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2D spectrum:

Signal (t, t) — Fourier transform

-
T >|~u —

excited state

ground state

Coherent superposition

| 2D spectroscopy

ks=-ka+ks+kc

Rephasing spectrum:
conjugate pulse arrives 1st

Nonrephasing spectrum:
conjugate pulse arrives 2nd
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Techniques developed decades ago for nuclear
magnetic resonance and now adapted for the
IR, visible, and UV regions of the spectrum

are enabling new insights into chemical
kinetics and solid-state physics.

44 July 2013 Physics Today www.physicstoday.org
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The Nonlinear Response
Functions;classical light

P(r,t) = PW(r t)+ PP (r,t) + PP (r.t) + ...

Nonlinear polarization P™(r,t) = ((V|p"™ (1)) = Tr[Vp"(t)]
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2D Correlation Plots
Double Fourier transform

S, (Q,t,,Q,) = f dt, j: dt et g (t t,,t,)
Sui (41, ©2,,Q5) = [ dt; | dt,e" ™S (g, 1)

*Useful for displaying structural and dynamical information
Ultrafast (50 fs) time resolution

*Probe intra- and intermolecular interactions

Spreading transitions in multiple dimensions

Lineshapes reveal environmental fluctuations



Cross Peaks in Coupled

Chromophores
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2D spectra of coupled vibrations
Lineshapes reveal correlated fluctuations
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Density Matrix

dp]k
- _'N"r
— jk.mnPmn
Ejk,mn — Hjm5kn — Hkn5jm
N-component state vector N2-comp0nent state vector
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Quantum pathways correspond to n field-matter interactions with m+1 interactions

from left and n-m interactions from right

2" Ladder Diagrams

- J:.n+1 _____________ o }n_m
Interactions WW interactions
L g

* Move forward in time

« Density matrix ~N? space

« Can eliminate bath (reduced description)

« Keep track of complete time ordering (more
terms)

S (t) = Te[Vp(t)]  SM(t) = (¥(t)[V|®(t))

n+1 Loop Diagrams

m+1 — - N-m

— —

g g

Move forward and backward in time
Wave function ~N space

Must include all degrees of freedom
Partial time ordering (fewer terms)
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Ladder Diagram Rules

1. The diagrams represent all possible interaction configurations k!”gl
2. Time propagates from bottom — up. K
3. Wave-vectors pointing right mark +K, left - k f
4. Wave-vectors, pointing into diagram: absorption 3
5. Wave-vectors, pointing out of _dlagram. emission emission €***
6. Intervals between interactions: t,,t,,{,
7. The state of the density matrix at any time is t, 3

given by labels on vertical bars. B ”‘kw
8. The initial and final states must be populations. &‘X:"" ,%)
9. The response function is a product of density matrix R

propagations in each interval. R [, :'
10. The amplitude of the pathway is an ordered R v :’

product of transition dipoles for ‘.’ """"" &

each interaction. B s g
11. Odd number of interactions on the right propagation b ap

“brings” “-” overall sign. K a §Orptlon :

R s “‘absorptlon
i\’ > a4
Ri (t3’t21t1) — % H(tl)qg’z)‘g(ts)z luge’tueg lue'g luge
” ee

X exp(_iwgetl _ ia)e’etZ _ ia)e’gtS o 7get1 - ye’etZ o 7/e’gt3)
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Multidimensional Spectroscopy

Transitions Spins Rotational Vibrational Valence Electron Core Electron
Radiation Type Radio Microwave IR Visible uv X-Ray Gamma
< : : : : : —
T

Frequency (Hz) 106 10° 1012 10%° 10%8

Radio NMR, atomistic structure, slow (millisecond) dynamics

Microwave Rotational structure of molecules

Infrared Protein structure and folding, picosecond kinetics, hydrogen bonding

THz spectroscopy: Low frequency motion in liquids, intersuband transitions
in semiconductors

Visible Charge and energy transfer in photosynthetic complexes, solvation
dynamics, femtosecond relaxation, quantum wells and dots

uv Protein structure through backbone (FUV) and aromatic side chain (NUV)
transitions, base stacking and photophysics in nucleic acids, DNA

X-Ray Attosecond dynamics of core and valence electrons, atomistic structure

Gamma ray Nuclear structure
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1) = /dwa/dwap(wa + wp — w1 — wg)sinc(Ak(w;’ wb)L) a' (wq)a' (wy)]0)

A pump photon is down-converted into two entangled photons
in a birefingent crystal, and the photon pair is then directed onto the sample.
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)scopy with quantum light
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on absroption of quantum light
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Nonllnear Optical Signals

The third order nonlinear optical signals are governed by a
four-point correlation function of the electric field

(ET(t)ET(11)E(12)E(13))

Classical laser light: Entangled photons:
= E*(t)E* (1) E(12)E(13) = (Y|ET(t)Et(11)[0)
gives the classical response function (0| E(72)E(2)[%)

Stochastic light:
= (ET(t)E(r2))(E" (1) E(T3))

+(ET(t)E(13))(EY(11)E(T2))
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e Entangled light (parametric down conversion - PDC)

w1

Twin photon state

oo 2T 2T

Tdwydwy - o el il
[v) = / S22 0(wy,wy)al af |0y @ S g

Two-photon amplitude L
O (wy, w2) = Ap(wr + we)sinc {wl — Y Th. + - s Tge] ot g PTieti =25 P Tae + (T < The)

2

T,. time delays acquired by beams during propagation through the nonlinear crystal
Ay(w) = Ap/[w — 2w, +i0,] Classical pump envelope
(BN (wa) BN (w, + wp — wa) E(wy) E(w,)) = @ (we + wip — wa, wa) P (wWa, wp)

w; , W, broad band and w;+w,=w, narrowband
Frequency arguments of different modes are mixed



oton absorption of entangled light

(a) (b) v’ B (Soret) band
R e &, (25.00)
O-é,) _ S Z-=- 2'B,B, 2'A,B, (22.12) B
'—-E v’ (O Q band ‘e
< 5| ?CT:;..Q,(ITIS) 39
> === (IR0 (14.88) Q ®
P~=_O "'g \? ) —[_t—A'—' Pump energy (12.50) © E
é,; v - = AT & , (Virtual state) 8 (o)
3 H—
O N s sE |
T (IR &, (Ground state) é 0.2- A (093fs
(@]
: : S ' o 48.96fs
Internuclear distance (A ) 0.0 . = 100 fs
0.0 0.2 04 06 08 1.0
D. Lee and T. Goodson 11l (2006); Net input photon rate (x10°7cps)

* Photons come in pairs generated simultaneously

* At low intensity the photon pairs are temporally well separated, and the absorption
induced by light beam composed by two photons of the same pair (entangled).

* At higher intensities it becomes statistically more plausible for the two photons to come
from different pairs, which are not entangled, and the classical quadratic scaling is
recovered.

B.E.A. Saleh, A.F. Abouraddy, A.V. Sergienko, and M.C. Teich (2000);
B. Dayan, A. Pe’er, A.A. Friesem, Y. Silberberg (2005);
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Nonlinear Optical Signals

2

<O|E(w,)E(W) |77b> X 6_(w_wl_5w)2T2 e—(w—l—w'—wl —w2)? /o

A.B. U'Ren, K. Banaszek and |.A. Walmsley, Quantum Info. Comput.
(2003)

o< /T <O

\

9000 11 000 13 000 15 000 32 000 724 000 26 000
Signal-/Idler-spectrum wy /o Pump frequency w,

Bandwidth of the individual beams may be very broad

— given by the “entanglement time™ T

The sum of frequencies of an entangled pair is given by the width
of the pump pulse, and may be a lot smaller than the bandwidth of the beams.
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elation function of entangled photons

The two photon frequencies
are strongly anti-correlated:

12000}

(O|E(w")E(w)|y)

—(w—w'—w)*T?

11000 X €
w2 ’ 2, 2
—(wHw —wi1—wso o
o )%/
10500+
10000k L L L L
10000 10500 11000 11500 12000

Wi



The two photon frequencies
are strongly anti-correlated:

the individual beams are very
broadband,

Ik blh At Arrraa AF A AL

120000

11500

11000+
w2

10500

10000t

(0| E(w')E(w)[4)
x e—(w—w’—dw)2T2

> 6—(w—|—w'—w1—w2)2/02

10000

10500 11000 11500 1200
w1



20000

77000

22000
w1 -+ wo

73000

24000

12000} g

11500 [

11000} [

w2

10500 [

10000k

10000

10500

11000
w1

11500

12000

The two photon frequencies
are strongly anti-correlated:

the individual beams have a
broad bandwidth,

but the sum of their
frequencies is sharply
defined.

(O] E(w) E(w)[y)

x e—(w—w’—dw)2T2

> 6—(w—|—w'—w1—w2)2/02



Manipulating two- exciton states In
Photosynthetic complexes with
entangled light



oton absorption with Quantum light

The crossover can be investigated in a simple three-level system. Again, we
calculate the population in the doubly-excited state:

WMWM\WW»
)

19)

577N

T pr(BT) = (TBs () exp | —+ [arHy(m)] )
f I [ h/ ]
e By (t) = | F()){(f(#)]
wwmwvw-
Hiny(t) = E(H)VT(t) + h.c
(9]

To leading order, it is given by the unrestricted loop diagram:

pr(t:T) = (——) /d7'4/d7'3/d7'2/d7‘1 TB(6)V (r0)V (ra)V (72)V T (1))

X(TE"(14) E'(73)E(r2) E(11))



#agne™\ UNIVERSITY of CALIFORNIA * IRVINE

p-probe signal with quantum fields

Third-order frequency-dispersed pump-probe signals are given by the
third-order polarization of the matter induced by quantum light

2
S ) = =S(ET(w)P®)
rra(@,T) h )P () 9y "\l
2. €’
S1(w, ') = ﬁ\s/dwa/dwb <
S

< {(VG(w)VG(wa + wp)VIG(wa)VT) — “““W“W"““”’"g

( x (BN (w)ET(w, 4+ wp — W)E(Wb)E(Wa)ﬂ 4 9)
Sl = 29 [ty [ 1 &y

: 1f) <

< (VG (wa + wp — w)VG(wa + wp)VIG(wa)VT) T

€)

{ x { BT (w)E" (wq + wp — w)E(wb)E(wa)ﬂ -
9) (9]

Third-order spectra depend on the four-point correlation function
We can expect to see an influence of entanglement on nonlinear signals!




