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Non-equilibrium spectroscopy of matter:
Excitons and correlation functions
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m Non-equilibrium excitons

DO

CE

VB

hv

Wikipedia

energy analyser

UHV - Ultra High Vacuum
(p <1077 mbar) J

Given a macroscopic occupation of excitons, what
should you see in electron spectroscopy?
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m ARPES from Excitons
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ARPES Theory s

PHYSICAL REVIEW B 94, 245303 (2016)

First-principles approach to excitons in time-resolved and angle-resolved photoemission spectra
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FIG. 2. (a) Diagram for the self-energy. (b) Diagram for L.
Wiggly lines denote the bare interaction v and doubly wiggly lines
denote the statically screened interaction W.

Also:
Hiromasa Ohnishi, Norikazu Tomita, and Keiichiro Nasu, Int. J. Mod. Phys. B https://doi.org/10.1142/S0217979218500947
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m ARPES Theory e
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= ARPES Theory .

Assuming Gaussian probe pulse with temporal width o
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Valence band dispersion!
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m Results
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m Exciton coherences
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Time-Resolved Coherent Photoelectron
Spectroscopy of Quantized Electronic

States on Metal Surfaces
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Q: Can we observe coherences inside the material?
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Theoretical approaches to time-resolved ARPES of coherences

Wavefunctions (Hofer)
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IHEIH! Theoretical approaches to time-resolved ARPES of coherences

Density Matrix (Mukamel, Tokmakoff)

v

Gt 1) = (e (¢) (1)), GE(t. ) = i Te{el (b)),

Pobulations Two-sided Feynman pathway diagrams
P for photoemission & ARPES
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m Photoemission from coherences inside solids
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m Photoemission from coherences inside solids
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Theoretical approaches to time-resolved ARPES of coherences
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m Correlation functions

(A(r,1)B(r', 1))

Given some (observable) operator B at
(r,t’), what is the likelihood of some
(observable) operator A at (r,t)?




W Correlation functions

Conductivity
(G t)i(r', 1))
Single-particle spectra (ARPES)
(c(r,t)c (1, 1))

Spin-resolved neutron scattering

Oas (Sa(r,1)Sp(r', 1))




W Correlation functions

(A(r,t)B(r', "))
Time-translation invariance:

<A(T7 trelatz’ve)B(TIa O)>

We typically Fourier transform and work in the frequency (energy) domain:

X(w) — / <A(7°, trelative)B(le O)>€iwtrelatwedtrelative

— OO




m Correlation functions — an example: ARPES

G<(r,t;r" t') =i(c" (', t)e(r, 1))/ Z

(Plus a few steps)

Damascelli, Rev. Mod. Phys. 75, 473 (2003)
Freericks, et al., PRL 102, 136407 (2009)



m Correlation functions — an example: ARPES

G<(r,t;r',t") =i(c" (', te(r, 1))/ Z

Given that | create a single particle
excitation at (r,t), what is the probability
that | may find it at (r,t’)?

Space-translation invariance: go into
Bloch basis with quasi-momentum

Gy (t,1") = il (¢)ex(1))/ 2




m Correlation functions — an example: ARPES

G (t,) = ilel()ew(t)) /2

= i) oo (W el (#)er ()] W)

/ \

Density matrix Eigenstates

<\P7|c,];(t/)ck(t)|\11,y> = (U, |U (%o, t’)c};U(t’, t)erU(t, to) | y)

Time evolution operators



m Correlation functions — an example: ARPES
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m Correlation functions — an example: ARPES

<\Ijv‘cl];(t/)ck(t)mj’y> = (U, |U (%o, t’)c};U(t’, t)erU(t, to) | Py)

\ J\ J
| |

B, )f Dy)

When there is no explicit time dependence in the Hamiltonian,

<\Ij7 leiH(tl_tO)C;LG_iH(t,_t) Cke—z’?-[(t—to) ‘\IJW’>



m Correlation functions — an example: ARPES

Assuming the single-particle excitation is an eigenstate,

G=(t,t') = if(&)e C=t)
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m Correlation functions — an example: ARPES

if (§w)e "0

Average
(measurement)
time

tave = 5(t + ')

Relative time
trep =t — '



m Correlation functions — an example: ARPES

G™(w) = /_OO d(t — ") [i f(&)e Cr 8]
= 27 f(§r)0(w — &k)

