ABSTRACT

BILIROGLU, MELIKE. Investigation of Room Temperature Superfluorescence and its Origins in
PerovskitegUnder the directiof Dr. Kenan Gundogdu

Robust quantum coherence isracialrequirement fodevelopingapplications that utilize
the quantum properties of matteBecausethermal processésspecifically dephasing due to
random phonon scatteri@gn solidslead torapid dephasing, desired quantum properties can be
observednly at cryogenic temperaturds. this thesis, | show thabme members of leddalide
perovskites exhibit a quantum property cakegherfluorescencgi.e., spontaneous formation of
macroscopic quantum coherence of optically created dipeles at room temperature. This is
possible only when the phenomenological dephasingne is longer than the spontaneous
synchronizationtime of dipoles. To explain the origin of this unusually higemperature
macroscopic quantum phenomen®mpf. Kenan Gundogdproposed the Quantum Analog of
Vibration Isolation (or QAVI) mechanim. In the QAVI processthe electronic coherencesme
protected from ambient thermal noise through polaron formation. Istimdy,| investigated the
potential role of QAVI in leachalide perovskite superfluorescence. Exgiyn | found that
superfluorescence in these materialgn excellent agreemenmtith the predictions of th@AVI
mechanism.

An in-depth understanding of the quantum coherence protection mechanisms can
accelerate the discovery of other macroscopic quamis@momenatransform exotic quantum
phase transitions into ordinary quantum processesexpedite the invention of higemperature
guantum devicedWith further improvement of thisnderstandingwe can create new aterials
and control theipropertiesuchthattheycanprotect quantum coherence and lead to macroscopic
phase transitions at high temperatuvdsich can pave the way for designing systems for emerging

guantum technologies.
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Graphical representation of superfluorescence evolufiarthe left an incoherent
ensemble of dipoles is shown in gray spheres. The arrows indicate the randomly
distributed phases of individual dipoles. With an ultrashort fs laser pulse excitation
(blue wave packetthe phases of these excited dipoles are locked aftertain
time-delay called spontaneous synchronization, forming a macroscopic quantum
coherent st a tireghe milldie). §his anactoscapic statedntefacts with
the radiation field collectively. The system is then described as a single wave
function of indistinguishable particles. Unlike spontaneous emission in radiating in
an exponentially decaying function (iel), the collective emission of the
macroscopic coherent system leads to a burst of superfluorescent light.(g#een)

Energy level diagram of two-@vel system: The allowed and the forbidden
transitions showing an enhanced decay ra&soand the subradiant state.. 7 .

PhotoluminescencBpectroscopy. a, An optical excitation excites a carrier fxom
ground state to an excited state. Due to vacuum fluctuatiensarrier is not stable

in the higher energy statevhich decays back tdhe ground stateradiating
photoluminescencéy, The spectral response of photoluminescence and its time
evolution showing an exponentially decaying functimrExperimental schematics

of the steady state photoluminescence experimentsdihele is always kept in the
cryostat throughput the temperature dependent PL experiment. The radiated PL is
then collected and focused on the spectrometer usingé éegsé .€¢ € é é 10

Experimental schematics of Kegate setup and the IRF resgerfunction. MiIM6
denotes to dielectric mirrors, EH16 denotes to lens and #PR are the polarizers.
The upper plot on the left shows the instrument response function of the Kerr
medium The temporal response of €8 measured using 400 nm, 120 fs laser
pulses Gaussian fit is shown as the black dashed line. The IRF has a FWHM of
2b4psé e ééeééécécéecéeéeéeéeéeée..éeéeé. 2.

Diagram of pump and probe in TAS. a, Puptpbe pulses overlap on the sample
that are separated with a time detay. The change in the transmission is measure
with pump on and off and sent through a grating and CigDrhe resulting
interactions leadot an increase or decrease in the transmission with respect to no

rrrrrrrrrrrrrr

Experimental schematics of TDTS setup. The laser pulse is divided into 3 main
paths. Two of the paths are pump paths wlwere is used for THz generation and
one is used for upconverted 400 nm, to excite the sample. Theadn is the
sampling beam to detect the generated THz pulse. Here: Pol. BS denotes for
Polarizing beam splitter, HWP and QWP denotes to half waveplate)a@arter
waveplate respectively. WP denotes to Wollaston prism and PD stands for

rrrrrrrrrrrrrrrrrrrrrrrrrrr
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Figure4.1 Spectroscopic signatures of SF for qe@BiCsPbBsthin film atx y ando 1t ot
a, The timeintegrated PL spectrédnswing two main features located @ ¢Q w
andc¢& 10 aat excitation fluences (F) ranging frondt* Qa touvd* Qa .
The onset of the® ¢Q csharp feature beyond threshold is showp @b . b, The
TRPL dynamics of¢& ¢Q wfeature atx W , at below the SF threshold
(t8' @Qa ), slightly above thresholdt@®* @da ) and above threshold
(p @ Qa ) displaying the evolution of the monotonic decay turning into a
sharp burst. The inset shows the TRPL peaknisity values extracted from SF fit
model showing a superlinear increase (black dashed line) with excitation fluence
(See Appendix Fig\15 for higherfluences). c,d, The delay time (c) and real width
(d) values extracted from SF fit modelyatly . The blak dashed lines show the

fits following — and-. e-h, Similar spectroscopic signatures are shown in panels
e-h for o maot. The error bars represent 95% confidence intervals for the fitted

"""""""""""""""""""

Figure4.2 Finestep timeresolved PL ax ) ando 1t &j, The x W (a-e) ando 1t ot (f-
J) TRPL data of the sharp feature at excitation fluences below the threshold at
o8t @a HATA®' Qa (f) decaying monotonically; slightly above the
threshodl att8 © @Qda (b) ando @ @a (g) exhibiting a delayed secondary
rise with fluctuations on the top of PL peak; above threshal@at @ & (c) and
T Bt Qa (h) denoting fluctuations more on the rise and less on the decay;
displaying the diminishing fluctuations and Burnk@&miao ringing behavior at
o * Qa (dandu @ Qa (i); exhibiting a short SF burst with Burnham
Chiaoringingap @ Qa (e)andw®* Qa4 ()ééééééééé .25

Figure4.3  Temperaturaependent finstep TRPL at threshold fluences. TRPL data at
temperatures ranging frogmub too o 1 for slightly above threshold fluences. a,
18 Wa at 78 K b, u®* Qa at 1500.c,p &' Q@& at¢c m. d,
o® Qa atqymu.ec® Qa atonu.fu@' Q& atco.
The delay time decreases as the temperature is increasey fibrto 3000 . At
o o wtthe PL rises right at zeriime delay with diminished fluctuations......... 27

Figure4.4 Graphic representation of quantum analog of vibration isolation. a, Optical
excitation creates a superposition state of the excited and ground state, which will
oscillate in the box potential. The fluctuations in the box potential is illustrated as
waves sattering off the walls. These scattering events lead to random changes in
the box potential, and the phase of the wave paeket . b, In perovskites, the
electronic dipole is strongly correlated with a particular lattice distortion mode.

This is illustated as a spring that modulates the left wall in the box. The incoming
phononswith wi 'l i nteract with the box throu.
anal ogue of vibration isolationo. c, Th
vibration isolationsystem The balls with various springs are noise sources
interacting with the platform. The spring between the system (blue layer) and the
environment (green layer) is filtered by a particular spring in between. The upper

plot shows the frequency dependerof transmission for different damping ratios

iX



Figure5.1

Figure5.2

Figure5.3

Figure6.1

(). The higher frequency fluctuations
boxes attached to the strongest coupled lattice distortion mode that promotes
coherence between dipoles. This leads toagroscopic state, forming a "giant

,,,,,,,,

dipole" that radiates a superfluorescent burst......... ceeeéeééée. .29

Onedimensional box potentighowing the ground and excited state (black waves)
and the superposition of these 2 statesg@gnta wave) which oscillates left and

"""""""

right with frequency of andaphase é ééééeéééeéeéééééé .35

Dephasingn the 2D Box Potential. The frequency of the ground and excited state
wave pockets (black wave pockets) confined in a boargiatl is given by Y

. In solidstate systems it is very challenging to isolate the box from its ambient.
Once the potential interacts with the ambient or thermal phonon modes it causes
random stochastic fluctuations in the frequency and theepbiathe wave pocket
hence loss of its phase memory. The loss of this phase memory results with loss of
the superposition state (magenta wave pocket) i.e. dephasing takes

""""""""""""""""""

Schematic®f Quantum analog of Vibration Isolation. a, Optical excitation creates

a superposition state of the excited and ground state shown in magenta wave
pockets, which will oscillate in the box potenti@he potential is surrounded by
random noise source, ttmeal phonon bath that interacts with the wall of the box
potential which lead to random changes in the frequency and the phase of the
supposition state. b, In QAVI, this picture is modified where the electronic dipole
is coupled to a particuldattice mode available in the system. Particularly a low
frequency vibration modé&his is illustrated as a spring that modulates the left wall

in the box. The incoming random phonon modes will interact with the box through
the spring forming a quantum analog of wtion isolationé ¢ é é € éé . . 36

Graphicalrepresentation of QAVAnd polaron formatiana The potential box
shows a quantum oscillator that is formed by the superposition of the ground and
excited state confined in the potential. This supetjposistate (magenta wave
pocket) oscillates left and right within the box potential with a certain frequency
and phase. In order to observe a macroscopic phase transition, we need to protect
the frequency and phase of this superposition state i.e., wéiselhte the system

from ambient noise sources, thermal phonond+sre, the potential box is coupled

to a particular lattice distortion mode () where incoming phonon modes interact
with some form of a quantum spring before they reach to the feating QAVI.

b, In perovskites, optical excitation creates an electronic dipole that is strongly
correlated with a particular lattice distortion mode that forms large polarorise
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increasing lattice mode frequenaf/halide vibrations from iodine mixlesystem to
chlorine mixedsystetné e e e ¢ € € éééééeeeeeéeéeé.é dl

Figure6.2 Predictions ofQAVI for different halide componentAt a giventemperature,
oscillators have a characteristic dephasing timéf &n ensemble of oscillators can
synchronize before the dephasing time, then a macroscopically coherent state
forms, if not the system remains incoherditite red arrow shows the timeline for
synchroddbzari & @delay time which marKks
For a good proteed system, one would expect to observe a longer delay time when
compared with a bad protected system. The green arrow shows the SF threshold
density of oscillatorsSince the delay time shortens with increased dipole density,
the lowest SF threshold detysishould be observed in the material with better

//////////////////

QAViprotectiore é ¢ . é e .éeéeéeéeéeééeéeéeéeéeé. 43.

Figure6.3 Spectroscopisignatures of SF for mixed qu&&D thin films aty yb . a, Thetime-
integrated PL spectra showing s two main features showing a broad PL feature and
a sharp SF feature that exhibits a threshold behavior. For PEA:CsPb{By/The
TRPL dynamics of the sharp SF featurexaf) , at slightly above threshold
(p @& Qa )and above threshold (@ ¢ @ & ) displaying the evolution of SF
decay turning into a sharp burst. c,d, The delay time (c) and real width (d) values

extracted from SF fit model . The black dashed lines show the fits following

ard — eh, Similar spectroscopic signatures are shown in pandis fa
PEA:CsPbBg thin films and in panels -li similar spectroscopic signatures are

/////////////// s

shown for PEA:CsPb(Br/djthinfimse é é é e é é e é éeé éée .é 45

Figure6.4 a, Steadystate PLspectra at slightly above threshold excitation for all 3 samples
b, Photoluminescence dynamics at the SF threshold taken under 78 K showing the
shortening of the delay time as we change the halide component from Br/Cl to Br/I
in 3 panels from top to bottorespectivelyc, Delay time values extracted from the
transients at slightly above the threshold excitation fluence. As we change the
halide component the delay time shortens from 32 ps to 9 ps which marks the limit
of the dephasing time in these Systéngs. ...........ccceeeeeiiicciinnnnnee, €. é .46

Figure6.5 a, TAS spectra at the SF threshold for the same 3 samples. The ghadsidn
curves show the fits to extract the population of SF at slightly above the threshold
b, Relative populationalues extracted from TAS for 3 different halidesorder
to observe SF phase transition, we need to excite 6 times more density in Chlorine

,,,,,
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Figure6.6

Figure A.1

Figure A.2

Figure A.3

Figure A4

Time-resolved THz spectroscopgeasurements and its analysis. a, Fadoeain

THz field transmitted through the sample (blue) and pimdpced change in the
THz field (magenta). We can determine the photoconductivity of the of the sample
through the change in the transmission under pognphere this change represents
the conductivity of the excited chargé, . b, The probe spectrum of the time
domain THz field used in the optical pufiipiz probe experiments. ¢, The transient
change of the transmitted THz field measured right at tak peder 400 nm laser
excitation d, Extracted real part of the THz photoconductivity spectra of gRBsi
CsPbBg thin film showing multi resonances at really low wave numbers
referencing to the existence of low frequency phonon modes. The blue scattered
dots show the extracted data, and the red line shows the fit based orSDritlde

/////////////////////////

Lorent z moadéeed e e e &&éé éeéeceeeeéééée 49

Crystalline structure of qua&D CsPbBg thin films. a, Scheme of CsPbBr
perovskite crystal structure. b, Schemeqafsi2D perovskite phases. The gray
part is PEA organic cations. n denotes the number of layers. ¢, The absorption
spectra of quas2D CsPbBsthin films taken with a UWis spectrometer a¢ W .

The peaks for¢ pRivand 0O domains are indicated with black

=L (011 PP e éeé.76

Structure characterization of qu&dd CsPbBg thin films. a, Scanning electron
microscopy $EM) image. b, Atomic force microscopy (AFM) image. cray
Diffraction (XRD) pattern of lower domains (n=2) and the 3D of the prepared
perovskite films at room temperatéré ¢ e € é é € é é e éé .. . . € &ré .

Spectroscopic properties of quaf) CsPbBg. a, CW PL spectra and its fit (solid
magenta line) using two Gaussian curves with peaks located at @i@ug@d cand

¢& TQaty y. b, c, Excitation fluence dependence of the deconvoligedQ w

(b) andc& T ofc) features ag W, ¢ ¢ ot ando 1T @t showing a linear relation
(black dashed linesJhe error bars represent 95% confidence intervals for the fitted

//////////////////////////////

Fluence dependent PL analysis at different temperatures. Femtosecond time
integrated PL spectra of quasiD CsPbBs thin films measured at different
excitation fluences gt W (a),¢ ¢ ot (c), ando 1t at (e). The dotted lines present

the data at selected fluences for reference. Insets show the lower excitation fluences
displaying a thrghold behavior of the sharp feature. The intensity of this feature
extracted using Gaussian fits as a function of excitation fluence are shown in (b),
(d) and (f) atx W, ¢ ¢ ur, ando Tt ar, respectively. The PL intensity exhibits a

Xil



Figure A.5

Figure A6

Figure A7

Figure A8

Figure A9

Figure A10

linear dependence atvn with black dashed lines. The error bars represent 95%
confidence intervals for the fitted data.................coooeeiiiiiiiiiiiinnnee. e.eé .79

TCSPC dynamics of quagD CsPbBs. Below threshold long lived PL dynamics
ofcg Wb eature measured at .room.té@Pper &té€rn

Excitation fluence dependent TRPL transientg alp. al, TRPL dynamicsof

quasi 2D CsPbRBrthin films is displayed at 12 different excitation fluences. The

bl ack dashed |lines show the fits done wu
Model 0 section. Panels (a) and (b) show
fluences exhibiting a monotiandecay behavior. Beyordt* @ & a delayed

second feature arises. To obtain the delay time and burst width from a clean SF
signal, we averaged multiple transients, hence the fluctuations are not
pronounced € é ¢ é € ééeéécéééecééeéeeeéeéeée. . eéeqd.