~ Application to the Bacterial
Reaction Centers

4 Ht Cytochrom ¢ hv
4 H* | _
Periplasma
— 1 A _ - . &
T O RA0000 L S
\1< ;( % «(‘i ‘ g < é H ‘ ’ g H\}
IR
‘ Q
éﬂ C ‘ﬁﬁgH fQB ﬁ % Qa
;; Cytoplasma
2Ht
X-ray structures: ADP+Pi | ATP
Deisenhofer/Michel
Science 1989 transformation of light energy to chemical energy on a femtosecond to
Deisenhofer/Epp J. Mol.  picosecond timescale
Biol.1995

Roszak Science 2003 photon converson efficiency: > 95 %

2D-spectroscopy: resolve co-factor specific energy relaxation and
charge separation
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Electron Transter: Population Dynamics

RC model
(transfer rates in exciton basis)

as .~ stepwise Electron
—=Ex1 (RP2)| | transfer:
- = =Ex2 (RP1) | _ 3 3
2l P--> BCI.->BP_
==Ex4{RP1)| | ., ... :
— x5 (P) initial charge separation:
Ex6 | 3ps

= Ex7

Ex8

secondary ET: sub-ps

transiently populated
RP1 (18 %)

0 2000 4000 6000 8000 10000
Exp: time / fs

Holzapfel et al. PNAS, 87, 5168 (1990)
initial state: special pair P-



A

S s

-

© " Tfo000 T 12000 " 14000
Absorption spectrum / cm™!
Power spectra of down-converted photons (red and , dashed)

In comparison to the absorption spectrum of the bacterial reaction center (blue)
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of exciton transport in the bacterial reaction
center

: ——14 OOT OOT OOT OOT T =)V )V (T
pr(t;T) = ( h) /_izl/_i:%/_iz/_il <TBf(t)V( 1)V (m3) V' (12)V( 1)>
><<TET(T4)ET(Tg)E(TQ)E(T]_)>

To describe coupling to an environment, we need break consider three
ladder-diagrams (and its complex conjugates):

1 f) (f] 1f) (f] f) (f]
,,,,, T4<:7M‘mwwmwwvvw Ty [
TS@WMWWWWMM 73 (€'] e) 73 (€|
T le) T2 ‘ To <
le)
R ] 71 R
( (
9) () gl 9) (i) (g] |9) (i) gl

The three diagrams are accompanied by their mirror images, where we
exchange left-/right-interactions. These are the complex conjugates, and we
can simply evaluate the real value of the three diagrams.



lon to the bacterial reaction center

Single-exciton transport is modeled by a secular Redfield equation:

d

EQee’ (t) — (_iwee’ — ’Yee’)Qee’ (t) e 7é e

Qee Z Wee' Oe’ e’

where the W-superoperator describes population transport.

d |
£fo'(t) = (—iwyppr —vrp)ogp (t)
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pulation transport in the reaction center

fo3

J q /y I v ' 0.8 f
1 0.6
A ﬁ ‘ o f11
21000 ¥ ;0.2
d 0.0
22000
23000
Wy, 24000
25000
60

26000

~100 fs . ——— €g
€5 =
»
0.4
» J23
21000 0.0
22000

w T

wp 24000

25000 -
60

26000

The entanglement time T 9
By tuning T, we can control

represents an upper bound
on the time the system spends _
ifold. population transport and thus influence
two-exciton distributions.

in the single-exciton manifold



fll f23

60

T at

20+

1 ! 1 1 1 1
21000 22000 23000 24000 25000 26000 21600

1 1 = 1 1
22000 23000 w 24000 25000 26000

Wy p
With increasing entanglement time, population transport in

the single-exciton manifold opens new excitation

pathways e.g., new resonances of state f;; appear, while
other states such as f,; decrease.



lation transport in the reaction center

0.6f

, & 04t

0.0F

f15 ' 20 40 60 80 T00
T (fs)

J0.4 1.0f

> 0.8t
22000 -

23000 .
24000 -
25000 .

26000

o 0.6}
40

g 0.4f

plwr)

0.2¢

Oscillations in the populations
reveal excitation pathways.
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e of control a genuine entanglement effect?

*Frequency correlations are not necessarily a quantum effect
*Can classical light induce similar exciton distributions?
*If not, what is the quintessential advantage of
entanglement? p—iwit _y o—i(witat)t

Entangled photons only enter in third-order signals through their
four-point correlation function

(E'(t)EY(r1)E(72) E(73))

We can try to mimic this correlation function by classical light!



Frequency (THz)

Normalized Intensity

Gaussian pulses Chirped pulse

Time (fs) Time (fs) Time (fs)
-100 -50 0 50 100-100 -50 0 50 100-100 -50 O 50 100

425
400
375
350
325

064

044

024

0.0

-100 -50 ©0 50 100-100 -50 0O 50 100-100 -50 O 50 100
Time (fs) Time (fs) Time (fs)

D. Polli et al., Phys. Rev. A 82, 053809 (2010)

Chirped pulses:

Anti-correlated frequency ramps generate
frequency correlations between pulses

Frequency (THz)

Normalized Intensity

e—daqt N e—d(w1+11ﬂt

Wigner-functions of
two Gaussian pulses
(left), and of a
chirped pulse (right)
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' distributions of two photon states

Distribution of f-states Density matrices created by entangled
vs the pump frequency photons, chirped pulses, and stochastic
light.

,_

S0

Population priw,)
= .
= =

0.2

—
[o]

Chirped pulses contain incoherent
background stemming from
autocorrelation of classical pulses,
which cannot be suppressed in
the current setup.

jo) o)
o

=

Population pyiw,)

a.

=

Population pylw,)

light

[}
(B

227000 24 000
Pump frequency wy,

F. Schlawin,K.E. Dorfman, B. Fingerhut, and S. Mukamel, Nature Communications \textbf{4}, 1782 (2013).



Fluorescence

Entangled Chirped Stochastic
photons pulses light

26 000

24 000
T

Pump frequency w,,

22 000

i = 4 1
10 000 12 000 14000 10 000 12 000 14000 10 000 12 000 14 000
Fluorescence frequency wy

This degree of control is reflected in the fluorescence signal.
By tuning the pump frequency, we can enhance or suppress
emission from certain states.
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population transport - comparison

0.8f
J23 |
n A 0.6
0.4+
. 0.2} — —
~ 100 fs 6 | —
. ."‘\J’“\J - 4 | /
es\;‘ a [ oor =
0 100 200 300 400
- ~1
. , op (cm™")
q — Population in state f,, upon excitation by entangled photons

(red), and two laser pulses (blue) on resonance with the
g-> e and e-> f transitions vs. the pump bandwidth.
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uorescence measurements

*Exciton distributions can be revealed in fluorescence
measurements

*We present simulations of the frequency-resolved fluorescence:

Sf(ws; I') = Ee,_f ‘P‘felzpf(t; [o(ws — we — ws)
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Summary

Entangled photon pulses offer a unique degree of control on
two-exciton distributions of molecular aggregates.

The spectrum reveals the level structure of the double-exciton
manifold, whereas the stochastic or chirped classical light
cannot resolve this structure.

Controlling population transport in the single-exciton
manifold can better reveal excitation pathways in the
molecular aggregate. This advantage is most pronounced,
when the entanglement entropy is also maximal.
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erent Raman spectroscopy with
interferometric detection

Virtual
energy *.

states A

Vibrational
energy states

{ —¥ i

Infrared {lE'I gh Stokes  Anti-5tokes
absorption scattering Raman Raman

scattering scattering

* Ultrafast spectroscopic technique

* Vibrational structures with high temporal 10-fs and spectral ~10cm™ resolution

e Studies of ultrafast electronic dynamics and direct observation of nonstationary
vibrational wave-packet motion

Figure (top left) courtesy of T. Huser and D. Taylor UC Davis



" & “Stimulated Raman Signals
h Broad-and Narrowband pulses

a Time-resolved FSRS b  FSRS pulse timing e Ultrashort pU|Se 1 Initiates a
) - chemical reaction in an excited
TI l @ Actinic pulse electronic state
3 '
2 l @ Ramanpuise o Pylses 2 (narrowband) and 3
_ ATI _A, (broadband) induce a Raman
a— | / ?__AT___ © Probe pulse transition. _ _
A ' ; rme _ *The spectral resolution (Aw) is
E C  Energy-level diagram determined by the monochromator
i i into which the signal is dispersed
i el 3 ~ *The apparent time resolution (At) is
\ vy s, determined by the delay time T
D T: e between broadband pulses k, and ks
_ I
= 1 . . .
= % «Apparently there is no lower limit to
R. Mathies Annual Review of Physical Chemistry 58, 461 (2007), the prOdUCt AU)At
T. Tahara Yellow protein: The Journal of Physical Chemistry Letters 3, 2025
(2012), o I
pNA, pDNA: P. Gilch, Optics Communications 202, 209 (2002), DoeS the teChanue Oﬁ_er pe_rfeCt_
CO,: M. Dantus, Journal of Raman Spectroscopy 41, 1194 (2010), snapshots of the Changmg vibrational
Bacterial endospores: M. Scully Science 316, 265 (2007), .
Cell imaging: Sunney Xie Phys. Rev. Lett. 82, 4142 (May 1999), frequency a)ca at t|me Tr)

Multiplex CARS: J.-X. Cheng, J. Phys. Chem. B 106, 8493 (2002)
M. Muller, J. Phys. Chem. B 106, 3715 (2002)
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ncy- Resolution in broadband Raman Signals

: : B 2
i Stimulated Raman Signal: B 2 3
&3 NN
E Mtho
=1 iy icci M i
measured as probe E3 transmission M\M/\“mf
425 fs|
E

WE’Z“
WWW

275 fs
typically: . F/\/\/\’\Mzso fs
narrow lines (Ao = 10 cm!) /\/\/\/\M"ZZSf

reported with 200 fs

Stimulated Raman Intensity

6
237
1267

‘. . . . N b ©
high time resolution (AT = 25 f5) M

- ‘ : : : ~~ Rho

Q 800 1000 1200 1400 1600 1800

Raman Shift (cm™)
P Kukura et al.

Science 310, 1006 (2005)
Broadband infrared and Raman probes of excited-state vibrational molecular dynamics;
Simulation protocols based on loop diagrams.
K. E. Dorfman, B. P. Fingerhut, S. Mukamel, Phys. Chem. Chem. Phys. 15, 12348 (2013).
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oscopy & Interferometry

Biphoton spectroscopy in a strongly nondegenerate
regime of SPDC
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second Stimulated Raman Spectroscopy
assical light and frequency dispersed detection

®
P AU EX |l
gS/ t E §'t
P Es gv o
Frequency dispersed detection of 14 gi &, S
Classical probe pulse Eq S E,
a) (al [« (o
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T1 a ot
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tanding the Raman spectra

RAPID COMMUNICATIONS

PHYSICAL REVIEW A 88, 011801(R) (2013)

Loss and gain signals in broadband stimulated-Raman spectra: Theoretical analysis

Upendra Harbola and Siva Umapathy
Inorganic and Physical Chemisiry, Indian Institute of Sciences, Bangalore, Karnataka 560012, India

Shaul Mukamel

Department of Chemistry, University of California, Irvine, California 92697-2025, USA
b N
Picosecond narrow-band
; pump (wp)
€ »
A -
e Z Raman Gain (@;) | Raman Loss (@g)
A 2
=] Femtosecond
broad-band pulse
Wp| Wi Wp| Wy d
g r
Y >
g @

Classification (Total 8 signals):

« Gain (peak) or loss (dip)
* Red- or blue- relative to narrow pump
« Stokes or Antistokes (if excited state Raman)
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. Femtosecond Stimulated Raman Spectroscopy
(IFSRS) with entangled photons
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tric Femtosecond Stimulated Raman Spectroscopy
(IFSRS) with entangled photons

Benefits of using interferometric detection:
In a noninterferometric measurement the
temporal and spectral resolution are
controlled by the probe pulse envelope

Interferometric measurement allow to detect
conjugate variables in two different detectors
such that e.g. time gating of the first photon

- completely determine the time of arrival of

the second photon and the frequency gating

of the second photon determines the frequency
of the first photon.

