etal-Insulator Transitions in a model for magnetic
Weyl semimetal and graphite under high magnetic field

[0 Disorder-driven quantum phase transition in Weyl fermion semimetal

Luo, Xu, Ohtsuki and RS, ArXiv:1710.00572v2,
Liu, Ohtsuki and RS, Phys. Rev. Lett. 116, 066401 (2016)

Xunlong Luo (PKU), Shang Liu (PKU -> Harvard),
Baolong Xu (PKU), Tomi Ohtsuki (Sophia Univ.)

0 Correlation-driven metal-insulator transition in graphite under H
Zhang and RS, Phys. Rev. B 95, 205108 (2017)

Pan and RS, in preparation

Zhiming Pan (PKU), Xiaotian Zhang (PKU), Ryuichi Shindou (PKU)



Content

[0 Disorder-driven quantum phase transition in Weyl fermion semimetal
B Quantum multicriticality with spatially anisotropic scaling

B DOS, conductivity, and diffusion constant scalings near Weyl nodes

B Unconventional critical exponent associated with
3D band insulator-Weyl semimetal transition



O Weyl fermion semimetal (WSM) and magnetic WSM

B Discovery of Weyl fermion semimetal in TaAs, TaP, ... (hnon-magnetic WSM)

B Nielsen-Ninomiya Theorem Nielsen-Ninomiya (1981)

Two Weyl fermions with opposite magnetic charge appear in pair in the k-space

< { A*I(_ Magnetic WSM (mWSM)

B Novel magneto-transport properties, related to chiral anomaly in 3+1 D
Burkov-Balents (2011), Vazifeh-Franz (2013), ...

B Disorder-driven semimetal-metal qguantum phase transition
Fradkin (1986), ...



DOS (p)

0 Disorder-driven semimetal-metal quantum phase transition in mWSM

renormalized WSM  Diffusive Metal (DM) Fradkin (1986),

® < — > renormalized WSM : zero-energy DOS = 0
A=0 AC A DM : zero-energy DOS evolves continuously from zero

B DOS scaling and zero-energy conductivity near Weyl node Kobayashi et.al. (2014), . . .

 Liuet.al, (2016) | Wegnerﬂs relation |
\\ MagnEno WS, o8 | d—2
// fjg: ﬂ 0.6 i i ‘5 AO ‘ ; A
51'.3 o4l N ..i | 0 g
B ol WeMd DM :"L'\ A
_E 0.2} 1: L‘I \‘a\h i {0
/ oy (@ - 0 m“T““‘.““i1uJé’t*a+(2015)
d—fz d=" —d 0 U 4 6 8 10
N Y N | Y 1—1 Conduttivity at Weyl node
SA,'A oMy [6A0] A €] (wsm) ace

vahishes at QCP



0 Disorder-driven Quantum Multicritlcality in disordered WSM (this work)

25

| 1503

Clwith
p(0)=0

W (or A,)

4 FP4
Cl with

Cl with

zero zDOS
+FP5

>
-

af
-

04 05

FP5

FPO Blorm)

Luo, Xu, Ohtsuki and RS, ArXiv:1710.00572v2
B Quantum Multicritical Point with two parameter scalings

B Spatially anisotropic scaling for conductivity and
Diffusion Constant near Weyl node around QMCP and
guantum phase transition line between Cl and WSM

€ Conductivity and diffusion constant along one spatial direction
obey different universal function with different exponents
from that along the other spatial direction.

€ "‘Magnetic dipole’ model at FPO (fixed point in the clean limit)

The anisotropy comes from a magnetic dipole in the k-space

+ —

MM AM



0 Disorder-driven Quantum Multicritlcality in disordered WSM (this work)

25

| ss s 5 DM 33 B For CI-DM branch, a mobility edge and band edge are distinct
Al clwith p(0)>0 - from each other in the phase diagram (For DM-WSM branch,

WSM : :
06 where they are identical).
EEO“E;‘ DOS at nodes conductivity at nodes
b o3 ra__\ ] has scaling has scaling property
.\'E property (conventional 3D unitary class)
D_ II'.I /—\ /\
0 : : 7
0.2 0.3 0.4 0.5 /
W (or 4,) :
’ FP4
Cl with
finite zDO DM
T ECusESSUSSUSUSSUSUS B SRS 74 SH—————
- E=0 (zero-energy)
Y /
Cl with /
zero zDOS W5M Y
+FP6 Cl phase with zero Cl phase with finite Diffusive metal
- — - =50 > ;F:,irmj zero-energy DOS zero-energy DOS (DM) phase