Excitation fluence dependent TRPL transients at ot. al, TRPL dynamicsof

quast 2D CsPbBs thin films is displayed at 12 different excitation fluences. The

bl ack dashed | ines show the fits done u
Mo d e éction. Panels (a) and (b) show the data at below and around threshold
fluences exhibiting a monotonic decay behavior. Beyp&t @ & a delayed

second feature aris@o obtain the delay time and burst width from a clean SF

signal, we averaged multg transients, hence the fluctuations are not
pronouncedt é € é 6 éééééééeéeééeéecécéecéé.ée 8

Excitation fluence dependent TRPL transients at ot. &j, TRPL dynamicsof

quasi2D CsPbBg thin films is displayed at 10 different excitation fluence. The

bl ack dashed | ines show the fits done u
Model 0 secti on. Panel (a) shows the dat
monotonic decay behavior. Bendc &' @ & a delayed second feature arise

To obtain the delay time and burst width from a clean SF signal, we averaged

rrrrrrr

TAS data of quas2D CsPbBs thin films at x Ww. TAS dynamics ofg® ¢Q w
feature at excitation fluences®8 * Qd& . b, 8 * Q& &, o' Qa& . d,
X8 Qa . e st Qa . f, pB " Q& . g p&" Q& . h,

//////////////

p@r: Qa .i,TBI W éééééé.é.....6666666688. 6.

TAS data of quas2D CsPbBg thin films at¢ ¢ ot. TAS dynamics of (& ¢Q w
feature at excitation fluences@,& * Qda .b,p 8 Qa .cc B8 Qa4 .
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Figure A11

Figure A12

Figure A13

Figure A14

Figure A15

d c® Qd . e o8 Qa . f o Qa. g o@° Qa . h,
PP Qa .ipcdp Qo .. 66é6é666666é6é6é6é6éé66é.85

TAS data of quas2D CsPbBg thin films ato 1 ot. TAS dynamics of the® ¢Q @
feature at excitation fluences@d * Q@& .b,o % * Qd& .c,o@* Qa 8
d T Qd.e 0@ Qa . fx@ Qa.g Yy® Qa . h,
o QG ipu@ QG . CEEECECEEEEE 6 6666 8D

Pumpprobe spectroscopy alysis at different temperatures. The transient
absorption spectra of quadb CsPbBg thin flms at around 2 psgeconvoluted
using three gaussian curves shown with dashed lines at a fluewgpg A | at

X W (a),¢ Bot*Al atc ¢u(c)andp @ {*Al ato min(e). The extracted
peak intensity of the® (Q dfeature as a function of excitation fluerehibits a
linear dependence (black dashed lines) up to 1881 atx yb (b), 39.4
t*Al at¢ ¢ or(d), 92.2t*A 1 ato mo(f) and then saturates beyond. The
error bars represent 95% confidence intervals for the fittedédata .€ € é .87

Absorption spectra of the quadD CsPbBs perovskite films at different
temperatures.-§ The UV-Vis spectra with their fits to Elliot model ak W (a),

1500 (b),¢ ¢ ot (c),¢ Y (d),o mwm (e) ando o w (f). The contribution from

the exdtonic band and continuum band are displayed with green and magenta

,,,,,,,,,,,,,,

Temperature dependent transition dipole moment and relative differential
transmission intensity. a, The transition dipole moments of AIACsPbBs
perovskite thin films extracted by fitting the W¥is spectra with Elliot model at
temperatures varyingdm x W to o o mi8b, Comparison of the slightly above
threshold population values af)id to o o wt. The effect of the temperature is
excluded by using the transition dipole moments extracted from Elliot midue|
data shows the relative population wes with respect t W data in order to
compare the SF threshold populatiatsdifferent temperatures. The error bars

/////

Fluence dependence of SF signaturegjudsi2D CsPbBg thin films. ab, The
fluence (F) dependence of the peak intensity of the transient PL extracted from SF
fits atx yb (a) ando mtut (b). The black dashed lines show the superlinear increase
up tox&*‘ @Wa andv @‘ wda for xwo and o T respectively. ¢, The
fluence dependence of the peak intensity of the transient PL extracted from SF fits
at¢ ¢ or. The data saturates beyandgo' @ & . d, e, Fluence dependence of the
delay time (d) and real width (e) values exteadtom SF Fit model foig ¢ .
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Figure A16

Figure A17

Figure A18

Figure A19

Figure A20

The black dashed lines attee fits showing— (d) and— (e) dependence. The
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Fine-step timeresolved PL of quasiD CsPbBg thin films atp v @t. The TRPL
data ofc& (0 cfeature at excitation fluences a, Below the threshoffi* Q &
decaying monotonically. b, Slightly above the threshalip¢( @ & ) exhibiting

a delayed secondary rise with giant fluations on the top of PL peak. c,d, Above
thresholdp @* Q& andp @ * @a ) denoting fluctuations more on the rise
and less on the decayc B0 @d displaying the diminishing fluctuations and

,,,,,,,,,,,,,,,,

Fine-step timeresolved PL of quas2D CsPbBs thin films at¢ ¢ ot. The TRPL

data ofc® (0 afeature at excitation fluences a, Below the threshp@l* Q@ &
decaying monotonically. b, Slightly above the threslfpld * Q& ) exhibiting

a delayed secondary rise with giant fluctuations on the top of PL peak. c, Above
threshold ¢ ®* @& ) denoting fluctuations more on the rise and less on the
decay d,.e,p 8 * Qa (d) andg Bt @Qa (e) displayingthe diminishing

,,,,,,,,,,,,,

Fine-step timeresolved PL of quastD CsPbBs thin films atg y ot. The TRPL
data of ¢& ¢Q w feature at excitation fluences a, Below the thr&sho
PR Qa decaying monotonically. b, Slightly above the threshold
(c ®* Qa& ) exhibiting a delayed secondary rise with giant fluctuations on the
top of PL peak. ¢, Above threshold @ * @& ) denoting fluctuations more on
the riseand less on the decagl,e, T € * Q& (d)and & Q& ()
displaying the diminishing fluctuations and Burnh@&iao ringingoehaviogé . ®

Time-integrated and timeesolved PL data of MAPpthin filmatx ¢. a, Time
integrated PL spectra at different excitation fluences measured simultaneously with
TRPL data. b, Tim@esolved PLdynamics at different excitation fluences
exhibiting fluctuations mainly on the rising edge of the PL dynamics at lower
fluences. As the fluencefsrther increased the fluctuations decrease although they
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Time-integrated PL spectra measured simultaneously withstiee TRPL. PL of
quasi2D CsPbBg thin film measured at different excitation fluences aix a .
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Figure A21

Figure A22

Figure A23

Figure A24

Figure A25

Figure A26

Figure A27

PL spectra measured simultaneously with -Btep TRPL. Normalized time
integrated PL of quastD CsPbBg thin film measured just above the threshold
excitation fluences at; g W&, p v ot ¢, ¢ ¢ otad, ¢ P WS, ¢ uBand f,

Temperaturelependent delay time of firséep TRPL traces. Therigest measured
delay times of quastD CsPbBgthin film at slightly above threshold fluences (Fig.
3) extracted using SF Fit model. The error bars represent 95% confidence intervals

,,,,,,,,,,,,,,,,,,,,,

Angle dependent PL spectra of quaBl CsPbBg thin films at x y. a,
Experimental schematics displaying the angle dependent detection of the PL
emission. b, Angle dependent spectra of the SF emission at an excitation fluence of

,,,,,,

Time-integrated PL measured at forward and backward directensPL spectra

of quasi2D CsPbBg thin films exhibiting asymmetric forward and backward
emission atp B Qa at x W (@), o' Q& at c¢cum (b),

T @& Qa atomr (c). A dichroic beam splitter (425 nm short pass) is
employed in the path to excite tt@mple and collect tHeackward emissioa. ..99

Quantum MonteCarlo Simulations below and above the SF threshold. PL
transients obtained at two different dephasing rates (1) for0 p ¢a, At
pumpratg ¥ pmo Tt andb, Apumpratef T wmo TPt

.The time axis is in the unit of characteristic time¢ — of singledipole

spontaneous emissiéne € € € € € é €6 € é e e éé .ééeéé. éé.100

Time-integrated and timeesolved PL data of qua8D CsPbBs thin films & 330
K. a, Time-integrated PL spectra at different excitation fluences measured
simultaneously with TRPL data exhibiting a threshold behavidFirbe-resolved
PL dynamics at different excitation fluences showing increase in delay unlike lower
temperatureé é € é e éeééééeéeéeéeééeéeé. éell

Low Excitation Pumgprobe spectroscopy analysis of qu2Bi CsPbBsatc o ur.

a,b, Differential transmission signal & ¢ awfeature at an excitation fluence of

o §t*Al that shows the population transfer is completed at arodhps2even

at below the SF threshold (a) and deconvoluted transient absorption spectra of
quasi2D CsPbBsthin films at around 2 ps using three gaussian curves shown with
dashed lines (b). ¢, Thextracted peak intensity of tk@ (2 dheature as a function

XVi



Figure A28

Figure A29

FigureB.1

FigureB.2

FigureB.3

of excitation fluence exhibiting linear dependence (black dashed line). The error
bars represent 95% confidence intervals for the fitted&laaé é é € é € . R

Spectroscopic analys@f polaron formation at 330 K for PEA:CsPhBThe top

panel shows the transient absorption kinetics of the sample probed at 2.3 eV (a), its
spectral evolution (b) and PL spectra (c) at an excitation fluence of 0.04 FaJ cm
Panels d-f and gi representssimilar experimental data for higher excitation
fluences. As the excitation fluence increases, transient absorption dynamics exhibit
a delay (a, d, g) showing the BGR persists longer (b, e, h), while emerging and
diminishing SF peak is observed in PL dp&¢c,f,ig e € € € € é é é e . B

Time-integrated photoluminescence data at 330 K for PEA:CsPiBre PL
spectra at different excitation fluences showing the diminishing SF feature as the
fluence is increased. a, The SF emission just above #shthid The PL intensities

in panels b,c,d and e, is divided to 4 for a better observation of the maximum peak
intensity evolution with respect the low emission fluences. f, The complete loss of

"""""

PL spectra of quasiD inorganic hybrid perovskite thin films at 78 K. Pulsed
excitation PL data of a, CsPb(Br/CI)3, b, CsPp&rd c, CsPb(Br/1)3 thin films.

The spectra display double emission peaks where the broad feature is attobuted t
PL and the sharp features shows SF for CsPb(Br/Cl)3, CsPbBr3, and CsPb(Br/1)3,
respectively. The figures in (d), (e) and (f) show the intensity of the SF emission
extracted using tw&aussian fits increasing linearly with the excitation fluence
(black dbtted lines). The error bars represent 95% confidence intervals for the fitted
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Time-correlated single photon counting PL dynamics of gaBsinorganic hybrid
perovskite thin films. Below threshold longdd PL dynamics of a, CsPb(Br/Cl),
b, CsPbBgand c, CsPb(Br/l) thin films measured at 78K. & é é € .6 é . b

Transient absorption spectroscopy results of g@Bsinorganic hybrid perovskite

thin films at 78 K. a, ¢, andrespectively show theansient absorption spectra of
CsPb(Br/l) att& * @wd& , CsPbBsatu® ‘ @wa and CsPb(Br/Cl) at &

* @& measured at around 2.5 ps. The spectra are deconvoluted using multiple
Gaussian peaks as shown with the dashed lines. The extracted peak intensities of
the SF features exhibit a linear dependence on excitation fluence@p taw &

for CsPb(Br/l) b), p @ * @wd& for CsPbBs (d) and v @ ‘ wa for
CsPb(Br/Cl) (f). The error bars represent 95% confidence intervals for the fitted
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Figure B4

Figure B5

UV-Vis absorption spectra of quaaD inorganic hybrid provskite thin films at 78

K. Absorption spectra o€sPb(Br/Cl) (a),CsPbBg (b) and CsPb(Br/l) (c) thin

films with their Elliot fits showing the excitonic (Fit 1) and continuum (Fit 2) bands.
The extracted relative strength of transition dipole momeaisdre 3.14, 4.41 and

2.8 for CsPb(Br/Cl)CsPbBg and CsPb(Br/l) samples, respectively. These values
are used as a normalization constant for population comparison in these three

,,,,,,,

samples, following the same procedure inRefé é & . e € € € € é é .108

Structure characterization of quadd perovskite thin films. Xay Diffraction
(XRD) pattern of the prepared perovskite films at room temperatére € 109
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CHAPTER 1

Introduction

Synchronization of oscillators is a universal phenomenon that can occur in any system if
the oscillatorshave sufficientdephasing time. A excellentclassical example of visualizing the
spontaneous synchronization process is the synchronization of meésmm a freely moving
platform. The collective interaction of randomly oscillating metronomes with their medium and
each other leads to a coherently oscillating metronome ensdbldlature isalso full of
fascinating examplesuch as the initial ordering of the planetary orbits, frequency locking of
triode generators, and the flashing of fireflies in the watalectivelyilluminating the forest(1).

If such synchronization, like metronomes on the same platform, is built up on the atomic scale,
then we enter the world of quantum. Quantum plagialso tentb synchronizeheir phaseander

certain conditionsWhen this happens, we observe the formation of a macroscopic quantum state
where exotic properties such as superconductivity, Bfisstein condensation, superfluidity, and
superfluorescare areobserved?2-4).