Time time correlation between photons

is controlled by entanglement time (crystal
length) frequency correlations are controlled
by the bandwidth of the classical pump that
creates a pair of entangled photons.
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S with entangled light

S
=
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A 7

S
o
SN

- \/L Narrow frequency s
filter s
E, la) (al la) (al la) (al la) (g
R\ K\ TW\ £ :

T “ T ¢ T . - W\g;
r 5@”% <g|v 5"%@ <9|V a '7A|g> (g] Ea ’ﬂm (l
(2,1) (0,1) (1,1) (1,1)
Classification by number of photons detected (N,,N,)

(Ns)1) (~ ; — B
SIFSRS (U‘J&l? vy Wsn oy Wiy Fe,) —

N o
(TEH @) En(@y) [ EH@s;) Es(@,, )6 I7o0 H- (i)
i=1

Interferometric detection. The detection window is multipoint correlation function of th
averaged over the guantum state of light
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S with entangled light (0,1)

Frequency gated detection of photon in detector r
No detection of the photon in detector s
which opens at sharp ¢

Four point correlation function of the matter is windowed by
The four-point correlation function of the entangled field

(0.1)

SOt @,;T) = / dt / dt’ / dry / dr2€p(t)Ex (t)Ea (1) E (T2)

x (TEIE(0,) B (@ WTV ()t )Oé(t)VT(Tl)>
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S with entangled light (2,1)

Frequency gated detection of photon in detector r
Two photons are detected at detector s _
which opens at sharp tsl and t.sQ where tsl < tSQ

Four point correlation function of the matter is windowed by
(2’1) The eight-point correlation function of the entangled field

SV, Fay @i T) = o / di / at / . / Arap(DE (1) Ea(T) X (72)

X <TES(t/)ET(7?81)ET(t (WS)E (@r) Es(tsy) Es(ts,) ET( )TV (r2)a(t ) (t)VT(Tl»



with entangled light (1,1)

Frequency gated detection of photon in detector r
One photons is detected at detector s
which opens at sharp Ts

(1 1) Four point correlation function of the matter is windowed by
The six-point correlation function of the entangled field

S(l’l)(fs,wr;T)——— dt/ dt/ dﬁ/ dr2€, () EX (t)Ea(T1)E L (T2)
<TE*( ) EN@s) Er (@) Es (L) EI(t"NTV (ra)a(t)a(t )V (1))



with entangled light (1,1)

Frequency gated detection of photon in detector r
E, & One photons is detected at detector s
which opens at sharp Ts

~ e Four point correlation function of the matter is windowed by
The six-point correlation function of the entangled field
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Two-photon state
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Schmidt decomposition

Z n,?rJn Wy (Dn(w )

Many terms in expansion
corresponds to inseparable

Entangled twin photon state
provides higher spectral
resolution



SRS for time evolving vibration

Slow dynamics and long dephasing

A ______A_ e

q\

Separate measurement of
blue- and red- parts of the spectra

Absorption FSRS
—w+ —W_
12/ _
T - 10} |
g g ! ] 1.0
o W+t % 0.8 :
o0 O i
T ” Zos i | 0.5
e & 04 oo
02/l
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Fast dynamics and short dephasing

A ______A_ e

q\

Entangled light provides
High spectral resolution

Absorption FSRS
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Correlated Entangled

Uncorrelated

ORNIA * IRVINE

IFSRS (1,1) IFSRS (2,1)
—W4 —wW- W— Wy

2500 0 500 2500 500

Wi—twp, em! W—wp, Cm

~500 0 500 72500 0 500

Wi—Wp, em™! Wi—wp, CM

Role of entanglement

General two-photon state
) = |0) + / | dwdw, ®(ws, wy)al, al, |0)
Entangled twin photon state
2
B (ws, wr) = Eo(ws +wr) D

iAj=1
x sine (weT} /2 + wyoT)/2) ehstTe/2tiwnTs/2
(high spectral and temporal resolution)

Correlated separable (disentangled) state

Peor — ffﬁoo dw.sdw-rlq) (ws: wr)|2|]w3: 1 u.r.p> (]-wse 1 wpl
(high spectral, low temporal resolution)

Uncorrelated separable state

(Duncor(ws;wr) — (I)S(ws)q)’r(wfr)

(Low spectral resolution as in classical FSRS)
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Summary

Bath dynamics can be investigated and controlled by using
entangled light

Elaborate time-and-frequency gated detection allow to
preserve quantum interference in the presence of the bath

Raman resonances in femtosecond stimulated Raman
spectroscopy (FSRS) can be studied and manipulated by using
interferometric detection of a pair of entangled photons, one
(signal) interacts with the molecule and acts as the
broadband probe and the detection of other (idler) provides
a nondestructive measurement of the probe.

Raman gain and loss signals can be detected separately,
which is not possible with classical light.

The resolution of Raman resonances can be improved
reducing bath induced broadening



Broadband Raman X ray probes
of nonadiabatic dynamics

Shaul Mukamel, Konstantin E. Dorfman,
Benjamin P. Fingerhut



X-ray Free Electron Lasers

-[+]-T+]-T+]-1+]-

/) 2023 nm B Stanford LCLS
« P. Luchini and H. Motz. Undulators and Free- | X-ray Free Electron
electron Lasers(Oxford University Press, USA, ' 5.37 E1: - Laser
1990)

* Nat. Phot., 4(12):802—-803, December 2010
*P. Emma, et. al. Nat. Phot. 4, 641 (2010)

https://slacportal.slac.stanford.edu/sites/Icls_public
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Nature Comm. 3:1100 (2012) DOI:
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10.1038/ncomms2108 http://flash.desy.de/sites2009/site_vuvfel/content/e395/e2188/FLASH-Broschrefrs_web.pdf



High-Harmonic Generation Sources

25 nm 12.5 nm 7.5 nm
B \ . : *Spectral distribution of HHG
T Propagation ) (inset: spatial intensity profile)
- — =z *F. Krausz and M. Ivanov.
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Conical intersections (Colr \_

/N

A fundamental concept for chemical reaction dynamics tnat
controls the rates and yields of photochemical processes

b
H-ﬁ

Points where the molecule reaches a geometry for which potential
energy surfaces of different electronic states come close in energy
and may even become degenerate.

Born-Oppenheimer approximation breaks down.
The electronic and nuclear motions are strongly coupled

Direct characterization of Colns is essential to the understanding of
ultrafast photo-induced chemical reactions.

Direct detection of this ultrafast event is still lacking, only indirect
circumstantial evidence exists.

Review books: Domcke, W., Yarkony, D. R., and Koppel, H., editors.
Conical Intersections: Electronic Structure, Dynamics & Spectroscopy. World scientific (2004).
Conical Intersections: Theory, Computation and Experiment. World scientific (2011)



sections (Colns)

Responsible for fast, radiationless decay
Very common in polyatomic molecules
Important in bio-molecules
Protects DNA from UV-damage
Not directly probed

Inferred from fast rates

E [eV]
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sections

Requires 3 atoms or more
Point of degeneracy
Branching space, 2 vib. DOF:

gradient difference vector (g)

non-adiabatic coupling vector (h)’]

N-2 dim. seam space

E [eV]

1.4




pic Signatures of Colns

Conventional Methods are based on Populatiom dynamics
Infrared/Optical pulses

Change of vibrational Frequencies

Transient Absorption

Challenge: rapidly decreasing energy gap

— huge bandwidth needed

Solution X-ray pulses (FEL, HHG sources)



Catching Conical Intersections in the Act

Monitoring Transient Electronic Coherences by Attosecond X-Ray Raman
Signals

M. KOWALEWSKI,'K. BENNETT, K, E. DORFMAN, S.
MUKAMEL, PHYS. REV, LETT. 115, 19003 (2015)
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Transient Redistribution of Ultrafast Electronic
Coherences in Attosecond Raman Signals
e — attoseconds, several eV bandwidth

- sensitive to coherences, background free

preparation
Ep




al Intersection in the Act

Coherent Signatures of Conical Intersections in Ultrafast
X-Ray Spectroscopy

Markus Kowalewski, Kochise Bennett, Konstantin Dorfman,

Shaul Mukamel

TRUECar

Know the Real Price™
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« A preparation process (gray
box) leaves the system in a
nonstationary state.

« A hybrid pulse with
broadband () and
narrowband () components
probes the dynamics.

* The frequency-dispersed
transmission of the
broadband component is
plotted versus the delay time

preparation &

. 5
3y
0 T tne
Lo




Vs SXRS

 TRUECARS is linear (left) and provides background-free
measurement of electronic coherence. TCRR depends on
relative phase and requires phase-control to observe.

* SRS is quadratic (right) and contains contributions due to
populations. The field phases come in pairs and cancel.

) 55;/\ Sé‘p
PRI = | =

&1 - }gft, t;fﬂw’

z Er

19) (gl 19) (g el




y — Similar to CARS (Half CARS)

* CARS (right): Electronic coherence generated with a pair of
pulses and probed with a second pair after a fixed delay.
 TRUECARS (left): A nonstationary state is prepared and
electronic coherence is generated internally through the
propagation
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* |[nitial state preparation followed by delay and probe with hybrid
broadband (as) narrowband (fs) pulse

* Coherences created by laser pulse or system coupling (Coln)

* Frequency-dispersed photon number change of broadband pulse is
detected

e Signal is off-resonant and Linear in probe

* Energy splitting appears as Raman shift between observed and central

pulse frequencies



ormalism

400

‘Jg : b S@.T)=23 / dt “0-T)E (WVE, (t — T)
& -

T x (Y (t)|afy(t))




ignal

+00
e, T) =75 / dt e =D EX (W) (t — T)

—00

x (Y (H)|aly(t))

Signal depends on x-ray polarizability, electronic coherences:

—Tra(p) = [ {P1) (i)
pe = Trn(p) (<OQ|O1> <c>2|02>)

SR o1(1) 01 o1(t) | |
a(t) = {(v(t)|alw(t)) = = 2R P1(t)| Palt
(t) = (L(t)|a]v(t)) <(02(f))| (1 0) |(@2(f))> {D1(t)| (1))



Model resembles wave packet passing through Coln/avoided

crossing:
45 45 : 4.5
il :l inital state preapared | al
I by optical pulse
i

coherence created by NAC - - coherence created by NAC -

A E between states

0
reactive coordinate

reactive coordinate

reactive coordinate
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e| System - Hamiltonian

Model Hamiltonian in diabatic represntation

H:—]li ii+ (Hl(ff) H12($))
1z Hys(z) Ho(z)

Harmonic model Time stepping (Short Iterative

Hy = l[}.01 (x — 0.2)2 Lanczos)
% PY(x,t+ At) = exp (—tHAL) ¢(x, 1)
Hy = 50.01 (x +0.2)°

Gaussian coupling resembles avoided

crossing
His = 0.01 exp (_1.2)



Raman shift [eV]

Spectrum resembles the time-dependent splitting

o AE field [eV]
o

o B n

©
()

s 1o

N -\m»r

20 1
probe delay T [fs]
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40
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S(w,T)



amics of molecules in optical cavities

Markus Kowalewski, Kochise Bennett, and Shaul Mukamel

lg,0)
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ities;Exploiting the quantum vacuum Field

Quantum Field Modifications of Photochemistry and Spectroscopy

Markus Kowalewski, Kochise Bennett, Prasoon Saurabh,

Shaul Mukamel

lg,0)
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e Enhancement of stim. Emssion
e Purcell effect

 Cavity QED: Well studied for atoms

° H : Y. =. Atomic spontaneous decay K = cavity decay rate
CO u p I | ng tO Vacu um fl € I d g = Single photon Rabi frequency / 2

.

