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© Introduction to excitons
e BEC-BCS crossover

© Excitonic spin superfluidity with spin-charge conversion
Yeyang Zhang and Ryuichi Shindou, Phys. Rev. Lett. 128, 066601 (2022)
@ Model and phases
@ Goldstone modes and Josephson effects
@ Spin-orbit coupling

© Antiparticles of excitons in semimetals
Lingxian Kong, Ryuichi Shindou, and Yeyang Zhang, Phys. Rev. B 106, 235145 (2022)
@ Polology and Bethe-Salpeter equation
o Effective field theory
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Introduction to excitons

Collective modes of electrons

Plasmon . Cooper pair Ag =
Pa = Dk CkCk+q ok f(ki @)t ktqCy,—k

Energy
Fermi level
N .....Densiy of ’
states 0
Spin down ‘

[tinerant magnetism S;q = CDW/SDW Sy q =
S cl K
C,0iC
k CkTiCkta >k ChO0/iCkta

Spin up

Quantum Theory of the Electron Liquid (2005); Ultracold Atomic Physics (2021)
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Introduction to excitons

Exciton: pair of an electron and a hole

Euh ,‘k
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@ Bound states in semiconductors;
Vi, V 2
= 2m: zmh ﬁ]q)(Re» Ry) = E®(Re, Ry),
V2 VZ e2

o V(R = ERU(R), [—5 0~ %+ IE6(r) = E4(r).

K? R*
En/m;K == W + ‘Eg| -

Fundamentals of Semiconductors (2010)

Yeyang Zhang (PKU) Excitonic orders and spectra

2023.04.25.

(1)
)
®3)

5/48



Introduction to excitons

Excitonic phase diagram

g
BEY AEg,
Exciton
level 2
@
Semiconductor Excitonic Insulator Semimetall

Terperature

Exciton BEC & Excitonic insulator

Pair density

@ Exciton annihilation operators: ¢n.q = 3, fa(k; q)b}ak+q-
Electron/hole annihilation operators: ax/b! .

J. Phys. Condens. Matter 30, 305602 (2018); Nat. Commun. 8, 1971 (2017)
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BEC-BCS crossover
BEC-BCS crossover

Te

/
.

i .

N Semiconductor

Semimetal

Excitonic

Phase
_BCS-type | BEC-type
0 |Es| G
@ Hamiltonian:
- - 1 .
H=> e(k)alaz+ > es(k)blby + g > V(q)bgwb;a;_aa;,, (4)
K K K,k".g
ok - K? 4me? /K G

o(k) = — — Eg, =——+4E, V@ ==, E=—-——. (5
€a(k) om g €b(k) 2m+ g () P+ r2 g 2 (5)

@ Order parameter:
- 1 -
AR = - S VK-K) (bl,25. ). (6)
kl

T. Kaneko, Ph.D. Dissertation (2016)
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BEC-BCS crossover
BEC-BCS crossover

@ Mean-field Hamiltonian:

I:I—Z aa +Zeb b bz +Z Tb +h.c.)+eg, (7)

K

where €0 = le A(E) <a.£blz>

o Gap equation:

o1 o o AK) Eq
Alk) = = V(ik — k' h
(k) Q§ (K= k)% tanh—E (8)
where
2 (2 n2k>

e Difficulties come from the k-dependence of A(k).
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Introduction to excitons BEC-BCS crossover

BEC limit
o Consider E; < 0 (semiconductor case, k = 0), |A(K)| < |Eg|. At

T=0, )

-1 >, A(k)
A) = 5 S VE-R) 5 (10)

k/
Define (k) = 5, we get
k2 2 212y L R T
[+ 21Eg])? + 4|A(K) 1 20(k) = 5 D V(K= K)u(k). (1)
K

—

o Near k =0, V(k — k') dominates, |A(K)| = Ag < |Eg|.

—,

k2 2 - R .
[— +2|E\+‘E’ QZVk Kk, (12)
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BEC limit

@ Consider the following equation in E—space,

[f +IENSR) = o 7 VI~ R)a(R). (13)
P2
In r-space, Eq. (13) becomes
2 2
37— 0 = —lE(). =~ (14)

@ Suppose the ground-state energy of Eq. (14) is —|Eg|. A(k) =0
when |Eg| < 2|E;|. For 0 < |Eg| — 2|Eg| < |Eg|,

2|Eg |

| )- (15)

Do~ \/(|Es| — 21 E4])|Es| ~ |Es|
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BEC-BCS crossover
BCS limit

@ Consider E; > 0 (semimetal case), |A(K)| < |Egl.