However, n both classical and quantum realimissening synchronizationiaking placds
agreatchallenge due to the extremdiggile phase stabilityof oscillators In thequantum world,
we define everything with wave functions in which peseplays a dominant rol@ determining
the waveform, its relation to other waves, atsdcollective behavior under external stimuli.
Becauséhe phase of an ensemble of quantum ladoils is extremely sensitive to ambient, with a
short decoherence and dephasing dinespecially in soliestate systendsobservation of

macroscopic quantum phenomena is limiteddlicateconditions such as cryogenic temperatures

1



and/or high magnetic fietd Thus although observing these fascinating phenomena is very
exciting, these very stringent conditions limit their applicability to today's new quantum
technologies

Until today, observation of superfluorescence in sdatdtesystemshas been extremely
rare due t@xtremerequirements fobuilding macroscopic coheren¢e8). In this thesis, | present
theobservation of roortemperature superfluorescence in a g2&sCsPbBsthin film, a material
that belonggo the peovskite family(4). | have investigatethe spectroscopic properties of this
sample from multiple aspestwhich will be coveered inthe first part of this thesis.will also
presenta possible protection mechanism that extends electronic coheredtast the limits of
this proposed mechanism using perovskiesch will be the subject of the second part of this
thesis

Chapter 2 introduces the brief theoretical background ofrBupeescence to gain an
intuitive picture & how the process flosv1 alsobriefly reviewthe literature orthe observation of
SF in solidstate system$lext, inChapter 31 seekto provide the background of the experimental
apparatus used in this studg Chapter 4, | present the main resuftshe observation of room
temperature superfluorescence in qA3iCsPbBs thin films. Ths chapter aim to discuss all the
signatures of SF through transient and stestdte experimentas a function oboth excitation
fluence and temperature updoart ot. At the end of Chapter, 4introduce a possible origin for this
extended quantum coherenceléadhalide perovskitesnamelyQuantum Analog of Vibration
Isolation(or QAVI). Next in Chapter 5| discuss th&€AVI modelin more detail. This section is
particularly important in order to understand the implications of sugtotection mechanism.
Herel look at QAVI from a fundamental perspective and try to answer questions like: Hotv can

be used textend the quantum coherence at high temperatures? Whthiatlying mechanism in



perovskitesallows the system to create a macroscopic quantum state ateogarature? Can

this model be applied to other systems? We then carry the discussion one step further in Chapter
6, wherel testthelimits of QAVI using superfluorescence and perovskitea st bed. Herd

took advantage of thenaterial tunability ofperovskites and changéehe halide component of
CsPbBs thin films. With this | could study the effect of QAVI on a material basis and saw that it
behaves as predicted. Finallg Chapter 7, | finish my thesis with a summary and an outlook.
Supporting mformation on corresponding chapters is discussed in the Appendices section of this

thesis



CHAPTER 2

Theoretical Background

A prominent example of spontaneous synchronizatooursamong a population of
optically excited dipoles in a small volume and leads to a phenomenon daltke
superradiance (SR) (9-11). When these excitations are in the same phase, they behave like one
giant atom and the collective quantum state collaboratively interacts with the radiation field,
leading to a sharpntense coherent emission. Figure 2.1 illustrates the proicesgich the
initially excited population of dipoles baa random phase distribati. The vacuum field
interactions spontaneously synchronize the phases of these oscillators to a collective coherent
macroscopic Dicke superradit state. The formation of a coherent state from an initially

incoherent population of dipoles and the resgleémission is calleduperfluorescencegSF).

- Superfluorescent
A Emission

Intensity (a.u.)

Spontaneous Synchronization

Fig. 2.1: Graphical representation of superfluorescence evolutiorOn the leffan incoherent ensemble of dipoles is sho'
in gray spheres. The arrows indicate the randomly distributed phases of individual dipoles. With an ultrashort fs la
excitation (blue wave paek), the phases of these excited dipoles are locked after a certaiddlayecalledspontaneous
synchronization, forming a macroscopic quantum coherent st a
interacts with the radiation field coligvely. The system is then described as a single wave function of indistinguis
particles. Unlike spontaneous emission in radiating in an exponentially decaying function (blue), the collective entfigsi
macroscopic coherent system leads to attefrsuperfluorescent light (green).



To gainfurtherinsightinto the understandingf SF, we can start with the pictuséatwo
2-level system where thdistance betweedipolesis lessthan their emission wavelengtifi.the
atomsaredistinguishable (far away from each othehen we can write the spontaneous decay

rate of a singlatom(12):

T Eq. 2.1
o oW
HereQis the transition matrix element whete Q QQ"Q (Qis the operator of the
electic dipole moment) O 'O T, 92i s Pl an c kaddbis the velscityaohthe,

light. This equation holds truéor any system under the condition of the dipoles being
indistinguishable. So, when we hatveo atoms that are indistinguishable from each qttrem
we have the possibility of both being in the ¢xdistate or both being in the ground state. There
is also the possibilitpf onebeing excitedthe other being in the ground staé®ad vice versa

creatingfour possible states.

Ot % OB OOF % 0B 08h SQ'R Eq. 2.2
R C

With the assumption 0QQ'Q "QQ'Q mhwe can novproceedstep by step and find

the total dipole moment for all thpossibletransitions between these states:
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FromEq.2.1, andusingthetotal dipole momentwe can easily calculate the transition rate
3 for all the possibletransitions.Figure 2.2 shows that there is one allowed transition from

D& $Qin which therate goes with 2 for 2 atoms which is calledhe superradiant state

whereasthe transition into the statem—_ D® sQQ, which is forbidden is called the

subradiant state
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Fig. 2.2: Energy level diagramof two 2-level system:The allowed and the forbidden transitions showing an enhanced c

l9g)

rate of 23 andthe subradiant state.

Here, he model developed fawo atoms can be extended amangtoms confined to a

small volume with respect to its radiation wavelenfgthihis casethedecay rate will be enhanced

by Nwfor N atoms resulting in a burst of ligfit2). This is one of the important characteristics of
SF.

In addition to this, in SF, because phéseked oscillators form a giant macroscopic dipole,
its interaction with the vacuum field and emission kinetics differ siamtly compared to that of
incoherent optical excited populations and provides distinct measures for differentiating SF from
the ASE(8, 1317). First and foremoshecausehe initial population is not coherent in SRere
is adelay timeor the emission to staft2). This delaydecreasewith the increase in the excitation
density. Moreover becauseall the excitations interact coherently with the radiating field, the
emission itensity scales witld (N: excitation density,) leading to ajuadratic dependence on
the excitation densitylt is also important to note that thigne evolution of the SF exhibits
modulations in the emissiprsuch asfluctuations and oscillations calleurnhami Chiao

ringing_(13, 1821). Finally, the emission kinetics of SF is similarth@relaxation of an inverted



pendulum; as a result, it has a very specific tdependent functional forrhatis based on a
[ 'CXw function unlikethe spontaneoudecay of excitation2?2). All these fingerprint properties
help isolagé SF from other collective radiation processes.

On top of all these signatures, the most important requiremethieffmrmation of SF is a
long enough dephasing timdacroscopic coherence can buid only if the dephasing is slower
than spontaneous synchronization. Therefore, initial observatioR b&Sbeen primarily on gas
phase systems, which exhibit long dephasing ti(R825). Becausehe electronic dephasing
times of optically excited dipoleare very fastin condensed matte6F is mostly observest

cryogenic temperatures (¢ 10 ), andin only a handful of soligstatesystemgTable1).

Table 1: Examples of SF in solidtate systems

Sampl e & Temper a
Sampl StructLL’3 % Magnet. Re.f
0 :KBr Bul k 1.2 ns <0.5 ns 4 . K5 (6)
CucCl Quant um 25ps <lps X W (8)
| nG3g AS Quant um Upto230ps ~10ps uoh ‘ (7)
28 pWYQI &¢
6 :KClI Bul k 0510ns 0'386 18 0 ©6)
ZnTe Bul k 0.31.5ps 10i 40 ps Lo (5)
Superl a .
CsPhB ~
sPh U E M 6 ps 70 ps QU (27)
Superl a N .
C® b Exl quant un 3ps 65 ps QU (27)
. ; Our
MAPD I
b Thin f 16 ps 13 ps X Ub Wo r( 13 )
Qu axD . . Our
CsPhB Thin f 14 ps 8 ps O Tt Ot Wo rd



Most of these observatiomse maden materials that exhibit localized atorike states,
such as CuGjuantum dot$26), molecular Jaggregatesand crystalg5). The only example from
a solidstate system witlan extended electronic state is the SF emission from Landau levels of
InGaAs quanim wells under high magnetic fields (>10 Tegld) In addition in 2018, Raino et
al. showed SF in CsPbBandCsPbBsCl nanocrystals at 6 K7). More recently, we showed that
MAPDIs thin films exhibit SF at higher temperatures when excited at and above a certain threshold
density using ultrdast laser pulse). In this studywe proved SF in MAPRIthin films atx ub
andshowed its effects up f p . It is important to note thaip MAPDbIs, we were limitedby its
structural phase transition at aroymd @r. Its crystal structure changes from orthorhombic to
tetragonal as the temperature increases, which limits the range of tempewéhires/hich we
can perform a systematic study for this particular syskamthis reasonPEA:CsPbBs thin films
were a& ideal candidate in terms aheir optical stability and the absence of structural phase
transition up to 330 K. In 202%e show that PEA:CsPbgthin films exhibit superfluorescence
up to 300 K to the best ofour knowledgethis was the first observation of roetamperature
superfluorescence in solgtate system@). In Chapter 4, Will discuss the findings of this result

in further detail.



CHAPTER 3

Experimental Techniques

3.1 SteadyState PL Spectroscopy

PL spectroscopy is one of the major techniques used to probe the electronic structure of
different material systems. Different light sources can be used to photoexcite the fsam the
ground state tohe excited statethe radiatd light from the sample iscollected andsent tothe
detector (Fig3.1a). Thephotoluminescence spectra are then recorded by measuring the intensity
of the radiated light as a function of emission engvgyerethe time evolution of thisdecay

evolves wih an exponentially decaying functi¢iig. 3.1b).

Excited - —
State

Exponential
Decay

ensity ‘\a_‘u
Intensity (a.u.)

Ground
State

2Iancrgy (2(3,V) = Time (pS)

R
o
o

Detector

Collimating
and
focusing lens

Fig. 3.1 Photoluminescence Spectroscopy. An optical excitation excites a carrier fralreground state to an excited stat
Due to vacuum fluctuationshe carrier is not stable in the higher energy statéch decays back to ground state radiati
photoluminescencd, The spectral response of photoluminescence and its time evolution showing an exponentially d
function c, Experimental schemasicof the steadgtate photoluminescence experimeftte sample is always kept in th
cryostat througbut the temperaturdependent PL experiment. The radiated PL is then collected and focused ¢
spectrometer using a lens.
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| used a typical PL specsoopy setup to investigate the spectroscopic signatures of
superfluorescenceshown in Fig. 3.1c. In oupulsed excitatiorexperimentswe usedt T4t d
pulses obtained from a frequendgubled Tisapphire amplifier (Quantronix Integ€ repetition
rate,p'lQ"Occentral wavelengthp Tr#t ) to excite the sample. For continuenave excitation, a
T T'D & InGaN lasewas used to excite the sampke.Mightex spectrometeras used in both

experimentgo measure the PL spectra.

3.2 Kerr Gate Experiment

Time-resolved photoluminescence is a crucial tool that | used in this study to differentiate
the dynamics of superfluorescence from other collective ewnisprocesses. SF has very
characteristic fingerprints in the time domain, such as the delay time or real width, which are in
the order of picosecond timescales. For thissed a homauilt Kerr-gate setup to acquire the
TRPL datasshownthroughout this th&s(Fig. 3.2) Here, he resolution of our system is determined
by the gating time of the Kerr mediynvhere we have measured théi-width-half-maximum
(FWHM) of ¢® ™) i(Fig. 3.2).The sample is excited with perpendictt T4t & pulses similar
to the timeintegrated PL experiments. The size of the excitation bep@®'é &. CSin ag'dt &
cuvette is used as the Kerr medium. A Hamamatsu photomultiplier tube (H20y2ftachedo
a monochromator is used to detect the gated sighhath is connected tolack-in amplifier. We
usal MATLAB as an interfacto controlboth the lockin detector and the delay stage controller
The sample is kept in a Janis continuflosy liquid-N2 cryostat for temperatureependent

studies
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Fig. 3.2 Experimental schematics of Kerrgate setupand the IRF response functionM1i M7 denote dielectric mirrors,
L17 L6 denote lenss,and P1P2 are the polarizerShe upper plot on the left shows the instrument response function ¢
Kerr medium The temporal response of ¢iS measured using 400 nm, 120 fs laser pulSesssian fit is shown as the blac
dashed line. The IRF has a FWHM of 2.54 ps

3.3 Transient Absorption Spectroscopy

Transient absorption spectroscopy is a powerful technigged in this studyto
guantitativelyanalyze the SF emission in our samplasSF, determining the exciton densityfs
utmost importance tmvestigate itsignaturessuch as delay timandreal width. However, ar
material systenias a complex energetic and structural landscapsisting of a mixture of 2D
and 3D domainsThus precisely calculatg the number of emitteris not straightforward
Becausein TAS, the total exc#tion density is poportional to the measuredifferential
Y o

transmissiornintensity (i.e., ¢ & where¢ ©& & are electron and hole dengityve

used this dependence as a criterion to finddtad excitation density in the SF.
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In TAS, we measurdéne absorption of a whitkght continuum probe pulse with respect to
a delay timg(t of T &t d pump pulse. Whatve actuallymeasure is theriansmission of the
probe pulséoth with and without thet 18t & pump excitation(Fig. 3.338). This can resulin a
positive or a negative change in transmissitle. explain thisvith two main processesiamely
photo-bleaching (PBand photeinduced absorptio(PIA). As seen irthe very simplellustration
below, before the pump excites the sampihes probe pulse measures the greatade absorption
of the system.n bleaching,immediatelyafter the pump excitatiorwe create photexcited
carriers in thewvailableexcited statg increasing the transmission in the band etlgée case of
photcinduced absorption, aaxcited carrier can be +#xcited to higher energywvhich will
decrease the transmission and resuét negative signgFig. 33b). As a resultby changing the
dday time between the pump and probe pulge can spectrally and dynamicalhwestigatethe

photcexcited carriers in the sample

a. b.
- ;;;:ng <0 =0 >0
- /,,,r'/ Photo Photoinduced
cep ‘,,/ Probe Only Bleaching Absorption
.///
T 1//I A

Sam pL e —?— ——\)——

A

-

,/
7
Probe

Fig. 3.3. Diagram of pump and probe in TAS.a) Pumpprobe pulses overlap on the sample that are separated with ¢
delay T . The change in the transmission is measure with pump on and off and sent through a grating &ndI@C&sulting
interactions lead to an increase or decrease in the transmission with respect to no pump scenario which is PB or PIA

To perform TAS experiment$ used acommercial Helios systenBoth T 1t'%T & pump
pulses and whitéight continuum probe pulses are obtained from an amplified Ti:sapphire laser
(Coherent Libra) system, producilp TUiRi pulses atp it d at a p'lQ Odepetition rate The

transmitted probe pulses were then guittedugh a CCDwhich records the spectrum.
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3.4 Time-Resolved THz Spectroscopy

THz timedomain spectroscopywhen combined with an optical excitatjols a very
powerful technique to probe excited carrier conductivity, carrier scattering mechaaistns
phonon interactionsTHz spectroscopy has recenbgen used to identify lodrequency optical
phonons andheir coupling to an electronic stat@8-30). In this study,| performed THz
spectroscopy to determine the kbt@quency phonon resonances in hybrid perovskitesugh
optical photoconductivity experiments. For tHisised a homebuilt THz setup. Here, the output
of the Quantronix Intege€ laser @ 1 &t &, p ‘QOKis split intothreemain beams. One beam is
used to generat@THz pulse using a ZnTe crystalrttugh an optical rectification proceg3l).
Then, the generated THz pulse is detected on another ZnTe crystalcifa-@btic sampling
through a second sampling beam path. The THz emission is then measured by scanning the delay
between the sampling beam and the THz beEme. third beam is the pump path of the hybrid
perovskites where thé¢ 1t a1t & laser pulse is upconverted tort gt a through BBO crystalFig.
3.4). Further detds about the theoretical background of the experimental technique can be found
in Ref.(31).