8 = Ecleg/2N  Ec= Ve~ O\Ph:mn//a’rom
o

e Quantum nature of the field

E. M. Purcell, Phys. Rev. 69, 674 (1946) ————
H. J. Kimble, Phys. Scripta T76, 127 (1998) I: j
S. Haroche, Rev. Mod. Phys. 85, 1083 (2013)
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Extend JC-model to molecules
Single molecule model

Formalism for non-adiabatic quantum dynamics

- +. 1)
Study modification of photochemistry ~ —e—-—-"" 29v/2
e, 1), [g,2) -, 1)
wC
,,,,, +,0)
——— T _ ‘29
T |—, 0)
e, 0), [g,1)
We
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ummings Model

Hy = ;—iwo ( oo — O‘O‘T)
e Jaynes-Cummings Hamiltonian 2

H hw 1
 Quantized Radiation Field € e 2
Hi= hg (a‘La + ac )

—_— |+a }
Solutions: dressed states T ""::-..______ ‘29\/?
|€a 1>a |g:2> T |7’1>
h 1 h y
E:I:,n . 5(.«{.)0 + hwc (nc + 5) :I: §Qn ¢
,,,,,, |+, 0)
(2, effective Rabi-frequency T T ———e_ ‘29 .0

g = ccpu/h: cavity coupling

”_\/4g nc —|—(52
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> Rotating Wave Approximation

Full Hamiltonian:

A h
H,.=H +H.+H = %(2&*& — 1) + hweata + hg(at + a)(6t + &)
M
v, = Z Cg,ne |9 n-c:) + Cez,nc‘ea 77-’(3)
n=>0
* Block Structure
[ No (ao)
® RWA conserves [ - .................... ...................................
excitation number ( Ny ) .
N E ﬁc_{_a-Jfé- TT .................... ...................... ............
* Blocks mix due to (a‘ o ) ( Ny )

Counter-rotating terms \

slal Ga
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beyond the RWA - Formalism

Three approaches:

* Diagonalization via Fock states
* Natural basis within RWA; facilitates analogy
* Too many states needed at ultrastrong coupling
* Diagonalization via photon-added coherent states
e (Can handle ultrastrong coupling with much fewer states
* Requires large number of states at low coupling strengths
* Discretize Cavity mode in real space
* Elegent solution to obtain dynamical quantities and observables
* Potential surfaces and NACs are never calculated so can’t use this

picture to interpret
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Dynamics at Avoided Crossings

.............

Cavity coupling beyond the rotating wave approximation

Ultra-strong coupling regime

Manipulate wave packet branching at avoided crossings/Colns

\ ionicNa * +1°

covalent Na + |

Extended Formalism required
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E [eV]

Couple cavity to covalent

and ionic state.

Modify branching ration

yooning in Sodium lodide

<

ionicNa = +1°

covalent Na + |

<+ 6 8 10 12

B 6 8 10 12

q[A]
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40| : .
Tonic: Na'+ I ——
sk Yo -
e
o> 30 Covalent: Na+ ] 7
o et
- 25F —
22 ]
5 2or 1 5
LT‘:J [75]
15 -
=
o Nal* —& [Na-- [ —sNa+I+E
[} 10 - -
©
A st h
| } L | | : | | | 1 : ]
s Rx=693 A 10 5
Internuclear Separation (A) ()
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1.0

0.8

0.6

04

0.2

0.0

-0.2

Time Delay (ps)

T. S. Rose, M. J. Rosker, and A. H. Zewail, J. Chem. Phys. 91, 7415 (1989)
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lide — Dressed Potential Surfaces

8
e S
e 6 e e I el
— — 2 /] E N
T il AR T o

—————— N ——

/ F AL T

/f/ / 2 /:;5 /

L/ /’/ 5 L/

2 - ] 6 8 TR P I VR 1 o 4 6 8 o 1z 1 8"

Positive (red) and negative (black) parity dressed states for gmax=200 and 600meV
Vertical lines are at n-photon resonances (n=1...5 from right to left)
Induced NAC spikes at n=odd (same-parity avoided crossings)
Ultrastrong coupling opens up a dip at the original avoided crossing
* Can act as a barrier/trap to wavepackets

* All states connected in this region via transformed NACs
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Population dynamics for different coupling strengths

a)
1 . . . . .

: l__/—\f'—/v
"5 0.5 1 i No Cavity
O
o 0 . L i . .

0 0.5 1 15 2 25 3
b) |
=
ke
8 o5 | | 0.05, 0.13 w,
o
O
D— 0 i i ] ] i

0 0.5 1 15 2 25 3
c) 1
=
b2,
= 05 0.19, 0.25, 0.38 w,
g

O i i i
0 0.5 1 15 2 2.5 3
t [ps]

M. Kowalewski, K. Bennett, S. Mukamel, J. Phys. Chem. Lett. 7, 2050 (2016)
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l

Branching

Photon number

0 0.1 0.2 0.3 0.4
glwl
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Strong coupling of single molecules

Formalism for nonadiabatic quantum dynamics in cavities
Quantities easily available from Quantum Chemistry
Photochemical modifications possible

New kind of light induced conical intersections (PhColn)

Explore collective effects: scaling

jonicNa * +1°

covalent Na + |

-40

) 0 0.05
0.05 At




Multidimensional Spectroscopy
of Trapped lons

F. Schlawin, M. Gessner, H. Haffner, S. Mukamel, and A. Buchleitner

Freiburg, October 9, 2014
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Trapped ion crystals

@ O000O0O0 Q0 O

: _ —
Goal: Develop scalable and flexible method to
probe its nonequilibrium physics!

[Image: R. Blatt and D. Wineland, Nature 453, 1008 (2008)]



Nonlinear measurement protocols

Probe system with a sequence of short pulses, scan time delays

Ingredients:
*Local phonon excitation
*Fluorescence readout

*Phase cycling: Pathway selection by control of laser phases




Local phonons in an ion chain

M. Gessner et al.,
New J. Phys. 16,

092001 (2014)
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Local phonons in an ion chain

S e T O O O O O

to ’é
a ? M. Gessner et al.,
e <ot New J. Phys. 16,

Local dephasing: L; = \ﬁﬁzﬁi 092001 (2014)
a | Coherent transport
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Spectral diffusion in qguantum emitters
measured by photon correlations

Shaul Mukamel and Konstantin E. Dorfman,
University of California, Irvine



6.

7.

coincidence counting (PCC)

Rg‘*(rr,rs):‘ dtS‘ dtr<5§ff”(tr)5$f”(ts)EEff)(ts)ngf)(tr)>

A pair of photons is generated by two remote two-level
chromophores a and b.

. The photons enter a 50:50 beam splitter and are finally

registered by time-and-frequency gated detectors s and r.

. Possible outcomes:

two photons registered in detector s (2,0)
two photons registered in detector r (0,2)
coincidence: one photon is detected in each (1,1).

. For classical particles PCC=1/2

. Indistinguishable photons —we only see (2,0) and (0,2),

the PCC vanishes (Hong-Our-Mandel dip).
The PCC rate is 1 for distinguishable photons, O - indistinguishable.

PCC rate less than %2 indicates that photons are indistinguishable.

Spectral diffusion in the emitters decreases the degree of indistinguishability
eroding the HOM dip!
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Measurement of Subpicosecond Time Intervals between Two Photons by Interference

C. K. Hong, Z. Y. Ou, and L. Mandel
Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627

(Received 10 July 1987)

A fourth-order interference technique has been used to measure the time intervals between two pho-
tons, and by implication the length of the photon wave packet, produced in the process of parametric
down-conversion. The width of the time-interval distribution, which is largely determined by an interfer-
ence filter, is found to be about 100 fs, with an accuracy that could, in principle, be less than 1 fs.

PACS numbers: 42.50.Bs, 42.65.Re
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FIG. 1. Outline of the experimental setup.

No. of coincidence counts in 10 min.
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PRL 104, 123605 (2010) PHYSICAL REVIEW LETTERS 26 MARCH 2010

Quantum Interference of Tunably Indistinguishable Photons from Remote Organic Molecules

R. Lettow,l Y.L.A. Rezus,' A. Renn,' G. Zumofen,l E. Ikcenen,2 S. G('jtzinger,' and V. Sandoghdar'

lhfiJf)mtmjv of Physical Chemistry and optETH, ETH Zurich, CH-8093 Zurich, Switzerland
zMeIrofogy Research Institute, Aalto University and Centre for Metrology and Accreditation (MIKES),
P.O. Box 13000, FI-00076 Aalto, Finland

: Phenomenologically added broadening
| to account for bath (10-100x natural linewidth)
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| diffusion; Overdamped Brownian
Oscillator

Hamiltonian

I:IS = ﬁ_1<Va|f{|Va> = €y, T Qua —|—FI§

Collective Bath coordinate

Gva = W (Val HsplVa) =Y dyov. 1(@], + ax)
i

Lineshape function

5_1 = kT
d C:: v \W hw
:/ e ‘2( ) [coth (67) (1 — coswt) + i sinwt — iwt

27 W

Bath spectral density

Clon @) =5 [t (dua(t). 4o )

Absorption lineshape Fluorescence lineshape

1 S o *
O'A(w) _ ; Z / dtez(w—wa)t—ga (t) O'F(OJ) _ % Z / dtez(w—wa—i—ZAa)t—ga(t)
0 0

a=a,b a=a,b



Bath spectral density

wA,
w? + A2

Aa - fluctuation relaxation rate

Gl . (W) =2

A, - reorganization energy

A2 =2\, kT /h

Linewidth function in high temperature limit kg7 > hA,,

2
ga(t) = (% - 22) (7Rt + Agt — 1)




1.0+ (a) f (b)
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A, < A, (slow fluctuations, spectral diffusion)

Absorption lineshape

ga(w) = Z (ZWAQ,)_UQB_

a=a.b

Fluorescence lineshape

(w—wl —2a)?
2A%

(w—wg—f—/\” )2
2A%2

or(w) =Y (2rA.)"?e

a=a,b

Molecule a

-2 -1 0 1
Aw, kHz

Molecule b

A

2 -1 o0 1 2
Aw, kHz

2 -1 0 1 2
Aw, kHz

Time-and-frequency-resolved fluorescence
follow narrowband excitation (hole burning)

B (wp—wg-—/\a)g - (w—@q (t))*

Cl(t,w) = Clo(t)e

)
20pa

2507 ()
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The PCC signal
Coincidence counting signal

RAC.T) = [ an [ an (B ) B ) B 0B (1)

Output-input for a 50:50 beam splitter

Ey(t) —iEx(t+ 1) Es(t) —iE1(t —T)
V2 V2

Time-and-frequency resolved field

E5(t) =

) E4(t) —

ECH) (&, @:rp,t) =/ dt'Fe(t —t' ,@)Fy(t', 1) E(rs, t)

SN

Frequency Time
gate gate

Detector spectrogram Bare signal

/ 2T d2 T [W (T, T 0)W S (D, T, 0) R (T, T+

T S
— o0

Wér) (Fﬁ F;*a _T)Wés) (Fsa Flsa T)Rgl) (F/ F/ )] + (S — T, T < —T)

7 S
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(1) o0 ’ / e
1 / Y AN 2 2 / — W Ts—1W,. Ty /
Ry (t, wsit,,w,) = D*(we)D (wb)/ drpdr,drsdr.e”"s r / dtpdt,,
—00 —00

X EX(ty = Tp — by Ta)Enlty — Ty a)EL(Ey — T, 15)Ep(t], 3)

p p
X Fo(ty — Tp, tn 4 7, 8 Fy(t), — 7, 1 + Ts,ts,t ),
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X EX(ty — Tp — tp,Ta)Ep(tp — p )& (T, — 70, 16) Ep(L,, T1)
X Fo(ty — Tp, . 4 7, U, 1) Fy(t, — 70, U + 75,11, 1)

P Us
Four-point matter correlation functlon
Fo(t o ta, ta) = (V(E)VT (02)V (E)V (t2))a = |pa'e” o (170 Paltr tatats)