(k) = ki ke = /2mE, (16)
2m  2m’ &

- Bk are®/K AK)
A(k) = — . 17
( ) /(27r)3|k7k/|2+l‘€2 2E[{/ a. 2 ( )
@ When kr > k, we apply the BCS approximation:

o Do |k —ke| < ke
AR =1 S (18)

At T =0, taking Eq. (18) into Eq. (17), we get

47e? /K ke the 2 k"%sinf 1
A(k) = ) /kF . dk/ d0/ d¢k2+k'2 2kk'cos + 12 2By

2 ke-tke
:e/KAo/ K dk' =1 [(k+k)+’“‘]
k

Tl 19)
e (
2k - 260 ‘(k—K)2+r

2023.04.25. 11/48



BEC-BCS crossover
BCS limit

@ For k. < kr, the k-dependence of A(k) at T =0 is

_&/K (k + kr)?
= oot [ dgm
me2/K (k_|- k ) 4 K2 2krke
T 2wk Aoln[(k — ke )2+ Kz] n( mig ). (20)

If we choose A(kr £ ko) = A(;F), we have k. =~ \/2xkr < kg, so the
BCS approximation is for a narrow peak.

e Taking k = kg into Eq. (20), we get the order parameter Ag:

me? /K. 4kZ . 2kpk.

1= In(—-)1 .
271‘/(/: Il( Hz )Il( on)

(21)

Sov. Phys. JETP 21, 790 (1965)
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BEC-BCS crossover
BCS limit

@ At critical temperature 5., take k = kf,

ez/K kr+ke k' Bcek’ (kF + k/)
1= dk’ —tanh 1 22
2mke /kch 2, > e ,{2] (22)
We apply a similar approximation as for T =0,
e?/K_ AkZ  [Retke K Beep
1~ In(—£ h==. 2
2k M2 )/kF_kc 2, BT (23)

By changing the integral argument, we have

kpke %Bc
1:’"62/ K ( F)([lngtanhg]ozm Pe _ / d¢ Ing ). (24)
0

2w kg cosh?¢
kr is large, so we can take k;ff Bc — 00 to get
2 2
me /K  4kg . 27 k,:k
1~ In(—-)1 25
(=), (25)
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BEC-BCS crossover
BCS limit

o Critical temperature T:

267 kek, R
keTe=—— [- =]
m In(—£)
e’ me* 2E, 3 Q % A
_ me” g3 B B _ Bo,7=0 5
13/2 K2 (\EB!) exp| In(x 2,:-g)] pp— (26)
|Eg|
where we use a relation from RPA,
4k} 2mkg 2E, (27)

W2 me2/K -\ Es|
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BEC-BCS crossover
BCS limit

e Because of the k-dependence of V(k), T decreases when kg increase
(i.e. when Eg increases).
In superconductors, V(r) = Ud(r) with an energy cutoff wp, Tc
increases when kg increases.
In both cases, we have % = 2mwe 7 ~ 3.53.

@ T, remains finite for large kg is because of Fermi surface nesting

(my = mp, u=0).

Semimetal

Excitonic
Phase
BCS-type |
0 |5 G

——

4

Modern Condensed Matter Physics (2019); T. Kaneko, Ph.D. Dissertation (2016)
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Excitonic spin superfluidity with spin-charge conversion
Outline

© Excitonic spin superfluidity with spin-charge conversion
Yeyang Zhang and Ryuichi Shindou, Phys. Rev. Lett. 128, 066601 (2022)
@ Model and phases
@ Goldstone modes and Josephson effects
@ Spin-orbit coupling
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Excitonic spin superfluidity with spin-charge conversion Model and phases

Electron-hole double-layer systems

(a) (b)
>
“bottom” gate £
AlGaSh H
h o InGasb_ | . )
[ AlSb N
TINIALE “ThAs cap [10]=— (o) — [100]

epoxy” ———

"
" = |
InAs /)_,- B

InGaSb

“top” gate

GaAs substrate

@ Advantages: approximate U(1) x U(1) charge symmetry; separation of electron
and hole currents; engineering flexibility of the two bands.