To perform the transient photoconductivity experimesetfollowed the steps listed below.

1. We first measured the tramgited THz puls€O 6 through the sample by chopping the
THz pump and delayinthe sampling beanpath(t 1t 4t &is blocked).

2. To measure the real component of the photoconductivisymove the delay stage the
peak of the radiated THz pulse. Thenaxeitethe sample anchopthet Tt 41 Gexcitation
path.

3. We now scan the optical pump delay I{mert at dpump line)at the peak of the THz pulse

and measure the photoconductivitytiod carriers as a function of purgrobe delayThis

14



gives us the timevolution of photoconductivity. To resolits frequency componentae

mustmeasure the change in the THz transmission under pump excitation.

4. We now move tha &t & pumpprobe delay he to its peak or to the desired delay,

continue chopping the 14t d pump path and scan the sampling beam delay line to

measure the'O 0 (the dhange in THZ(t) due to pumping)

With these measurementge can extract the photoconductivay ]

~
\

N ¢- a8 307
” _] _ lo_|
whereais the speed of lighthesurroundingnedium refractive index &  and—  is

the excitation sample thickness.

Diclectric , 1 1 Pol. BS _m
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/
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Delay Stage
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.................... -
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Fig. 34. Experimental schematics of TDTS setuprlhe laser pulse is divided intoreemain paths. Two of the paths are pun
paths where one is used for THz generation and one is used for upconverted 400 nm, to excite the sathiieb&am is
the sampling bea to detect the generated THz pulse. HEB@. BS denotes Polarizing beam splitter, HWP and QWP den
half waveplate and quarter waveplatspectively. WP denotes Wollaston prism and PD stands for photodiode.
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Key points to be consideredin the THz spectroscopy

| would like to specify some of the important steps involvetthénTHz photoconductivity
experiment alignment procedure that helped me obtain a high-signaise ratioin this thesis
Typically, one mug obtain a measurable signal wita 107 V noise level. Therefore, careful
alignment of the experiment is very crucial for this technique.

x It is essentiato place the balanced photodiod®D) on a 2D stage in order to firalign
the signalespecially inx and y coordinates

x  The power of the sampling beam is crucial in terms oftgeal quality. We made sure
that wewere not saturating or damaging the detector by checking the output of the PD
through an oscilloscope. The reported maximum voltage swimgiton outputin the
specification sheet {3 T for high Z load an® wunderv mmtermination.The sampling
beam power was determuhasingthose guidelines.

x It is also important to remove the background noise of the syatentobalance the two
inputs of the PDTo achievehis, we chopedthe sampling beam path anddeasure the
intensitywas almost zero at the logk amplifier by rotating the quarter wavate with
very small rotations. While doing thiwe made sure that the detection pats covered
very well with boxing and black covers.

x  The scattered light frorthe surroundingshould be blocked in order to detémiv-level
& p 1) signals. Weensuredhat the detection path (right after the second ZnTe crystal)
was tightly closed with boxing and thick black clothjrghich completely covexd the

detection path.
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3.5 Time-Correlated Single Photon Counting

To measure the lonlived photoluminescence kineticwe used a commercial tirne
correlated singkphoton counting spectrometer by Edinburgh Instruments (LifeSpec Il). The
sample was excited wip Tt'iRipulses ay mt'#t dfrom a Ti:sapphire oscillator (Chameleon Ultra
Il, Coherent. A Coherent 9200 pulse picker was used to pick pulsea'd "Odrepetition rate,
which was then converted 1 T A using an APE secordarmonic generator. A Hamamatsu

R3809U50 photomultiplier tube was used as the detector.
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CHAPTER 4

Room-Temperature Superfluorescence in Hybrid Perovskites and Its Origins

The resultof this chaptewerepublished in(4, 32. In this chapter, | present my studies
on the observation of room temperature superéiscence in a quag8D CsPbBg thin film. |
performel thetime-resolved photoluminescenaad steadystatephotoluminescencexperiments
as well agheir analyss, andcarried out transient absorption spectroscp4S) experiments.
The idea of QAVI presentéddaerewas fully conceived by Prof. Kenan Gundagth Chaptes 5

and 6 | present the results of the experimental studies | performed to t€3AWleconcept

4.1 Introduction

The formation of coherent macroscopic states and the manipulation of their entanglement
using external stimuli isssential for emerging quantum applications. However, the observation
of collective quantum phenomena such as BBBs&tein condensation, superconductivity,
superfluidity, and superradiance has been limited to extremely low temperatures to suppress
dephasig due to random thermal agitatiohkere wereport roomtemperature superfluorescence
in hybrid perovskite thin films. This surprising discovery shows that in this material platfema
exists an extremely strong immunity to electronic dephasing dhentmal processe$o explain
this observation, we propose that the formation of large polarons in hybrid perowskisetsa
guantum analog of vibration isolation(QAVI) to the electronic excitation and protects it against
dephasing even at room temgkerre. Understanding the origins of sustained quantum coherence

and the superfluorescence phase transition at high temperatures can provide guttiadesign
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of systems for emerging quantum information technologies and to realize simildemmphratre
macroscopic qguantum phenomena in tailored materials

Due to increasinglemand for quantum computing, communication, and cryptology, the
need for discovering neguantum systemsis at an unprecedented levalthoughthe required
guantuncharacteristics are knovior most applications, the designer rules for producing quantum
systems are not clear, and quantum materials functioning at room temperature-exesteon.
Quantum coherendee., the phase stability of a superposition 3tata fundamental requirement
for quantum application@3, 34. In fact, coherence is one of the most impontaquirements for
observing macroscopic quantum phenomena. Symrbetigking phase transitiof2) leading to
superconductivity, Bosginstein condensatioand superfluorescence require a macroscopically
coherent ensemblthereforethey are observeahly at cryogenic conditions. Here, we first report
the observation of a rootemperature macroscopic quantum phenoméreuperfluorescenée
in a leadhalide peovskite We thenintroduce Quantum Analog of Vibration Isolatior QAVI)
asa mechanism providing immunity to electronic coherence from thermal noise even at room
temperature. QAVI is a general process that can isolate any quantum oscillator from random
thermal fluctuations in a mediurand could thereforpave the way for designed quantum systems

and accelerate the discovery of other quantum phenomena at practical temperatures.

4.2.Results and Discussion

In superfluorescence (SF), a population of ppetwrated excited states spontaneously
synchronize their phase to form an ensemble of coherent states. The resulting macroscopically
coherent system has orders of magnitude larger dipole strength than a system with an incoherent

population, radiating a shoburst of photons with an extremely high intensity. In solids, fast
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electronic dephasing caused by scattering events impedes the superradiant phase transition
(SRPT). Therefore up until now, solgdate SF has been only observed in a few inorganic system
under stringent conditions such as cryogenic temperatures &)(5-7, 26 and/or high magnetic

fields ( 1)(7). SF was also observed in CsPpBerovskite nanocrystals atl(27). More

recently, we showed that an archetypal hybrid perovskite, methylammonium lead iodide
(MAPbI3), exhibits SF at temperatures beyond £(3). Here, we report the discovery of SF in
another perovskite, qua®D phenethlammonium cesium lead bromide (PEA:CsPyBiat
temperatures as high as L, providing strong evidence that the protection of electronic
guantum coherence from thermal noise might indeed be a common characteristic of hybrid
perovskites.

The spectratharacteristics of an SF burst differ from other collective emission processes,
such as amplified spontaneous emission (ASE)317). In SF, the transient peak intensity
increases quadratically, and the temporal widlfj) of the burst decreases linearly with the
excitation densitf12). More importantly, SF exhibits a time deldyfJ in emission due to the time
required for synchronization of initially incoherent dipglee., the SF signal rises at a later time
compared to photoluminescence (PL). This delay time is reduced with a faster synchronization at
a higher density of dipole oscillat¢t®). Besides these distinct features, SF emission also exhibits
directionality(35) and form recurrences named Burnh@mao ringing18).

Figure4.la,e showthe Land L PL spectra of PEA:CsPbgat different excitation
fluencesAt L(  Lybeyond4.H{¥o ( 8 H¥kDO ) asharppeakappest 8 g
when excited with l yulses. In the following, we will show that this feature is BEure
4.1b,f show the tim@esolved PL (TRPL) traces of theB g feature undethree different

excitation fluenceg¢SeeAppendixFigs. A6 andA8 for all the fluences). At both temperatures,
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below the SF threshold (cyan lines), the PL intensity rises to its maximum within a few
picoseconds and then decays monotonically. Above the threshold (magenta lines), initially, a
similar PL rise is observed, but then beyonCm= ¥ Land wmV¥ ) barge intensity
fluctuations arise on top of the PL. As the excitation fluence is increased (blue lines), this second
feature takes the shape of a burst, followed bging. Observation of both the delayed rise of a

sharp burst and the successive pulses are signatures of SF, differentiating it fr(bn ¥SSES,
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Fig. 4.1: Spectroscopic signatures of SF for quastD CsPbB# thin film at L and L. a, Thetime-integrated PL spectre
showing two main features locatedca ¢Q cand¢8& TE) cat excitation fluences (F) ranging frordt® Q& touv®* Q& .

The onset of the& (R vsharp feature beyond threshold is showg &b . b, The TRPL dyamics of¢& ¢Q dieature a g , at

below the SF threshold gt* @ & ), slightly above threshold g @ da ) and above thresholg (@ * @a ) displaying the
evolution of the monotonic decay turning into a sharp burst. The insessheWRPL peak intensity values extracted from SF
model showing a superlinear increase (black dashed line) with excitation fluenc&pfsewrlix 1Fig.A15 for higher fluences).
c¢,d, The delay timed) and real widthd) values extracted from SF fit rdel atx yi . The black dashed lines show the fits followir
— and-. e-h, Similar spectroscopic signatures are shown in paghblfor o Ttat. The error bars represent 95% confiden

intervals for the fitted data.
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To confirm SF emi s s id®dependence of texpeak in@nsityamd d e n
delay time should be establish@the peak intensity of TRPL varies with while the time delay
varies withm «/jdl and the width varies with 7! in SH12). The populationanalysis is
particularly crucial for quas2D perovskite thin films because the sample consists of both 2D and
3D domains AppendixSection 1). Since excitons funnel from the hegiergy 2D domains to the
low energy 3D domair§86, 37, it is essential to show that the delayed burst in TRPL is not due
to anadditional population transfer from the 2D domains but from the synchronization of dipoles.
Accordingly, we performed transient absorption spectroscopy (TAS) to measure the population
dynamics in the 3D domains at different excitation fluengppendixFiguresA9-A11 shows the
population kineticextracted from the transient absorption data where the population in the 3D
domains rises within the first-2 ps. At L below thethreshold, the population decays
monotonically, while above the threshold, the population exhibits a short monotonic waiting
period followed by a fastetecay thabecomes abrupt at high fluences. At L for excitation
fluences just above the thredth, the increase in population decay rate is more subipendix
Fig. A11), which is expected since it is very close to the critical temperature for SF, as we discuss
below. Similarto L, at L the decay becomes much faster after a shoitingaperiod at
higher fluences. The TRPL and the TAS data clearly show that after this waiting period in which
the population does not increase, the PL signal siamse. All these results indicate that the
increase in PL intensity is due to the bujdof a macroscopic coherence.

To quantitatively analyze the excitation density dependence of the peak intensity, time
delay, and width, we used our TAS results and determined the fluence dependence of the
population in the 3D domains up to 300 K. At 78300 K), the population in the 3D domains

increases linearly up to 16.0 @ & (92.2° @ & ). In this linear regimeAppendixSection 2
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and Fig. Al12), the timeresolved PL intensity increases superlinearly up to
X&* ®a (v @&‘ ®a ) with the excitation fluence (Figt.1b,f inset) whilet andt vary
with & &) 0 (Fig.4.1c,g),andpj 0 (Fig.4.1d,h) respectively, which is in line with SF
Having shown that the emission agrees with SF up to L based on the analysis of the
time delay, temporal width, and peak intensity, we will now discuss the intensity fluctuations in
the transient PL signal (Fig.1b,f), which are also unique signatures of superfluores¢EBcEd
21, 38, 39. SF can only happen if the phenomenological dephasingl’ﬁirzrt‘eis longer than the
time that it takes for synchronization, i#f, W. Since W reduces with increased density, SF
showsadenstd ependent threshold behavior. Below t he
density of dipole oscillators to synchronize, while above the threshold, the synchronizatitar is fas

thanf

“ 0leading to the formation of a giant dipole. When the excitation density is at the threshold,
W é J|| synchronization competes with dephasing, resulting in abrupt changes in the
macroscopic polarizati¢h3, 14, 40, 4 Hence as the excitation density increases from below to
above threshold, the PL time traces exhibit large intensity fluctuatdesdes increasing the
fluence, changing the temperature of the sample also perturbs the balance thmﬁ In

an earlier work on SF inQloped KCI, Boyd et.£13) showed that as the temperature increased,

the thermal effectshortened|” and the PL transients exhibited similar random fluctuations. These

fluctuations during the buil dup of WBcdoscopi
Comprehensive theoretical analysis shows that the variation of the collisional dephasing time
results in a complex transition from pure SF to ASE through a sequence of intéemedia
nonstationary regimes across the borderline on the 8®P s such, it controls the strength of

stochastic ntensity fluctuations in the time domain, which represents a striking feature of SF.

23



Maximum fluctuations occur at the threshold densities, which change as the temperature varies
and mark the transition lines between distinct regimes on the superradiaatdiagrai@0).

