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Abstract: <p>Fathoming interplay between symmetry and topology of many-electron wave-functions has deepened understanding of quantum many
body systems, especially after the discovery of topological insulators. Topology of electron wave-functions enforces and protects emergent gapless
excitations, and symmetry isintrinsicaly tied to the topological protection in acertain class. Namely, unless the symmetry is broken, the topological
nature is intact. We show novel interplay phenomena between symmetry and topology in topological phase transitions associated with line-nodal
superconductors. The interplay may induce an exotic universality class in sharp contrast to that of the phenomenological Landau-Ginzburg theory.
Hyper-scaling violation and emergent relativistic scaling are main characteristics, and the interplay even induces unusually large quantum critical
region. We propose characteristic experimental signatures around the phase transitions in three spatia dimensions, for example, a linear phase
boundary in atemperature-tuning parameter phase-diagram. </p>
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Topological Phase Transitions
in 3d Line-nodal Superconductors
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Topology, here and there

2D topological insulator 3D topological insulator

From google images with the key words “Topological matters”
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Topology

Two objects are topologically different.

: Continuous deformation cannot transform one to the other.
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Topology in condensed matter systems

Insulating State (b)
.‘ . .4 - .‘ “ - )

Quantum Hall State (€)

E

n/a 0 k -m/a

Hasan and Kane, Rev. Mod. Phys. 2010

Electron wave-function : complex number
Topological properties of electron wave-function (ex: Chern number)
Electron band structure can have different topology
Different topology ~ Different phase
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Topology in condensed matter systems

Topological nature in insulators and gapped SC
: Well-understood!
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Topology in condensed matter systems

Topological nature in semi-metals and gapless SC
: currently active!

PHYSICAL REVIEW X 5, 0310
Experimental Discovery of Weyl Semimetal TaAs

B.Q. 1 H.M W B.B. | X.P W H M .M P. Richard X. C. Hu
L. X. Zha G, F. Chen L. Fa X. D IO w H. Iin

2D MATERIALS

= R S physics Observation of tunable band gap and
anisotropic Dirac semimetal state in
Observation of Weyl nodes in TaAs black phosphorus
B. Q. v, N Xut ", H. M. Weng'*', 1. Z. Ma'?, P. Richard", X. C. Huang', L. X. Zhao', G. F. Chen Jimin Kim.' Seung Su Baik.™ Sac Hee Ryn."* Yeongsup Sohn.'* Scokywung Park
C. E. Matt’, F, Bisti®, V. N. Strocov’, ). Mesot™ ", Z. Fang'*, X. Dai'*, T. Qian"*, M. Shi’* and H. Ding'** Byeong-Gyw Park.’ Jonathan Denlinger,® Yeonjin Vi
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Characterization of Gapless Excitation

Codimension analysis

Spatial dimension : d

Codimension :
p = d — dim. of zero-energy manifold

(2,2) : nodal point in 2d  (ex : graphene, d-wave SC)

(d, p)

(d, p) = (2,1) : Fermi surface in 2d (2d metal)
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Characterization of Gapless Excitation

Codimension analysis

Spatial dimension : d

Codimension :
p = d — dim. of zero-energy manifold

n

(d, p) = (2,2) : nodal point in 2d  (ex : graphene, d-wave SC)

(2,1) : Fermi surface in 2d (2d metal)

(d, p)
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Characterization of Gapless Excitation

Codimension analysis 4o

@..

