented
| —— Gaussian
0.2+
L The mean value
0.1k Normal distribution

Rare event associated with fat tail and
high peaks.

The mean value 6



Manifestation of abnormal distribution - random process
|

Anomalous is normal

<r’(t) >~ Kt <ri(t)>~t°

a < 1 Subdiffusion (dispersive)
a >1 Superdiffusion

Brownian motion is associated with Normal Anomalous diffusion is associated with ,
distribution. Lévy distribution.



Gaussian distribution,
deviation and relation to
statistical physics



Take the spin system as an example.

= —
M is the Paramagnetic phase:
remnent Magnetic ] ] ] ]
Moment the magnetization is Gaussian
Ld
1 2 gy 1 d
A P(M) ~ e~ M"/2xL M=) S5
\‘\\ (M) \/2my L i=1
M, : .
Near the Curie point:
1
(SGST‘> ~ rd—2+??
7N = — T T
—~ « N ] // 1 ( M )
P(M) = f v=(d+2—mn)/2d
= e Curie temperature F ~ Lle_ TG|2—H

In Ferromagnetic materials dipole moments are aligned upto — U
1000K.Only above Curie Temperature that alignment get disrupted. f i |T — TC |



Take the spin system as an example — Ginzburg Landau theory

. —
M, is the Near the Curie point:
remnent Magnetic 1
Moment
(SoSr) ~ rd—2+7
M b 1 [ M
= V=(d+2—?])/2d
N P00 = 754 ()
M, F ~ Lle_Tclﬂ—cr
E~|T —T,| "
B — 1 M- [ aix{5vaGr + Vi) |
e — 1 o A4 ' B
N e \ V[M]=§‘T‘(T)M +ZM —HM; r(T)=r(T-1T.),
= g Curie temperature Mo(T) = 0 for T' > T¢
N7 o/ NI, — T)Y? for T < T,

In Ferromagnetic materials dipole moments are aligned upto

1000K.Only above Curie Temperature that alignment get disrupted.
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Deviation from the Ginzburg-
Landau theory:
manifestation in 2D
superconductors
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L. N. Cooper

1972
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Phys. Rev. 108, 1175 (1957).
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Nonmagnetic disorder effect on s-wave superconductivity

J. Phys, Chem. Solids Pergamon Press 1959. Vol. 11. pp. 26-30. Printed in Great Britain.

THEORY OF DIRTY SUPERCONDUCTORS

P. W. ANDERSON Other types of pairing which have been
Bell Telephone Laboratories, Murray Hill, New Jersey Suggested are not com patlble W|th the
(Received 3 March 1959) . .
existence of dirty superconductors.

Abstract—A B.C.S. type of theory (see BARDEEN, COOPER and SCHREIFFER, Phys. Rev. 108, 1175
(1957)) is sketched for very dirty superconductors, where elastic scattering from physical and
chemical impurities is large compared with the energy gap. This theory is based on pairing each
one-electron state with its exact time reverse, a generalization of the k2 up, —& down pairing of the
B.C.S. theory which is independent of such scattering. Such a theory has many qualitative and a
few quantitative points of agreement with experiment, in particular with specific-heat data, energy-
gap mcasurements, and transition-temperature versus impurity curves. Other types of pairing
which have becn suggested are not compatible with the existence of dirty superconductors.

SOVIET PHYSICS JETP VOLUME 35 (8), NUMBER 6 JUNE, 1959

L. P. Gor’kov, Theory of Superconducting
Alloys, Chapter 5 in Superconductivity:
Conventional and Unconventional (2008).

ON THE THEORY OF SUPERCONDUCTING ALLOYS
I. THE ELECTRODYNAMICS OF ALLOYS AT ABSOLUTE ZERO

A. A. ABRIKOSOV and L. P. GOR’ KOV

Institute for Physics Problems, Academy of Sciences, U.S.S.R.
Submitted to JETP editor July 16, 1958
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J. Exptl. Theoret. Phys. (U.S.S.R.) 35, 1558-1571 (December, 1958)



Introduction to the Cooper pair breaking mechanisms
. I

1. Paramagnetic Effects:

1.a) Zeeman splitting due to external magnetic field: Clogston-Chandrasekhar limit (so-called Pauli limit)
A. M. Clogston, Phys. Rev. Lett. 9, 266 (1962).
B. S. Chandrasekhar, Appl. Phys. Lett. 1, 7 (1962). gupB, = 3.52kgT,