@ Disadvantage: quasi-long-range orders?
Phys. Rev. B 99, 085307 (2019)
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Excitonic spin superfluidity with spin-charge conversion Model and phases

Model
@ Electron-hole double layers with in-plane magnetic exchange fields
(H; and Hp):
K=H-—uN
h2V2
— [l (-~ £~ W + Hoola()
h2v

+ /dszT(F)[( zm; + Eg — p)oo + Hpox]b(F)

vg Y [ @R OBLAb (D) (28)

a@a”:T,\L

a: electron in the electron layer;  b: electron in the hole layer.
o Exciton pairing: ¢, = 4§ <bTaMa> (n=0,x,y,2).

Pseudospin singlet: ;= 0; Pseudospin triplets: u = x,y, z.
Phys. Rev. B 100, 035130 (2019)
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Excitonic spin superfluidity with spin-charge conversion Model and phases

Effective theory of the excitonic field

@ Habbard-Stactonovich transformation:

- [ Plal a.b! 51Dl 8, Jespl(al )G ()
< expl= T2 66 (K) ~ (KI0u(K) ~ Ok, (K]
ko

~ [ la' b, 6ipieL el )G k] (5 )]
< expf- Z[ S (06,00}

N [ Dlo], ool Z[ 6, (K)ou(K)}exp{TrInG g}, 6,1},
(20)

—_1 1
where Oﬂ(k) = ﬁ Zq bqO'#aq+k.
Excitonic orders and spectra 2023.04.25. 19 /48



Excitonic spin superfluidity with spin-charge conversion Model and phases

Effective theory of the excitonic field
o Effective Lagrangian for ® = (—igo, Px, by, ¢z) = & + i
_ 2\ =02 . 7722 112\ 2
L= (a=2)I87 —~[(87)" + (87)
+ 6020 — 4(d' - 5”)2] + A\ V|2
— 2h(®) 01 — 0L0]) + 21 (040 — ¥L8F).  (30)

~ <0, A>0. hand K are proportional to exchange fields.

@ Four-fold pseudospin degeneracy lifted:
P (y2,~)
—/—,/ (Ox' _)
_\ h _h’
—\_ (Ox, —|—)
'— (yZ, —|—)
yz: transverse phase; 0Ox: longitudinal phase.

Yeyang Zhang (PKU Excitonic orders and spectra 2023.04.25. 20/48
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Excitonic spin superfluidity with spin-charge conversion Model and phases

Mean-Field solutions of the excitonic field

@ |h| > || for transverse (yz) phase:
61(0,¢,00) = peost(coseo €, + singpg €;)
+ ipsinf[cos(¢ + o) €, + sin(p + ¢o) &]. (31)
@ |h| < |H| for longitudinal (0x) phase:
5“ (0, ¢, o) = p[—sinfcos(p + o) € + cosbsingg €]
+ ip[cosfcospg € + sinfsin(p + ¢o) €. (32)
@ Exchange-field dependence (for small exchange fields):

h/he for ¢,

h = singsin2 = h = '
sm<psm { —h//hc for (JSH

¢ angle between & and ®”. 6: proportion of |®'| and |$”|.

e p= ﬁ(a - é): |®| fixed. o arbitrary rotational phase.

Yeyang Zhang (PKU) Excitonic orders and spectra 2023.04.25. 21/48



Excitonic spin superfluidity with spin-charge conversion Goldstone modes and Josephson effects

Symmetries and Goldstone modes

@ Two spontaneously broken global symmetries.
U(1) spin rotational symmetry:

#(0, ¢, 00) — 60, ¢, po + o),
a— ¥ %a b — P p = eTi(vativo)oxp (34)

Upper/Lower sign (in £ or F) for yz/0x phase.
U(1) gauge (charge) symmetry:

30,0, 90) = V(0. 0, 00) = G(0'($). ¢ (), 95(¥))
a—e¥a b Vb =cVamV)p (35)
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Excitonic spin superfluidity with spin-charge conversion Goldstone modes and Josephson effects

Symmetries and Goldstone modes

The curve (0(1), ©(¥), vo(v)):

