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Emergence of graphene

Electric Field Effect in Atomically Thin Carbon Films

Novoselov et al., Science 306, 666 (2004)
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Carbon Wonderland

Graphite

erm an Im,

Sc.i. Am. April, 96 (2008) Q}q

Ultrathin Epitaxial Graphite: ...

/Geim(Manch Ki .
Jeeim(Manchester) - Kim (Columbia) & Berger et al., J. Phys. Chem. B 108, 19912 (2004)
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Geim and MacDonald, Phys. Today, Aug. 35'"(2'007)
Graphene: Exploring carbon flatland

Dirac Fermi

_vy p O eiQ’(p)
= V¢ y
e ip(p) O
[N "’imlii”':r—
I
Momentum
2
Hall 2/ P
Novoselov et al., om

Nature 438, 197 (2005)

P (K€Q)

(/%) "0

5

E, =sgn(N)y/2env? N |B

c}q =+4(N +1/2)e’ /h

) 1 (10%cm?)



Josephson

C. Zhang and G. Jin, JPCM 25, 425604 (2013).
C. Zhang and G. Jin, APL 103, 202111 (2013).



1. Background: Physical picture of excitons

a quasiparticle = an electron in conduction band
+ a hole in valence band with Coulomb interaction
[_ h*V? B h* Vi B e?

2m., 2my, €|lre — ry

] O(r.,ry) = Ed(r,, m)

play important role in the optical properties of semicondunctors

/
Exciton Light

L-L{‘)At low density, excitons as bosons — Bose condensation



1. Background: Exciton condensation
proposed by Keldysh and Kopaev in1964 and studied by Soviet physicists

Electron-Hole




1. Background Excitons in double quantum wells

LETTER Nature 483, 584 (2012)

Spontaneous coherence in a cold exciton gas

A. A. High!, J. R. Leonard’, A. T. Hammack', M. M. Fogler!, L. V. Butov!, A. V. Kavokin®?, K. L. Campman* & A. C. Gossard*

05 Iinterf 0.5

. . -

doi:10.1038/naturel0903
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2. Exciton condensation in graphene bilayer:
Previousur research

gate : +V g/2 40

Si0,

20}

Fermi

C.-H. Zhang and Y. N. Joglekar, PRB 77, 233405 (2008)
H. Min, R. Bistritzer, J. J. Su, and A. H. MacDonald, PRB 78, 121401(R) (2008)

Indicate possible room-temperature superfluidity

N |



2. Exciton condensation in graphene bilayer:
Our considerations

(a) y, (b

. (b) Fermi C
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2. Exciton condensation in graphene bilayer:
Formulation

| |

T T eh T i
X Ay k' —qp Gyg — 2Uq ac,k—kqavsk’—qavk’a‘:k]

Mean field treatment — BCS like theory

Broken symmetry — condensed phase to appear

\\\i
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2. Exciton condensation in graphene bilayer:
A set of coupled equations

E+@)_hwk—euf+zm?mﬁ—§:U’kﬂwd
+ (Jup Ikal )f (e(K')]1.
A(k) = ZU ' (k, L1 - 21 ®)].

e(k) = \/E+ (k)2 + Ak)?,
=4 [Il® + (ul® = il H)f k)]

o * =1 = Jus|* = [1 = Ey(k)/e(k)]/2

4 They could be solved self-consistently
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2. Exciton condensation in graphene bilayer:

Condensation at zero temperature p =

rs
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2. Exciton condensation in graphene bilayer:
Superfluidity at finite temperature (0<T<T)
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3. Thermal Josephson effect in graphene bilayer:
Previous studies K. Makiand A. Griffin, PRL 15, 921 (1965) Entrep

: élehase dependent thermal transport -
e 15



3. Thermal Josephson effect in graphene bilayers: 1

Our considerations assume T, = T,

Josephson
I =1.sin Ao

Josephson

T P o

N - £~ R E L N S P
; E i L] EATY R T
R e — ol R E T

i: /

‘ superconductor

—— insulator bamuer
superconductor Josephson
d
B. D. Josephson, Phys. Lett. 1, 251 (1962)
Al
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3. Thermal Josephson effect in graphene bilayers:

Formulation _ _ _ :
Ignore the intra-plane mteractlons

H = Z[ Bk — Vo)aajer + (—hvgk + Vo)a'a Jvk}

._i.
- E :U Qick+q4ivk' —q o dick

jkK' ¢
+ Z rkkf (aickaRck' +azvkaRvk! T az—{ck’ drck + al-gvk’ aLVk)
kK but add the inter-bilayer tunneling

By using equation of motion, thermal current is

g = Igp + Iin + represents vk =V, and the other

LN Y A S = ik
qu - W(h’b’F)? ~/L; (IU T4/e° — AL) [fL(C) - fR(C)] . Aikd}’b

32|I°[* o / ALAg
[, = — _ oS 0 Vota/e2 — A2)[fu(e) — frle _ked
W(E/U]_:‘)Z Cos k'f'//o ( 0 L) [fL( ) fR( )] m
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3. Thermal Josephson effect in graphene bilayers:

Transport
1670
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3. Thermal Josephson effect in graphene bilayers:

Thermal rectification _ Ir — IpL
IR

@ (r@F O | TalF

--------- 10| 1L r=5nm| |70

T
3.3x 10
Teoi=20 K
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3. Thermal Josephson effect in graphene bilayers:
Thermal logic gate 77 — (80 — 70cosa) K

000F " 1 " f "R
750:- -

T R off
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4. Summary: Some conclusions

For the exciton condensation in graphene bilayer and thermal
Josephson effect in two coupled graphene bilayers, interesting
results are

1) derived the criterion of criticality for exciton condensation;
2) obtained the phase diagram to distinguish BEC and BCS states;
3) investigated the thermal transport through a Josephson junction;

4) proposed physically two thermally controllable devices
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X. Zhai and G. Jin, APL 102, 023104 (2013).
X. Zhai and G. Jin, Spin 03, 1330006 (2013).
X. Zhai and G. Jin, JPCM 26, 015304 (2014).
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1. Background: Graphene mono- and multi-layers ==

C. L. Kane and E. J. Mele, PRL 95, 226801, 146802 (2005).

topologically nontrivial

o K

O V |

® -© <
® —® 2

. not a practical toplogical insulator (T1)
0 ta Kk 2n/a because of weak intrinsic SO coupling

To engineer the Tl phase In graphene ¢ yyeeks et al., PRX 1, 021001 (2011),
Theoretical studies have shown that H. Jiang et al, PRL 109, 116803 (2012).

graphene bilayer and trllayer - T Z. Qiao et al., PRL 107, 256801 (2011).
phase under large Rashba interaction

aqu a bias used to open a band_gap X. Lietal., PRB 85, 201404(R) (2012).
J

Py

o
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1. Background: HgTe/CdTe quantum wells

The first confirmation of T1 theoretically and experimentally

B. A. Bernevig, T. L. Hughes, and S.-C. Zhang, Science 314, 1757 (2006);

M. Konig et al., Science 318, 766 (2007).

Conductance
channel with

i __ Avariant material CdTe/Hg
CdTe/CdTe quantum well is
| ’ possible for transition between

a normal insulator (NI) and a
topological insulator by an
electric field

J. Liand K. Chang, APL 95,
222110 (2009).

/ further expectation to explore the topological phase transition
24



@ Nitrogen

) 0 -10 -20 -1(

R. M. Ribeiro and N. M. R. Peres, M. Topsakal, E. Aktirk, and S.
PRB 83, 235312 (2011). Ciraci, PRB 79, 115442 (2009).

a hexagonal boron nitride (BN) layer is made out of strong polar covalent
1ds and has no reflection symmetry. This leads to large band-gaps,

about 4.6 eV for monolayer and 6 eV for single crystal .