Teo) l iupBc . 1
() =5 v 2+ 2eir) )

1.b) Paramagnetic impurities: Tc o 1 1 1
A. A. Abrikosov, L.P.Gor’kov,Sov.Phys.JETP12,1243(1960). In T =1 2 + ko -y 2
) . c Blcls
K. Maki, Physics 1, 21 (1964)
P. G. de Gennes, Phys. Kondensierten Materie 3, 79 (1964). ¢ is the pair breaking time due to scattering




Introduction to the Cooper pair breaking mechanisms

R I
2. Orbital Effects: (also include the paramagnetic effect and the -
spin orbital scattering) voas Voos
Werthamer, Helfand and Hohenberg have generalized
AG’s theory to include the orbital effect, the para- os |
magnetic effect and the spin-orbital scattering effect.
a=0, Ago=0
full solution 3 Q=1.37, Aso0.75
1 h* 0.4fF <
(1 L, iAo " (1 . h+5As + iV) e Reee
nt—|=1— — 03}
t 2 4y 2 2t
1 .
1 il (1 h+glso—n/) (1) ozl
+ = — — — —
(2 4y )l'b 2 + 2t g 2
N. R. Werthamer, E. Helfand, and P. C. Hohenberg, Phys. Rev. 147, 295 (1966). o} 5 A 2 = N

K. Maki and T. Tsuneto, Progr. Theor. Phys. (Kyoto) 31, 945 (1964). t



Introduction to the Cooper pair breaking mechanisms

3. Upper critical field in Layered superconductors:
R. A. Klemm, A. Luther, and M. R. Beasley, Phys. Rev. B 12, 877 (1975).
Neglect the interlayer coupling, and when spin-flip scattering dominates:

10F

T 1 3159 uEBZ 1
lnLO=l/J—+ so UpD¢ —l/)— GQ-
T, 2 2h 2mkgT, 2
06}
I Pauli limit can be exceeded in large ﬁ
spin-orbital scattering systems. ry

T, 1 1 1 ol
" ( T ) v <2 * ZﬂkBTCT5> v <2>

00t

Abrikosov and Gor’kov’s standard pair breaking theory
Peter Fulde, Cooper pair breaking, Chapter 11 BCS: 50 years, World scientific (2011).

Previous theories mainly consider impurity and spin orbital scattering,
without considering the spin-orbital effect from the specific band structure.



Inversion asymmetric Ising superconductivity

. B ——
Ising superconductivity in TMDs
] MoS, with liquid gating NbSe,
eoce ] 7
Sample D 1 e o 4o Monolayer
> [ Q@0 ] 6 ® o i Bilayer
Sample D 24 e 0.3 Trilayer
4 @ _ 5 1 S 1 e o Bulk
.'I. g 0.2+
-ﬁ.: s | .. | 324‘50.1—
3 O Cs, ,MoS, e T 5| 00+Trrrr— ™0 .l
A Na,, MoS, e | 0 8 16 24 32 A
2T < Sro.ue~u.1M082 ® ‘ ] 5 H|| M
"| 4 ____Aa_
[=] HJ_
0 . T
0.0 0.2 0.4
Te/Teo
J. M. Lu, et al., Science 350,1353(2015). Xiaoxiang Xi, et al., Nat. Phys. 12, 139
Yu Saito et al., Nat. Phys. 12, 144 (2015). (2015).

Ising superconductivity is characterized by a in-plane Bc beyond Pauli limit.



Inversion asymmetric Ising superconductivity
.

Take MoS, for an example Zeeman-like effective magnetic field is
In-plane inversion symmetry breaking

A

induced at K(K’) valley of MoS,

Top view

K’ K

> B+ originates from intrinsic Zeeman-type spin-orbit interaction (SOI), and the spin
orientation of electrons is pinned by B in a direction normal to the film.

» The superconductivity is protected by this Zeeman-type SOI.

J. M. Lu, et al., Science 350,1353(2015).
Xiaoxiang Xi, et al., Nat. Phys. 12, 139 (2015).
Yu Saito et al., Nat. Phys. 12, 144 (2015).