0 Disorder-driven Quantum Multicritlcality in disordered WSM (this work)

W (or 4;)
A EP4 I : . .
Cl with — Lo aI|zat|fJn Ie.ngth
finite zDO —1—14 _.-.—-along 3-direction
=16 =" (dipole direction)
\ tk 1r | © raw data p
j;:i-'-"'
FP2 = S
= A
- A n m GOF Be v
4 ol s 1 2 0.79 0.4716[0.4715,0.4716] |0.8008[0.7947,0.8068]
et 5 2 0.95 0.4716[0.4715,0.4716] |0.8002[0.7943,0.8069)]
Y Cl with S 4 3 0.81 0.4716[0.4715,0.4717]|0.8097[0.7964,0.8225]
WSM s 5 3 0.97 0.4716[0.4715,0.4716]|0.8124[0.7990,0.8261]
zero zDOS Y | = =
1 - - -
Y 0.46 047 0.48
FP6 FPS
- > i

Blor m) B For CI-WSM branch, a transition is direct, whose

/ critical exponent is evaluated as 0.80 = 0.01 !?

@ Disorder average out the spatial anistorpy;
1/3 (0.5+1+1) = 0.83337

€@ Crossover behavior from FP1 and FPO ?
large-n RG analysis = v=1/2-2/n)=1 @ FP1

In other words, data points could range from the critical regime to its outside.




[0 Magnetic dipole model Roy, et.al. (2016), Luo, et.al. (2017) m>0 : WSM phase

Het = [ d*x 1 dxs ?/)T(w){ — iv(0101 + D2079) T

MM AM
+ ((—i)%b2035 — ?’Tl)O'g}L/)(:B):

MM and AM locate at (p1,p2,p3) = (0,0, £+/m/by).
where © | = (&1, o)

Chern insulator phase Weyl semimetal phase m=0 : a critical point
<0 7a) >0 > Between WSM phase and
m QCP M m agnetic dipole 3D Chern band insulator
W (or A;)
1 o NP4
e 150 DM
m<0 : 3D Chern band
. Y Insulator (Cl) phase
with
zero zDOS WSM Y
+FP51 < - FPS




[0 Effect of Disorders on Magnetic dipole model

B A tree-level argument on replicated effective action  Free part :

- —(d—1 _ _ 1
7 = /dg_.-a;g;&e—-h S =S,+ 5, p(d=3) =1 pd=l+3+1 _ 10
. 0 + \ Y ) | Y J
Sp = /EET/E_EHZITJ_CEIE -a;':ﬂ_(:c,*r]{ai‘lr — (0101 + Oy03) o _
PP O1d¥ x| drsdr

+ (( E)Ebgﬂﬂ — m)crg} olx,7)
. Disorder (‘interaction’) part :
T — /d‘fr [dT /d3 (V! ¥a ) (vivs). 1 5
| : p—2(d—3%)  pd—1+3+2 _ p—(d—3)

\ ]\ J
| /

To make S, at the massless point (m=0) to be scale-invariant, . . .

LTt d4 g L drsdrdr’
! 1
T = b2 x3,
P Free part
x| =bx, ccc. s
; i the clean limit Diffusive Metal (DM)
T =br with b = =4 < 1
1;"1; — E} {d_ﬁ)gg . . ® < >< > )
v T with prime : After RG A_O A
m’ = F_}_lm Without prime : Before RG — Ac




[0 Effect of Disorders on Magnetic dipole model

B One-loop level RG (large-n expansion analysis ; n=2)
Roy, et.al. (2016), Luo, et.al. (2017)

where A, = A,

dm __
E — m(l — QAU),
dﬁg 1— —2
270 A
dl 520+ 280,
z=1+ QED,
(vA)3

1
4m202b3

<]

0.67

0.3}

WSM

04




[0 Effect of Disorders on Magnetic dipole model

B One-loop level RG (large-n expansion analysis ; n=2)

dm _
% = m(1 — 2Ap).
dﬂg 1 ——2

= ——Ag + 2A,,
dl 27" 0
z=1+ QZU,

FPO: a saddle-point fixed point with
one relevant scaling variable and
one irrelevant variable

0) = (1,0)

FP1: an unstable fixed point with
relevant scaling variables

_ 1 31
_ 1 1 -
0Ro] =ya == =5 L
n 2
] 1 1
[m| = ym = ——-=3
where §A, =A, — A,
0 0 . 15 0.3

Roy, et.al. (2016), Luo, et.al. (2017)

cl

DM

FP1

WSM

FPO

04

.