To further study the randomness and the excitation fluence dependence of these
fluctuations disfayed in Fig.4.1b,f, we performed TRPL experiments using finer time steps
( 8 wm¥V «ggfakboth L and L. Figure4.2a,f show the results for fluences below the
threshold, revealing the noise level in the PL signal. The TRPL tira€és. 4.2b-c,g-h reveal that
the fluctuations are significantly beyond the instrumental noise level of the experiment and exhibit
no hidden periodicity for both temperatures. More interestingly, the temporal evolution of these
fluctuations exhibits a petiar pattern. Right around the threshold (F&2b-c,g-h), the
fluctuations loiild on top of the PL trace and cover both the rise and fall of the SF signal, i.e.,
between wmY0  wmYoOr Land wm¥0  wmYor L. But & the fluence increases
above the threshold (Fig.2d,i), the fluctuations are mostly at the rising edge as well as at the
peak; however, they diminish during the decay of the SF transients. For high fluences with short
SF time delays, the fluctuationsliséxist at the rising edge, but their magnitude and occurrence
ratedecreases (Figt.2e,j). This peculiar behavior is also consistent with macroscopic coherence.
At the threshold, the synchronization and the dephasing are in competition, and complete
coerence canot form; therefore, fluctuations
The asymmetry in the fluctuation distribution in the rise and the decay at higher fluences has been
observed in the superradiance of atmosphexigger(20), and it is a direct consequence of a
macroscopic coherence. In our previous work in MAR)! we obsered similar fluctuations,
but to obtain the delay time and burst width from a clean SF signal, we averaged multiple
transients. IMppendixFig. A19, we present the fine step TRPL measurements of MARbich

shows a similar behaviat L.
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Fig. 4.2: Fine step timeresolved PL at Lt and L. aj, The X yb (a-€) ando T it (f-j) TRPL data of the sharp featur

at excitation fluences below the thresholasat' @& HAT @@ @a (f) decaying monotonically; slightigbove the

threshold at& * @& (b) ando @ @a  (g) exhibiting a delayed secondary rise with fluctuations on the top of PL

above threshold ai® * Q& (c)andt Bt* Qa (h) denoting fluctuations more on the rise and kers the decay; displaying

the diminishing fluctuations and BurnhaBhiao ringing behavior ag * Q& (d)andu @ © @a& (i); exhibiting a short

SF burst with Burnharthiao ringing ap @*‘ Qda (@ andw®* Qa ().

To investigate the temperature dependence of these fluctuations, we further studied the

TRPL dynamics fromy yb to o o mt for just above the tleshold fluences in Figd.3 (See
Appendix Figs. A16-A18 for different excitation fluences at all temperatures). Since at each
temperature the threshold density will differ, we first measured the PL spectra and determined the
threshold fluencesAppendixFigs. A20-A21), then performed the fine step TRPL measurements.
For temperatures up t 11 t, the same fluctuations appear at the threshold of the amplified PL
feature. Around the threshold fluence, the SF time delay reducesfrgyrito p @ 1) ias tle
temperature is increased frogmu to o 1t ot (AppendixFig. A22). Knowing that the fluctuations
take place whefi & "V, these results are consistent with a reduction of the dephasing time with
increasing temperatufg 8) We simulated this behavior using a quantum modebéndix
Section 3), showing the effect of dephasing under different excitation densities. Below the

threshold, the dephasing has no impact on the PL kinetics, whereas at above the threshold, the
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delay time increases with decreased dephasing Agee(dix Fig. A25), consistent with the
experimental data. Furthermore, because at high temperatures, dephasing is faster, a higher
excitation density is required to achieve synchronization at a shorter tidyppémdixFig. A14,
we analyzed the populations in the 3D @ans at the SF threshold fluence using TAS. We found
that as the temperatuirecreases from L to L the thresholdlensity increases by almost
two times.

Showing that there is a clear evolution of the SRPT with increasing temperature up to
o 1, Fig.4.3 further presents that the trend breaks dovenatfit. At this temperature, a similar
thresholddependent amplification is observed in the timegrated PL Appendix Fig. A26).
Remarkably at the threshold fluence, the TRPL intensity risdgeaches its maximum without
much delay, and the dynamics exhibit weaker fluctuations4E0. As we increase the excitation
fluence AppendixFig. A26), the PL traces exhibit pronounced fluctuations and peak shifts to
longer delays. Although the esation densities in these experiments are similar to thatratt
(Appendix Section 2a and FigA27), these fluctuations do not disappear with higher fluences,
unlike the PL transients at other temperatures (F®& K). Moreover, the time delay doestno
reduce with increased fluence. In addition, while there is a clear ringing in all transient PL data up
to 300 K (Fig.4.2, AppendixFigs. A16-A18), there is no ringing behavior @tc ot (Appendix
Fig. A26). The absence of these features suggests tixat is near the SF criticaémperature at
which dephasing is too fast, and further increased excitation density does not lead to a complete

macroscopic coherence
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Fig. 4.3: Temperature-dependent finestep TRPL at threshold fluencesTRPL data at temperatures ranging frrng to
o o 1i for slightly above threshold fluences. 18 * Q& at78Kb,ufp* @& at1500.c,p & ° Qa atc ¢ 11.d,
o® Q& atcytn.eoc@ Wa atomu.f,u @ Q& ato o 1. The delay time decreases as the temperatul
increased frony yb to 3000. At ¢ o dtthe PL rises right at zettime delay with diminished fluctuations.

Theseresults clearly demonstrate SF in qu2bi PEA:CsPbBy at unusually high
temperaturedn a typical inorganic semiconductor, the electronic coherence times range from a
few ps to tens of fs as the temperature increfases L to L. In our work, we observe
SRPT with a delay time of =m=Wt Land 8 ==t L, indicatingthat the electronic
coherence times in quadbD PEA:CsPbByareat least two orders of magnitude longer compared
to inorganic semiconductors. We postulate that the reason for this extended electronic coherence
is the formation of large patons. In perovskites, initial excitations lead to the formation of
electron hole pairs, but then these excitations form polarons by binding to-h&didé distortion
mode within a picosecoidl). It has been pointed out that the presence of these large polarons

slows hot carrier cooling rate by reducing thermal scattering and caareler scattering
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event$42-45). Here we propose that this strong coupling of the electronic dipoles to the lattice
distortion protects the electronic coherence alwb facilitates the formation of a coherent
macroscopic SR state through a vibration isolation mecharss® Chapter)5To explain this
phenomenon, we use particle in a box example.

Figure4 4a illustrates a quantum oscillator formed of a superposition of the first two states

(black line) in a box potential. This is a traveling wave oscillating vath  ©  © , where
the frequency of 1th level iso. % Since the energy levelsr.() are determined by the box

potential any disturbance on the potential will cause stochastic changes iand lead to
dephasingln solids, the electronic potential is determined by the atomic coordinates, i.e., lattice.
Hence phonons (thermal lie# modes) lead to random fluctuations in the potential, which
subsequently changes the electronic energy levels and causes electronic dephasing.

In perovskites, this picture is modified due to the presence of large pgi2pas, 46)In
a polaron, the electronic oscillator is bound to a lattice distortion mode. Since thermal phonons are
also lattice modes, when they scatter with the polaron, they intaraagh the lattice distortion
mode component of the polaron. In our simple model, we illustrate this as a spring coupling
between the potential barrier of the particle in a box and the outside world, as illustrated in Fig.
4.4b. This configuration of anlectronic oscillator connecting to the crystal lattice through a low
frequency lattice distortion mode forms a quantum analog of vibration isolation (QAVI) for the
electronic dipole of interest. Figudedc shows an illustration of the classie@ration isolation

with a welkknown plot of transmissibility as a function of the ratio between the frequencies of

external noise and that of isolating spriﬁ’@f& "#The high frequency noise is filtered from the

system while the lowirequeng noise is transmitted.
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Fig. 4.4: Graphic representation of quantum analog of vibration isolationa, Optical excitation creates a superposition state
the excited and ground state, which will oscillate in the box potential. The fluctuations ioxtpetbntial is illustrated as wave
scattering off the walls. These scattering events lead to random changes in the box potential, and the phase of thet wave.pack
b, In perovskites, the electronic dipole is strongly correlated with a partiatiael distortion mode. This is illustrated as a spri
that modulates the left wall in the box. The incoming phononsiwitli | | interact with the b
guantum anal ogue oThe bottommsysten i®anpict of aclassital vibratin isolation systerhe balls with
various springs are noise sources interacting with the platform. The spring between the system (blue layer) and thener
(green layer) is filtered by a particular spring in between. Tgpeuplot shows the frequency dependence of transmissiol
di fferent damping ratios (3). The hi ghe d, Miltiple qoxes attachedfothuct uat i ¢
strongest coupled lattice distortion mode that promotes enberbetween dipoles. This leads to a macroscopic state, form
"giant dipole" that radiates a superfluorescent burst.

I n perovskites, the pol ar onos -hhlideamod&t2e di st
44); therefore, it impedes higher energy phonon modes from interacting with the electronic dipole,
resulting in a long electronic coherence time. In this configuration, the macroscopic coherence of
dipoles can only be achieved when the dipole synchronizanenis shorter than the dephasing

time. Since the synchronization time depends on the density of dipoles, there is a threshold density
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at which the macroscopic coherence can form. As the temperature increases, the threshold density
for macroscopic cohererm also increases due to faster dephasing at higher temperdhises

trend will only continue as long as the electronic dipole is isolated from thermal noise via QAVI
protection.

In this scheme, polaron stability is a determining factor for macroscoperence. Polaron
stability is detrimentally affected by twiactors: temperature and high excitation density. In
PEA:CsPbBg the polaron binding energy is reported to vai¢hin i "HA(47-49). At

€,1 Nis about 1 "Hijwhich is slightly lower thamhe temperature required for thermal
disassociation of polarorBut at this temperature, the excitation fluence required for SF is already
very high. When excitation fluence is increased beyond the SF threshold, in thedotwed PL
experiments, the large fluctuations persist, and the delay does not changegg@bg&ssthat the
dipoles try to synchronize but cannot form a complete macroscopic coherence despite the increased
excitation fluence. This is most likely because, at very high excitation densities, polarons start to
destabiliz€50, 5. We further studied the effect of destabilization of polarons on the SF emission
by measuring the polaronic signatures in the tranaiesarption spectra and comparing them with
the PL spectraAppendixFig. A28). These results indicateat at € , as the excitation fluence
increases, at first, the SF peak increases, but then it saturates, and a further increase in the excitation
fluence diminishes the SF emissidgkppendixFig. A29). In the transient absorption spectra, this
evolution strongly caelates with the loss of polaronic character of the excitatinregher words,

€ isin a transition regimen which a complete phase transition to a macroscopically coherent

state is hindered by polaron instability.
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4.3 Conclusion

In conclwsion, we report roortemperature superfluorescence in PEA:CsRbBF is
evident from the observed fluendependent delay, peak intensity, burst width, and ringing,
directionality, along with giant fluctuations taking place in the vicinity of the exaitdkireshold.
This hightemperature quantum phase transition phenomenon suggests an intrinsic mechanism for
protecting the electronic coherence in these materials. We postulate that the polaron formation in
these systems forms a quantum analog of vibrasolation and facilitates the formation of a
coherent macroscopic state, and the two important characteristics of polarons are the fundamental
frequency of the lattice mode and the stability of the polafd®e chemical and structural
versatility of hybrd leadhalide perovskites makes these materials an ideal platform to study the
polaron characteristics and the role of QAVEuperradiant phase transitiariMore importantly,
an indepth understanding of QAVI in other systems can lead to discoveriehasfgqiantum

coherent phenomena at practical temperatures.

4.4.Methods

4.4.1Synthesis of (PEA).4«CsPbBrs thin films:

Lead bromide (PbBy 99. 999 %) , phenet hyl ammoni um br c
dimethyl sulfoxide (DMSO, anhydrous, 99.9%) wenarchased from Sigmaldrich. Cesium
bromide (CsBr, 99.999%) was from Alfa Aesar. The (RE=85PbBg precursors were prepared
by dissolving PEABr, CsBr, PbBr2 with a molar ratio of 0.4: 1.1: 1 in 1mL anhydrous DMSO
solvent to make 0.3M (Pbconcentratiopsolutions. The solutions were stirred for 2 h at 60°C in
a glovebox. The precursor solution was then -gpiaited on a glass substrate at 3000 rpm for 2

min, followed by annealing at 80°C for 10 min.
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4.4.2Structure characterization:

X-ray diffraction (XRD) measurement was carried out with Rigaku SmartkabyX
Diffractometer with a conventional Cu-pay tube. Scanning electron microscopy image of the
perovskite thin film was collected in FEI Verios 460L.

The XRD pattern is shown iippendixFig. A2. The diffraction peaks at 15.1° and 21.5°
are from (100) and (110) planes of 3D phases, respectively. The sharp peak at 4° in the films can
be assigned as a (010) plane of n = 2 phases, indicating a significant amountwhénsional
pha®s in these films. SEM image is shownAppendixFig. A2. The obtained thin film shows
uniform coverage with a smooth surface.

AFM scan for the quas2D CsPbBg thin film shown inAppendixFig. A2 was acquired
on the Asylum MFF3D classic microscope ingping mode. The scan was collected 00

£ it areawith the corresponding RMS value for roughness being 4.2 nm.
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CHAPTER 5

Quantum Analog of Vibration Isolation

In this chapter, | will first summarize the fundamentals of QAWill thenpresent some
experimental results ahe temperature dependence of superfluoresctratesupport the QAVI
hypothesisThe discussions related to QAVI in this chapter are published in two diffevartes
the Supplementarynformationof the manuscript in REf4) andArXiv (52).

5.1 Introduction

In this section, we will expand the discussion on QAYiclassicals well agguantum
systems, initially randomly phased oscillators placed in the same méelginto synchronize if
they have a longphase memory. In a classical system, this is a spontaneous synchronization
process. The time it takes to build up a macroscopic coherence depends on the nature of the
guantum oscillators involved, and this resultsarious exotic quantum phenomena. Because the
guantum phase is extremely fragile at high temperatures, macroscopic quantum phenomena
require cryogenic conditiondrovided that we can extend the quantum coherence time of
oscillators,it is possible to obsernguantum phase transitions at high temperatures.

For electronic excitations in solids, the common approach to increase coherence time is to
cool the sample and reduce the number of phonons scattering with the electronic ogailkator.
classical systephowever,we use a spring isolator for stabilizatioiny perturbation with a
frequency higher than the natural frequency of the spring will be filtered out and has a diminished

transmitted impact across the spring. This basic canas@epicted inChapter 4Fig. 4¢G is used
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in many mechanical systemfcluding automobilesbuilding seismic bases, heavy equipment,
andoptical tables.

Such a fundamental vibration isolation concept can be implementbe solid state to
isolate aguantum system of interest. Here we are especially interested in any quantum particles,
including electrons, spins, dipoles, and excitdiss is the basis dAVI.

To illustrate how QAVI i s used to protect
using a particle in a box potential example in FHdL The energies and wavefunction of the
particle in such a potential :can be solved us

a Q 1)

Here the Hamiltonian has two categoric contributidghe kinetic energyo—— and the

potential energyw @ terms. The shape of the potential and the mass of the particle primarily
determine the energy levels and the wavefunctions in the box potential.