P (t1,t2,t3,t4) = —ga(t1 —t2) — ga(ts —t4) + ga(t1 —t3) — ga(ta — t3) + ga(ta — ts) — ga(t1 — t4)
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nd-frequency resolved PCC

Distinguishability due to detection alone; No spectral diffusion

‘ _1 252 1(A2 A2)42
R34(T§ T) ~1—ncos(wats + 2.T)e 207 17— (AG+APL

Time gating Frequency gating

1.0 e 1.0 e
2 5 MH | | 3 MHz |
= 0.8 08! o™= MHE
- ] i ]
‘e' 0.6} 5, =1 Mz 0T=10MHZE 0.6} o, =1 MHz 6,=> MHz |
< ] i ]
= 0;=20 MHz | i 0,=10 MHz |
g 0.2 1 02¢ ]
@) 6,=100 MHz | ’ 6, =100 MHz |

0oL ... S B o 0 | PR g
—-400 -200 0 200 400 —-400 -200 0 200 400
fs—t,, s fs—t,, 18

tq = ts — t, time delay between detector times
cT asymmetry between position of the beam splitter



Counts, Arb. Units
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Varying the pump frequency wp

_ .0

wp =wp + Xy W, =wp + 2

Aw, kHz

Aw, kHz

Aw, kHz

Less distinguishable

20 -20

C with spectral diffusion

Time-and-frequency
resolved fluorescence

More distinguishable
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for various parameters

Fluorescence contribution

(“‘P_wg_)'a]_ (W ‘-‘-rx“)}z
34 ; _ r s . ==
RC (Fr., FS, T) = ROCg_(Fr)Cb (F‘,) X Cfx(t, w) Cac(]( ) ; 258, 20“ ()
LUy, ts, =T) I3 (&, L, T) N -
1 — 2~ cos U(T,, T; T)e ™) | Quantum Interference contribution
Ca (Ff)cb (Fs) -,.;2 2 PR
. P _10'1'“- 1.tz
+(a+ b,T < =T), L(Tyty,7) = Boltrta)e %
_[”1'_““f (t1:t2))2 (w1 —wh (t1,t9))?
xe  29haltity) o 2002(t1.ta)
Ditference between Position of the beam splitter Spectral diffusion rate
transition frequencies  (delay between photon detection) (for fixed I|neW|dth)
1.2p ‘ ‘ ‘ ; ‘ ‘ ‘ ‘ ‘
©,0-0,"=150MHz A,=0.5, A,=1) MHz
10 (@) , (h) | ( YMHZ (7) |
£ 08/
£
< 0.6¢
g 0.4 100MHz |
02 SOMHz | : T=0 | 1 (10,)MHz | [(18,1)MHz
0% T 0 10 20 20 <10 0 10 20 20 -10 0 10 20
fy—1,,n8 t—1,,ns fy—1,,ns
For larger discrepancy For larger asymmetry in the For larger discrepancy
between transition frequencies position of the beamsplitter between spectral diffusion rates

HOM dip becomes smaller HOM dip becomes smaller HOM dip becomes smaller
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Summary

 We developed microscopic theory for generation and control of the
indistinguishability of the photons generated by two independent
molecules coupled to the bath

* Elaborate time-and-frequency gated detection allows to preserve
guantum interference between photons

* Microscopic bath model allow to simulate real molecules and their
manipulation of the single photons

We extended the studies of Sangdoghdar et al.by including

* Microscopic model for the detection using time-and-frequency
resolved photon counting provide novel control knobs for the
guantum interference of the photons

* Microscopic model for bath induced fluctuations that erode the
guantum interference of the photons allows to simulate real
guantum emitters beyond 2-level qubit model without adding
phenomenological noise effects.
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y Free Electron Lasers

T+T-1+[-[+]-[+[- i

“X-Ray
« P. Luchini and H. Motz. Undulators and Free- S\ ’
electron Lasers(Oxford University Press, USA, * "vhotons

1990)
* Nat. Phot., 4(12):802—-803, December 2010
*P. Emma, et. al. Nat. Phot. 4, 641 (2010)

https://slacportal.slac.stanford.edu/sites/Icls_public
/Pages/status.aspx

.[R filter

"‘609 ’ Sample

http://flash.desy.de/photon_scie

~ CCD
Beamstop
IR
b =z
:
= - queak ~
20 30 4‘O 50 6‘0 70 80 90
q (um™)
Nature Comm. 3:1100 (2012) http://flash.desy.de/sites2009/site_vuvfel/content/e395/e2188/FLASH-

DOI: 10.1038/ncomms2108 Broschrefrs_web.pdf
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cattering: Vibrations vs. Electrons

Femtosecond Optical Attosecond X-ray
Spectroscopy of vibrations Spectrosocpy of electrons
()53—' core excited
00>~ C=9 states
\,* 7 5
S — - by ——— ardl
\\\_____/// E H
! | Slow valence excitations

5 T coupled to fast core excitations
oy
la) ——

valence
excited states

Dynamics of the slow system (vibrational or valence elctron) are
probed by excited via transitory excitation of the fast system (valence
or core electron).



| The Polarizability

Conventional Raman

= Qo+ Ez g_&Qz T Z'U % BQzan QzQJ

h Boson creation and
Q'I: = DM Wi (ar@,.'. + auj,) annihilation
s operators for
vibrations

X-Ray Raman (RIXS)
a=o0p+); Kijcle; + D i Kijrscicjclcs + ...

+ Fermi creation
Ci (Cj) (annihilation) operators

of valence orbitals
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Scattering: Vibrations vs. Electrons —(2)

UV/Vis X-ray
Pulse Duration: | ~10fs ~100as
Energies: 1-10eV +100eV
oo
Dynamics: probes nuclear probes valence -
dynamics on different excitations with different
\"FS/ valence PESs. core occupations

Decay Fluorescence, IVR Fluorescence, Auger

V\/\/VW Mechanisms:
Slow System: | vibrations valence electrons ?:
Low | oo
Frequencies
Fast System: valence electrons core-electrons
High
Frequencies
Absorption Infrared XANES
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Scattering: Vibrations vs. Electrons —(3)

Slow systems:

Molecular Valence

vibrations Electrons
= Ox}
074

Nuclei /Infrared

Valence electrons/ UV-
Vis

Fast system:

Valence electrons/ UV-
Vis

Core electrons /X-ray

Direct Probe of | Infrared UV-Vis
slow system:

Impulsive Raman RIXS
Excitation

w4
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Two-Color 1D-SXRS of trans-

NMA

Tuning the X-ray pulse to be resonant with different core-edge transitions
Probes delocalized valence excitations perturbed by the selected localized core hole.

0
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Intensity (a.u.)
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i | x-ray pulse
9 polarizations are all-

|I3P-SXRS of NMA

parallel (VVV)

A _./“ \\J l\, _fd\_,‘\.»’ “‘\‘\/‘/’ k,«,,._;\_ .

| ]

) )\ NV M

JT AL A

1.0

0.4

02

0.0

6 8 10 12 14 166 8 |10 12 14

Ql (QV)

pulsesl and 2 tuned to Nitrogen K-
edge, pulse 3 to Oxygen K-edge 9

66 8 10 12 14 166 8
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S — sulfur
O - oxygen

waany = D3P SXRS of cysteine

i

340

SO0

By integrating
over the
dispersed
frequency Q.
we recover the
integrated
signal.

15 (eV)

530

Q4 (eV)

3

Q4 (V)

S13p—sxrs(2,) = / dQ5Spsp-sxrs (S22, 4, N5).



bsorption vs. Raman Scattering

Valence excitations

Trans—NMA UV absorption Vibrations
;" o ' ' ' ' E 1-methoxynaphthalene IR absorption
. F HsC ] . . 0
35t *:\IIJ\CHS Direct absorption, 5 A e
= .
ER{ T Fermi Golden Rule 3 B
Z 3} g0 0
*2 2F S(w)= = E
1t > (P@)-PO)|tal S(@-s) =
Y e S A rerernrt ac 4000 3000 2000 1000 400 ©
6 8 10 12 14 16 18 Wavenumber (cm'l) =
wfeV E
Absorption gives the eigenstate energies (vibrations or valence electron), and their transition dipole moments. <
Trans-NMA Raman- rf—:
Stimulated X—Ray Raman 00 methoxynaphthalene g
6F 0 ' ' ' ' E . ®) g
_ 5o J\CH {  Raman Scat_terlng £ E
Sab ) : Kramers-Heisenberg § so =
= = =
=3 3 =
% ,, ] SRaman (a)L’a)S) = E
E I Z P(a)|aca(a)L)|2 5w, + o —COL)B 3500 3000 2000 1000 100 5
ab,c Wavenumber (cm")
= 10 12 14 16 18 v
wjeV | absorption
| | XANES | ! ] I-h\'ﬂmqn:lphlil:llelm! |
2.5¢ ] H H = I ol -t .
T ol _ By scattering off high- Bl |
ey - energy states (valence or | |
£ 1.0 1 : o
- core) we study the I — L
31200 31400 31600 31800 32000 32200
W molecular polarizability

J. Phys, Chem, A, Vol. 106, No, 50, 2002



*The signal is measured by
scanning the interpulse delay

Frequency (cm™)
0 8:0 1 ?0 21‘10 3?0

) h rather than the detection
: frequency
— T I
! : *The observation window is
1 controlled by the pulse
bandwidths
Keith Nelson et al. a-perylene (1991) s
E 5 Fourier |
% " xio Transform _

Time (psec)
Fig. 3. Single-pulse ISRS data recorded from e-perylene with
T < 10 K and with all pulses linearly polarized parallel to the b
crystallographic axis. The femtosecond excitation pulses drive
several phonon modes whose combined response yields a charac-
teristic beating pattern. The spike at ¢ = 0 is a purely electronic
response of the erystal to the excitation pulses.

Vol. 8, No. 6/June 1991/J, Opt. Soc. Am. B

1267

0

Frequency (THz)

Fig. 4. Solid curve: Fourier transform of the scattering data

shown in Fig. 3. The electronic scattering peak at ¢t = 0 in the

time-domain data was suppressed before the Fourier transform
was performed. Dashed curve: Fourier transform of the elec-
:‘rom'tq scattering peak, representing the instrumental response
unction,



One Dimensional Two Three Dimensional
Dimensional
Integrated two-pulse Dispersed Frequency-Dispersed

Stimulated X-Ray two-pulse SXRS three-pulse SXRS
Raman Scattering (12P-
SXRS)

Integrated three- Heterodyne-detected
Simulated pulse SXRS four-wave mixing

experiments on
the nitrogen K-

_ Heterodyne-detected
edge of cysteine.
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: : k3 g’ lel ol N2 !ﬂ*l" e
E!’O#ec'tlons Of e _S-zz < k2 A ‘| .‘"‘Il‘l"‘l"l‘lvlll?“|ﬁwl.!‘ ‘Il.‘lﬁll‘a :‘ ‘II" I'IFI‘A C?Jm '% JI‘ “ t
Igher e S hl |
dimensional I 22 (eV) i b ;L;“ 4
signals R

& (eV) 5 78 (). (eV)
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nsional X-Ray Raman Spectroscopy

« Stimulated X-Ray Raman
* Integrated pump-probe 1D
« Two-Dimensional X-ray Raman 2D
* Frequency-resolved pump-probe 2D
* k,, photon echo 3D

3D Photon Echo Frequency-Resolved

e |

5 g ,_,,——”""/ﬂ”‘ 408F -
2 o\ Tntegrated SXRS
e QS 406
> o
2
1 (eV) [ o ol ko Cc?awz
7“:'1':»._
Ql € - 6 8 10 12 e
/»”/ A n'\_kl : \\92 (eV) 398
7 g g P
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Stimulated X-ray Raman

4 kg g kg g g The system
- — a = P \ AL N interacts
: ks " ks " twice with the
2 e - pump a_nd
oy AR : twice with the
ey Ty ; 9 g robe. No
~ g g g _kT\TQV v 72 /,'kl P .
. ; detector_] e € phase control
- : L3 : ki 7 1 "I’k ! red
2 IS required.
A~ a o ) E‘I\ b
Npump probe I 11

The resonant pump creates a wavepacket of valence-
excited states which then evolves for a tinT2 before

O 0
PR HS/\HLOH
HsC™ NHCH3 NH,

the arrival of the probe pulse.