Spatial dimension : d

Codimension :
p = d — dim. of zero-energy manifold

Chiu and Schnyder, PRB 2014

n
n

(d, p) = (2,2) : nodal point in 2d (d, p) = (3,3) : nodal point in 3d

(d, p) = (2,1) : Fermi surface in 2d (d, p)

]|

(3,2) : nodal line in 3d

= (3,1) : Fermi surface in 3d

—

o

©

~
I
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Characterization of Gapless Excitation

Codimension analysis 9

Spatial dimension : d

Codimension : | /L" L

p = d — dim. of zero-energy manifold ” =it

Chiu and Schnyder, PRB 2014

n
n

(d, p) = (2,2) : nodal point in 2d (d, p) = (3,3) : nodal point in 3d

(d, p) = (2,1) : Fermi surface in 2d (d, p)

(3,2) : nodal line in 3d

(d, p) = (3,1) : Fermi surface in 3d

Metals : p = 1 in every dimensions (not our focus)
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Characterization of Topological Nature

Around a nodal point (line),
the winding number is well defined in terms of
the (non-interacting) fermionic Hamiltonian.

Topologically stable!

(If not stable, then nodal excitation is gapped)

Ex : (d,p) =(3,3) (ex : Weyl SM)

H — (I!,(II')T“ . {,/I — (/;,r_;’flf”

e

l . .
B, (k) = 8_(,,,,,\(1 ~d,d x 0,d

Chiu and Schnyder, PRB 2014

0, B"(p) = 8(p)
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Characterization of Topological Nature

Around a nodal point (line),
the winding number is well defined in terms of
the (non-interacting) fermionic Hamiltonian.

Topologically stable!

(If not stable, then nodal excitation is gapped)

Ex : (d,p) =(3,3) (ex : Weyl SM)

H — (/'”(lf)r“ . (,/, — r/;!@"flf”

e

1 N .
B, (k) = 8_(,,,,,\(1 ~dy,d x 0,d

Chiu and Schnyder, PRB 2014

0,B"(p) = 8(p)
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Goals

1. Topology with nodal excitation in CMs

2. Topological Phase Transitions

3. TPT in 3d line-nodal SC
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Goals

1. Topology with nodal excitation in CMs

2. Topological Phase Transitions

3. TPT in 3d line-nodal SC
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Topology....

Great!

How do we observe topological signals?
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Topology change in boundary

10
Insulator n=0 i=3 }
(a) o

N,

Quantum Hall 0} M
State n=1 J ‘! i
0 — v k_JIbL._T__JL.

0

Physical boundary between topologically different states!
: proximity effects
Non-trivial boundary states (usually massless states)

Ex: Quantum Hall effects!

Useful in weakly correlated systems.
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Topology change in parameter space

We have lots of tuning parameters.
(ex: doping, pressure, magnetic field, etc.)

) Non—=Metal Metal
H -
150 ; 0 m] .
Yb ¥ Tb
L I g " - (.'d Eusgm
- - 4 . L
100
. 1‘ Magnetic Ins
i \ Nd
| -
Pr
-
100 108 110 11%
. o
. R onie radius (pm)
Crossover
LY S
& A - -
6} fliald-polarized 0 n
. . .
- . ‘. .
Mot iat . i : . \\
e . '
- 3 conical N\
Mot al . . m “¢
Bpin hgqusd .
- i o—g, Formi liquid .} & 2 Tt
'S . . - - A-phaso
Al . -
e onduc o
halical _paramagnoti

T (K)

(Especially) in strongly correlated systems.
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Topological phase transition

Trivial insulator Topological insulator
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Input: DV - 1280x 720p@B0Hz
Output:  SD1- 1620x 1080IEB0HZ

Topological phase transition

Topological
QPT

Trivial insulator Topological insulator

Topological phase transition
: phase transition between topologically different phases

Interesting physics around topological phase transitions!
(additional massless excitation is enforced at QCP)
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Topological phase transition

R 3 >
Topological
QPT
Insulator
X QBT. 5
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Topological phase transition

Topological
QPT

Insulator

BT PI'EII':OT 2
? s ? E— Vi(q) ~ —

EGM, Xu, Kim, Balents, PRL 2013 q|
Savory, EGM, Balents, PRX 2014
Kondo, et. al., Nat. Comm. 2015

PRL 111, 206401 (2013) PHYSICAL REVIEW LETTERS ‘n\\I.\H.}I

Non-Fermi-Liquid and Topological States with Strong Spin-Orbit Coupling

Eun-Gook Moon,” Cenke Xu Yong Back Kim,” and Leon Balents
PHYSICAL REVIEW X 4, (04