04




[0 Effect of Disorders on Magnetic dipole model

B For positively largerm, . . .. Low energy effective Hamiltonian (E<m)
+ : disordered single-Weyl node
He = [ei'").r_ei"r;; -L"i-[l.‘;l{ —iv(dhoy + dhoy = J'r';;cr;;}t"[rc;:.
MM AM .

Fradkin (1986), . ..
MM and AM locate at (pi.p2.p3) = (0,0, £/ m/ba).

Renormalized

W{T WSM phase Diffusive Metal (DM)
DM ® ¢ ——>
As FP5 FP2 A
FP1 P2
Y
WSM |,
< < > FP5

FPO Blorm)



0 Scaling Theories of DOS, Diffusion Constant and conductivities

DM

A B Critical Property near CI-WSM boundary is controlled by FPO

EP1 FP2 B Critical Property near WSM-DM boundary is controlled by FP2
Y B The system has gapless electronic dispersion at E=0

Cl WSM =>» DOS, Diffusion Constant, and .
conductivity scaling at Weyl node Kobayashi et.al. (2014),
Syzranov et.al. (2016),
< > LN Liu et.al. (2016), . . .
FPO p (orm)

[0 Scaling Theories for CI-WSM branch
N'(&' . N,.m') =b" 2N (E, Ay, m)

Total number of single-particle states

[l
K

Spatial anisotropic scaling

Th = E}%I‘-g: per volume below an energy E
!
— . —1
Ty =bwy, with » = ¢4 < 1 E=b"¢,
) JR— 5y —
Ay =b"YEAp = b9 A,
9 V' = bd_% V with prime : After RG m? . ’ v

Without prime : Before RG



0 Scaling Theories for CI-WSM branch

AN (£)

B Density of States: (&) = e

! 5’.3;.1’?1’ zb_':d_%_lz' E.Ng.m
PE, Bog,m) p(E, Do, m) with b = =9 < 1

@ Take m to be tiny, while Ay < A,.
@ Renormalize many times, suchthat m' = b ¥ m =b"'m =1

@ Solve “b” in favor for small “m”, and substitute the above equation.

d— & —1 ,
.l’.r[E.E.;]_ m) =m ¥ If;’l_'i'u_ﬁ:‘:_. 1]
a_L_1 _ very small
~m ¥m pg(m ™&0,1)
d— &1 ,
=m v Yim wrf)

A universal Function which is encoded in FP5

p(€) = m_{d_%]‘l'{m_lf)

ym = 1

Cl

DM
A
FP1 P2
7
WSM |,
FP5
FPO B(orm)



0 Scaling Theories for CI-WSM branch
B Mean Square Displacement and diffusion constant
g3(€, 5,80, m) = (23)(E, 5, A9, m),
g1 (&, s, Ao, m) = (22 )(E. s, Ao, m).

Mean Square Displacement of single-particle states of
energy “€” at a time “s” as a function of two scaling variables.

b_lgé(é‘f: SI:EID? ﬂl;j — g3 (E’" S'.'Eﬂ: Tﬂ'}:

b=2g (&', Ng.m') = g1 (.5, D0, m),

93(E, 5, Mg, m) =m " Ws(m 1E, ms),

g1 (€.5,Npg.m) =m 2V (m™ L&, ms),

->

9 DE(S:EDETH) — fﬂ(rn'_lg)ﬁ
D (€, Ag,m) =m~Lf (m™LE).

p
Spatial anisotropic scaling

N

rh = bZxg
:1::1 =bx | )
DM
A
FP1 P2
Y
Cl WSM
> FP5
FPO f (or m)

5‘}1(”' 151“') - Dﬁ(---)g—(ﬂ(ggj_

Linear coefficient in time “s” = Diffusion constant

Universal Functions encoded in FP5



0 Scaling Theories for CI-WSM branch

B In WSM phase (m>0):

£) = —
PE) = L ea,

Self-consistent Born (Liu et.al. (2016))
B On a quantum critical line (m=0):

p(E)£0 at &40
D.(E)#0 < 4too at E#0

[ p(E,Ng,m =0) x £97 3,
Ds(E,Ag,m =0) x &Y,
9 { D (E.Ag.m=0)x &L,
o3(E, Ao, m = 0) ~x 473
L 01 (€, Mg, m =0) g3

%]

b2

p(€) x £971
V2T Ds(€, ! )
D}.t{g) S 6_{-'55—1] 9 \ DJ_{S,,&m m.)
3 A oa (€.
2 \ JJ_("S