L-Cysteine
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ective Polarizability: Incorporating
e Effects of Pulse Bandwidth

Transition dipole moments between

The traditional polarizability
which enters the famous
Kramers-Heisenberg equation

for frequency-domain Raman a; = aj’ =+ z'o:j” — E |g')

Jth pulse spectral amplitude

valence (g’) and core (e) states

|

VgreVegr e dw8; (w) & (w+ wy’g”) "

: 9"l
spectroscopy is modified to e.g'.g" 2m —_— W — Wegr + il'e
account for the finite spectral = A
bandwidth of ultrafast pulses S1h — °
* .
For frequency-dispersed — ( ) — l I) VSJ’GV-‘ig” 8.1' (w) 8-7 (w + w-q'g") ( " | 5 53228V,
aJ W g . g | o1s
measurements, we have the it 2T W — Wegr + ¢
frequency-dependent effective ©99 N 404.4eV
polarizability J
o is the integral of o) aj = dw&j (Cd) lg")
|9o)
By substituting a delta function for the excitation field and a constant for the
de-exciting field, we recover the frequency-domain expression for .
. _ / Vg’ eVeg’ ¢ "
Ejw)=0(w—-wr);f(w) =1 —>a = ') (9"

e,g’,9" WI, = Wegr + il
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. Integrated vs. Dispersed Detection

Y o« )  The integrated two-pulse (I12P) signal is one-dimensional and

kg &9 g

At 6#
b A e can be written directlv from the Cor}tnbutlna diagrams.

Oé2 ra]_
- - S Q ygg !g g
r2p-sxrs(§d2) = — O — w4l
q — ’

*kT\TQ TQJ/,'kl g’ 2 g g g
»’i?],/":—l { { Tlxkl . ‘- . . . .

4 b At The polarizability is extended to time-domain experiments,

I ! iIncorporating the pulse spectral envelopes. Only those valence
excitations whose energies lie within the pulse bandwidth are
impulsively excited.

Another method for extending the 1D-SXRS technique to two dimensions involves
sendlng measuring the spectrum of the transmltted probe pulse rather than its

in Z i(a1;99)(02;9¢° (93) a2 .99’ /(§23))

5D2P—SXRS(92,93) =

which depends on the frequency-dependent resonant polarizability



mrphyrin Heterodimer

. Core-excited states calculated using
Zinc Nickel restricted excitation window time-

e, UNIVERSITY of CALIFORNIA® IRVINE

monomer
monomer dependent
2 5 4 o 3 g0 density functional theory (REW-
e 30 4 | ST of
._;' N, '"_:” v S T | / 4‘
*Q ‘\’ S % e 2% K-edge
Q—Q ’ D 9;“ @ 00030 ANES Bl
3~{‘;j *JbQ}J ? F » . Oo0 hIRE SN [\
g @ @ @ 00020 ¢ A3
a 0.0015 1 10
: : = 0.0010
Z 1500 « 0.0005 5t
2 1250 UV . "S 0.00001— i M i ]
£ 1000 Absorption S, 8150 8155 8160 8165 8170 8175 8150 O
< 750, . o S | ‘
Z 500 h ‘ : 2 00025) Znls 1 W6F ZnD
= 250 W 40020l { 05}
s =
O'J—J ; : 3 2 00015 | 04
2 3 0 (ZV) 5 6 R | 03
0.0005 . g?
X-ray Raman probes valence- 00000, - b A tlbll sk | " wllee ]
9445 9450 9455 9460 9465 9470 0 s =L

excitations, but through a core-
< Q (eV) Q (eV)

Pulse power spectra shown in blue
FWHM of 166 as (10.9 eV)

excited intermediate. The same
states show up in the UV/visible
absorption spectrum, but with vastl
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The pump pulse

creates a valence

wavepacket by

scattering off a
manifold of core-
excited states within
the pulse bandwidt

K
=
Qo

9
Q

=

/]

k2 g"
fkl\
€
kl/g' g

{oa(T)ee1 (0))

I

Ol
|

-
z

Q

N

g

(el (0)ea(r))

Rk

Field

This superposition of
valence-excited states

then evolves during the
interpulse delays

A

« pump

choose long delays: core-ionized states

are off-resonance

o probe

detector

2-Pulse Stimulated X-ray Raman

The probe pulse then
returns the system to
the ground state by
scattering off of core-
excited states. In a

two-color setup, these
core-excited states
are different than
those accessed by
the pump

Biggs, Zhang, Healion, and Mukamel;
J. Chem. Phys. 136, 174117 (2012)




Ssxrs(T) = 23{a5(7)a1(0)) The signal is determined

" by the effective isotropic
09000 O1:g! olarizability, which is
. _ E : ;99 159°9 P Y,
Frequency Domain: SSXRS(Q) — QO averaged over the finite

— Wyrg + 11
g 99 4l bandwidth of the
excitation pulses.

Real part of the
polarizability —
responsible for off-

Imaginary part of the

resonance Raman polarizability — goes to
scattering. (\ / zero off resonance.

& =& e

te = Loy o 5*w8w—t—w.«n
/ _ Z |g,> H'ge ug / di,d J( ) J( g g ) <g”|

polarizbility for the 2T Wt Wi — Weg! + 11
jth ultrafast pulse

I
€9 .9

Since the I12P-SXRS signal is defined as the change in the integrated intensity of

the probe pulse, the probe must be on resonance. Therefore the signal only
depends on the imaginary part of the probe polarizability.
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or SXRS: Pump and Probe at same edge

One color SXRS from porphyrin dimet
Time Domain Frequency Domain
| " Nils/Nits |

+0.0
-0.5
‘ -1.0

H41.0

Srop—sxrs = —SS(Ww|Yp(T))

1.0f;

» time-dependeniiiiis

J doorway creategilia

%1.93 x 10°

| Nin)Nin o

0.5 +0.5

One-color SXRS measures the oo § 100

autocorrelation of the doorway. Z s r Y
e

Only the Zn2p/Zn2p signal exhibits Z 10l | L N N Y

; low-f llati E Znls/Znls e

strong low-frequency oscillations  os o

indicative of energy transfer. 5 oo

=

Other on-color signals show only
exponential decay. -Loy

%1.86% 10°

| Zn2p)Zn2p o

+0.0
-0
‘ ~1.0

7410

+0.5
+0.0
Zinc metal: K-edge, L-edge 3 H 0.5
Nickel metal: K-edge, L-edge -10f! ST 10

0 50 100 150 200 1 2 3 4 5 6 7 8

T (fS) Q (eV)




Time Domain Frequency Domain ) .
Ni1s/NiZp A [Wo-color signals

Sl vanish when the
two core electrons

Time Domain Frequen
omain Ni2p/Nils o

+0.5

+0.0

—0.5 —0.5 —0.5 -0.5
B are not coupled to
1.0 +1.0 1.0 +1.0

Nils/Znls Znls/Nils

the same valence
manifold. For the
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Time Ordered Signals

Difference Signals__

;‘: Nils/Ni2p . . 10 Nils/Ni2p — Ni2g/Nils [*°
; In the time domain, 0s 105
the difference signals P
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al-Orbital Decomposition

Interaction with the pump creates the doorway, a wavepacket of valence excited states

[¥p (7)) Zal,g e 9 7lg") = K(r)lg)

E c C?,
Valence excitations written in MO basis

C;I;, creation operator for virtual orbital a

C?: annihilation operator for occupied orbital i

The participation ratio R! is a useful measure
of the degree to which the electron and hole
are entangled. When the state is described
by a single electron-hole pair, they are not
entangled at all and R1=1. Higher values
indicate greater entanglement.

The time-dependent operator K(t) acts upon
the ground state to create the doorway.

~ AT -
\ K(T) — E al;g’gocgicé_(fie i€y T

g.ai

A singular value decomposition of provides the most compact

representation of the doorway in the space of single excitations.

K(r) = V(r)W(r)U' (1)

¥p (7)) Z’wé (T)eg(T)de(7) |g)

Through a rotation of the
MO basis, a new set of
natural orbitals is achieved

which minimizes the
number of electron-hole
pairs needed to describe
the state.

= Vaglr)el

= Z Uie(T)e
Z ’wg(’r
£



The eigenstates which show up in the
Fourier-Transform spectra are
delocalized valence states.

Table 1. Frequencies, participation ratios, and integrated electron and hole

densities for the states corresponding to the major peaks in the right panel

of Fig. 3.
hole density electron density
Peak Q R~ Nimonomer Zn monomer Ni monomer Zn monomer
A 467 157 0.41 0.59 0.38 0.62
B 474 245 0.37 0.63 0.29 0.71
€ 489 448 0.34 0.66 0.40 0.60
i 401 342 0.57 0.43 0.46 0.54
501 451 0.45 0.55 0.44 0.56
507 1.39 0.92 0.08 0.99 0.01
508 3.82 0.60 0.40 0.84 0.16

hole particle  Of§: hole particle  Of§:

Natural transition orbitals provide the most
compact representation of these states.
Orbital rotations which result from a

singular-value decomposition of the
transition density matrices in the space of
single excitations



yendent Natural Orbitals
alence Wavepackets

: occ.
particle  OfS:
Ni

M 04887

Zn2p/Zn2p Signal ~Time Domain Zn2p doorvay ([ 23
@ =0fs

@ =122

BB R 01753

CIERECD. 0423

® -25064

0.3956

Intensity (arb. units)

SR, 0644

T (fS) @ 7 =3941s < ’

[  0.1528

The superposition of delocalized Hies
electronic eigenstates resulting from @O =537

Raman excitation is localized in space.
45 The electron-hole
" pairs comprising the
y fv\f wavepacket become
25 MN increasingly entangled

following excitation

.
RS2, 04917

Maxima and minima in this signal
correspond to times when the excitation
IS on the zinc and nickel monomers,
respectively.

Participation Ratio
s
=
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harge density vs. signal

Thereis a

Zm2p Raman Wavepacket Densities
correspondence

between the
nonequilibrium
charge density and
the spectroscopic
signal. The
electron and hole

electron

electron density
hole

mmm Ni monomer
/1) monomer

densities move

electron

across monomers
together,
indicating energy
transfer rather

T=3781f =497 T=6851f

hole density

hole

than charge
transfer.

electron

T=9741f T=1184fs

Signal

hole
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Animation — short simulation

Hole Density

wem Ni monomer

= /) monomer

005 20 40 60 80 100 120
T (fs)
Particle Density
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T (fs)
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1D-SXRS
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detector |
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Field

A

w"@. pump

J(#fﬁl

Stimulated X-ray Raman

e
! The system

kg g kg g ’
1t AL interacts twice
& Tg“ Tg‘ .
ks A ks A~ with the pump
- - and twice with
f the probe. No
g g
_kT\TQ‘ | /,'kl !ohase Fontrol
el e is required.
ki 7 1

dl . 17 ) TTfkl

The resonannt pump creates a wavepacket of valence-
excited states which then evolves for a time T before the
arrival of the probe pulse.