2. Object and Formulation: Boron-nitride bilayers "?’

We ask Is it possible to realize the T1 phase in large-gap BN materials?
We propose a way to significantly reduce their gaps to find T1 phase!
Consider two stable stacked boron-nitride bilayers as in figures

AA-stacked BNBL (a~-BNBL)

A and —A are the electrostatic
potential energies created by
a gate voltage

AB-stacked BNBL (#-BNBL)

Contrary to a graphene bilayer, the interlayer bias here is used to reduce
the charge polarity of two trigonal sublattices in different layers and then
tfidecrease the band-gaps of the two stackings

26



2. Object and Formulation: Model Hamiltonian
In the tight-binding approximation, Kane-Mele model + +A

H =Hr + Hr + Hrr + Hrr
7’[3(7") y(é‘, + A)C Cio — 1 y C +Cjo + l/ls() y

(i (ijnoa
o ViiSaz, (* C. iz FJdn ,E ( q_,,;_Jx d..) - %;}r Lo T

Hpr 7V v* Z C ~Cjos (HTBVVB Z C -Cio

i€B,jeT,o i€eB,jel o

The energy spectra and physical properties «—

Green’s function and density of states

27



2. Object and Formulation: Matrix representation “i
Hamiltonian in the momentum space, an 8x8 matrix

4

€1 + d(k) 0 J(E) g1(k)
€1 —d(k)  g(k) J(E)
g (k)  €n—d(k) 0

k) — _gptkid [1 1 0amiGk “/ 23 cosl A

28



3. Main Results: (i) Bulk electronic structures o

Dispersion relations and the densities of states (DOS) of
(a) a-BNBL and (b) 5-BNBL

N \T/ T \# 1] The influence of the SO couplings
IR S | Solid lines  Dashed lines
SooL e iel TE foo =7 =0 g =005, 2, =02t
- i 1'l1. B N -‘f \ 1t 4~
-0.4 7 N \ LA m,;; =« 1he band-gaps are greatly reduced by
R ot the gate voltage, due to the decrease of
T [ M the charge polarity. For A = g%
ST NI | A et B X S = | 0
H - a ~ a
i Yﬁ N L 2 0f 2f ES=2y“=0.64eV Egﬂ ~2y" =1.2eV
\'_‘Nr,‘--{-{ = 03 f..\-:__;‘,' < 4.6 eV In natural BN layers
w00 1530 K
ky DOS Exry

E" = 24] 0%+ (s8) + 7P +1f R P 2 2o (R,

(k) = 4N [ + |

A+ () + 5 OO+ R £ NtR) B == \f e L (yg)z;

V’



3. Main Results: (i1) Edge states and Z, topological inde *';,
Particular concern is to find the topological edge states g

for the confined boron-nitride bilayer nanoribbons (NR) in Figure

o4l QB NLNR 1 ®)1.0 ﬂBN BLI\J (a), (b) show the band structures of
M N N NS S the - and S-BNBLNRs with
Ao =0.05t*#) | 1, =0.2t*)

L. There are edge states within the

" bulk gaps, their dispersion curves

(c), (d) illustrate the evolution lines
of the Wannier function centers used

=
1
=8
n

05 5 : 4 LTI
. L A Y B ¢ ZZZZ T.mod 2 =
0 kﬂéf-w 1.0 0.0 E'i?t) 1.0 ~ 0 notT |
------- T O s @7 (), (F) distribute the four edge states
-------- S A, B,C,Din (a), (b). a-BNBLNR
i (a)
i) X ) has the feature of Tl, -BNBLNR
-------- <3 _has not
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3. Main Results: (i) Phase dlagram and edge transport 2.