Energy

10 15 20

0 1 =2. -15 -10 -05 0.0 05
Energy Momentum




m Correlation functions — an example: ARPES

Okay, but most systems are interacting?!



m Correlation functions — an example: ARPES

Recall that the ARPES correlation <\P7’U(t0, t/)C;LU(t/, t)erU(t, to) ’\If7>
J

function \ Y )\ Y
involved + d
D) Do)
Ly
|1pk>=- = D) Since the single-particle basis is
not the eigenbasis, the bottom
o mmber situation spreads out and we

" may expect the overlap to

t t
decay as |t — t" — 00
G- G- €D~

removal of particle with spreading of particle with
quantum number j quantum number j



m Correlation functions — an example: ARPES

G<(t,t’) _ Z-f(gk)e—igk(t—t’)6—F|t—t’|
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m Correlation functions — an example: ARPES

1
G<(w, k) = —2if(w)l N
(w7 ) Zf(CU) mw . gk Z(w, k)
Phonqn
scattering

The self-energy 2(m,k) encodes the effect
of interactions on the single-particle
Green’s function.

-2 -1 0 1 2
Momentum



m Correlation functions — an example: ARPES

The energy dependence of X(w) is characteristic for a few
different processes.

Phonon Coulomb Impurity
scattering scattering scattering

—ImX

0.10 110
0.05 \ / .05 4

04 -02 00 02 04 04 -02 00 02 04 04 -02 00 02 04

Energy Energy Energy




m Correlation functions — an example: ARPES

1
G (w, k) = —2 I N
(w7 ) Zf(CU) mw . gk Z((A}, k)
Phonon Coulomb rity

scattering

scattering scattering

-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
Momentum Momentum Momentum



m Correlation functions — an example: ARPES

| 1
G~ (w, k) = _QZf(w)Imw — & — Y(w, k)

To first order, the self-energies are Going back to the time domain, the
oy . y/ . . . . .
additive (known as Matthiessen’s rule): correlation function decay time is related
to the self-energy via
X=X + X + -
phonon Coulomb impurity 1/
7T = —2Im>.
Phonon + Coulomb + Impurity
scattering
100 &= —05 &=0.0 &=1.0
075 100 ] 100 100
050 050 050
> 0.25 025 025
9 0.00 0.00 { > 0.00 W
- \
u.CJ -0.25 \ / -0.25 -0.25
~050 -0.50 -0.50
” ” ”
-1.00 -10 -5 ¢ [; 5 10 -10 -5 t-(;:l 5 10 -10 -5 t(;: 5 10

-20 -15 -10 -05 0.0 0.5 10 15 20
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m Correlation functions — an example: ARPES

* Depend on time differences (relative times)

* The correlation functions decay due to spreading in
state space through interactions

* The self-energy encodes the interactions and gives
rise to the correlation function decay (or line width in

frequency)
<A(T7 trelative)B(rla O)>
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Outline

* Photoemission from excitons and coherences
— Seeing excitons with time-resolved ARPES
— Exciton interference
— Photoemission from coherences inside solids

* Theoretical perspective on non-equilibrium spectroscopy
— Correlation functions — What do we measure?
— Non-equilibrium correlation functions — What's different?
— Non-equilibrium many-body theory
— Lessons learned



m Non-equilibrium Correlation functions

(A(r,1)B(r', 1))

Given some (observable) operator B at
(r,t’), what is the likelihood of some
(observable) operator A at (r,t)?

We can no longer just work with relative
time because time-translation-
invariance is broken.



> t’

')

Average
(measurement)
time 1
tave = §(t + t/)

Relative time

trel =1 — t,

m Non-equilibrium Correlation functions

(A(r,t)B(r'

<A(r7 tcwe _|_ tTel/Q)B(T/7 tave

—trei/2))



m Non-equilibrium Correlation functions

1. In equilibrium, there is no dynamics
I, : : ,
<14(7a7 t)B(’I“ 7 t )> alqng the averagg tlme.dlrectlon.
This steady state is achieved
through a balance of scattering

Average rates.