Quadratic Fermi Node in a 3D Strongly Correlated Semibmetal

New Type of Quantum Criticality in the Pyrochlore Iridates

I ( L M
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Topological phase transition

€ >
Topological
AlliSOh‘OpiC DOS BiTel ?, Ti02-Vo2? V(@) |
ﬁ ( L
11‘ r;‘f

Yang, EGM, Isobe, Nagaosa, Nat. Phys. 2014
Cho, EGM, Sci. Rep. 2016

v Linear SM (Weyl, Dirac) Many, Prof. Dai’s talk Vila) ~ & ¢
é el - » 3
2

( » EGM, J. Lee and Y.B. Kim in preparation

ARTICLES .

)
UL ID O e 4 AAGAST PO | Dxe 40 i l

wsies | SCIENTIFIC REP;__C}}RTS

Quantum criticality of topological phase
transitions in three-dimensional interacting
electronic systems

Novel Quantum Criticality in Two
Dimensional Topological Phase
transitions

Bohm-Jung Yang'*, Lun-Gook Moon’, Hiroki Isobe ' and Naoto Nagaosa''* g Cho B Lun Gook Moon
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Goals

1. Topology with nodal excitation in CMs

2. Topological Phase Transitions

3. TPT in 3d line-nodal SC
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Strategy

We investigate topological phase transitions.

We first consider SCs since nodal structure is more stable in SCs.
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Strategy

We investigate topological phase transitions.

L . .

x}
® - ¥
Fully e

gapped

We first consider SCs since nodal structure is more stable in SCs.

In normal phases, chemical potential is (potentially) dangerous in TQP,
but the same strategy applies.
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Conventional Superconductors

Fermionic excitations : fully gapped (original BCS theory)

»
Fermi surface

E. Hudson, Nat. Phys. 2008

Low energy physics : Ginzburg-Landau theory of Cooper pair

o B [BP
1’ - 1'u+f‘-“l‘ +T)—|f" +‘—)f7|('*JhV*_fA)l" -4

240
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Unconventional Superconductors

Fermionic excitations : partially gapped

£ k

4

| 4rg )
| | | 0,0)(x 0) |3 d-wave SC

[ Ack)| |
\
|I ‘ll
| Antinode Antllmth'll
<7 ] . |
& -
Node X
k k
B. Keimer et. al., Nature. 2015
A (k) = (4,/2) [cos(k,a) - cos(k a)]

Low energy physics : order parameter + nodal fermionic excitation
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Characterization of Gapless Excitation

Spatial dimension : d ] r

Codimension :
p = d — dim. of zero-energy manifold

=
2t @ '
(d, p) = (2,2) : nodal point in 2d l
(d, p) = (3,3) : nodal point in 3d
Chiu and Schnyder, PRB 2014
(d, p) = (3,2) : nodal line in 3d
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Line-nodal Superconductors

] " week ending
PRL 94. 197002 (2005) PHYSICAL REVIEW LETTERS 30 MAY 2008

Line Nodes in the Superconducting Gap Function of Noncentrosymmetric Ce Pt Si

K. Izawa.' Y. Kasahara.' Y. Matsuda.' K. Behnia."' T. Yasuda.! R. Settai.* and Y. Onuki®

LETTERS

I]'.llllI'('.
physics

PUBLISHED ONLINE: 4 MARCH 2012 | DO 10.1038/NPHYS2248

Nodal superconducting-gap structure in
ferropnictide superconductor BaFe,(Asg 7Po.3);

Y. Zhang, Z.R. Ye, Q. Q. Ge, F. Chen, Juan Jiang, M. Xu, B. P. Xie and D. L. Feng

PRL 118, 165304 (2015 PHYSICAI REVIEW LETTERS l

Polar Phase of Superfluid *He in Anisotropic Aerogel | [ ' A ”