/3

(a): When 1 increases, (0(¢), ¢(¥), po(1)) goes down the curve.
(b): The projection of the curve on the (0, ) plane. sin26sing = h is

- —

satisfied when changing ¥. So ¢(0, 0, ) sin26sine=h = #(0, %).
@ Two Goldstone modes: g and ¢ = spin and charge superfluidity

Yeyang Zhang (PKU) Excitonic orders and spectra 2023.04.25. 23 /48



Excitonic spin superfluidity with spin-charge conversion Goldstone modes and Josephson effects

Quantum-dot junction model

@ Action of a Josephson junction with two domains:
Slai, a], bi, b}, i, poi; Vea, Vsd] = Stlai, a], bi, b]]
+ Smelai, a], bi, b, i, goi; Vea, Vsdl. (36)

Domain index: i =1,2.  Layer index: d = a, b.
Energy-level index: «.  Spin index: bold font.
Vic4: charge voltage.  Vs4: spin voltage.

Smf = /dT Z Z {a,];[ha‘r + Haa - 0= i%E(VCa + VSaUx)]aia

i=1,2 «
+bja [i0- + Hpa — p — i%e(VCb + Vspox)]bia
—[65(¥i, 0i) - @ Gbio +h.c]}, (37)
Sr= / ar S fal, T a5 + b, Tbys +hicl. (38)
af

. . d
m=-—-m1=1 Hio = Eqo00 + Hao. Tunneling matrices: TLB)
Condensed Matter Field Theory (2010)

Yeyang Zhang (PKU Excitonic orders and spectra 2023.04.25. 24 /48
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Excitonic spin superfluidity with spin-charge conversion Goldstone modes and Josephson effects

Effective theory of the Josephson junction

Z[Vca, Vsd] = /Dq/’tio:'D‘I’TD‘I’efS[‘P’\w’wwo";vc‘j’vs‘{]
= / DNcDNsDyi Do D¥ ' DW

x 6(Nc — Z'f]ib;rabia/2)5(NS _ Znibifao_xbl_a/z)e—s[\lf,\w,w;,sog,v;vcd,vsd]
= / DpcDusDNcDNs Dy Dpo D® ' DW

« ot J A7lrc(Ne =10 mibf, bia /2)+115(Ns— ;0 nib], oxbja /2] =S¥ ¥ T 41001 Vg Vsa)
:/,DMC,DMS,DNC,DNS,Dw",D(pOi,D‘IJT,D‘IIeifdr(uCNC+u5N5)7S[\I/,‘I’T,Tl)iyvoi;VC*iHC»VS*"HS]
:/'DMCDNS'DNCDNSD"/}iID(POieifdT(“cNC'H—LSN5)+Tr1ﬂg;1[wi7¢0i?VC—"#OVS—WS]
= / DNcDNsDYDGoe SerrlfoNeNsiVe,Vs]. (39)

where a saddle point is taken at the last step.

Yeyang Zhang (PKU Excitonic orders and spectra 2023.04.25. 25 /48
yang g



Excitonic spin superfluidity with spin-charge conversion Goldstone modes and Josephson effects

Effective theory of the Josephson junction

o Effective action:
Set[¥h, Bo, N, Ns; Ve, Vs]
= /dT [iNc(—h%Z)(T) — eV¢) + iNs(Fh@o(T) — eVs)

— hly <cos(zﬂ(7) - %\U) cos (@0(7'))
+ Eisin(QZ(T) — ;C\U)sin(@()(T))>] . (40)

Magnetic Flux: V.

Phase differences: © =1 — 1, @0 = po1 — Po2.

Voltages: Ve = Ve — Vea, Vs = Vs, + Vs,

Currents: Ic = lcp = —lc; = €0:N¢,  Is = Isp = £ls; = €0 Ns.