The condition of forming the topolo-
gical edge states in the a-BNBLNR. _
For a nonzero ¢, obtain analytically % |

) A

Two phase boudaries: zR ~A

0.2¢

t*)

Figure (a) The phase diagram dividedi/z. e = os
into three parts: NI, TI, NI; Py, P, Py ——"—

as the bias increases, the reentrant  ™TFrgure (D] ShOWs e quantized eage

phase behavior takes place; conductance ~ energy in the different
right insets show the energy bands of - constructions and parameters,
three points A, B, C; for A>A, G (E) = &/h TH[G (E)TL(E)G“(E)Cr(E)]
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4. Summary: Some conclusions e

For large-gap boron nitride, bias voltage can drive it to

1) Astrong Tl phase has been found in the AA-stacked BNBL, while
the AB-stacked BNBL is impossible to become a Tl.

2) For the AA-stacked BNBL, a reentrant behavior from an NI phase
to a Tl phase and then to an NI phase has been confirmed, and the
two phase boundaries have been analytically given.

3) For the AB-stacked BNBL, four degenerate low-energy edge

states are localized at a single edge

| \\‘}
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. Rashba

Berry Andreev

X. Zhai and G. Jin, PRB 89, 085430 (2014).
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1. Background: Chirality and Berry phase i
GML: -
— i W9 e Ly \ GBL: K2 0 (ky — ik,)?
?Zf.lg:ﬂpk.o'iﬁvp*{“ » R j n HK:—9 - o ‘
A\ k”uy"? ke, =) = _/ o ﬂ/"ﬁ*lﬁx_‘i?}_l@gg AT
(k)?
E(k) = thvplk| E(k)=+
2m*
1 1 1 1
' S ) .6 k)= —
@U:I:,K(k) \/§ ( +oifk ) C = k G_ '@[):I:,K( ) 2 ( :|:€2?l9k )
k
Berry phase-nt D, = i§cdk<z//(k)‘aik‘w(k)> Berry phase-2rn
e- Berry phase in graphene from quantum Hall effect: Q

Y. Zhang et al., Nature 438, 201 (2005). \
K. S. Novoselov et al., Nat. Phys. 2, 177 (2006). "

Berry phase in graphene from weak antilocalization:
/’ X. Wu et al., PRL 98, 136801 (2007).

Berry phase in graphene from photoemission:
Y. Liuetal., PRL 107, 166803 (2011).
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1. Background: Andreev reflection

'..‘..
*'.‘ '.*
‘-I- t"‘
‘t{ .\l jjt*
F I: r “.‘
Gty Fha k
andresy retrarsflaciion specular Andreev reflection

GBL: T. Ludwig, PRB 75, 195322 (2007). “ Andreev reflection in bilayer graphene”
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1. Background: Theoretical treatment
Bogoliubov-de Gennes (BdG) J5 %

conductor

G fW/Q . .
ot el e o=l (both no Rashiba coupling)

20

Ec >>A_g,1

15p-=-- '\
::-15 = -‘“'-_
9 . Y 10F
GML: =~ 1 o GBL: = 5
) =3 "l E, =O

05F

! ! 0.0 . .u
0 05 1 15 00 05 10 15
eVl A,

. |
T
=

i
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2. Object and Formulation: Rashba 7%

H=1Scle, +i (s %
D. Marchenko et. al., I{Zj}c < ’AR%C* (s X dy)c; -ahils
Nature Commun. 3, 1232 (2012). A, =0 As #0
Au 5d Rashba 1N\
{.5217 00 n 0.0
; 1.0
s \Y
< 1N/ -
UlJ 0.0 21':
Berry
e Y
70 C-_(luoo\'f;_\! O o—Q
Graphene / S @)\ )
00-00-00-00-00-00 0(9)0(9-0‘;93 Au
“n Q00000 ;_““” o
[
Rashba E. I. Rashba, Phy. Rev. B, 79, 161409(R) (2009).
,/ I M.-H. Liu, et al., Phy. Rev. B, 85, 085406 (2012).
- In Z.Jia et al., Phys. Rev. B 91, 085411 (2015).
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2. Object and Formulation: Berry A