V. V. Dmitn A.A. Sen AL AL Soldato ind AN, Yudi

() A / ' o KAM i M K
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Unconventional Superconductors

FTOPICAL REVIEW

Nodal structure of unconventional superconductors
probed by angle resolved thermal transport
measurements

Y Matsuda' -, K Izawa“ " and | Vekhter
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Unconventional Superconductors

Matsuda et. al., 2006
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Line-nodal Superconductors

Toy model : p-wave pairing gap (~ polar phase in superfluid)

Hy =Y W} (h(k)r* + A(k)T" ) Wy

L.
Jo? 4 o2 Jo2 e , .
. vy TRy — R -_ . [ (k3+k?—k7)
Htl 9 T' 1 !.-/'.'r I(k) '\ lr;r: :
Zn
‘kz

One line node exists in k-=0 plane.
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Line-nodal Superconductors

Toy model : p-wave pairing gap (~ polar phase in superfluid)

Hi, Z‘II,\,(MA-).— -A(A-)r’)‘lr,\.

L.
/.'_’ L 2 /.'.’ - ; .
‘ V., ‘U ' . . [ (k=+4+k=—k%.)
Ho, - ™+ v k.7 E(k) = £/ e
ZIn
*kz

One line node exists in kz=0 plane.
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Topological phase transition

(a) ‘kz
C:;_;D <€ >
S— Topological
QPT
Nodal line SC

We focus on a special class

: symmetry protected topological line node.

Nodal point SC
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Topological phase transition

(a) *kz (b) ‘kz
 —— p 5 q o ¢
0 e()
| S— Topological e 1
QPT
Nodal line SC Nodal point SC

We focus on a special class
: symmetry protected topological line node.

If protecting symmetry is broken, line nodal structure is modified.

Symmetry breaking and topological change are concomitant!

Pirsa: 16020101 Page 38/66



Pirsa: 16020101

Topological phase transition

(@) . (b) kz
Symmetry breaking
—m— < . I o %
0 e()
— Topological T .
QPT
Nodal line SC Nodal point SC

Symmetry breaking and topological change are intrinsically tied.
(ex : time reversal symmetry(TRS))

H, X\hk(mm; - A(k)TT )Wy + (_';Z}‘(Ag)q;;tr”q;k
k

IS
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Topological phase transition

(a) *kz (b) 'kz
Symmetry breaking
© (_ ) * L ?
0 e()
— Topological T
QPT
Nodal line SC

Nodal point SC

Symmetry breaking and topological change are intrinsically tied.
(ex : time reversal symmetry(TRS))

Hy =Y _ W, (h(k)r

L.

- A(k)T )‘I’L- + (-"Z}-("’)\IILTU‘IJ"‘
k

An order parameter exists.

Symmetric phase : line-node
Symmetry-broken phase : no line-node
(either point-node or fully gapped)
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(a) *kz

Nodal line SC

Topological phase transition

Symmetry breaking

Topological
QPT

Nodal point SC

Symmetry breaking and topological change are intrinsically tied.

(ex : time reversal symmetry(TRS))

An order parameter exists.

Landau-Ginzburg theory?
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Topological phase transition

(a) *kz (b) 'kz
Symmetry breaking
 —m— p 5 I el %
0 e()
| S— Topological . .
QPT
Nodal line SC Nodal point SC

Symmetry breaking and topological change are intrinsically tied.
(ex : time reversal symmetry(TRS))

Can the Landau-Ginzburg theory describe the transition?

. I D I ) ’ ‘
S¢ / 3(‘:)7‘-" T S(V("))- =0 + —Q
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Topological phase transition

(a) *kz (b) 'kz
Symmetry breaking
—— < N q " %
0 e()
S Topological e 1
QPT
Nodal line SC Nodal point SC

Symmetry breaking and topological change are intrinsically tied.
(ex : time reversal symmetry(TRS))

Can the Landau-Ginzburg theory describe the transition?