O

M

H3C

N-Methylacetamide (NMA)

@

HS OH
NHCH; NH,



The Effective Polarizability: Incorporating the Effects

of Pulse Bandwidth

Transition dipole moments between
he traditional polarizability valence (g’) and core (e) states

which enters the famous

oo * .
Kramers-Heisenberg equation n VareVegr dng (w) & (w4 wgrgr)
for frequency-domain Raman EeZies Odj + ZCU:, = |g )2— T
spectroscopy is modified to e,9',9" ﬂ- —oo W — Weg' +le
account for the finite spectral

Jth pulse spectral amplitude

2473 5eV
bandwidth of ultrafast pulses Sts
*
w w w

For frequency-dispersed & (w) = § : | I)VQ 6V39" 8 ( )8 (w+ g’ 9") (g ul o 5522V
measurements, we have the — W — Weg’ + 2@
frequency-dependent effective ©99 N 404.4eV
polarizability )

o is the integral of a(w) Qi = dwa ((JJ) lg")

4 d = y)

By substituting a delta function for the excitation field and a constant for the de-exciting field, we

recover the frequency-domain expression for o.

nge-‘/eglf
WL - wBQ” + iFe

Hl

£iw) = bw—-wr)iEfw) =1 —>a= Y |g) (g

ey
€,9,9
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ntegrated vs. Dispersed Detection

k%gm kg (), The integrated two-pulse (I12P) signal is one-dimensional and can be

1t *g# F
b A = written directlv from the contributing diagrams.
! Q. 101.q
- - S Q _ 2,9‘9 399
r2P—sxrs(§22) = — O —wo il
q — ’
*k?\ng TQJ/,'kl g’ 2 g g g
kl,/e'n Tlsikl . - . . . .
4 b Y The polarizability is extended to time-domain experiments,

incorporating the pulse spectral envelopes. Only those valence
excitations whose energies lie within the pulse bandwidth are
impulsively excited.

Another method for extending the 1D-SXRS technique to two dimensions involves sending
measuring the spectrum of the transmitted probe pulse rather than its integrated intensity.

; < _t
i(015979) (Oi2;9¢ (3) — @50 (§23))
Spep—sxrs(Q2,0s) = Y _ 299
g’ 92 — wg’g -} ?;I‘gl

which depends on the frequency-dependent resonant polarizability defined by



Frequency-Dispersed Stimulated X-ray Raman

Spectroscopy (FD-SXRS) - continued

*  This signal allows us to “open up” the probe N1s pump, N1s pro be; L'CySteine
olarizability.
P v )
. Peaks show which core-excited and valence- 'a}" i <
. € |Weg
excited states are coupled to each other. A= T
. . . R k3 | - ] T i
*  Unlike the integrated signal, contributions glwg g L ¥ o
from the two contributing diagrams are AN a0al 257 i
spectrally removed from each other. 6, _/j’; 1 = ]
. . . . ks Jd=x — e
*  The 1D-SXRS signal is obtained simply by e\ 1 406—3~ /
summing over the dispersed frequency g i j = S : (/,j
*  Unlike the integrated signal, the frequency- % 404 g ‘ g}% =
dispersed signal does not vanish when the "3,3 [ [ 5(‘/
probe is off resonance. Far from resonance, m < 402} u: |
the system transfers energy from one mode ] i , 8 u l m
f the fiel her. - 3K A y
of the field to another e |weg 200l LAY
* By integrating over the dispersed frequency k3/" e SV i N ‘, %
Q,, leaving only Q, -the Fourier transform of Wgg'|9 308t I CRURORN L~
the delay time- we recover the integrated | __ ke S N J4 3 95
signal. 6/ ol i n v |
T A 1) 7
gt 19 6 8 10 12
Sr2p—sxrs(Q2) = [ dQ3Sp2p—_sxrs(Q22,823). OoleV
2(eV)




Two Dimensional Stimulated X-ray Raman Spectroscopy

(2D-SXRS)

The two-pulse technique is extended by adding
another pulse. Now two pulses create and then
modify the valence-excited wavepacket that is then
detected by the probe. As before, both integrated
and dispersed detection are possible.

Molecule

Field
&

510 15

«.H"He:x(t) &a(t) o es(t) S50 -5 e
Q (eV)

This signal is dependent on the matrix elements of the

‘;‘;,r/_\ 11/\ ‘l\;,(\ k‘”\”(\ polarizability between different valence-excited
key T key s kg s key s states.
ty o to " J ty vt .
e 7, —k2'<,7.4 e 74 ’ Q, and Q, are the delay times between the pulses,
2 ; e e
t TN ko t TiNc ks kg/Tz;t kz/'T“f and both correspond to valence-excited states. Q) is
_,;I{TQ 1 1 n i’/h 1 x j/%’ _k;{ﬁ ! the dispersed frequency and reveals core-excited
ky ik R levels.
g9 9 g9 g9 g9 19 g g9
S,' Sii Si,',' S“,-
. t " "
1Q1.g'g aZ;gg”a3;g"g' a3;ggn Qi2:g' g
Srap—sxrs(22,) = E e T, \ 0 TRy T |
g 2—wgg—|—z 4—wgfgn—|—2 gl 4—wgng—|—z g”

Spsp-sxrs(Q2, U, Us) =
E ial;g'ga;;g,g” (d3;9”9' (95) B C_V:.g;g”g' (95)) _ ial;g'gaz;g",g' (&3;99" (95) - a;;gg" (95))
Pyrge (Q2 — wgrg +1Tg ) (R —wgrgr +il'y) (Q2 — wyrg +1Tg) (s — wgrg +iLgr)
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Two-Color 12P-SXRS of trans-NMA

o]
HaC
- o o ‘N)I\CHs
Tuning the X-ray pulse to be resonant with different core-edge transitions A
Probes delocalized valence excitations perturbed by the selected localized
core hole.

0 4 N«
e X-ray polarizability a
> operators for each <
core :
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Virtual

energy
states

Vibrational
energy states

A

¥

t

Infrared {lE'I gh
absorption scattering

Ultrafast spectroscopic technique

Stokes
Raman
scattering

Y-,

4
3
2
1

Anti-5tokes

Raman
scattering

Vibrational structures with high temporal 10-fs and spectral ~10cm™ resolution
Studies of ultrafast electronic dynamics and direct observation of nonstationary

vibrational wave-packet motion

Figure (top left) courtesy of T. Huser and D. Taylor UC Davis
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ensional optical

Feynman diagrams
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1 [fs]

100F

—sof

sof

100k
100 50 0

h=h+112

1 [fs]

HE (t1) E(t2)i

Photon 2 after Photon 2

Different group velocity in crystal
determines entanglement time
Te=T2e_T1e

*Non delayed entangled photon from PDC
pairs are time ordered even without a delay

eClassical photon without delay are not
time ordered ' | N

200f ;
Pulsewidth
100+
=
£ 0
<
3
100}
1| ... 0
-200 -100 0 100 200

T. E. Keller and M. H. Rubin, Phys. Rev. A 56, 1534 (1997). FE(! DE(! »)i
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e Entangled light (parametric down conversion - PDC)

w1

Twin photon state

oo 2T 2T

Tdwydwy - o el il
[v) = / S22 0(wy,wy)al af |0y @ S g

Two-photon amplitude L
O (wy, w2) = Ap(wr + we)sinc {wl — Y Th. + - s Tge] ot g PTieti =25 P Tae + (T < The)

2

T,. time delays acquired by beams during propagation through the nonlinear crystal
Ay(w) = Ap/[w — 2w, +i0,] Classical pump envelope
(BN (wa) BN (w, + wp — wa) E(wy) E(w,)) = @ (we + wip — wa, wa) P (wWa, wp)

w; , W, broad band and w;+w,=w, narrowband
Frequency arguments of different modes are mixed



Spin chains: Phase transitions and critical behavior

Excited state dynamics near quantum phase transitions

=2
—

Q1/‘-“-’max
0.5

0.0

i,j=1 i=1
(2<J)

F. Schlawin, M. Gessner, S. Mukamel and
A. Buchleitner, Phys. Rev. A 90, 023603

fON1T A\
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Steady State Currents

Detection/Analysis of steady state currents
© O O © O O
i

Pl b

™
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] c | RN
S D
O 1154
R %
) Sp
| @ v | <1
~015 —-0.05 005 0.15 015 —005 005 015 2015 —0.05 005 0.15

The two ends of the chain are heated to different temperatures.

In the absence of the temperature gradient, the two excitation schemes yield the
same result, and their difference vanishes. Hence, their difference A §5QC
Is a direct probe of the heat current through the chain.

F. Schlawin, M. Gessner, S. Mukamel and A. Buchleitner, Phys. Rev. A 90,

P P PN PN N N TN PN A AN



4th order: nonlinearities

Double Quantum Coherence: Identify anharmonic corrections in trap potential

(45) (43) (45)
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Harmonic trap

In perfectly harmonic trap, resonances are formed by degenerate multiplets.

M. Gessner, F. Schlawin, H. Haffner, S. Mukamel, and A. Buchleitner, New J. Phys.
18 002001 (2014



4th order: nonlinearities

Double Quantum Coherence: Identify anharmonic corrections in trap potential

(4;) (Aj) (4;)
M”M"'“Wl'i“w ...... ,\',’mf,'ﬂww M”M"'“Wl'i“w ...... ,l,'{mhwww wwﬂw‘!;,\ww ...... ,l,'{mhwww

wed¥) o WP R e
Qb to qu& to ¢' to g
wﬁmmwm ...... ww%wﬂmm ...... M%WWM ...... “g'
&1 &1 ¢ &1 $1 $§ ! E’
- (O - ¥ o N

DQC, DQC, DQCy

W 2
Exciton Frequencies Q,

Anharmonic trap

Anharmonicity lifts this degeneracy, and the splitting of resonances may be used to
measure its strength.

M. Gessner, F. Schlawin, H. Haffner, S. Mukamel, and A. Buchleitner, New J. Phys.
18 002001 (2014



4th order: high excitations

Photon Echo: Population decay
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Disappearance of anharmonic resonance between doubly-excited and single-
excited state signifies the decay of a phonon into heat bath.
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Environmental couplings

2D-lineshapes: Identify and quantify different environmental influences

Lo Local Dephasing Lo Collective Dephasing
0.5 0.5
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In the case of collective dephasing, the system evolves through a decoherence-free
subspace. Hence, the width of the two-dimensional resonance along the
corresponding frequency axis vanishes,

M. Gessner, F. Schlawin, H. Haffner, S. Mukamel, and A. Buchleitner, New J. Phys.
18 002001 (201 4)
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lihe Nonlinear Response Function

P(t) =Tr[Vp(t)]
=PYM)+ PP )+ PO (t) +---
PO (t) = j: dt, j: dt, j: dt,SO(t,,t,,t,)
< E(t—t,)E(t—t,—t,)E(t—t,—t, —t,)
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Raman vs

. IR Probes: equivalent picture
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1

1 1
SRS interaction Hamiltonian:

. 1 -
FDIR interaction Hamiltonian:
H'(t) = anEJ(t)Es(t) + & (H)Ve(t) + H.c.

H'(t) = VNEJ(t) + EI (£)Vo(t) + H.c.