Matrix representation with Rashiba interaction -
: BERY o 2ié8
He = hvp(owk, + Eo,ky) @ 50+ :(gq« R 8, — E0, R Sy )i MHe=H+ H = (ﬁtfﬁj ( v ) .
v
B (k) =1 \/)\2+4hvk2—m) E el
/ ( ) 2 ( R ( F ) R B g H[ I@{LIL, +LyLI 50’, @{LILI
Ui = colipoe™ pud ig, 0e™)" .
| : plvp B
Ui = colipde™, —po, —io, o'e”)" By (k) = (\/)‘ (hvrk)? E’)‘R)
%’5 — colpp, —inpe’, 0™ —ig)T iy = t?af—'iﬁf-QE_Eit?‘ —pg'e™ ig, pe® )"
K B )i ;T e = colipd'e™, —pge™, —ip, o'e”)"
e = co(—po, —ipde”, d'e™ io)" :
0 = Cos (79/2), o = sin (1/2) P ey = col—pd e, ipoe®, pe™, —ig)t
. o 8 , . :a:".Hf :.r?mf'—lepei? _—-?'.r.mff'_,z.i.'?, n"_e__if -?'r_i‘_lT._ ..

R e YL ey

WTLMED], A AMI AL, oS, Teble | iy RN DT 0 e

f?*‘fr hk 27 o I_l,[H: i}h{a/\}LE&ET . 2 " i Iy B m., for L_ft{v

H (I)B - ?'\/' df ‘;1_1“,:' =a | Y [} —
VG S 0 o —m, for ¥
Berry HI{U M 7 (Ag = 0) B4 27 (A\g # {]}]| Berry AHAZM 2 G T A = 0) 00y 7« (6T Ar # 0)

B
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3. Main Results: Rashba

(00 @ 8) 0 = (er X z) vsinv (00 @ 8),, = (e xz)vsind
<U & 50> s — e L{,Z/ Sin 19 ‘/ ‘?’\’:-\ —a AT b
+ &y sin(26)]

Sl FEEE: NS & Eaa T REEHR

Y,




3. Main Results: Analysing incidence and reflectlon
BdG equation Excitation spectrum =

! ‘ JA + 4k — vag — 2uvEe| (N)

S hf— g = /B3 (B hoek)? (S)
Taklng an example Equal energy surface of GML
(a) . ak____ ak

I: Ei=0<xA, - ® .o B |

11: Ep>A, —
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3. Main Results: Excitation spectra at normal incidence

I: E.=0 l: E>A

@ % b €
SN W EF :{{O” o \T, )

hupk

41



3. Main Results: Interface scattering at an NS Junctlon

The problem can be studied by using the BTK formalism, '
l.e., solving the BdG equations in both sides of the junction
subject to the boundary conditions at the interface

BTK formula: @ * ilb) +12l0)) + (ajle) +ra, 1)) = (1,1 £)

. +iagle )+ (o) + 1a|e_)),
multiband o 12 |‘é. )) 'F] 17-) I }}..

scattering !

G 1
Go No
" Pcrmgﬁ) ; Nz(l SR = Pyl + Polr, P+ Pcf|rg2|2)]

Gy = 01y/0V = (2e*/ )Ny
/ | G.E.Blonder, M. Tinkham, and T. M. Klapwijk, PRB 25, 4515 (1982).

/2
f db cos 9[)\/1(1 — |r1|2 — beli’zl2 + P|ra, |2
0
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3. Main Results:
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4. Summary: Some conclusions

Rashba
1. Rashba
2. Berry
3. Berry

27T,

Andreev
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e }

Floquet

X. Zhai and G. Jin, PRB 89, 235416 (2014).
X. Zhou, Y. Xu, and G. Jin, In preparation.
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1. Background ¥
, 38,409 (2009).