Yeyang Zhang (PKU) Excitonic orders and spectra

2023.04.25. 26 /48



Excitonic spin superfluidity with spin-charge conversion Goldstone modes and Josephson effects

Josephson effects

@ First Josephson equations:

.o € o T > € s
lc = —ely[sin(y) — a\lf)cosgoo — hycos(v — E\Il)smgoo], (41)

+ Is = —ely[singgcos(th — i\Il) — hcos@osin() — i\U)]. (42)
hc hc
@ Second Josephson equations:
de) e do e
— =—=V —— =F-Vs. 4
T wVe, 4 =F5Vs (43)

e Spin voltage Vs = 3(V4 — V|) = charge current Ic = I +

Yeyang Zhang (PKU) Excitonic orders and spectra 2023.04.25. 27 /48



Excitonic spin superfluidity with spin-charge conversion Goldstone modes and Josephson effects

Josephson effects

@ Four ways to induce charge current:

- & 4

(a) By spin voltage for yz phase (b) By spin voltage for 0x phase

= =

c) By charge voltage - (d) By time-dependent magnetic
flux

Yeyang Zhang (PKU) Excitonic orders and spectra 2023.04.25. 28 /48



Excitonic spin superfluidity with spin-charge conversion Goldstone modes and Josephson effects

Device setup

[kl

Oscillating Stepping

t t

Bl

Circuit setup Time dependence of ¥ and Ic

Blue: electron layer and hole layer;  Yellow: insulating layer.
Green: magnetic substrates.
The density of red dots: strength of magnetic polarizations.

@ The phase difference ¢ has an oscillating or stepping behavior.

@ The spin voltage Vs can be measured from the period of the charge

current /.
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Spin-Orbit coupling
@ Rashba SOC in the electron layer:

flr = €. / P7al (7)(—i, ox + 0.0, )a(?). (44)
o Effective Lagrangian:
L = — D(9L0,9), — dL0, ), + CD’Zchb’y - Cbg,é?ydﬂz)
— D(<D66Xd>’y - CD;,@XCDE) + CD;@},CDG — d>68yd>;)
— D(¢70,9" — ¢, 0" + <b;’ayq>g - ¢gay¢’;)
— D(<D6’8Xd>§ﬁ — Cbgfﬁxc%’ + <D§£8y¢6’ — ¢38y¢§§). (45)
@ The yz/0x phase (transverse/longitudinal phase) is substituted by a

helicoidal /helical phase carrying nonzero momentum.

@ The U(1) phase ¢g in the mean-field solutions is substituted by
o — Ky =00 — -

@ Spin rotational symmetry in the hole layer is spontaneously broken.

= Spin and charge superfluidity
Excitonic orders and spectra 2023.04.25. 30/48



Excitonic spin superfluidity with spin-charge conversion Spin-orbit coupling

Phases with translational symmetry breaking

z @' —

Helical phase

Helicoidal phase

Phys. Rev. B 100, 035130 (2019)
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Excitonic spin superfluidity with spin-charge conversion Spin-orbit coupling

Conserved currents

@ A countinuous symmetry (¢, — ¢, + €eA¢,) leads to a Noether's
current:

oL oL
Jo=E A+ T A 46
SR R e e
e Charge current (for ¢, — ¢, — ieg,):
Ah e ~
JE = =250 — —A)) — hdio]. 47

@ Spin current (for ¢, — ¢, £ ed,, ¢, = ¢, F €y,
—igo = —igo + €dx, Dx = Ox T €(—id0)):

Ah e -~
S _ =g o0 o — A,
J/ + |’Y’ [&SDO h(aﬂ/} hCAI)]' (48)

Gauge fields: A; = Ap; — Asi. (k=0,x,y and i =x,y.)
An Introduction to Quantum Field Theory (1995)
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Antiparticles of excitons in semimetals
Outline

© Antiparticles of excitons in semimetals
Lingxian Kong, Ryuichi Shindou, and Yeyang Zhang, Phys. Rev. B 106, 235145 (2022)
@ Polology and Bethe-Salpeter equation
o Effective field theory
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Antiparticles of excitons in semimetals Polology and Bethe-Salpeter equation

@ Normal-state semimetals (E; > 0) with U(1) x U(1) symmetry at T = 0:

o =3 (o = 3 )b (- gy + 5 )]
k

2m, 2my
1
— — 4
+359 a v(q)p(q)p(—q), (49)
47/g®> for 3D
pla)=> (anak + qubk)’ v(a) = { 27r//2 for 2D. (50)
k

@ 1 # po: excitons near g = 0 are not damped by the continuum spectra.

e(k) 2

Continuum spectra

\

\\\

O Wea—Kesl — KeatKeol  Q
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RO e T
Polology

@ Excitonic Green's function:

G (x = x',t = t')yyr = —(=)(T{ax(t)bly, (t)bersys (t')al,(¢)}). (51)

@ Lehmann representation:

o iQ<0|bIaq+k|">< |a +k'bk'|0>
G (q7w)kk’ :Z w— (En _ EO) + o+

Z 0|3q+kfbk'|"/><”/|bzaq+k\0>
w+ (En/ — Eo) — 0t

(52)
|0): ground state with particle numbers (Na, Nb).
|n): excitons with (N, + 1, N, — 1), energy E, — Eo. Positive poles.

|n'): antiexcitons with (N, — 1, N, + 1), energy E,» — Eo. Negative poles.
@ For semiconductors, N, = 0. No negative poles.

Yeyang Zhang (PKU Excitonic orders and spectra 2023.04.25. 35/48
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eIy B SGr GTE e
Bethe-Salpeter equation

MO N O

@ Bethe-Salpeter equation with ladder approximation:
G¥(q, W) = G5 (G, W)

1 ~ex X
— 52 G (4 wlki — k)G (@), (53)
kiko

iQGex (q, w)kk/ = GeX (q7w)kk" IQGOeX (q,(.U)kk/ = G(‘)EX (q7 CL))kk/.
o Eigenvalues and eigenvectors:
G (q,w) Yoj(a,w)) = &i(a,w)ld;(q,w))- (54)
Zeros of £(q,w) are the poles of Green's function.

Yeyang Zhang (PKU Excitonic orders and spectra 2023.04.25. 36 /48
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el e ] B e e
Bethe-Salpeter equation

o Effective interaction with RPA:

_ v(q) _ v(q)

~ 1-v(q)M(0,0)  1—-v(q)X._,,M5(0,0)’
where I1§(0, 0) are static limits of electron polarization functions.

@ Excitonic free Green's function:

w(q) (55)

d
6 (0, ) i = Wi / O G3k + g1 + ) Gk, wn)

_ 0(lk + q| — K .a)0(lk| — K b)
= IQ(Skk/ .
w — [ea(k + q) — ep(k)] + i0F
_ Q(KF,a_ ‘k—i_q’)e(KF,b_ ‘k’) (56)
w— [ea(k + q) — ep(k)] —i0F |~
Excitonic orders and spectra 2023.04.25. 37/48




Antiparticles of excitons in semimetals Polology and Bethe-Salpeter equation

Patial wave expansion

@ The Green's function is given by eigenvalues and eigenvectors,

G*(q,w Z|¢, q,w))&i(q,w) Hej(q,w)|- (57)

e For g =0, there is a rotational symmetry (R),
G (va)kk’ =G* (07("})73(/()72(1(’) ’ (58)

The Green's function is expanded by spherical harmonics in 3D,

6% (0w =3 Yim(0, ©)fai(w; /;)f(:f;u KYY (9,,80,)’ (59)

nlm

and by trigonometric functions in 2D,

ex fom(w; k) fam(w; K')em(#=#)
—iG* (Oaw)kk’ = Z ( ) ¢ ( (w))
nm nm

Yeyang Zhang (PKU) Excitonic orders and spectra 2023.04.25. 38/48
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Polology and Bethe-Salpeter equation
U(1) x U(1) symmetric cases

@ Semiconductors: The Bethe-Salpeter equation becomes the two-body
Schroedinger equation. All poles are positive.

o Semimetals: G*(q,w), . (kinetic energy) contains non-analytic theta
functions by many-body effects. Negative poles are physical.

o Realizations of the U(1) x U(1) symmetry: electron-hole double
layers without inter-layer hopping; two bands carrying different
quantum numbers (e.g. spins); incommensurate indirect semimetals.

0 02 04 06 08 1 1.2
a/(Kpa — Kra)

Lowest bands of s-wave excitons
(red) and antiexcitons (blue)
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Polology and Bethe-Salpeter equation
U(1) x U(1) asymmetric case

@ Only one U(1): inter-band hopping is allowed or condensation happens.

% (x =Xt = 1)y = —(=i)

X( OIT{v(x,y: )" (x',y; t)}H0)  (OIT {7(x,y. t)7(x',y";£)}|0) ) (61)
OIT L Oy, ' (' E)10) - OIT {3 (x,y, )7(X ¥, t)}0) )

with v(x,y; t) = B,Ly(t)ax(t), ak and Bk are superpositions of ax and by that
diagonalize the free part of Hamiltonian.