A
P
FP1 P2
Y
WSM
FP5
> ,S{'crmj

FPO



O Scaling Theories around QMCP (=FP1) DM

6A0 = Ao — A., m :two relevant scaling variables A

FP2
=» two parameter scaling around QMCP FP1

b2 b=

b3 (BTFE, bTYA 5 A0, bV m) = p(E,6A0,m),
bl g (b€, b5, b2 60, b~ m) = ga(€, s, 080, m), Cl WSM -y
b_ggl(b_zé‘, b s, b Y26A0, b7 Y"m) = g1 (€. 5,60, m),

FP5
Z, Y Y, :Dynamical exponents, scaling dimensions at QMCP (=FP1) < FPO > Blorm)
_ 1 a2 i l —2 _ l —2
z-l—i—;—l—@(n )y Ym =1 n—i—@(n ), y&—n—i—*@(n ) DM
B Approaching QMCP along m=0 A
i -:‘I—_1 = L .
P(E,680) = |08 7o W(|6D| 5 £), FP1 ik
~ . -__l —_ | —— —  Ym
Y Ds(E,680) = |64, 2 f2(|000] 72 E), im| < A|0Ag|va : Y
\ D (E.6Ap) = |0Ag| 72 f1(|0Ag| 2 &). S I
‘Cl WSM
I Ly \
) |m| < A|l6Ag|va  : controlled by FP1 >
Crossover boundary: —um EP5
im| > A|6Ap|¥a : controlled by FP2,3,4 £ >

FPO Blorm)



[0 Scaling Theories around QMCP (=FP1)
B Approaching QMCP along m=0

| [ p(€) oc 0| = T |4,
p(€) x |E|¢2, (€, 5B0) = 65| o U(|5B| T E), D3 (€) oc|ohglva A Ifl'”
D3(E) x |E°, 4 § Di(E,0D80) = |6B0| 7= £.(|000| 75 E), 9 { DL(€) o |6Bg| 7 €|,
Dy (&) ox [E]71. | DL(€,68) = 63| 7= £1(|650] T E). 73(€) ox |8 = = £1i-3,

Determined by FPO Determined by FP1 3.

L 01(€) o [6Bo| % 8 €]

DM
A
FP1 FP2

Y
( p(E,Dg,m =0) x £977,

Ds(E. g, m = 0) o £°, Cl WMy
{ Di(E,Apg,m=0)x &L,

o3(E,No,m = 0) x £972, < > FP>

\ UJ_(SgZD:?n:U) X Sd_%? FPO B (or m)



[0 Scaling Theories around QMCP (=FP1)
B Approaching QMCP along 04,=0

[ ri—I,l—; z
p(E,08, = 0,m) |é|d . p(€,m) = |m| U(|m| wm &),
D(E,68y =0.m) |77, = 1

D3(E,6Ap = 0,m) mm (%-1) \é|_7_2
z—1 = - - - -
Dy(E,m) = |m|vm f,(|m|” vm &), 9 {  Di(E6A0)=0,m)x mﬁm(? 1)
a(€,6080 = 0,m) Ifl_f- D (E,m) = |m|vm fi(lm|"3m &), A

p(E,600 =0,m) mTm (M _z_l) il

Determined by FP2 Determined by FP1

z' :Dynamical exponents around
FP2 (=Fradkin’s fixed point)

( 01(E,000 =0,m) o mUm{ —=r(d-2) ‘3)|g|d32

p(E,6Ap = 0,m) |é|
D(&E,8Aq =0, m} o
a(€E,68y =0,m) x |E’|_"

E'Jﬂ.[].| < B|m|vm

DM 1

' =d/2 + ...

Syzranov et.al. (2016), Roy et.al. (2014,2016), ..
Kobayashi et.al.(2014), Liu et.al. (2016), ...

B On QMCP at 04,=0, m=0

Cl
. ri—ﬁ-—: Y
p(E) o [E] L Determined only by dynamical
D,(€) x 5 ) Exponent at FP1, anisotropic Crossover boundary: < > FP5
Dy (&) oc |E]7 in space.

0Ao| < B|m v : controlled by FP1 FPO p (orm)
6Ap| > Blm 7= - controlled by FPO



[0 effective velocities, and life time in WSM, on QMCP, critical
line between Cl and WSM and that between DM and WSM.

& Diffusion constant

€ velocities and life time

D, (€) = v21(€),

L

¥ DOS € velocities

E.g. pl€) = vy v ?lE]!

