Supplementary information for ‘Broadband
ultrafast self-heterodyned chiro-optical
spectroscopy’

Francesco Gucci't, Andrea Iudica!f,

Andres Valladares Y Tacchi!t, Andrea Schirato!?, Giulia Crotti®,
Ryeong Myeong Kim?, Soo Min Lee?®, Jeong Hyun Han?,
Andrea Villa!, Dawar Ali*®, Aurora Rizzo*, Margherita Maiuri',
Ki Tae Nam?®, Giuseppe Della Valle', Giulio Cerullo"®*

IDipartimento di Fisica, Politecnico di Milano, Piazza Leonardo da
Vinci 32, Milano, 20133, Italy.
2Department of Physics and Astronomy, Rice University, 6100 Main St,
Houston, Texas, 77005, United States.
3Department of Materials Science and Engineering, Seoul National
University, Seoul, Republic of Korea.
4CNR NANOTEC, Istituto di Nanotecnologia, c/o Campus Ecotekne,
Via Monteroni, Lecce, 73100, Italy.
SUniversita del Salento, Via Monteroni, Lecce, 73100, Italy.
6CNR-IFN, Piazza Leonardo da Vinci 32, Milano, 20133, Italy.

Corresponding author: giulio.cerullo@polimi.it;
TThese authors contributed equally to this work.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Supplementary Note 1: Analytical derivation of the
static and transient chiro-optical susceptibility from
the experimental interferograms

In an isotropic chiral medium, the polarization P is given by the following constitutive
relation [1]:

P = coXachiE + iy/pocoXeniH, (1)

with €g, pg the vacuum permittivity and permeability, respectively. For a linearly
polarized electromagnetic wave propagating in a chiral medium, the polarization vector
will comprise two components, i.e. an achiral component (parallel to the incoming
field), and a chiral one, parallel to the magnetic field, hence orthogonal to the incoming
electric field. In other words, chiral light matter interactions arise from the coupling
of electric and magnetic dipole moments [2].

When using the exp(iwt) sign convention for the phase of time-harmonic fields, the
frequency-domain wave equation associated to such medium is expressed as follows:

V2E + 2wxenivEoto(V x E) + w?ueE = 0, (2)

having defined the material permittivity and permeability € = gp&, and u = oy

This equation admits two eigensolutions, in the form of left (LCP) and right
circularly-polarized (RCP) plane waves, having different propagation constants [3].
The LCP and RCP light will thus have different complex-valued refractive indices,
respectively nrcp, PRCP:

NLCP = /MrEr + Xchis
ﬁRCP = VHr&r — Xchi

so that the difference An = nycp — Nrep is simply:

3)

Aﬁ = 2Xchi- (4)
Since fiL.cp,rcp act as complex-valued refractive indices for light with opposing helic-
ities, Re(ﬁch,ch) =! NLCP,RCP and Im(ﬁLCP’RCp) =! KLCP,RCP are related to the
dispersion and absorption of LCP and RCP waves within the chiral medium. Thus,
A7 is a measure of the difference in phase shift and absorption of LCP and RCP light.
For light with angular frequency w, upon propagation in a chiral medium of length L,
the optical activity is defined as:

ORD + iCD = %A’fl = %Xchh (5)

2c c
with ¢ the speed of light. Here the real part of the optical activity (i.e., the optical
rotatory dispersion, ORD) corresponds to the total angular rotation of the polarization
direction of light after propagating within the medium, while the imaginary part (i.e.,
the circular dichroism, CD) gives the difference in absorbance of LCP and RCP light



[2]. This is equivalent to the following definitions of CD, ORD:

In(10

CD = (4 (arcp — arcp) (6)
Lw

ORD = 5 (nLcp — nreP) , (7)

with ar,cp rcp the absorbances.
Hereafter, since xn o< ORD + iCD, we will make use of the following definition of
the chiro-optical susceptibility, ignoring the prefactor:

L
X% := ORD +iCD = 2= y . (8)
C

Extracting CD, ORD and their dynamic counterparts can be understood through a
Jones matrix analysis of the polarization state of the probe beam in our setup. We use
the following sign convention for the phase of a monochromatic plane wave of angular
frequency w, propagating along the direction defined by the wave vector k (refer to
Fig. S1):
exp [i (wt — kr) ]

In the calculations hereafter, we will omit this total phase term for the sake of con-
ciseness. The sign convention for the circular basis of the Jones vectors used in this
work is shown in Fig. S1.