(measurement)

time 4 2. Out of equilibrium, the dynamics

tave = §(t + t') along average time need not be the
same as those along relative time —

Relative time in general, they are not.

brel =1 — t,

How do we make some
progress?



m Non-equilibrium Correlation functions

Suppose that

1. We are making measurements
long after the pump

2. The average (measurement)
time-dependence is slow
compared to the time
dependence in t,, (which we
called I).

Then we may (carefully) map the
time dependence onto the
parameters of the correlation
function

G< (t’ t/) — Zf(fk)e_'lfgk (trel>e_|trel |/T(tave)



m Non-equilibrium Correlation functions

 Suppose that

1. We are making measurements Before
long after the pump

2. The average (measurement) time-
dependence is slow compared to
the time dependence in t, (which
we called I).

 Then we may (carefully) map the time
dependence onto the parameters of
the correlation function and Fourier
transform along t,




m Non-equilibrium Correlation functions

« Example parameters that are modeled to change with average time:

— System temperature oof

2000

Electron temperature |

15001

— Drude scattering rates

1000

Effective Temperature [K]

w
=}
)

Phonon temperature

L L L L L
—-100 -50 0 50 100 150
Time delay [fs]

— Coupling constants

— Order parameters (e.g. superconducting gaps)

1 | L
660 680 700 720
Wavenumber (cm™)

G. Coslovich, Nature Communications 4, 2643 (2013).



PHYSICAL REVIEW X 7, 041013 (2017)

Ultrafast Gap Dynamics and Electronic Interactions
in a Photoexcited Cuprate Superconductor

S. Parham,' H. Li,' T.J. Nummy,' J. A. Waugh,' X. Q. Zhou,' J. Griffith,' J. Schneeloch,’
R.D. Zhong,2 G.D. Gu,2 and D. S. Dessau'”
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Energy (eV)

0.000 : ] . A .
0 40 80 120

Temperature (K)




m Non-equilibrium Correlation functions

Changing parameters as a function of time

PROS: CONS:

* Easy to understand and * We only rely on our equilibrium
communicate intuition and knowledge

* We can rely on our equilibrium * Difficult to tell when it’s
intuition and knowledge appropriate and when it isn’t

How can we do better?



oo I

Outline

e Photoemission from excitons and coherences
— Seeing excitons with time-resolved ARPES
— Exciton interference

— Photoemission from coherences inside solids

* Theoretical perspective on non-equilibrium spectroscopy
— Correlation functions — What do we measure?
— Non-equilibrium correlation functions — What's different?
— Non-equilibrium many-body theory

— Lessons learned



m Non-Equilibrium Many-Body Theory

(1) GG (e i G R)QRL)

(a) |¢~20\p"‘ |<-gcb*|

:I'ime Delay .

tmu-iB ...and about its
U history

System knows about its
thermal initial state...

Include the effects of
strong driving field
through Peierls
substitution

k —k—eA(t)
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Time-resolved ARPES

pump }&)‘ 20, | probe

_/\
L. | Delay time \|

L

long time
tmin-i/T v
A

transient
O\

N/

equilibrium '
Image source: FHI Berlin

1 (=1t )2/262  — (' —t)2 7962 dw(t—t
A (w, o) = Im 2m2/dtdt Glf(t,t’ig (t—t0)? /207 ,— (' ~t0)? /207 Jiw(t—t')

Freericks, et al., PRL 102, 136401 (2009); Freericks, et al., Physica Scripta 2015 T165 014012
(2015); Freericks and Krishnamurthy, Photonics 3 58 (2016)



Electron-boson coupling

t=-635.00

® [eV]

Phys. Rev. X 3, 041033




m Lessons learned

1. You can assign a time-dependence to a parameter, but be careful to which one.



Increased effective temperature looks like decreased coupling

Binding energy [eV]

-0.2 0.0 0.2 0.4
kz zky [7"/‘10]

1‘1
M

1
Teq
QL
1
Teq
—QOf
Equilibrium
kF
AFK et al PRB 2014

After excitation

kp

a

E-E; (eV)

Momentum (A™)
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L - ,,,/\ Y
|
| e— 0.044" — k
|
|
| r
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Zhang, Nature Comm. (2014)



m Lessons learned

1. You can assign a time-dependence to a parameter, but be careful to which one.

2. Just because there is scattering, that does not mean there is dynamics.

After excitation
kF
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Although there is a linewidth (relative time), there may not be
dynamics in average time

Electron-phonon

A(kw,t0 = +358.00)

wth]
o o
(

05 |
3 2 1 0 1 2 3
l")(
' "Field -
L L | R Y T ———
0 50 100 150 200 250 300 350 400 450 500

t0

Impurity

A(kw,t0 = +368.00)