Cl with {xi:l
finite zDOS

Cl with
zero zDOS

[_p(0) or p(&)

| Da(0) or D3(€) D1(0) or Dy ()] va(0) or va(€) w1 (0) or vy (€]

7(0) or 7(£)

Zd—1-—-2=

3
(i) g3
. - 2d—11—=z 5
(i)' | [680]" T T - gd—3
(iif) £
2d(z'—z)—z" g4_:
(i) | [m| 5 5
2d—1-—-2=z
(iv) g5
(vii) m|—%gd—1

|

|m

G.-":"uj) :‘-‘i‘-
£0
s_1

lﬁ_ﬁ[) -"‘l_—*"

"--'ri.Jr.‘: £ ) z!
- |
&=

-:f—lfr—[rf—l]

T

G.-":"uj)| -‘-‘i"-
g1
2(z—1)

|GE[]| va £1

I PTEET
|'.'I‘T.'.- d 2 (d—1)

1 - p~(0)
£z £0 =
|‘“‘“|7_"'—" £% 00| Y g1
zf—1
1’_- 2,r E.-_l
az_z' gf_ _z! a1 l
m|2 zlll-'m g ] m|z-"um g 7 E_,-_
2z—1 z—1
£ I= £ = g1
- 3o P )
||z £ 0 md—2g—(d—1)

@ Effective velocities also shows strong spatial anisotropy

@ life time in two quantum critical lines as well as QMCP is always scaled as E!

B (or mi

o, = e pDH (Einstein Relation)

p(0) or p(&)

o3(0) or a3(£)

|  0.(0) or o (£)

. — Za—1-2z Ti—3 —_Za-5
(i) A, B 5 5—*_*- YA

(ii) €]%-2 e|*—% €42

V) — 2d—-11-—z 2d—3 1—=z g 2d—5 1—= ;5
(i) |58, 72 t|d‘-‘ 6A0| 2 W& |.§ d—3 60| = W2 |&]¢-3

|'

(iii) |5 - same as 73

ceeyy 2d(z - = 2d{z’—z)+4z—3z' d—0 2d(zf —z)4+dz—5='
(iii) mo 2= Ia""u |f| 1 2z'ym |f' z' [ 2z'ym

(iv) H_rr -2 E|2r_r?3 PE= 245




0 Nature of phase transitions from Cl phase to DM phase

W (or 4;)
-

Cl with

DM

zero zDOS W
+FP51 L
~ FPO

@ Localization length (transfer matrix method)

o L=12

—
’ﬁ
. ]
e
- -
e -~ 11
s
¥
"
-

04 o
I L1
e
- : raw data
0.2 i
| ”*};;}fr :
2.1 2.2 - )

W

Diffusive metal
(DM) phase |/

Cl phase with finite
zero-energy DOS

2

Cl phase with zero
zero-energy DOS

B For CI-DM branch,
Mobility edge and band edge

are distinct in the phase diagram

2.5
3+ 3F—3F DM 3 5
N Cl with p(0)>0 :
0.6
DM
NENELE
0
0 1 1
0.2 0.3 0.4 0.5
B
0.08
) ] e L=2pn
/ a L=100
—— Filling Cusrve
0064 N ;
= 004 7
= ]
002 band edge / Mobility edge
[
n.m-M .

1.4

1.6

T
1.8 20 2.2

w

@ Zero-energy Density of states (Kernel Polynomial)



[ Criticality at mobility edge between
Cl phase with finite zDOS and DM phase

@ Distribution of Conductance at the critical point

Finite-size scaling analysis (Polynonial Fitting results . .
¢ & ysis (Poly 8 ) (CCD; critical conductance distribution)

my ma GOF W. L —Y 0.35 - - - '
3 0 0.27 2.21]2.19,2.23][1.34[1.23,1.53]| 2.6[2.0,3.4] ~ T 1=20,2g>=03325,0=03091 (Ref.133]) -,
30 0.82 2.222.182.23]| 1.27[1.18,1.48]] 3.0[2.0,4.0] el I
2 1 0.29 2.22[2.19,2.23]|1.31[1.22,1.52)| 3.0[2.1,3.9]
3 1 0.81 2.22[2.182.23]| 1.26[1.18,1.48]| 2.9[2.0,3.8] -'
0.2r

. ;{; Good coinciden,ée with |
Consistent with value  v=1.44*: 3D unitary class = 3D unitary class model
of exponent in 3D unitary class Slevin-Ohtsuki (2016) 01} *_-I
® Finite DOS =» dynamical exponent z=d 0 -
-10 B i -4 2 0 2
VT ez |
pE) = €=U (=) "

® CCD generally depends only on universality class and

system geometry, but free from the system size
B Criticality at the mobility edge in CI-DM branch (scale-invariance at the critical point).

belongs to conventional 3D unitary class with z=3

® Compare with CCD of a reference tight-binding model
whose Anderson transition is known to belong to
conventional 3D unitary class.