@ Bosonic BdG-type Bethe-Salpeter equation:

g"ex(q7t—t/)kk, :gAgX(q7t kk’ —i—— /dtg (q7t_f)ki
A;w(a) Bz (aq) Bex( & I
X w0 . G (q, t —t )y, 62
< B,;,,;'(_Q) A,;,,;/(—q) ( ek (62)

@ There are pairs of positive poles (E, — Ey) and negative poles (—E, + Eop). A pair
only represents one physical state (with energy E, — Ep). No distinction (no
definition) between excitons and antiexcitons. Negative poles are redundancy.
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Antiparticles of excitons in semimetals Effective field theory

Frequency dependence of the eigenvalues

@ Zeros of £;(0,w) are poles of the Green's function.
G (0,w)65(0,w)) = &(0,0)|45(0,w)). (63)
@ For semiconductors, §j(0,w) is linear in w. For semimetals,
§(0,w) = B+ aw+w? + ... = y(w —wi) (W w )+ ... (64)
The nonlinearity comes from the free Green's function,

[G(0,) ke = ko { Bk = Ko) (& = (calk) = e5(k)) )

0K k1) (w0~ (ea(h) — s(k))) } + KD (es)

~ex -1 _ _ _ A
9,6 (0.0) 7], = et {B(1k] — Koe) — 0(Kin — K]} . (66)
with Kout = max(Kr 5, K p), Kin = min(Kr 5, Kr p).
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Antiparticles of excitons in semimetals Effective field theory

Frequency dependence of the eigenvalues

o Hellman-Feynman theorem:

(0, w G (0,w)
) 10500, [ 270 100,

= > KklenlP— > I(klopP*. (67)

‘k|>Kout |k‘<K1n

0 0.j|w=w, > 0 for excitons, 0.,&j|u——w_ < 0 for antiexcitons.
= v > 0, 8 > 0, otherwise there is condensation.

0.05

0

-0.2 0.2

0 ;
wm/K% wm/K%

A 3D case A 2D case
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i
Effective field theory

o Effective field theory:

/dtL’:/dtcpT(t)(—’ny—i—ioz@t—ﬁ)go(t), (68)

where the effective field is defined by
+oo
0= [tk 0.0 O))a(e).  (69)
k —0oQ

o Effective Hamiltonian:
H = m10rp1 + m20rp2 — L

1 2 2 1.5/ 9 2 «Q
:5(771+772)+§>\77 (¢1+<P2)+5(7T2901—7T1902), (70)

with A =2, n = ,/% + g The theory is two coupled harmonic
oscillators.
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Antiparticles of excitons in semimetals Effective field theory
Effective field theory

@ Two bosonic modes:

H= y+aia+ +v_ ala,

/A i 1 .
a2 = 7?7 ((,0172 + )\777r172> , ay = \ﬁ (a1 £ ia2),

a2 B«
Vi =4|5+ = F - =ws >0
42 7 2y

ay is the exciton/antiexciton annihilation operator.

with

@ Conserved charge of the effective Lagrangian:

Jo(t) = iv [QOT (0rp) — (8t§0T) @} + aplp = aLaJr —ala.

Excitons and antiexcitons carry conserved charges 4+1 and —1.
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Antiparticles of excitons in semimetals Effective field theory

Charge-conserved processes

0.3
-~ 3 e —
3
o a--T 0.1
-=" ex p?
0
(a) -0.2 0.1 0 0.1 0.2
o/ Kr
(b)

(a): A pair-annihilation process. An exciton-antiexciton pair decays to
intra-band excitations of the two bands.

(b): Energy-momentum conservation of the process. A pair of a 2D
s-wave exciton (red) and antiexciton (blue) can decay to either two
plasmons (green) or two individual excitations (black).
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Summary

Excitons offer a good platform to explore the physics of both quasiparticles
and condensates:
@ Excitons undergo a BEC-BCS crossover from semiconductors to
semimetals.
@ Excitonic superfluids with spin and charge Goldstone modes enable
spin-charge conversion in electron-hole double layers.
@ Excitons in semimetals are classified into particles and antiparticles
carrying opposite conserved charges.
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Thanks for Your Attention!
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