. I ) I ) I ) /\
S, /_v E(i)r(,'))” } E(Vr'))" } 3(,‘)" } ﬁ(‘)l

—

NO! (no information about topological nature in the L-G theory)
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Topological phase transition

(a) *kz (b) 'kz
Symmetry breaking
CD ( ) * - ?
0 e()
— Topological T
QPT
Nodal line SC

Nodal point SC

Symmetry breaking and topological change are intrinsically tied.
(ex : time reversal symmetry(TRS))

' . I ‘ 9 I 9 I A ,\ {
O /.’2({)‘—()) . E(v“) ! E{') ! ﬁ”

Se =84+ Sy, Sy= / U0, +Ho)V + g / Hy

L /

Nodal line Hamiltonian H, Z \lf,’\_(mk)r - A(k)T )q;k
A.
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Topological phase transition

Example :

H, Z‘l',\,(hlk)r ~Alk']r’)'~[u‘. H,. ., ,;Z\H;—”\[;L

A

/I.'_’ | ;‘.‘r_; /-",T,.-

' 1] ’ 7' L 2y /.._ -
o 2m :
[ (k2 + k2 — k2.)2
l(/‘) L \ ", : Foeks + ¢°
-~ 2z

One line node exists in the symmetric phase.

No line node exists in the symmetry-broken phase.
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Topological phase transition

(a) *kz (b) 'kz
Symmetry breaking
— < > * . ?
0 e()
— Topological Yo .
QPT

Nodal line SC Nodal point SC

Can be generalized to general symmetry groups.

G = Cpp xT xXP

Rep | Lattice (JF,(k)M?) Continuum | #
| |
\. "-~t|| k. )sin(k, ) (cos(A cos(k,)) ' sin(46) '11.
B, | (cos(k,) — cos(k,))7 | cos(20)7" | 8
B2 ‘ sin(k,)si(k,) ’ sin(260) . R
/ ‘ sin(k,)sin(k.)r" "..\ 07V 1 ' {

sin(ky)sin(k; )7 | sin(0) 7Y p
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Topological phase transition

(a) *kz (b) 'kz
Symmetry breaking
© ( ) N - ?
0 e()
— Topological e .
QPT

Nodal line SC Nodal point SC

Mean field theory with  H = S~ Wi Hy Wy — = (3 WLF(0k)7, V)’
k Tk

¢ = uw(UpF(Ok)TyWh)  Hyp =Y Wh(Hi — 6F(0))7,) Wy + —

2u
k

A ,
Fue(T, ¢) = rln(tr(r )

)

| - \
-FUI(“} ( — t /]r)"'/.'!r:"

U i,
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Topological phase transition

et '_)”
ke
I ‘ E,
l—L( IL' | 21In(1 ( ') ;
ke
| < 2T
5 Elo 5 In(1 ( oL .
k k

. | «—, .. ‘ 2T «— | + e~ PER()
0O | H - ) - () —_ S Yl (D — - —.
Fare (o) =Far (@) = Far(0) 7 ZL. (Er(0) = Ex(0)) % 2» ln(I " ,,,L_m) ou

| - r‘f‘_ 0)) . ' g
s T=0=0 = 5= —< > =3 0 Uc is not zero (cf : BCS instability)

D(e) ~ |e
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Topological phase transition

(a) *kz (b) 'kz
Symmetry breaking
© ( ) - Ld ?
0 e()
— Topological T
QPT
Nodal line SC

Nodal point SC

Mean field Free energy

‘;:‘-ff(”, { = N | 'l.}"‘h | /lf f).:
( l

The cubic term appears due to nodal line fermion excitation.