These wavefunctions form a standing wave with fixed nodes at the boundaries, and their
phase eviotion is defined by the timdependent Schrédinger equation

- @

with the frequencies given by =

Consider the evolution of the phase of the superposition ste¢es [ ). The
superposed state will be a traveling waonfined in the box and will spatially oscillate from one

end of the box to the other with a frequency of ] 1
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Fig. 5.1 Onedimensionabox potentialshowing the ground and excited sgfelack waves) and the superposition of the
two states (magenta waye&yhich oscillates left and right with frequenty and phase

Dephasing is the loss of phase memory. In other words, as long as this superposition state
oscillates wih the same frequency, thhase will evolve at constant rate. However, any
disturbances in the ambient can induce stochastic changes in the oscillation frecpsentyg
in the loss otthe phase memorBecausdhe box potential determines the enelgyelsd and
hence the oscillation frequendythe disturbances that will randomly change the oscillation
frequency are those that generally couple to the pot€Rigl5.2) Therefore in order to increase

the coherence time of a quantum oscillatormst stabilize the box potential.

Phonons
Superposition

N state

e
OF = 6E1 + 5E2

Fig. 5.2 Dephasing in the 1D Box Potential. The frequency of the groundnd exciteestate wave pockets (black wave pocke
confined in a box potential is given by 5 In solid-state systemst is very challenging to isolate the box from its ambie

Once the potential interacts with the ambient or thermal phonon modes it c@® stochastic fluctuations in the frequen
and the phase of the wave pocket hence loss of its phase memory. The loss of this phase memory results with |
superposition state (magenta wave poc¢khgt is to saydephasingccurs

The key question ifow can we extend the coherence even at high temperatures? Here,

vibration isolation comes into play. Because the stochastic changes in the potential cause
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dephasing, wenustisolate the oscillator from the random changes in the potential by attaching
the potential to a spring such that any impact due to phonon scattering is filtered.

The next question isVhat is the nature of that spring in such a system? The gprist
be formed by the modes of the lattice that determine the confining potential of the quantum
oscillator.

To illustrate this example, we consider the box potential we sh@hapter 4Fig. 4 due
to the atomic positions in a crystal lattitlee particle in the box is an electrdinus,the two states
that are superposed are electronic states, and the weket pgan electronic oscillation. In this
case, crystal lattice vibrations will cause random changes in the potential and will destroy the
guantum phase of the electronic superposition ffge5.3.a). If we want to protect the electronic
phase from atment thermal noise, we should have {bequency lattice modes strongly bound to
the electronic oscillatofFig. 5.3.b). Becausehermal phonons are also lattice oscillations, they
will be filtered from the electronic oscillator, and the coupled lattiodes act as quantum isolator.
The new system, which has an electrascillatoras well asa boundatticemode is apolaronic

guastparticle.

1 1
Weg/ (Deg Weg (peg Weg ,(peg

/A\/ Dephasing ‘A‘ /A\/
AT N N\

Phonon Bath

Fig. 5.3: Schematics of QuantunAnalog of Vibration Isolation. a, Optical excitation creates a superposition state of
excited and ground staséown in magenta wave pocketghich will oscillatein the box potentialThe potential is surroundec
by random noise source, thermal phonon bath that interacts with the wall of the box potential whichrbeadbm changes ir
the frequency and the phaddlme supposition staté, In QAVI, this picture is modified wherte electronic dipole isoupled

to aparticularlattice mode available in the systgjparticularly a lowfrequencylatticemodé. This is illustrated as a spring the
modulates the left all in the box. The incomintandomphononmodeswill interact with the box through the spring forming
quantum analog of vibration isolation
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In a polaron, the quantum coherence of the electronic oscillator is protedieel lajtice
modeof the polaronThe important requirements for hitggmperature quantum coherence are:

1. Polaron stability: The QAVI protection will function as long as the electronic oscillator
is bound to theattice mode. Both thermal effects and the oscillator densiyld cause
destabilization of the polaron. A higher polaron binding energy increases the temperature
rangewithin whichthe QAVI is effective

2. Frequency of the polaron lattice mode To effectively filter out the higtirequency
perturbances, we need astym with a spring having a low natupalaron lattice mode

frequency, and that system should consist of polarons with low energy modes.

In conclusion, thermal dephasingtle primary obstacleo developing a quantum system
that can be used for practicanditions. As of the time of writingthere are no design rules guiding
the search of materials and systems to protect quantum coherence andedbewiaith the
intrinsic properties of materialSfhe QAVI conceptand he principles listed abovean be

generalizedindshould beapplicable tanostquantum oscillatex

5.2. Loss of QAVI Through Destabilization of Polaron at High Temperature and High
Density

Returningto the subject ofsuperfluorescence in CsPBBbecausethe temperature is
increased tas o ur, the threshold excitation fluenaaust be increased substantially. At this
temperature, the tiraesolved PL traces show persistent fluctuations, suggestiag
synchronization and dephasing continue to compete tdesmireased excitation fluence. It is

known that high excitation fluences lead to polaron destabiliz&i@n5]); suchdestabilization
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can cause the loss of QAVI protection and, therefore, detrimentally impact the macroscopic
coherence of dipoles. To further invgste this phenomenon, we performed tirasolved
absorption measurements to study the polaron formation kinetics and correlate the results with the
evolution of the PL spectra at high fluences.

First, we will describehe spectroscopic signatures of tpelaron formation. In these
materials, optical excitation initially creates free eledttmie pairs. The Coulomb interactions
between the carriers lead to bageb renormalization (BGR). BGR is observed as a redshift in the
bandgap, which reveals itse#fs a negative feature in the transient absorption spectra at the band
edge.These excitationthenbind to a lattice mode to form polaroihs hybrid perovskites, polaron
formation screens the carriesausingthe disappearance of BGR2). In all the pumgprobe
transients shown iAppendixFigs (A9-A11), there is a sholived negative feature die BGR-
related increased absorption at the band ealue its disappearance is due to polaron formation
(42). To study the polaron formation kinetics, we investigate this feature as the excitation fluence
is increased at 0 M8

In Fig. A28, thefirst column shows the time evolution of the transient absorption signal of
the SF feature at threeffdirent excitation fluences. The second and the third cauepresent
the corresponding differential transmission spectra at 0.5, 1.5, and 3 ps and the PL spectra,
respectively. The first row of the presented data shows that at the threshold fluetheeS&s
feature is rising (FigA28c), the polaron formation is completed at around 1 ps &4§. ab).
However, when we increase the excitation fluence, BGR pefsistauch longer and polaron
formation is suppressed (Fig\28 df). As the excitation flance is further increased, the

destabilization of polarons results in the complete loss of SF emissiogdgyi).
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Overall, these results show that as the excitation fluence increased, the polaron formation
slowed andvas significantlyhindered. Ashie polarons destabilize, the amplified SF emission at
¢® ¢ dirst reaches a maximum valaedthen decreases. At a certain fluence, the SF emission
diminishes completely. This is shown in FA&R9, where the PL spectra at increasing excitation

fluencedisplay diminishing SF emission due to the polaron stability, which agrees with the QAVI

mechanism.

39



CHAPTER 6

Quantum Analog of Vibration Isolation Playing a Key Role in Macroscopic

Quantum Phase Transitions at High Temperature

6.1.Introduction

The dscovery of materials that exhibit high temperature macroscopic quantum phenomena
such as superconductivity, BeEB@stein condensation, and superradiance is a key requirement
for developing practical quantum applications. However, irdsahese phenomena are almost
always observed at extremely low temperatures bet¢hedephasing rate of quantum oscillators
increass with temperature due to thermally activated processes such as phonon s¢a{griiig
dephasing can be suppressed, an ensemble of oscillators can synchronize their phases to reach a
macroscopically coherent state. Recently, basedthenexperimental observation of room
temperature superfluorescence in a hybrid perovskite (Discussed in detail in Chapter 4), we
proposed a mechanism that can increase the coherence time of quantum osthiéajaes)tum
analog of vibration isolatioi QA VI 0 sge®in detiLin Chapter(8) 52) In this processa
guantum oscillator binds to a lattice mode making a polaron. Because thermal phonons are also
lattice modes, when they scatter with the polaron, they interact with the lattice mode of the polaron,
which acts like a classical lepass filter. As a resyithe coherence time of an electronic oscillator
can increase by orders of magnitutéence an incoherent population of oscillators can have

enough time to synchronize their phases to form a coherent ensembile.
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Figure6.1a illustrategshe QAVI process with a spring attached to the confining potential
of a quantum oscillator. If such a protection mechanism exists, then two characteristics of the
polaron will be important for extending the electronic coherence time at high temperatures. The
first is the frequency of the lattice mode of the polaron. Since QAVI acts like-pdss\filter, as
mentioned above, the coupled lattice mode sets the cutoff frequency. The lower the frequency of
the lattice mode, the better the filisrfor isolating tlermal phonons. The second one is polaron
stability, which is critical for determining the highest temperatar@hich macroscopic quantum
phenomena can be observed (In Appendix A, we provided experimental data showvigethat

polaron formation is hinded or destabilized, SF vanishes

«—> Polaron Formation
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Fig. 61. Graphical representation of QAVI. a, The potential box shows a quantum oscillator that is formed by
superposition of the ground and excited state confined in the potential. This superposition state (magenta wav
oscillates left and right within the box potential with a cerfaéquency and phase. In order to observe a macroscopic
transition, we need to protect the frequency and phase of this superposition state i.e., we need to isolate the sy
ambient noise sources, thermal phononstééce, the potential boxsicoupled to a particular lattice distortion mode )(
where incoming phonon modes interact with some form of a quantum spring before they reach to the box creating QAVI.
In perovskitespptical excitation creates atectronic dipolehatis stronglycorrelated with a particular lattice distortion moc
thatformslarge polaronsc, Theincreasindattice mode frequenayf halide vibrationgrom iodine mixed system to chlorint
mixed system.
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In this study,| testedthe QAVI hypothesis by using superfluorescence and hybrid
perovskites as a testbed and investigated the impact of the lattice modealhparameters such
as density and delay time for synchiation at the threshold of superradiant phase transitloan
basic idea is thahe lattice modé¢hat is coupled to the electronic excitatagtermines the ciaff
frequencyof the QAVI. Hence theandom thermal phonon modegh higher frequencies widd
not be able to interact witthe electronic dipole oscillator. This hasdirect impacton the
dephasing timeof the dipole. As a result the polaron lattice mode directly affects the
synchronization process

Let 6s now di s c uthesSF frinatiqn prbcgssas beecprrelater wiith the
lattice mode frequencyn superfluorescence, a short laser pulse creates an incoherent population
of excitations. These dipoles spontaneously synchronize to form a giant dipole emitting the SF
burst. But this pcess can only happen if synchronization is faster than the dephasing time. At the
SF threshold excitation density, the dephasing time and synchronization time are similar. As the
excitation density is increasesynchronization becomes faster. So, if SForming through the
protection of a particular lattice modetbatacts as a filter, the frequency of this mode Willre
someeffectonthe dephasing time and threshold excitation density.

With this prediction, we now need a material system where we can tune the lattice modes
of individual sampleshat also exhibits SF because the macroscopic phase transition process is
optically accessibleand we can measure it using timesolved spectraspy. Luckily, hybrid
perovskites are an ideal material platform for this purpose. First, we already observed SF in
multiple members of hybrid perovski{8s4). Seconda large polaron is formed in these materials
(Fig. 6.1b)by binding theelectronic excitation to a lowenergy Pkhalide lattice modé¢42, 44.

And third,we can easily tune the lattice modes of these materials by chemically substituting halide
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components in these materigiBnce Pb is the heavy atom in this composition, the halide atom is

the primary component in the lattjaketermining the filtering frguency of the isolatowhere the

phonon energies are inversely proportional to the halide(B&$4) Using PEA:CsPbBias the

base material, if we introduce a chlorine atom that has a lower atomic mass than bromine, the
frequency increases, and the protection due to isolation becomes less effective. On the other hand,
introducing an iodine ato will lower the phonon mode frequencieseading to improved
protection Based on thiswe make3 main predicions throughQAVI, which will have a direct

impact on the threshold conditions the SF phase transition as follows:

1. Since QAVI protection extends the electronic dephasing time, in a system with better
protection, the dephasing time should be longer.

2. In the timeresolved PL experiments atoundthe SF threshold, the delay time for the SF
marks the upper boundary fdephasing timeTherefore, the better the protection, the
longer the delay time at the threshold.

3. During the delay timesynchronization takes place. Since the synchronization rate
increases with dipole density, the lowest SF threshold density should be observed in the

material with better QAVI protection

PEA:CSPb(Br/Cl); PEA:CSPb(Bl'); PEA:CSPb(Br/l);\,\
[ SF Delay Time
] o (S
. ! .
High Density = Low Density

Fig. 6.2Predictions of QAVI for different halide component. At a given temperature, oscillators have a characteristic deph:
time Tz. If an ensemble adscillators can synchronize before the dephasing time, then a macroscopically coherent state forr
the system remains incohereith e r ed arrow shows t hédotiomelSiFneaefl ary ¢y me
for dephasing time. ¢t a good protected system, one would expect to observe a longer delay time when compared wi
protected system. The green arrow shows the SF threshold density of osc8iateshe delay time shortens with increased dip
density, the lowest Stareshold density should be observed in the material with better QAVI protection.

43



These predictions are summarized in Figé2 In this work we investigated whether
tuning the lattice mode frequency of thmaterial systenaffects the superfluorescence according
to the predictions above. We synthesized three llagierovskite samples with different halide
compositions, PEA:CsRBr/Cl);, PEA:CsPbBy, and PEA:GPh(Br/l)3z. We choose these
compounds because of their material durability andribasurable spectral characteristisgng
the same experimental setuBelow we first show that all three thin films exhibit
superfluorescence, thémvestigate theritical thresholcconditions to see if QAVI plays a role in
protecting quantum coherence.