Microscopic theory of Ising superconductivity
T
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H.-C. Liu, H. Liu*, D. Zhang, X. C. Xie, arXiv:1909.08819. 19
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Obtaining the in-plane critical field

The transition temperature T satisfies:

n(5) =t 2 [ 2 woa)

The anomalous Green’s function:

Fy G — ) = j GG (7 — 7B, (7 — TGNy o (7 —73)

The Gap function generally reads:
A, (=7 = 83 — 7)A + j f Brd3F V(= T)E, (7 — WV (T — 7))
The integral kernel function is introduced:
() = -2 [ ek, )

AN (0)
kpT

R0 = [ B @ = = [ a2ps,() =

H. C. Liu, H. Liu*, D. Zhang, X. C. Xie, arXiv:1909.08819. 20



Obtaining the in-plane critical field

Bare anomalous Green’s function without scattering reads:
FG =) = A [ PG 0 ~ TG, oG =)

Spin-independent scattering disorder gives a finite life time LA 2mn; N(0)V 2.
To

S (p)—SO(p)[ Sw(® )]

Spin-independent scattering 7, and spin orbital scatterlng Teo, and t71 =gt + 75}

“1-S5,(P) 4 ) A
an:T —3Ts0 [sSP@BroxL + 55 Yoy, ] /anBT}

(O)V2

S0 (@) = S3(P) {1 +1

After obtaining the normal Green function G;},(,(F—r_{) one can obtain the critical field And the

transition temperature T satisfies: in () = ksT X [ = 2 t7 {;Cfgi}]

H. C. Liu, H. Liu*, D. Zhang, X. C. Xie, arXiv:1909.08819. 21



Microscopic theory of inversion symmetric Ising superconductivity

B T
type-1l Ising superconductivity (TIs) The four band model of normal state Stanene with Rashba SOC:

b

H, (k) —psBoy ]

o . 2
|x ffy.l)z HH(k) = Ak° + [ —upBo, H_(k)

R He (k) — [ My — Mik?  o(xk, —ik,) ]

"t‘)(:l:k,‘$ —|— ’Eky) _MO —|— M1k2
HR = —ag(kyme — kz7y)0g
In-plane critical field satisfies with Rashba SOC:

mac 4+ L )7 ”BB —0
nTcO ¥ .UZBZ

B Z(akp)2+ﬁ — ugB? ipy 1
os = (175 ) 3+ men) v )

Band degeneracy around Gamma point. 2p; =/ (upB + akp)? + (akp)? + B £ (upB — akp)? + (akp)? + Bs3

\/(MO — Myk2)® + v2k2
H. C. Liu, H. Liu*, D. Zhang, X. C. Xie, arXiv:1909.08819. Bso=—77 h/2mto - kyTey




Ising superconductivity with Bc exceed the Pauli limit
T

5
A spin-flip scattering C FFLO

I THELS

S
Q
/“\/k
% /Q /Sn
PbTe
0 0.5 1
T (K)

23

J. Falson, ..., H. Liu*, J. Smet*, D. Zhang*, Q. K. Xun, Science 367, 1454(2020).



Applying to inversion symmetric Ising superconductivity in stanene films

B I
A s trilayer stanene B » \ bilayer stanene %% i%:lz,/f-‘l_-ﬁéé'iﬁ
\\/w/o Rashba Bio=4.34 K \ Bso=1.54 K S
. ake=0.14 K - wio Rashba ake=0.10 K 1, Largely exceeds the Pauli-limit.

¢ € | 2, Remarkable up-turn near zero

g | TRehe temperature.
3-Sn/6-PbTe
31 T UK 2-Sn/15-PbTe 3, type-ll Ising superconductivity in
& N I il stanene films with spin-degeneracy.
¢§ C 2 penta-layer stanene
2 3-Sn/12-PbTe Bo=4.70K
Te0=1.09 K so™ . o _

N Type-Il Ising superconductivity with
=, full features.

il &

5-Sn/15-PbTe
Teo=1.22 K
0 I 0 —t—t—r—_l :
0 0.5 1 0 0.5 1
T/ Teo T/ Teo

24

J. Falson, ..., H. Liu*, J. Smet*, D. Zhang*, Q. K. Xun, Science 367, 1454(2020).



Microscopic theory of inversion asymmetric Ising superconductivity

Cc

Band splitting around K and K’ points.