FSRS vs FDIR
o, =V,

w— W — ws

same matter 4-point correlation function:
(VoG (1) VIG (0] — @ — )V G(wy — A)VT)

WV. ). Schreier et.al, Science 315, 625 (2007),
. K. Heyne et. al |. Am. Chem. Soc 127,18100 (2005},
Dorfman, B. P. Fingerhut, S. Mukamel, PCCP 15, 12348 (2013) O.Mohammed et. al Science 310, 83 (2005), Angew. Chem. 47, 9044 (2008),

K. E.
B. P. Fingerhut, K. E. Dorfman, S. Mukamel, J. Phys. Chem Lett. 4, 1933, (2013) J-Phys. Chem.A 13,5061 (2009).
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1e- and Frequency- Resolution In
bronic Spectroscopy

Loop-diagrammatic Ansatz:

A-Dispersed Signal
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Broadband infrared and Raman probes of excited-state vibrational molecular dynamics;

Simulation protocols based on loop diagrams.

K. E. Dorfman, B. P. Fingerhut, S. Mukamel, Phys. Chem. Chem. Phys. 15, 12348 (2013).
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Off-resonant Raman Probe Techniques
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Off-resonant Raman Probe Techniques

Stimulated Raman Signal:

r)\ FSRS
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K. E. Dorfman, B. P. Fingerhut, S. Mukamel, J. Chem. Phys. 139, 124113 (2013)
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Off-resonant Raman Probe Techniques

transient grating impulsive stimulated Raman

Stimulated Raman Signal:
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K. E. Dorfman, B. P. Fingerhut, S. Mukamel, J. Chem. Phys. 139, 124113 (2013)
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probe pulse effects
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Off-resonant Raman Probe Techniques
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K. E. Dorfman, B. P. Fingerhut, S. Mukamel, J. Chem. Phys. 139, 124113 (2013)
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Summary

*NL spectroscopy: efficient extraction of specific information by adapted protocols

eapplicable in large systems where state tomographies fail

*Promising applications:

*characterization/analysis of transport processes
*measurement of anharmonicities of the trap potential
*detection of couplings to various environments

*References:
New J. Phys. 16, 092001 (2014)
Phys. Rev. A 90, 023603 (2014)
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OCCASIONAL NOTES

Chocolate Consumption, Cognitive Function,

and Nobel Laureates
Franz H. Messerli, M.D.

3 . - . . . =
[ v The principal finding of this study is a surpris-
S0 ingly powerful correlation between chocolate
o e intake per capita and the number of Nobel laure-
Pt 0001 Sanmars ates in various countries. Of course, a correla-
; ke J.uanlHE tion between X and Y does not prove causation
j‘ but indicates that either X influences Y, Y influ-
§ — ences X', or Xand Y 'are influenced b)f a common
3 underlying mechanism. However, since choco-
E—_ 12 late consumption has been documented to im-
5 Unitoc B Wicand [ Gormany prove cognitive function, it seems most likely
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j! o — e Franm that in a dose-dependent way, chocolate intake
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E N Potae r'* Musstraia the sprouting of Nobel laureates. Obviously,
Pt Eml U“’-‘ these findings are hypothesis-generating only
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[ . .
Eu sl domized trial.
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high temporal and spectral resolution?
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Mapping GFP structure evolution during proton
transfer with femtosecond Raman spectroscopy
Nature 462, 200 (2009)

CIRCUMVENTING HEISENBERG

One of the numerous critical advancements in the field of ultrafast spectroscopy
over the past two decades involves the apparent circuomvention of the uncer-
tainty principle through femtosecond dynamic absorption spectroscopy (14). In
this approach to pump-probe transient absorption spectroscopy, the broadband
femtosccond probe pulse is dispersed onto a multichannel detector, resulting in
measurcment of the full pulse spectrum rather than just its intensity. The dme
resolution of this technique is only fundamentally limited by the durations of
the two pulscs initiating the macroscopic polarizadon in the sample that gen-
crates the detected signal. The frequency resolution, conversely, is determined
by the lifetime of the induced polarization rather than the pulse duration be-
cause the detection step is not tme resolved. The simultancous high time and
frequency resolution can then be used to observe electronic signatures of ul-
trafast chemical reaction dynamics with energy resolution much finer than the
bandwidth of the femtosecond pulses used in the experiment.

Annu. Rev. Phys. Chem. 58, 461-88 (2007)

AwAt = 500 fs cm-1
VS.

AwAt = 5000 fs cm™?
(Fourier uncertainty)
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‘At 7 =0, the (slow) reaction is initiated, and the weg t

vibrational frequency decays exponentially from an
initial value to another, on a timescale t’

final —t/t
wobhal 4 e / (w

wca(t) - { winitial « “ t< 0 “
ca .

-1
*At 7 =T, the polarization is created which decays on a timescale Vea .
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1w

PO (t) = i0(t—T)E2 &5 lv“b|2|VCb|22 exp (—iwg(t —T)+ ’Lf; Wea (T) dT — Yoo (t — T))

(UJZ _Wab)

- 7
V

The detected polarization is not detected simply at
Q=w,—aw,(T), but depends on the entire
frequency trajectory from z=T until the
polarization decays to zero.




Spectral and Temporal Resolution
Revisited

The degree to which the signal detected with a given delay time T gives the
vibrational frequency @..(T) depends on the size of t' compared with y_;.
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We consider an ensemble of two-level atoms interacting with arbitrary
light fields.




relations induced by coupling to a light field
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Single- and two-exciton states are given by the two diagrams.
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elations induced by coupling to a light field

The density matrix elements for a single and double-excited states are given
by

.\ 2
[/ ; B
Qeieﬂ (t) — (_ﬁ) /J’gei: ﬂgeiez(weifg weig)t

& <ET(weir9)E(weig)>

; 4
Ociejiene, () =\ =5 | Hoey Hge, Hge: Hge,

1)t

X €
X <ET(wei,g)ET(ij, g)E(weig)E(wejg»
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elations induced by coupling to a light field

The density matrix elements for a single and double-excited states are given
by
i 2
() We . —ila) &, i
S (t) - (—%) Hge,r Hge; € (Weirg 9)

T (wr0) B

2-pt correlation function

; 4
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4-pt correlation function
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Matter correlations - laser light

wo — 1.516 eV wo — 1.543 eV

1.2

1.2 1.2
10 1.0 1.0¢
//—\ .

0.6 | 0.6 0.6!
0.4 \\ 0.4 - 0.4}

0.2 02 -
w/eV] w/eV 0.2 w/eV]
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correlations - Gaussian stochastic light

o=0.05eV o= 0.005eV
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Matter correlations - Squeezed states

P(0) = 0.99863 P(p) = 0.383726 P(0) = 0.383955

As the pump intensity gets

Low intensity -the doubly-excited As the pump intensity gets / ,
state is almost pure - signature of increased the broad bandwidth of increased and the purity of
a dominating two-photon each beam starts to affect the signal, the state decreases.

contribution.



Laser light Gaussian stochastic light

The exciton probability of For strong stochasticity
any double excited state The off-diagonal elements
can be traced directly to Are suppressed, only

the overlap of the power Populations survive,
spectrum of the pulse; no  g®(0)=2

correlations can be seen

9@ (0)=1

Matter correlations - comparison

Squeezed light

The dominant contribution is
coming from the entangled
Fock state with

autocorrelation contributions
due to broad bandwidth of
each beam.
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Summary

 Two-photon states create entangled, pure states, whereas
classical coherent light produces product states, and stochastic
light yields incoherent mixtures.

* For aclassical light, the interaction with matter does not affect
the state of light which thus cannot induce nonclassical
correlations in the matter

* The g2} function of the incoming light fields can serve as an
indicator of the ability of the light to induce correlations
between the atoms. The differences between single- and two-
photon coincidence measurements result from differences
between the two-point and the four-point correlation function
of the light.
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Sity crossover

At higher pump intensities, the four-point correlation function of the field
shows additional autocorrelation terms:

(EM(wo) E' (wy) E(w) E(wa) )

“Coherent
> contribution” of

photon pairs

Autocorrelation contribution of
individual beams: “incoherent

A. Christ, B. Brecht, W. Maurer and C. Silberhorn (2011) contribution”
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Intensity crossover

To describe this, we need to solve the evolution of the electric fields in the
Heisenberg picture.
The interaction Hamiltonian in the nonlinear crystal is given by

H.,; = /dwafdwbq)(wa,wb)al(wa)ag(wb) + h.c.

Ak(wa,wb)L)
2

P(wq,wp) = Ay (wg + wp)sin (

A. Christ, B. Brecht, W. Maurer and C. Silberhorn (2011)
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Intensity crossover

To describe this, we need to solve the evolution of the electric fields in the
Heisenberg picture.
The interaction Hamiltonian in the nonlinear crystal is given by

H.,; = /dwafdwbq)(wa,wb)al(wa)ag(wb) + h.c.
Ak(wq, wy) L
P(waq,ws) _.4p(wa + wp) sin ( k(w2 ) )

proportional to the
pump amplitude

A. Christ, B. Brecht, W. Maurer and C. Silberhorn (2011)
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Intensity crossover

Introducing the singular-value decomposition,

®(wa,ws) = > _ rrthr(wa)dr (ws)

k

[/

h

the solution is given by input-output relations in the Schmidt modes defined
by {¢x} and {¢x}

El,k,out = COSh(Tk)El,k:,in + Sinh(Tk)E;,k,in

A. Christ, B. Brecht, W. Maurer and C. Silberhorn (2011)
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Intensity crossover

We obtain <ET (w! ET (wy) E(wp) E(wq))
= [ (wg, wp) f(Wa,wp)

+9(Wa, wy)g(we, wp)

——g(wa,, w;)g(wga wb)

with
f(wa,ws) =Y _sinh(ry) cosh(ry) (e (wa)dr(we) + v (ws) b (wa))
k
g(wa,wy) =Y sinh?(rp) (Y (wa )Wk (W) + ¢k (wi)Bi (wa))
k

A. Christ, B. Brecht, W. Maurer and C. Silberhorn (2011)



222\ UNIVERSITY of CALIFDW}-
: Intensity crossover

As the pump intensity is increased, we may not work with a simple
two-photon state anymore. Autocorrelation contributions of the individual
beams affect the signal, and distort its nonclassical frequency properties

We illustrate this crossover by plotting the field correlation function in
frequency domain

(ET(w)) BT (wh) E(wp) E(w,) )

: . 2
vs the pump intensity ‘Oz|

A. Christ, B. Brecht, W. Maurer and C. Silberhorn (2011)
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ntensity crossover
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Intensity crossover




Outline

Linear scaling of two photon absorption

Manipulating Two exciton states of molecular
aggregates with entangled photons

Time and frequency resolution in broadband Raman
spectroscopy with interferometric detection

Raman spectroscopy with entangled light and
coincidence detection

Spectral diffusion in photon coincidence
measurements



Coherent Nonlinear Optical
Spectroscopy in Multiple




Response of Quantum
System to Classical Light
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-space pathways for third
order response of excitons
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Cross Peaks in Coupled
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2D spectra of coupled vibrations
Lineshapes reveal correlated fluctuations
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SRS with classical field

Classical FSRS with frequency dispersed detection

dA

Sions(,T) =T [ S2E1(0)8.w + A)Srsnsce, T3 A)

Frequency dispersed detection. The detection window is a product of two classical field ar

Bare signal contains all the information about the matter

471' dw s
Srsre(w, T; A) = + / 1|5 2 T e (uy — AJe™T

X [Fi(w1,wr — A —w + wp, w1 — A) + Fi(wr, w1 +w — wp, ws — A)].
Matter correlation functions read off the diagrams

Fiy(wi, wa,w3) = (VG (w)aG (we)aG(ws) VT

Fé-&(wlzw2;w3) = (VGT(M)@G(W)@G(LUQVT)-