In Figs. 6.3 (a, e, and), we show the timéntegrated PL spectra of all three compounds
when excited witlp ¢ "Ripulses tuned to 1 &t datyx W . The PL exhibits an amplified emission
for each compounteyonda certain threshold fluence. Detailed spectroscopic characterization
shows that thisraplified emission exhibits all the spectroscopic signatures of superfluorescence,
which are distinct from amplified spontaneous emission (See Chapiére®e signatures include
excitation fluencalependent delayed emission, burst width, ringing, andorarftlictuations at
the time evolution of the emission at the threshold density of the superfluorescent phase transition.
Among these signaturghe time delay in the superfluorescence emission is a key property that is
primarily important for this studyrigs 6.3 (b,f, and ) shows the tim&esolved PL emission of
each thin film at two different excitation fluences. At slightly above the threshold excitation
fluence, each PL emission exhibits delayed dynamics in time. This delay reduces with increased
excitation fluenc€l2). This is consistent with faster synchronization of the dipoles with increased
density. At these high excitation densitittee emission takes the form of a sharp burst. In order to
show that the behavior of this emissisnconsistent with superfluorescence, we analyzed the

evolution of the delay and the time width of the burst width for the range where excitation density
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is linearly increasing with the fluend&ig. B3). The result of this analysis is shown in Fi§s3
(c-d, gh, and kl), which shows that delay evolves wiihé 7 and the burst width evolves with

pfU for all three samples, which are both in agreement with the superfluorescence (12)
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Fig. 6.3 Spectroscopic signatures of SF fomixed quasi-2D thin flmsat L. a, Thetime-integrated PL spectra showisg
two main featureshowing a broad PL feature and a sharp SF feature that exhibits a threshold behavior. For PEA:CsPL
b, The TRPL dynamic®f the sharp SFKeature aty y» , at slightly above thresholdp(@ ‘ "@o & ) and above thresholc
(o @ Qa )displaying the evolution dBFdecay turning into a sharp bursfd, The delay timed) and real widthd) values

extracted from SF fit modelThe black dashed lines show the fits followirg and—. e-h, Similar spectroscopic signatures a

shown in panelse-h for PEA:CsPbBs thin films and in panels i-l, smilar spectroscopic signatures are shown -
PEA:CsPb(Br/Il} thin films

Having shown that each thin film exhibit superfluorescengge @it, we now &amine the

time evolution of superfluorescent phase transition in each sample to see whether the difference in
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halide composition, i.e., the lattice mode frequency ingthetmacroscopic coherence formation

in accordance with QAVIWe already know thasuperfluorescence can only form when
synchronization is faster than the dephasing, the characteristic dephasingjXone wdets & h
time period in which macroscopic polarization cod&lelop Since synchronization depends on

the excitation density, #re is a thresholdensityin order to observea macroscopig@hase
transition Right around this transition from an incoherent ensemble to a coherent ensemble, a
competition between synchronization and dephasing starts taking pecefore, the time day

of the superfluorescence peak (synchronization taht#)is thresholthdirectly marks the limit of
dephasing timeSo now, based on Predictichdefined abovewe focus on the SEme traces

shown in Fig6.4bat these slightly abovéhresholdfluencesfor each sampleThe corresponding
integrated PL spectra are shown in Egla In the thin film with Br/l halide mixturethe delay

time is arounds m) { in pure Br it is about¢ @) i and for Br/C] it is aboutp @ i(Fig. 6.4c)

These bservations clearly show that the delay times at the threshold are in perfect agreement with

the expectations from QAVI.
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Fig. 6.4. a, Steadystate PL spectra at slightly above threshold excitation for all 3 sarbplsotoluminescence dynamics at tl
SF threshold taken under 78 K showing the shortening of the delay time as we change the halide component from BmiCl
3 panels from top to bottom respectivalyDelay time values extracted from the transients at slightly above the threshtati@xc
fluence.As we change the halide component the delay time shortens from 32 ps to 9 ps which marks the limit of the d
time in these systems.
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Next, we investigat®rediction 3of QAVI to see if theSF threshold densitlgehaves as
expected from a QAVprotected system. FiguB4bshows the transients at the SF threshold in
all 3 samples. Here, the lowdhience 6&‘ @& ) is measured in Br/l mixed halide sample,
whereas the highest fluenceoisserved in the Br/Cl mixed halide tHitm (p @‘ @& ). This
difference in theSFthreshold fluences is also consistent with superfluorescent nature of the
emission and is a direct result of QARlediction 3 Since synchronization depends the
excitation density, in thin films with shorter dephasing tiembigher excitation density of dipoles
is neededo reachthe SF threshold. However, the substantial difference in the threshold excitation
fluence values between these three samplesradirectly provide a quantitative comparison of
the population densities. These thin films are g@&sstructuresvith mixed2D and 3D domains.

400 nm excitation creates higimergy electroihole pairs that funnel to the lower energy 3D
domains, whereuperfluorescence forr37, 55. These excitation fluences indicdabe number

of electrofihole pairs created by laser excitation. To compare the threshold population densities,
we need to find the population in the 3D domaright before the SF burst is emitted. To do that

we analyed the timeresolved absorption spectra (TAS) quantitativighig.6.59. In TAS, the
increase in the differential transmission at the SF pisakse totheground state bleaching signal

and it is directly proportional to the population density. Therefoaieeful analysis of the TAS
signak provides excitation fluence dependence of the populéBea Supplementatgformation

of Ref(4) for further discussion)But this only helpso make a comparison within a sample. To
guantitatively comparehe populations between different samples, we need to analyze the
transition dipole moments for the signals we are studying. Because the differential transmission
signal is proportional to the producttbetransition dipole moment and the population. Efiere,

we extracted the transition dipole moments usieElliot model(See AppendiA andFig.B4).
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Figure 6.5 shows the results of this analysis. It shows that required threshold density to
observe SF in Br/Cl mixed system is approximately 6 times higher when compared with a Br/I
mixed system.This observation clearly agrees that the observed phenomena depend on the

dephasing time that is determinedthg QAVI mechanism.
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Fig. 6.5. a, TAS spectra at the SF thredd for the same 3 samples. The shaded gaussian curves show the fits to ext
population of SF at slightly above the threshdidRelative population values extracted from TAS for 3 different halithes
order to observe SF phase transition, walrteeexcite 6 times more density in Chlorine mixed perovskite when compared
lodine mixed perovskite.

After presentingall these experimental resulshowing the impacts of QAVI, we
performed additional timeesolved THz spectroscopy experiments to show the existence-of low
frequency phonon modes coupled ttte electronic excitation in these systenThis was
particularly important because the idea of QAVI is based ofothetion of large polaronsgvhich
is simply alow-frequency longitudinal opticglLO) phononmod€s) coupled to the electronic
excitation(42, 51) Figure 6.6shows the THz transmission and the change in THz transmission
under 400 nm excitation faguast2D CsPbBB thin film taken at room temperatufehe generated

THz field allowed us toprobe approximately a trusted spectral regionxof @ T &
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wavenumbergFig. 6.6b) The extracted results in Fi§.6d showthat there are multiple LO
resonances ithe photoconductivity spectra. The ADnude spectral responsadicateghat there

are other contributions to the signal other than the degder effectg29). Here, he extracted
resonances am@ccordingly 2023, 31,36, 41, 46and 52cm* wavenumberswhich are in good
agreement with the reported values in the literature that are assigned to LO phonon modes in these
system@8, 42) Further studies also stv that one oma couple of thesé O phonon modes are

responsible for large polaron formation in these matsyistem§&28, 42, 44, 56)
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Fig. 6.6. Time-resolved THz spectroscopy measurements and its analys#.Time-domain THz field transmitted througl|
the sample (blue) and purmpduced change in the THz field (magenta). We can determine the photoconductivity of the
sample through the change in thansmission under pumping where this change represents the conductivity of the ¢
chargesY, . b, The probe spectrum of the tindlemain THz field used in the optical pusfipiz probe experiments, The
transient change of the transmitted THz fieldaswged right at the peak under 400 nm laser excitatidixtracted real part
of the THz photoconductivity spectra of quaaD CsPbBs thin film showing multi resonances at really low wave numb
referencing to the existence of low frequency phonon modes. The blue scattered dots show the extracted data, and
shows the fit based on Dru@mith-Lorentz model.
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Finally, | would like to note that the observation of these very-flmguency phonon
modeswhen excited with a 14t & pump is not the most common spectral response that one
would get from other material systenk®r exampleijn silicon, a nonrpolar senconductor.they
have observed a Drudie, i.e, free carrier response in thelav-frequencyregime$57). 2D
metal dichatogenides, namely MaSexhibit negative photoconductivity addressing the presence
of free carriers and charged excit¢B8). Moreover, if we look into the polar semiconductors such
asn-GaAs it exhibits an intense LO phonon mode coupled to a plasmon through some Coulomb
interaction.However, hey measure this mode to be arounp "Y"Oliand below that frequengy
it exhibits aypical Drudelike responsg9). This brings the question of what is specialifierent
about perovskites thatdemonstrate these unique features. Tlamswerto this questionis
undoubtety a subject to further investigation of these matsrialit one possible explanation can
be the weHlknown Aattice softness in these materia{60). Compared with conventional
semiconductors, ther Y 0 u n g aresalmbbbd 1d) tinhes sof{é0-62), which can be the reason
for the formation of lowfrequency polarongand manyother interesting properties in these

materials

6.2 Conclusion

In conclusion, the experimental studies presented here strongly suggéise thetntum
analog of vibration isolation plays a key rolesuperfluorescence in ledwhlide perovskitedit a
given temperaturghe superradiant phase transititmeshold densitgorrelates with the lattice
mode frequency of the polaron. The lower fl@aron lattice mode frequencihe better the
dipoles are protected from ambient thermal dephasing processes. Superfluoresc2iiam dea

symmetrybreaking quatum phase transitionThe implication of this finding has a significant
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prospect for designing materialsr other 29 order symmetry breaking phase transitions. In

superconductity and BoseEinstein condens@an, similar to superfluorescencéhere is an

ensemble of bosonic quantum particles, which undergo a macroscopic quantum phase transition.

Hence their observatioat practical temperaturgsquires a protection mechanisithe studies
presented hersuggesthatQAVI has the potential to transform exotic quantum phenomena that
areobserved at cryogenic temperatures into ordinary physical phenomena that could be observed
underpractical conditions

6.3 Methods

6.3.1 Synthesis of PEA:CsPbBr, PEA:CsPb(Br/l) and PEA:CsPb(Br/Cl) quasi2D
perovskite thin films:

The green quasiD perovskite thin film was prepared by the (PEABOs.i1PbBr
precursors via dissolving PEABr (Sigmal dr i ch, ©098%), CsBr (Al fa
(SigmaAldrich, 99.999%) with a molar ratiof 0.4: 1.1: 1 in ImL anhydrous DMSO (Sigma
Aldrich, anhydrous, 99.9%) solvent to make 0.3M?Rimncentration) solutions. The prepared
solution was stirring for 2 h at 60AC in a
the precursors werten spircoated on the glass substrates at 3000 rpm for 1 min, followed by
annealing at 85 °C for 8 min.

The red quas2D perovskite thin film was prepared by the (P&#Bro.33)0.4Cs1.1PbbBr1
precursors. In this case, the (PEAQs.1Pbk and (PEABJo.4Cs.1PbBr were first prepared
separately. The (PEAI)Cs..1Pbk was prepared via dissolving PEAI (SigiAldrich, 98%), Csl
(SigmaAldrich, 99.999%) and Pb[(SigmaAldrich, 99.999%) with a molar ratio of 0.4: 1.1: 1 in
1mL anhydrous DMSO solvent to ake 0.3M (PB" concentration) solutions. The

(PEA).4Cs1.1PbBr.3 solution was as same as the green gRBsperovskite precursor mentioned
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above. After stirring at 60 for 2 h in a glovebox, the (PEATk.1Pbk and (PEABI).«Cs..1PbBr
solutions were mixed with a volume ratio of 2
filter and then spirtoated on the glass substrates at 3000 rpm for 1 min, followed by annealing at

85 °C for 8 min.

The blue quaskD perovskite thin film wasprepared by the (PEABx)Cs .1PbBRCly
precursor via dissolving PEABTr, CsClI, CsBr and PbBr2 with a molar ratio of 0.4:1:0.1:1 in 1mL
anhydrous DMSO solvent to make 0.2M {Ptoncentration) solutions. The prepared solution was
stiringfor2hat60°Cim gl ovebox and filtered with a 0. 22
were then spitoated on the glass substrates at 3000 rpm for 1 min, followed by annealing at 60°C
for 5 min.

6.3.2Structure characterization:

In this work, we fabricated qua&D perovskite thin films via mixing CsPbX3 (X=ClI, Br,

) with large organic cations PEAX. By changing the halide ratio among Cl, Br and I, the different
emission colors from blue, green to red can be achieved which the details are shown in the method
section.The fabricated blue, green and red perovskite thin films have a thickness of 60 nm, 85 nm
and 110 nm, respectively. The XRD patterns for blue, green, red-2{Dgserovskite thin films

are shown in Supplementary FiguB&j. The diffraction peaks at lowengles (around 4and6°)

in the films can be assigned as a (010) plane ©f2 andn = 1 phases, respectively, indicating

there is a significant amount of lesimensional phases in these films. The diffraction peaks at
around 15° are from (100) of 3D pleas Here, the slight peak shifts are observed in the 3D phases
for blue, green and red, which may attribute the different ionic radius of Cl, Br@®)d It is

noted that the average crystal sizes are similar for red, green, blue thin films by comparing the full

width at half maximum (FWHM) of peaks @b phase.
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CHAPTER 7

Summary and Outlook

In this thesis, | have thoroughly investigated remperature superfluorescence in a
quasi2D CsPbBg thin film. After careful investigation of the steadtate and timeesolved
emission/absorption kinetics from multiple perspectiveshow thatthis material exhibits
superfluorescence beyond room temperature

| further studied th€®uantum Analog of Vibration Isolatiai@AVI) model as a potential
origin for the longlived electonic coherences in these materidlscording toQAVI, thequantum
state can be protected from external thermal noise sothomsgh a polaron formatioand
thereforehas arextenedelectronic coherence

The proposed mechanisraisesnew research questis. Specifically, it is important to
showwhetherQAVI canbe used to predict the macroscopic phase transition of other materials
Chapter 6,1 performed experimend on three quas?D perovskites with differenhalide
componerg. Based on the predictie of QAVI, the material with the lightest halide component
should have worse characteristics for reaching the superradiant state. The experimental results
show significant agreement withe predictions othe QAVI mechanismThese promising results
alsoshow that in the ne&uture,improvedunderstanding of th@AVI model can be used to design
and discover materials that can exhibit macroscopic quantum phenomena at high temperatures. In
other words, these exotic quantum phase transiti@o longer be exoté rather, theywill be

ordinary and will be generatexh demandunderpractical conditions. Thisanopen up a new
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direction for quantum material and quantum device resebedauseit will accelerate the

discovery of macroscopic quantum phases in tailored structures.
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Appendix A: Room Temperature Superfluorescence and its Origins

Appendix Section 1. Electronic and Spectroscopic Properties of Quasi 2D CsPhBrhin
Films

PEA:CsPbBg is a material classified as a qua§) hybrid organignorganic perovskite.

The optical and electronic properties gbhid perovskites are under intense investigation due to
potential optoelectronic and photonic applications, including photovoltaics aneeigtiing
diodeg64-67). Here we will briefly describe the structural, electronic, and spectroscopic properties
of PEA:CsPbBg¢relevant to the observation of superfluorescence. (SF)

Hybrid perovskites are versatile materials. They have a crystalline structure defined by a
geneal chemical formula given by ABXHere A site is a monovalent cation (for instanc€,dts
methylammoniurf). B site is a divalent metal cation @) and the X site is a halide an{68) .