K K’
2

S
Ising superconductivity In Pb films with Rashba SOI

Hﬁ,K = ——— Ps00,T, — ugBo, — ag (O-xky - O-ykx)

p
Hﬁ,K’ ~om Bso0,T, — ugBoy, + aR(kay - Uykx)

Bc satisfies the relation:

1), 2(arkp)” +fso” — 3B Re[¢<%+ ip, >_¢<1>]

pz — p2 2k T 2
— 2 —2 -

1 2(arkr)” + Bso — uiB? 1 ip_ 1

+=|1 R - —y|=

2|+ pz — p? e_t,b 2+2T[kBT v 2

— # — _ agkp

2ps = [(usB + @)’ + (@) + oo’ % (s — aae)” + (anlee)’ + Fr® B0 = Bso/ (L + 50 0) “’*k”_ﬁ(uz )
TTkplTo

Y. Liu, ..., H. Liu*, et al., J. Wang¥*, Physical Review X 8, 021002 (2018). 25



Applying to inversion asymmetric Ising superconductivity in Pb films

. ...
£13 s
RS BR S 1THAIA
3} (b) (d) —
New data 3t gL o @ 6 ML Pb film
Jeo=3.01 meV ey = 3.16 meV
2+ ol ak. = 0.32 meV
o ma 2
g [ =,
(&) “'"‘"U m
4] Q _
1+ @ another 6 ML Pb film 1 @ BMLPbfim 1 | ke = 1.26 meV
equation (1) fitted by equation (1) —_
— 2D GL k. =30 meV, A =0meV
" L A 1 ™ 1 "~ 1 o 0 ! L . 1 L 1 L L 1 % O 4 0'2 1 0'4 L 0|6 N 0|8 5 1 O
8 02 o2 o6 0B 10 00 02 04 06 08 10 . . . . . .

TIT, TIT,
TIT, .

Parallel field The microscopic theory for type-I superconductivity: ~ Considering both Zeeman-type SOI S,
6 ML Pb film and Rashba-type SOl azkg

—\2  —~2
2 _ ZBZ - K
T) 2 p? — p? s kB 2 ﬁ(1+—)

ZﬂkB TTO

L, 2@Rkn)” + o — B2 T (1 b ! Bo = Bso/ (1 + 3
+§ 1+ ,0+ p_ Re l/) 2 2T[kBT l/) E ZTTRBTCTO

26



Summary for microscopic theory of Ising superconductivity
. I

Our microscopic theory can give guantitatively explanation for
measurements in 2D superconducting stanene and Pb ultrathin
films, which are largely deviated from the prediction of
Ginzburg-Landau theory and previous microscopic theories.

27



Deviation from the power law
behavior:
Manifestation of discrete scale
invariance



Introduction to Discrete Scale Invariance

Fibonacci (Spirals) Fractals Efimov spectrum Mandelbrot set  ganoit B. Mandelbrot
. L e e 0 30100 K e = TS s b st u....-:l.u.':-upl I8 35104 . . ) _ 1 924_201 O
ﬂF -1 Fl:é :| waf Fa @WM 4
@(}C)—,Z.JL"F... ; %‘\j 7 | °

12

=lnu/ln A :
;

@ C :
) . ] 1 5

Eil(x) . ¢ log_periodic | /
In ¥ "

F(I)=x'l’ [l+sin(2:r—x+aﬂ o '
In A : : : ; Ilmlt cvcle in RG

Ingy M G

D. Sornette, Physics Reports 297 239 (1998).
E. Braaten, H.-W. Hammer, Physics Reports 428 259 (2006). 29




Bosonic Efimov trimers with resonant scattering
B .. - '

Volume 33B, number 8 PHYSICS LETTERS 21 Decemher 1970

ENERGY LEVELS ARISING FROM RESONANT TWO-BODY FORCES
IN A THREE-BODY SYSTEM

V. EFIMOV
A_F . Ioffe Physico-Technical Institute, Leningvad, USSR

A

Vitaly Efimov
When 2 bosons interact with infinite scattering length a, 3 bosons

always form a geometric series of bound states.