The MFT already shows the universality class is special!
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Critical theory

Quantum corrections
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Critical theory

! / ) S 9 9 ¢ 9
Lo Nk J2 et 0t > Q% 4 ¢

Large N theory works well!
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Critical theory
Se =S¢ + Sy / \If O + Ho)V + (]/ H, 4
/ I 2 T, A
— () @) 4
. ._’

(vu) t ;(,')' + _”I
y ) S 9 9 2 2
Nk V/ 0 +viqs + v7 q° > () + q

'\.’|—‘

Large N theory works welll
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Critical theory

'S‘(‘ - ‘S'u + AS';.‘ / \II r + H(l)ll; f] / [Il Hh
| 2 | I Ay
/ _E () @) 4 E(vu) EU 4 F”

Nk, \,.-""'sz! FoZg? + 07 qF > 02 + (12

—)
Large N theory works well!
D(e) ~ |e
< q° o ' | .
5(0,0) o | B ™ kyp [ dee=~ —kgA No symmetry protection
4 } . {
(cf. Y. Huh, EGM, Kim, PRB 2016 )
_ > [ . LE(k) 1 ' de l
Y : a'k ~ JE - ) ~ )
20 ($tn, 0) u-m_/ A (sz,—’, WYL mk:) /“‘!”(ggz a2 ¢ L
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Critical theory

-—

. L

Sc =S¢ + Sy, Oy = / U0 + Ho)W + ,q/ Hy

y ) 30 99 2 2
— Nykpy/Q +vigs +viq] > () +q
Large N theory works welll
Consistent with Y. Huh, EGM, Kim, PRB 2016!
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Critical theory

% Y (w, k) ,,—'/ Grw+ QO k+q)T'Gy( q)
> ' vil,q

No infra-red divergence!

Similar structure as that of fermion self-energy
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Critical theory

(@) ‘Kz ‘K
| e —
C€ >e !
- Topological -
' QPT
. ‘)
N r 9 99 ) > ]
S .\,/.',\ ()= 4+ veqgs + v5 g7 R(/i(i?.ql}T
(l.q - 4
: . p(S.q) =1/ (1
1. Large anomalous dimension.
2. Emergent Lorentz inv.
3. Hyper-scaling violation.
QCP in 3d 2 v j . ‘ 7] HS
o' theory|27 I | | \ (0 )
Higgs-Yukawa |27, 28 1 L 1 | 0 O
QBT-QCP[29, 30 2 | 2 1 | 1 O
Hertz-Millis[31, 32] [2 or 3| 3 3 1 | 0 X
Nodal line QCP l | l | | 1 X
Q~G €~ r=re|’, xo ~ |r=7c|77, and [¢] diz 24y )
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Comparison

In 3d,
1. ©'theory and Higgs-Yukawa theory (upper-critical dimension)

] o | o * o A
S, ./IV E(('),.f,'))' } E(Vr,’))' } .i—)r,'f } F“‘

—

Mean-field + logarithmic correction

2. Hertz-Millis Theory

\ ' w 9 o L ,
OH M ( I_ tq”+ ) Ok, w)|” —lr'l(.I'. T)
/W . Jr,T

A {

z=2,3 + hyperscaling violation

3. Line-nodal critical theory

‘)

Sline //".f(\-' w? + vi kT + k2 + 1) |o(k,w)|*
JRkow

z=1 + hyperscaling violation
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Comparison

In 3d,
1. ©'theory and Higgs-Yukawa theory (upper-critical dimension)

B o | o * o A
S, ./rv E(()rf,'))' } E(\—r,‘))' } .i—)r,')' } F“I

—

Mean-field + logarithmic correction

2. Hertz-Millis Theory

. . W 2 ) Cu l
OH M ( I_ q” +T) f"(lr'- W) 1 —I(')(.I'. T)
{ W v Jur.r

(]

z=2,3 + hyperscaling violation

3. Line-nodal critical theory

Stine = [ k(2 + VIR + 02k2 4 1) o(k. )]
Jhw

z=1 + hyperscaling violation
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Phase diagram

Usual phase diagrams

T
CONTINUUM
HIGH T
MAGNETIC LOWT
LONG RANGE
ORDER Quantum paramagnet
0 > >
9¢
g
S. Sachdev, Quantum Phase Transitions
Basically, T2 ~ |g-g.| T~ (q. — q)\/2

(p) ~ (g —gc)'/*
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g

Phase diagram

: TRS broken

Region

/

W SC

." “. Gaussian
N (g=0)

Quantum Critical

/

/

Vs

/

/

/
TQC /7 Nodal line

(a)

Page 60/66



Linear phase boundary
With two SCs,

(sm ]< >[ SC?2 ]

If SC1 is a line-nodal SC and the transition is 2" order,
then QCP has the linear phase boundary.