SIC Berry gaphene
Hog(k) = hve(ocky + Eoyky) ke -
e, (k
Hoaky = Ho ) + Ao o,k = 20,
hok  h
(hvp)*4

={2—(16) =—=¢

MA2_ 4. (;ﬁ,ﬁg,\Zﬂ/Z

2 D. Xiao, W. Yao, and Q. Niu, PRL 99, 236809 (2007).
/) D. Xiao, M-C. Chang, and Q. Niu, RMP 82, 1959 (2010).
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2. Our Motivation:

%ha)

X' GiC substrate

%F,E(k) = Wo,g(k) +

1t
H, (k) = = f dre" " He(k, 1)
0

} \“}
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3. Results and Discussion

Hre(k) = Hoe(k) +EF,(A)o. + Ao s

Ee(k) = A\J(d + EF,)2 + (k> Eep = 24+ EF(w))

(b) 0.15

[ = (eAw)?/(8mrar)
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3. Results and Discussion

Berry ,
(a) — : N R — _ _
w0 [0 | = = Q0=
o i | 2 213/2
© 40 A=0.1t < I ii A=0 ||! 2[(A + an) + (FLUFI{) ]
HT F.=0 1 -60- E =01t ;I...|
. -80 - S -80 A — Q+(k) — —Q_(k)
k, k,
.f\/ ‘ '1_!‘1;{]| : |'i_{lj q| \
N b ioasou-osev v~ Floquet Chern
%Ir *'Ji-—q-fr ‘M";t- j? | | S — ol
ey : o Ak
S Ak

=0, +1
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3. Results and Discussion
(Bl) Floquet (FTI)

Band structure of a zigzag edged graphene nanoribbon with

“ width 10 nm. (a) F,=0, 4=0.1t; (b) F,=0.15t, 4=0.1t.

v
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3. Results and Discussion

Landauer-Buttiker foffnula
/2
G = Gy doT (p)cos

[}Z I i Ry
ﬁ__lH HI T

[((A— FL )/ Vo.E/ Vo]
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3. Results and Discussion

3

The same setup for a graphene monolayer, irradiated by an off-resonance
circularly polarized light, on a SiC substrate

Elo.,1.)=(A+T1.4,)0.

A>A, BI TI A<A,
—_— 4.—_"; b = —— P Sz = %
-E(_l, K’):_A+A(U>O E(l,K’):A—A(0>O X -----
—E1,K)=A-Aw<0 EC1L,K)=AtAp<0m = = = = |
= meme-- EC-1,K-AAy<0 ECLK=A-Ay<0 = = = =

Band inversion. The blue solid (red dashed) lines represent conduction
(valence) band in band insulating phase.

(2!

4
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Nernst coefficient 0.04 [ 006 15y
002} b \ b
TU - Z EF)f total 004} : total
000 e -
ET? —Ep a,\‘},’ AL -~
+ kT 111(1 +e  FBT ) ok 7 o
. . B A R 602K b\
Valley-dependent Nernst coefficientand the [/
total Nernst coefficient versus Fermi energy i e )
(a) In the BI phase (A, = 0.12 eV); (b) in theoo o 02 0304 000 02 0304
“F F

TI phase (A, = 0.14 eV).
™ kiTe 1. A+ A,

Ettingshausen coefficient
2 k2T T.A + A,

— TOJTZ = ‘—

AT EZ Y 3 h Ef
008 031 Total Nernst coefficient (a) and total
ool o e | Ettingshausen coefficient (b) versus
= = = Mowrion 7| D2~ — — Approsimaton 4 kg T at the topological phase transition
0.04f . .
Oty ,/ point with E- = 0.3 eV.
/
0.02} P Nernst-Ettingshausen Figure of merit
Z
‘ 2 1.2 2
O'OO() 003 ()IOZ 0.04 O'(()) 003 OE)Z 0.04 O"/f“UT — 27TAw kBT h
: : . : : . 7T = = — 4 1 o5
k,T ksT o\ '37—(*'3-105_}7 + 2 ’E>
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4. Summary: Some conclusions

+ Floquet
1)
2)

3)

4)

Fermi

Floguet
Dirac

np
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Graphene-Like Two-Dimensional Materials

\ W Monolayer transition metal dichalcogenides (MX;)
I T 4
43(2{ o HeT H&T  H&T
D45 D<€ unstibje  Hstble Tstable | Stable _Stable
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Transport through graphene qu
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