Reeeived 20 October 1870

’“fu

e e™/%0 ~ 22.7

: Wlth Sop = 1.006
22 TxR

(22.7)°xR

Discrete Scale Invariance

30



Solve the differential equation with Efimov attraction
. I —
Differential equation for radical part (with real positive s):

d? so +1/4 M ET

dR?2  R2
Definitions and differential equatlon for auxiliary function:
A2 k2

1 ~
Er =— f(R) = R2g(R) R = kR
M,

-~ 1 sé -
g"(R) + Eg’(R) + (—1 + R—O2>g(R) =0

E=Et F(R) = R7Kis, (kr R)
Solution:

f(R) =0 [Landau & Lifshitz QM]

1
f(R) ~ R2sin[soIn(krR) + af Discrete Scale Invariance

1
E=0 Solution: £, (R) = ARZsin[sylnk.R + «]

kpn = (e7/50)" 0 e=a/sok,

Separate and -
p n—ny thE

match. "(R — (e~=2m/50
Continuous condition of R& at ‘ Esn = (e ) M,
f(R)
boundary.

_, Rupp
(R3) OCkT,%l R, = /%0 31




Efimov trimer of identical bosons (near resonance)

T u T T T T T ™

1/R”2 attraction is a requisite.

WR) i / Efimov IS’cates !

I
I
|
\ v 1
— I R
1 1
1 |
N z;s .
; s3+1/4 :
WR) ~——5 R
L e o] —
R
a<0 Energy a>0
'
000 . _ Q00 1/a

12271 227
22.7)2 :

2207 \227\

AN

(22.7)2

10" F ]
Aﬁalytica
— 120 - Al
w107 F *~~Formula
O )
E X
E
MM
102
Tlli‘ee-Bodj !
- Shape Resonances !
1030 F

100000 10000 1000

—a (a.u.)

100 10

Grimm’ Group, Nature 440, 315 (2006);
Dorner’s Group, Science 348, 551 (2015);
Weidemiiller’s Group, PRL 112, 250404 (2014);
Chin’s Group, PRL 113, 240402 (2014).

Discrete Scale|Invariance

E. Braaten, H.-W. Hammer, Physics Reports 428 259 (2006).
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Discrete Scale Invariance in topological semimetal

.
Weyl 51 + ELH:
0 hvgpd - k w E_I_hvpaf w FREAE + BElEEE =
wes k0 |7 S AT

R
RIS B ZrTesEEE D L EIL

H. Liu, et al., arXiv: 1807.02459.
H.-C. Liu, H. Liu*, et al., PRB 100, 195140 (2019). 33



Discrete Scale Invariance in topological semimetal
.

b under magnetic field Bn

energy

bl A kI B

ERESRREI T RN, AREMAERZTEKE.
X LE i i BB I I B FFEE 351

H. Liu, et al., arXiv: 1807.02459.
H.-C. Liu, H. Liu*, et al., PRB 100, 195140 (2019). 34



Quasi-bound states and magneto-conductivity
. - : i T
2

(er) de” 2| Ny + N £ Z [
Oxx\EF) = B | Var EBq— - . 2
h 8- e, - I'(B) ~ (EF_gn(B)) + I'(B)2

[(B) =t*-p(B,ep) =n"-VB
The conductivity contains two terms:
1, the first term is short-range impurity scattering (gives linear-B MR),
2, the second term Is resonant scattering between mobile carrier and the
guasi-bound state, which leads to logB MR oscillations.

| 2me? , o
Oy =l N Na  short-range impurity density
(e) Nee quasi-bound states density
0,..(€) = Oxx & N  mobile carrier density
XX 2

: Oxy EE




Quasi-bound states and magneto-conductivity
. - —

_ 4e? t” aCk
Oxx (EF) = Tlé (NAI + Ve 81 - ¢, - I'(B) z (EF - gn(B))z t F(B)z)

n

[(B) =t*-p(B,&r) =n*-VB

4o2 2 n?
Oxx (EF) =leza Ny; + Ngg 87 -z - T(B) DSI
) sin? (S—O

B 2
0) In (B_O)> +T]

Parameterization: numerical justification will be given in the
following slides.
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Application to the experimental results in ZrTed
.. @@ . ’

vr ~ 4.0 X 10°> m/s for the Dirac bands in ZrTe: [from ARPES experiments: Nature
Physics 12, 550 (2016)]