05 |
e
= 0
z
05 |
3 2 1 0 1 2 3
Ky
' "Field -
5 ; ; AL ; 5 -
0 50 100 150 200 250 300 350 400 450 500

t0

arXiv:1708.05725



m Lessons learned

1. You can assign a time-dependence to a parameter, but be careful to which
one.

2. Just because there is scattering, that does not mean there is dynamics.

3. Because the dynamics are determined by a balance in rates, sub-
interactions can switch on and off

AfkWw10 = +368.00)

After excitation

AAAAA
ALY

kF 0 50 100 150 200 250 300 350 400 450 500



m All interactions are not equal
a) % b) c) i
/ 0\
/ \
/ \ <0000

week ending

PRL 114, 247001 (2015) PHYSICAL REVIEW LETTERS 19 JUNE 2015

Inequivalence of Single-Particle and Population Lifetimes in a Cuprate Superconductor

S.-L. Yang,l’2 J.A. Sobota,l’3 D. Leuenberger,l’% Y. He,]’2 M. Hashimoto,4 D.H. Lu,4 H. Eisaki,5
P.S. Kirchmann,l’* and Z.-X. Shen"*'

nrrpguriey - LICLLTVUIIpIiviiuti LIC LlLiIVIITTiIcCcu LI vili

For equilibrium measurements (e.g. line width), these
processes are equivalent.

Mathiessen’s rule: For weak interactions, scattering rates add.

1 1 1 1
T Te—imp Te—ph Te—e

For population dynamics, this is not true.



m All interactions are not equal

dny (tave o0 , > .
nk( ) :/ dw?ZImZR (taveyw)Glf(taveaw> _/ dszImGl?(tavevw)z'< (taVe’w)

dtave o imp o imp
+ / deiImthonon (tave, w) Gy (taye, w) — / dw2iImGE (tave, w)E;honon (tave, w)

el—el el—el
—00 —00

—I—/ dw2iIm> e (tave,w)Glf(tave,w)—/ dw2iImG§(tave,w)Z< (tave, w)

Individual subsets can (and do) cancel out, leading to effective
disappearance of the interaction in dynamics.

Zimp X Gk



Equilibrium: quasiparticle
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Non-equilibrium: population
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The rate of relaxation is not
precisely the self-energy.



dtave

m All interactions are not equal

dnk (tave)

:/ deiImZﬁnp(tave,w)Glf(tave,w)—/ dw2iImG§(tave,w)mep(tave,w)
—I—/ dw2iImthonon(tave,w)Glf(tave,w) —/ deiIme(taVG,w)E;honon(tave,w)
—I—/ dw2ilmEE (tave, w) G (tave, W) —/ deiImGﬁ(tave,w)Zjl_el(tave,w)

Individual subsets can (and do) cancel out, leading to effective
disappearance of the interaction in dynamics.

»S o= foIlmZE
G = fulmGy_,
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Combining electron-electron and electron-phonon scattering
Nature Communications 7, 13761 (2016)

0.20

0.05

0.00
0

T T T T T

2
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A—A U? =0.022 > U? =0.087 |]

Step in lifetimes
remains visible

Competition
between e-p and e-
e scattering

QP Energy E [Q]

Matthiessen’s rule, “Scattering rates add for small interaction

strength” does not hold here.



m Lessons learned

1. You can assign a time-dependence to a parameter, but be careful to which

one.

2. Just because there is scattering, that does not mean there is dynamics.

3. Because the dynamics are determined by a balance in rates, sub-
interactions can switch on and off

AfkWw10 = +368.00)

After excitation

AAAAA
ALY
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Qutline 1 i

* Photoemission from excitons and coherences 0 M~
— Seeing excitons with time-resolved ARPES ‘ ?
— Exciton interference T
— Photoemission from coherences inside solids Phys. Rev. B 97, 235310 (2018)
Phys. Rev. B 99, 125303 (2019)
arXiv:2005.08978
* Theoretical perspective on non-equilibrium spectroscopy N
— Correlation functions — What do we measure?

-2 -1 0 il 2 3

— Non-equilibrium correlation functions — What's different?

Field ——

— Non-equilibrium many-body theory e e e e

— Lessons learned

PRX 10.1103/PhysRevX.8.041009
J. Elec. Spec. Rel. Phenom. 251, 147104 (2021)