In this simplest form, they make a 3D crystalline structure, with negatively chargeautBXedra,
stabilized with A cations in a cornghaing geometry (FigAl). The versatility arises from the

easy substitution of different cation molecules and atoms and anion halides into the chemical
structur€69). For instance, one can insert long alkylammonium cations, such as
phenylethylammonium (PEA) and naphthylmethylammonium (NMA) which are too large to fit
into the lattice. In this case, these long cations separafe@xhedra layers forming 2D quantum

well structures, which are calleglasi2D perovskites

a. Absorption Spectra
In a quasi2D perovskite structure, 3D domains and different thickness layered 2D domains

coexist in the thin film. Figurd&1lc shows the absorption spectra of A3IPEA:CsPbBrat
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X W . Because of quantum confinement, the bgagd of the 2D layers isigher than the 3D
domains, and it decreases by increasing the 2D layer thi¢kGeda the spectra, the arrows mark
the spectral signatures of 2D domains with-ayer (i.e., n=1) and twdayer (n=2) thicknesses.
The absorption of domains with no are hard to resolve due to their energetic proximity to 3D
domains.

b. Emission Spetra

We performedcontinuouswave photoluminescend€W PL) experiments to investigate
emission properties afuasi2D CsPbBs thin films. It is important to note that in these material
systems, the emission is primarily from 3D domains due to fast photoexcitation transfer from the
high bandgap domaing7, 55. In Fig. A3, we show the CW PL spectra exhibiting a line shape
with the main feature &t& 1 ¢and a shoulder @@ ¢Q wWe analyzed the fluence dependence
of these features gty , ¢ ¢ wr, ando 11 ot. Fig. A3b andA3c show the deconvoluted PL intensity
of these two peaks exhibiting a linear increase with excitation fl(&nceél).

Observation of multpeak emission in perovskite systems is a general phenomenon that is
still under investigatiofv2-75). The possible reasons for observing these emissive states are
internal strain effec{@6), radiative recombination oféshallow defect statg&l, 79, or structural
differences such as size distritong74, 76, 77.

In Fig. A4, we show the PL spectra where ar &t dpulsed excitation is used to excite the sample.
Unlike the CW excitation, beyond a certain threshold, a sharp feature draaesid¢® (Q W

We investigated the fluence dependence of this sharp featyreliat ¢ ¢ thand o 1t dt by
deconvoluting the PL spectra using two Gaussian curves. The results show that the intensity of the
¢® (0 dbeatureincreases linearly with eitation fluence. The fluence dependence of the steady
state and timeesolved PL characteristics, including the time defay,(burst width ¢ , time-
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resolved peak intensity and the population kinetics measured using TAS experiments suggest this

¢& (0 dbeature exhibits SF.

c. Time correlated single photon counting

The recombination kinetics of¢& 710 afeature in quas2D CsPbBs thin films was
measired using timeorrelated singlghoton counting (TCSPC) at room temperature. Figire
shows the transient of the& 70 afeature and its fit to a morexponential decay function
convoluted with a Gaussian describing the instrument response fundibj {The extracted
lifetime of this feature ip8t Tati 181 1T that is in line with the reported values in literafideg
77, 78 and very long compared to the lifetime of @& ¢ csharp feature, which is in the order

of ps.

Appendix Section 2 Analysis of SF Emission

a. Fluence dependence of the population in 3D domains at different temperatures
Figures A6-8 show the timeesolved PL traces gt Whe ¢ or, and o ot As the

excitation fluence increased beyond a threshold at each temperature, we observed the delayed
second peak rising over the PL. In order to show that this second rising peak exhibits the
spectroscopic signatures of SF, it is important to quantify the excitation densities involved in the
process. In our experiments, we used # g1 d excitation Sine there is exciton funneling from
higher energy domains to 3D domains in these materials, we use transient absorption spectroscopy
(TAS) to measure the population in the SF emitting domains and establish the relationship between

the excitation density arldser fluence.
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Figure A9-11 shows population dynamics extracted from the TAS data at different
excitation fluences. First, it is clear that the population in the 3D domains rises to its maximum
density with 23 ps after excitation, indicating the secamsk in the PL intensity is not due to
additional exciton transfer.

Second, to extract the population in the 3D domains, we deconvoluted the transient
absorption spectra of quaaD CsPbBg thin films at three temperatureg (0, ¢ ¢ or, and
o ), in Fig. A12. Here the spectra exhibit 3 main features: a negative transmission peak at
¢8& (8 and two positive featuresaoundc® ¢ cand¢d T wrhese spectral features of quasi
2D CsPbBsthin films are well studied in the literat(7®-81). The population in the 3D domains
is directly proportional to the intensity of the featureg@t ¢Q wWe fit the spectra to Gaussian
lines to extract the intensity of this peak at different excitation fluences. We obtained a linear
relationship between the fluence and @& ¢Q WTAS population in FigA12. We used this
linearity as a measute analyze SF signatures at each temperature. All the quantitative analysis

of the SF feature is done in this linear regime

b. Quantification of excitation densities at different temperatures
For a fixed temperature, TAS results provide means to quantitative analysis of the fluence
dependence of the excitation density because the TAS signal is proportional to the population in
the 3D domains. However, when temperature varies, the transition dipole moment also changes,
hence it is not possible to make the population comparison across different temperatures by just
comparing the signal intensities in TAS spectra. In order to dydahé temperature dependence
of the threshold excitation densities at different temperatures, one should include the effect of the

transition dipole momento do so, we used the Elliot model, which is widely used in perovskite
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system§82-85), and extracted the transition dipole mments at temperatures varying frommid

to 0 o ot using the absorption spectrum.

In Fig. A13, we show the absorption spectra of the gRBsCsPbBs thin film atx ub,

pLOLG CULG Yor,o T, ando o wrtogether with their fits uisg the Elliot model (Eq.182).

Here,
s — 0y o .. .0 0Oj 1
| 9] er:ﬂ—'o(?y ci—oAAﬁ]:_s—h @
(o
. .0, Op ®O O ey
OA . P Q@
p Q o
wherer) is transition dipole momen® is the banegap, O is exciton binding energy,
OoOp ©O — is the peak position of the exciton level s, and the broadening term.

Elliot model considers conbution from the excitonic band and the continuum band, shown in
green and magenta dotted lines in Ad3. As we increase the temperature, the relative strength

of transition dipole moments)( ) change from a factor af@ pfor x y) to a factor ofody cfor

o o ut (Fig. Al4a). Here, we used the extracted factors as a normalization constant and divided
the measured differential transmission intensities by the square of these values to properly count
for the effect of temperature on the population.sTanalysis was employed to make an SF

threshold density comparison with increasing temperature ARdb).
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c. SF Fit Model

The temporal profile of a superfluorescence pulse with an infinite dephasing time is

proportional t¢12, 29 ;

W6 OB o ¢ 2)
where ‘00 is the radiation intensity of the SF formed 6y number of dipolest and¢ are the
real width and the delay time of the SF emis&i@n(26). 0 , in our analysisiepresents the exciton
density that is increasing linearly with excitation fluendggendix Section 2a). We fitted our

data to a sum of twb ‘(@00 functions for high excitation fluences in orderaecount for the

ringing effect.

At below threshold fluences, our experimental results exhibit a PL emission that starts
rising immediately at zero delay and decay monotonically at all temperagugps ¢ ¢ wr, and
o 1 an). At above the threshold, vabserve a secondary PL feature rising at a delayed time, i.e.,
it rises on top of the PL trace. For this reason, to analyze our data, we subtracted the below
threshold PL data from all above threshold data and measured the peak intensity of the delayed
peak.

The fitted time traces fof W, ¢ ¢ or, ando 11 ot are shown in FigsA6-A8. Additionally,

the obtained peak intensity, and¢ values for 220 K are shown in Fi§15. The black dashed
lines in Figs Al5de are the fits showing ~— and ¢ ~ — as expected from SF the¢ty,

22).
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At X W, the delay time decreases from@t 1@ ps toe® T ps as the excitation
fluence increases from@)* @& top @° W& while the real width decreases framg
p& ps down tw® T& ps.
For¢ ¢ it as the excitation fluence increase fron8t* @a tooc @ ‘ W& , the delay time
decreases from @t 1@ ps toed T ps while the real width decreases frofp 1@ ps
down toc® T ps.

As the temperature is raisedaar o, the delay time goes from® T1@& ps toy® T®

ps, and the real width decreases fnig@n 1T ps too® T1@& ps as the fluence is increased.

d. Fine-step TRPL Analysis

To investigate the random fluctuations in the emission transients, we didsaefm&RPL
experiment fronx U too Tt ( Fig. 2, FigsA16-18). Here interestingly, all temperatures exhibit
the same random fluctuations that revfeaerprints of SEL3, 14, 40 (See FigA19 for fine step
TRPL data for MAPRkdaty ub). Additionally, to study the threshold dependence of the emission,
we first measured the PL spectra (FA®0-21) then performed a fingtep TRPL at just above
threshold fluences (Fig.3)he analysis presents that as the temperature is increased to 330 K, the

delay time decreases, as discussefippendixSection 3 (FigA22).

e. Directionality

Having established the density dependence of thend ¢ , we did further analysis to
show another signature of SF, which is directionality. Although the directionality in SF emission
studied in earlier systems is determined by the excitation profileur sample, since the 3D

domains are randomly distributed, their size and distribution determine the SF direc(i®nality
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86). Fig A23 shows the PL data collectedxatipy at different angles, as shown in the schematics.
Here we normaliza the spectra with respect to the intensity ofge ™ oL feature. Since this
feature is regular PL and is not directional, this normalization helps to account for any waveguiding
and surface scatterirglated effects in directionalityrhe PL is hghly anisotropic, similar to our
earlier experimental results in MAR(B) . Fig A24 shows that PL intensity is highly asymmetric

with a higher forward emission compared to backward emission at all temperatures, consistent

with SH35).
Appensix Section 3. Theoretical simulations using the Mont€arlo model

a. Physical Model

The theoretical model used in simulations assumes a collectiontwb-level systems
incoherently pumped at the rate 0 [ Qwnofo coupled with strengtfto a single
damped cavity mode with photon lifetimell . A weak coupling regime (bad cavity limit) is
considered, i.e.;Q |, leading to adiabatic elimination of the cavity mode. In the present
experimental configuration, the cavity does not exist, and superfluorescent pulses are emitted in a
random direction, wh the emission diagram being strongly perpendicular to the thin film. For
simplicity, we neglected the propagation effects and used a-$irggle approximation to describe

the dynamics of superfluorescence.

b. Microscopic masterequation simulations for mesoscopic!/x

The full qguanturamechanical description for spontaneous emission of an ensemble of N
two-level systems is governed by dissipative evolution of its density nfattescribed by the

following master equatid87, 89: (3)
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The rate of spontaneous emission into the cavity mode is givel by@ 0 Owith the
cooperative atomic polarizatan 6 B, A @D'Q 06(22), where, , Q

represent polarization operators for individual atoms;{ 0 @ 0D | "Qd&Eept for
possible inhomogeneous broadening, the polarization of the atoms can be addiiestatlyed

by an elastic dephasing process atfrate . It is formulated in terms of projection operators

and0 (89) and describes the random rotation of atomic polarization without changes in
population inversion. Spontaneous emission into continuum modes af a retéound to have
similar impact on elastic dephasing and is neglected in most simulgtions 1 . The master
equation is solved numerically by the stochastic M&delo wavefunction approach, where the
continuous dynamics of the wave function of the dimensios interrupted by incoherent pump,
dephasing, and photon emission events (quaniomp$}89). The obtained sequences of random
photon emission events after each excitation pulse are averaged ovér p T Tpulses to

calculate the average intensiiipd O @ 60 0 Qo simulde the profile of the superfluorescent
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pulse. The second physical quantity, an average population invé@ysioiymimics the dynamics

measured in femtosecond timesolved transmission experiments.

The simulated results are shown in FAR5. The simlations have several features that
mimic the experimental results. First, in FAR5a, the simulations show that when the density is
low, the dephasing rates do not impact the PL traces. This is expected because, below the threshold,
amacroscopiccoherere canoét be built. Hence, disregardi:!
due to superradiance and subradié®ife the emission is predominanttycoherent. On the other
hand, when the pump rate is increased, we observe a delayed emission in the simulations. This
delay time of the peak decreases with an increased dephasing rate. This is similar to our
experimental results. In the experiment, tieplthsing rate increases with temperature. Hence in
Fig. 3 and FigA25b, the delay time of the SF decreases as the temperature increases. We also
note that the noise in simulated traces exhibits similarities to the experiment, i.e., the emergence
of enhaned fluctuations in PL intensity. Though, possible fingerprints of famous fluctuations of
superfluorescent delay tin@$) in mesoscopic ensembles of emitters atuhienate quantum

level(88) require a more delicate and tirnensuming quantitative analysis of experimental data
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Appendix Section 4 .Figures
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Fig. Al: Crystalline structure of quasi-2D CsPbBrs thin films. a, Scheme of CsPbBperovskite
crystal structureb, Scheme of quasiD perovskite phases. Thggray part is PEA organic cations.
denotes the number of layecsTheabsorption spectraf quasi2D CsPbBgthin films taken with a

UV-Vis spectrometer gt @ . The peaks foé  plgio and cO domains are indicated with blac

arrows.
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Fig. A2: Structure characterization of quasi2D CsPbBr thin films. a, Scanning electror
microscopy (SEM) imagéd, Atomic force microscopy (AFM) image, X-ray Diffraction(XRD)

pattern of lower domain®1€2) and the 3D of the prepared perovskite films at room temperalt
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Fig. A3: Spectroscopic properties of quasPD CsPbBr. a, CW PL spectra and itéit
(solid magenta line) using two Gaussian curves with peaks located at gyugdl canc
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Fig. A13: Absorption spectra of the quasi2D CsPbBrs perovskite films at different
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Fig. A16: Fine-step timeresolved PL of quasi2D CsPbBFr thin films at L. The TRPL data «
¢® (0 ofeature at excitation fluences Below the thresholdu@® @Qdé&  decaying monotonicallyb,
Slightly above the thresholduf* @ dé ) exhibiting a delayed secondary rise with giant fluctuatior
the top of PL pealc,d, Above thresholdd @* @d& andp & © @& ) denoting fluctuations more
the rise and less on the decay; Bo° @&  displaying the diminishing fluctuations and Burnh@&iac

ringing behavior.
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Fig. A17: Fine-step timeresolved PL of quasi2D CsPbBr; thin films at

C® (0 wrfeature at excitation fluences Below the thresholdy8 © @ a
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Fig. A25: Quantum Monte-Carlo Simulations below and above the SF thresholdPL
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