B, 2 1 2m 1
In E|l————,— —+—
Za ~5.5 and s, =+ (Za)2 —1=54 B, So So So So
Approximate discrete scale invariance: B,/B,+1 € (2.76, 4.06) Theoretical ratio
d . B | 3 <107 .
s |—empirical ' After background subtracted
S | |~ numerical Z I d h I f I
8 background \/ (re curve in the left pane)
—~ 1 |
10"+ \ \/ . E
/’\ \_/ O-xx(g) S
O-xy , <] w1 [
o’ o BTl 1 2| |
100 BT 10 Iog -B perlodlc V
The whole curve shows DSI, not just 1 B (T) 10 50

the periods. 37



Application to the experimental results in ZrTe5

3 %107
24
—~ 1 - o~
=
S e
K 3
<1 _A §
2 . e
\/ B//b axis, s6
-3 : : x SO — S —
1 B (T) 10 50 1 10
B (T)
() 4e? 2l o t2 I'(B)?
Oxx\Ep) = ——ip| NaI EBo_— . . . 2
h 8m- ¢, - T'(B) ~ (EF—En(B)) + I'(B)?

©

H Wang#, H. Liu#, et al., Science Advances 4, eaau5096 (2018).
H. Liu, et al., arXiv: 1807.02459.
H.-C. Liu, H. Liu*, et al., PRB 100, 195140 (2019).

38



DSI in longitudinal magneto-resistivity and Hall trace in HfTe5

&) 4 . - Apy‘ and L\;)XXWB

-
2

- 10

|

|

15! -Ap“ E
|

(o) gpy p-

-&"R/dB" {arb.u.}
s 8
2 |
_
L%
AR (£2)
s =
z W

(n
(c) Lo E—
AR AR
3
£
= 511,42 K
= h‘% 03 A~35
0,1} ——— |
10 20 30
" Froquency
t? n? : . . .
12 n.+n
B3 “em- hvpl;1-T(B) . 2 (S0, B 2 1 dl " »
sin‘ | 5 in (B—O) +1
39
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ai*, H. Liu*, X. C. Xie, J. Wang*, National Science Review 6, 914(2019).



Log-B periodic magneto-oscillation in TaAs
= F

guantum oscillations beyond "
the quantum limit

Peak and valley values of TaAs

“be a4
(b) 6L ANET
- \aL 21| -

E 5t | | ~ Our explanation
S | | ' e
&”4 h : 14 | .
Q. g I

3+ C4 ': |

0.0 0.2 10 n

1 . . L 1 1
1/ H(T) 005115225
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Log-B periodic magneto-oscillation of thermopower in Bi
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Log-periodic oscillations in Te
B .. ]
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Conclusion
.. S

1. Dirac particles with supercritical Coulomb

attraction = two-body quasi-bound states with
Discrete Scale Invariance.

2. Under a magnetic field, the resonant scatterings
between mobile carrier and quasi-bound states
gives rise to log-B periodic oscillation beyond the
quantum limit.

& e
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Science and Art
Where the world ceases to be the stage for personal
hopes and desires, where we, as free beings, behold
it in wonder,

to question and to contemplate,

there we enter the realm of art and science.
Common to both is the devotion to
something beyond the personal,

removed from the arbitrary.
--Albert Einstein

“Circle Limit llI" M. C. Escher g
Poincaré conformal disk model %
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Rare event effect on
Quantum Phase transition:
Quantum Griffiths Singularity



Introduction to Quantum Phase Transition
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Background on SIT/SMT
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SMT in Ga thin film
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Rare event effect on QPT: QGS in SMT
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Fluctuation effect on Ising superconductivity in Pb

We consider the influence of SOI on the Aslamazov-Larkin (AL) term and the MT-type terms
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Fluctuation effect on type-| Ising superconductivity in Pb
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Summary of Results

Rare event can dramatically change the quantum phase
transition, and gives rise to Quantum Griffiths singularity, a
novel type of universality class.
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Puzzles and progress: relation of rare event to “anomalous quantum metal”
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Anomalous is normal
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“Metamorphosis II”
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The progress has no necessary end, it is the beginning of infinity.
--David Deutsch
In retrospect to Thomas Kuhn “paradigm shift”

THE

THE FABRIC BEGINNING
OF REALITY OF INFINITY

A leading scientist interweaves

evolution, theoretical
physics, and
computer science to offer a

new understanding sxm;:a;:ms
A

« reality TRANSFORM
THE WORLD

DAVID
DEUTSCH
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