O Criticality at the band edge for CI-DM branch

W (or A,)

A

o
Cl with
finite zDO

+FP6 . P
T T,

Cl with
zero zDOS

W (or A,)

A

Cl with
finite zDO

S

FP(

%ility edge

=1, yk =1

DM

3D unitary class
(z=3, v=1.44)

€ DOS data for different  (or m) are fit into a
single-parameter scaling function !!

z—d

p(E,W,B8) = (a(B)|W — W.(B)]) ™
x @((a{ﬁ)ﬂ-{f —W.(B)) 5) |

9 E”

1. yzzl

25
" "
z'=1, ya =1 N
DOS data stream .

| at B=0.2 and 3 =0.3. | ko3
0_

— | . | |

4 T 4 0.2 03 0.4 0.5
' B
d—.E” .3”
— ~ T7 - T
p(E,000,m) = [0Ag] ¥a W(|0Ag| ¥a &),



0 Summary (Disorder-driven quantum phase transition in WSM)

B Novel disorder-driven Quantum multicriticality (QMC)

B Rich scaling properties of DOS, conductivity, and

diffusion constant around Weyl nodes
Luo, Xu, Ohtsuki and RS,

ArXiv:1710.00572v2 B Spatially anisotropic scalings in QMCP and
critical line between Cl and WSM phases

W (or A,)
 Clw EP4 ) .
with DM B New fixed points other than
finite zDO ., g .
Fradkin’s fixed point
1
FP2 | p(0) or p(€) | a3(0) or a3(€) |  0.(0) or o, (&)
(i) 0B, 75 Y Py
Y (i | et £-3 i3
Cl with (i) 2|5 72 tlf‘% e B L
wh WSM (iii) |.’.L |E = same as 03
Zero ZDDS Y (), 'Er!- d_z' '2-'1:'-."—_:|+-l.:—£'.:‘ d—2 2d(=z’ —__II:—..'-.—S d-2
M m | | m 2="ym &= |m 2:"ym |<E|
(iv) £ |+ g = e =
FP6 < < 3. FP> > (vii) m~3 g4t mi—2 m?=3

FPO B(or m)



Content

0 Correlation-driven metal-insulator transition in graphite under H

Zhang and RS, Phys. Rev. B 95, 205108 (2017)

Pan and RS, in preparation

Zhiming Pan (PKU), Xiaotian Zhang (PKU), Ryuichi Shindou (PKU)



0 Experimental 'Example’ of magnetic Weyl semimetal
: 3D metal/semimetal under high magnetic field

-

n=1 me
\/ Hkinzfdr kp_l{r}( _P)Mr}
2m,
_ k2 1 +
\ / n 0 = z |:E.rrr; + (” + E)'ﬁmﬂ - ﬁi|fn__.i_i::£‘,|.,fﬁ:‘
\/ ILI n ks, j

@ j” specifies a location of a single-particle
elgenstate localized along y-direction (y;)
and momentum along x-direction (k)

n k,=2nj/L, y;=2nl*j/L,

(a) Viy)

edge region ed

bulk

€ confining potential V(x) around the boundaries

€ When magnetic length | << |dV/dx]| !

%

21,

E =

+(n+ )M + V(ko12)




0 Experimental ‘Example’ of magnetic Weyl semimetal

: 3D metal/semimetal under high magnetic field

€ When magnetic length | << |dV/dx| 2

Halperin (1982, 1985)

H
h2k2 1
E=o=+(n+s )+ V(kl?
. +(n+ 5 ) o + V(k.I%)
. D @6 | L
© k<0 g O @0 =t r=—
; (b) pek:) @ 2
kp | Shifted by g
- V(E21%) L
i @ I,
I .
N L X
e I N I —kr 0 ky r. -
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“Surface chiral Fermi arc (SCFA) state”



0 Peierls Instability in 3D metal/semimetal under high H

€ RPA Density correlation function

Yoshioka-Fukuyama (1980)
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“3D layered Chern band insulator”
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qure 12.v Density Wave (DW) phases which break the
translational symmetry along the field direction.
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[0 Effect of Disorders on the Density Wave Phase

& Effective Boson model for the density wave phases: Zhang and RS (2017)
Coupled chain model, each 1D chain has two boson fields: 7(z) and ¢(z)

[1(z) : current density field

A K along the field direction

H ¢(z) : Displacement field

Z= Zfﬂqbf}ﬂcxp{— drf ZI—:n(a@rH

—Z*"J -m 00y, COS[26(2) — 2¢m(2)] +- ZU im0y, €O8[26j(2) + 2¢m(2)] along the field direction