If there is a 2"? order linear phase boundary between two SCs,
does one of them have a line-node?
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Line-nodal Superconductors

3R [ T . v FI1G. 2 (color onling Pressure-temperature phase diagram of
. UCoGe e . UCoGe., Ferromagnetism (FM), blue area iperconductivity
' ’ I‘ 5 5 | I / rapx ferroma l
- e Ur ® P QCP th ressul 10+ 0.05 GPa. St
5 28 + ‘ 'S condu i | ith lerromagt | bilu
9 o < " N _“ hatched arca. Symbol hlled blu ) 1 !
% o 1.5 I 17 trom ) I'): bl nd whit 1angl / wd 77 trom
E) FM S 2 p (GPa) pll ip tnangl ! I lown trnian ! X |
E— 1k é ] nd | squan | | 1 0 taken | n I
@ HE " 1 In \.||| 1nud I ) / i/ ul 1on ol
- [i] - 3"' .. & ? WSS | lata toll RIT y dependenc nd |
0 1 1 LN / 1
0.0 0.5 1.0 1.5 2.0
Pressure (GPa) E. Slooten et. al., PRL 2009

Two different symmetries, and two superconducting states.

Is it linear?

Tempting but more investigation is necessary.
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Summary

Topological phase transitions appears in nodal structure
change transitions.

The nodal excitation induces a novel universality class.

Hyperscaling violation, emergent Lorentz invariance, and
large anomalous dimensions are characteristics.

We propose to measure the linear phase boundary for a
signal of the presence of line-nodes.
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Comparison

In 3d,
1. ©'theory and Higgs-Yukawa theory (upper-critical dimension)

' . ] ‘ ‘) ] ) I’ ) /\ |
.S“ /IVE(()'—(,)) + E(v()) 1 3(,) + F{,J

—_

Mean-field + logarithmic correction

2. Hertz-Millis Theory

. . W > ) T l
|‘54” \/ ( I_ - r) f"(ll'.w') t —I(')(.I'. T')
{ Jr.T

AW (

z=2,3 + hyperscaling violation

3. Line-nodal critical theory

‘)

Stin //".f(\'.w"’ Fot kY + vk +r)|o(k,w)|f
JEw

z=1 + hyperscaling violation
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Critical theory

o€

—— Topological
' QPT

' a 0 9 9, @
,_\‘;I / _\'!Iu',f \ ()= 4 vIqs + v q] R([)(SZ(])}_)
(2.q

1. Large anomalous dimension. p(ta) =1
2. Emergent Lorentz inv.
3. Hyper-scaling violation.
QCP in 3d 2 v ] 7 HS
" theory[27 l 1 _ 1 | 0 O
Higgs-Yukawal|27, 28 | 1 T I * (0 O
QBT-QCP[29, 30 2 1| 2 BE O
Hertz-Millis[31, 32] [2 or 3| 3 3 1 | 0 X
Nodal line QCP HEEEEERERE:
(Q~g* €~ r=rc|” xo ~ |r—7, , and [¢] = SX2=241)
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Phase diagram

T4 !
Teo '
Quantum Critical /
) 'k Region / (@ 'k
/
1 0 [ g g
>t : TRS broken TQC/ Nodal line
3 e V4 SC 6
\J o
L —- "

Significantly larger quantum critical region due to fermion excitation

I~ (gc—9) (#) ~ (9 — 9g¢)
The linear temperature phase boundary!
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