Phason field exhibits a LRO Two-particle backward (defined for each chain “j”)
by the Fock term (positive J) Scattering at the 1/2 filling

incommensurate filling case: 3D XY model

- H

rocal vector Commensurate filling case : 3D Zn clock model

Himp = Z[“’ Aj (@™ DYl (20 j(z) +Hel, :Single-particle backward scattering

1mp

9 ) = Z /d“ i(2)cos [20;(2) + Aj1y(2)] : Random “magnetic field” in the XY model



[0 Effect of Disorders on the Density Wave Phase
€ Small random “magnetic” field kills the ordered phase in the XY model (DW phase)

Random-Field Instability of the Ordered State of Continuous Symmetry*

Yoseph Imryt
Brookhaven National Labovatory, Upton, New Yovk 11973

and

Shang-keng Ma}
Depaytment of Physics and Institute for Puve and Applied Physical Sciences, Universify of California at San Diego,
La Jolla, Califownia 92037
(Received 12 August 1975)

We consider phase transitions in systems where the field conjugate to the order parame-

ter is static and random. [fis demonstrated that when the order parameter has a continu-

ous symmetry, the ordered state is unstable against an arbitrarily weak random field in
less than four dimensions. The borderline dimensionality above which mean-field-theory

results hold is six.

Imry-Ma (1975), Sham-Patton (1976), Fukuyama-Lee (1978), . . 2/3 y
1/3

€9 Incommensurate DW phases which breaks
the continuous translational symmetry are
unstable against infinitesimally small disorder H

>

€ commensurate DW phases which breaks
the discrete translational symmetry are not

€ Chemical potential changes as a function of H



R, (arb. units)

[0 Graphite (3D semimetal) under high H

2,80 40 50 60 70 80 € Graphite is a layered graphene.
- (a) '=

-

& Metal-insulator transition under high field (30T),

10 Ny
ny ’ and insulator-metal transition under 75 T (re-entrant).
@ Insulating phase in a wide range of field ??
107 ;
_E | € => Incommensurate DW phases are unstable

¢ against infinitesimally small disorder !!

oy @ Re-entrant transition under 75T ??
——:u Faque et.al. PRL (2013) 1
| ' ' | C.f. TC X € lglB Yoshioka-Fukuyama (1980)

O Other insulating phase (Neither CDW or SDW phase)
=» excitonic insulator phase with spin nematic order

O “Dip” of the resistance reflects a competition
between the insulating phase and com-DW phase.

Pan and RS, in preparation.



0 Two-carrier model, Hall conductivity, Charge neutrality region, and Umklapp process

@ Electron and hole pockets

n=1T 30T
0.05
Y3 =0
n=20T
0.00 /' n=0,1
n=-1,1 n=-1,1
0.10
/ n=1TI \
1.0 - 05 0.0 0.5 1.0
H K H
m/cqo

€ Hall conductivity
from the Kubo formula
(N, — Ny ce
VH

Try(0) =

N, : number of electron carriers

N, : number of hole carriers

See also Akiba et.al. (2015)

B According to the band structure calculation, there exist
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Akiba et.al. JPSJ (2015)

two electron pockets and two hole pockets in 30T<H<50T.

________

SCFA of
electron

e -
/
——— - ——————

—_——— -

_______

_______

@ Charge neutrality region (30T<H<57T)
21/cy : X%, = 1/cy 121 12 X (N_-N,)
=101 :2.3X106=1:2.3X10%(H=30T)

Umklapp scattering process associated
with electron and Hole pockets

>



[d excitonic Insulator Phase in graphite under H

4-bands model (two E-pockets, two H-pockets) Pan and RS, in preparation.

B Under the charge neutrality condition, there exists eight

u-i)
x T Fi2 ‘ ’ (or four) different kinds of Umklapp processes, while the
Y B A ’ following phenomenology does not depend on choice of
articular Umkla rocess.
v ry —— L ERBE S . P PP P
e TR - 74 | I 4 | |
Y X E 77777777 0L RI2 f_,(\ 777777777777777 dz YRt -1¥YR.|,—1¥YL,1O0VLT0
o i '
. ] 1 W .-
a : — O, LR f dz Yr4-1¥R,10¥YL.L.—1VL1.0
[ : :
S e
I SR AT R
: eilectl’On ffluuklﬂpp — Z Him /.ﬁr: cos [{@:5.;’ @4, T @1m + C’!.H!j + ﬂ{ﬂii._l' - II:‘1._,1 - ._F_;i‘]_”! + ._Fj‘._,_”!)]
1 : jmo=1 '
7 i ffffff 0, L L2} e
e —m/4 |
1 = H I I ! I . . . o
— “LLEBE Ty (&1 + é2 + &3+ ¢4) : Locked O or pi =» excitonic insulator phase
I 1
F v 1L (01 — 6 — 05 +6,) : Locked O or pi = spin nematic order

____________________ —-ml2

U(1) spin rotation around the z-axis is broken spontaneously
X+Y' = X'+Y by the ordering of spin quadrupole moment

1,2,8,4 = (0,1), (0.4), (=1, 1), (=1, 1) (But no magnetic dipole moment)



[0 excitonic Insulator Phase in graphite under high H
where K; : Luttinger parameter for each pocket (j=1,2,3,4)

Pan and RS, in preparation.

B A tree-level argument on Umklapp term

fi;l?_;ilrz _:I- [l !
= |2 —|= %"
dl —

] j=1 {I‘L-_;i ‘I‘I‘L-j;_ }':{.lrh (dij]ﬂ}lrz
) >2

Umklapp term is always renormalized to zero near o
the trivial fixed point in the non-interacting limit. , Z . f”’ cos (655 + 6u5 -+ brum + bm) + (855 — Bus By + )]
) One of the generated terms

B One-loop level RG argument on Umklapp term

Umklapp term generates two new terms which help 0,d,R [2]
the umklapp term to grow up in the one-loop level; C>0.

dgim | i - O,uR |1
%} = |2 - &Z;zl (K; + K; ') coth ( )]gﬁn + 4 CZ{gﬂ(th + hfm)} [1]
dhipm )] f A
I = |2 157 (K;+K; ) coth (22) |Bjm + C | (97190m [+ hsthirm)
J ——
dh'. T S ' )
I = 12— 1500 (K + K" coth (22 ) | B + O X2y (95191m [+ High,) oul [1]
Where H' = E_ﬁ.lr;.n::t h jm JI dz cos [ﬂji‘“ [':;:” + @2 + HII_H + HEH- Orde [ ]

+ %, h. [dz cos _"'uJ.n{Gu+GL+I‘TIrHs E:H-

L ijma=% ""jm ,



[J excitonic Insulator Phase in graphite under high H
B Quantum phase Transition at finite critical interaction strength

Schematic RG phase diagram @ There exists a critical interaction strength “g ",

A above which g;,, blows up into a larger value
while below which g;,, is renormalized to zero.
g, @ The critical value increases on increasing T
/\ jm or when the one of the Luttinger parameter “K”

Normal metallic Mott insulator deviates from 1.
phase C phase

h 7m

cf fi'1.*}'_.l|i-.- = |2 — %T: {ff_, + _|r'|:j: ]::,-:'{.lth (%)]I{JJ.“

dl
B Phenomenology of re-entrant transition in Graphite under high H

'1|-"-|_|||||||||||||||||||_
" Takada-Goto (1996) H=50T

€ When the outer two branches, (0 up) and (-1,down), are about

S 1508 z to “leave” the Fermi level, the Luttinger parameter for these

= I oo Leve = two branches becomes increasingly smaller (velocities smaller).
B ] e : :
E-?DD . =» The critical interaction strength “g.” becomes larger, which

: kills the excitonic insulator phase.
-250

@ In the higher field side of the re-entrant transition, the system
Aol LU still possesses four branches, which lead to a metallic behavior.

IIII|I!II|III




HC (arb. units)

0 Summary (Metal-Insulator transition in graphite under high H)
B Novel interaction-driven Ml and IM transition in four bands model

B The theory gives a natural explanation of phenomenology of
Re-entrant Ml transition observed in graphite under high H

B Robust against single-particle backward type

llDip”
2. 30 40 50, 60 70 80 disorder, accompanied with spin nematic order
10 7\ B Competition between com.-DW and El ?

B In-plane metallic behaviour ?

DI

Zhang and RS, Phys. Rev. B 95, 205108 (2017)

Pan and RS, in preparation.

Fauque et.al. PRL (2013)



Metal-Insulator Transitions in a model for magnetic
Weyl semimetal and graphite under high magnetic field

0 Disorder-driven quantum multicriticality in disordered Weyl semimetal

Luo, Xu, Ohtsuki and RS, ArXiv:1710.00572v2 to appear tomorrow
Liu, Ohtsuki and RS, Phys. Rev. Lett. 116, 066401 (2016)

Xunlong Luo (PKU), Shang Liu (PKU -> Harvard),
Baolong Xu (PKU), Tomi Ohtsuki (Sophia Univ.)

0 Correlation-driven metal-insulator transition in graphite under H

Zhang and RS, Phys. Rev. B 95, 205108 (2017), Pan and RS, in preparation
Zhiming Pan (PKU), Xiaotian Zhang (PKU), Ryuichi Shindou (PKU)
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