The Glan Taylor prism polarizes the beam along the vertical axis. Thus, the field
of a monochromatic plane wave of angular frequency w and complex amplitude Fo(w),
can be written, after the prism, as:

Bilw) = Bow) |{. )

Subsequently, the interaction with the chiral sample takes place. The sample mean
absorbance and refractive index are defined respectively as:

a = (arcp + arcr) /2,
n = (nLcp + nrer) /2,

with QLCP,RCP, NLCP,RCP a8 before.
We write the Jones matrix associated with an optically active sample as follows
(within the limit of weak ORD and CD):

1 ORD —iCD

-~ _O‘/2 —ip
Meni = 107%™ 1 Gpp 450D 1 ’

(10)

where p = nLw/c.
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Fig. S1 Scheme of the Jones vector circular basis. Illustration of the convention used in the
analytical and numerical derivations of CD and ORD. The schematic depicts the polarization state
of light corresponding to a specific Jones vector, assuming a planewave propagating along the —z
direction, either left-circularly polarized (left panel) and right-circuarly polarized (right panel) light.

Thus, the field transmitted after interaction with the sample will contain a small
polarization rotation, an intrinsic change in ellipticity (quantified by ORD and CD,
respectively), and a change in amplitude due to absorption:

X (11)

Notice that the two components Es,(w) and Es,(w) above correspond to the Fourier
transforms of Ecpip(t) and Eapip(t) respectively, consistent with the definitions in
Fig. 1 in the main text:

By (w) = M By (w) = 10727 By (w) {ORD — 1CD} .

Ecpip(w) := FT[Ecp ()] = Faz (W),
EAFID(W) = FT[EAFID(t)] = Egy(w).

The common-path interferometer (CPI) introduces a variable delay 7 between the
chiral free induction decay (CFID) and achiral free induction decay (AFID), which
can be treated as a phase term between the vertical and horizontal components of the
electric field (¢ = wr).

Eg(w, ,7_) — 10—a/2e—ipEO (W) |: ORDeI; iCD :| ' (12)
The Wollaston prism is treated as a set of two polarizers oriented at £45° with respect
to the vertical. The polarization state at the two photodiodes (Ef7 respectively) can
be expressed as:

]- 11 1 —a/2 —i ORD —ICD+€1¢
EZ(WaT)_Q[l 1}E3(w77)_2~10 12¢ pEO(w)[ORD—iCD+ei¢]’
I 1-1 1 ; ORD — iCD — ¢'¢
. E— _ = 10— e/2,—ip i
E4(w,7)2{_1 1}E3(w,r)2 10-/2¢ EO(”)[—ORDHCDH@}

(13)



The corresponding intensities are, up to first order in CD and ORD:

= (%)

- ()

By integrating intensities of the two fields over all frequencies w of the probe, and by
taking the difference between them, we obtain a complete expression for the chiral
interferogram, Ui (7), expressed in terms of the initial field amplitude FEy(w), and the
sample-specific CD and ORD:

107 | Eo(w)|? (1 + 20RD cos ¢ — 2CD sin ¢) ,

N = N =

107 | Eo(w)|* (1 — 20RD cos ¢ + 2CD sin ¢) .

Uai(7) = IF (1) =I5 () = (52) 2 / dw [ Eg(w)[? 10~ [ORD cos(wr)—CDsin(wr)].
) (14)
The Fourier transform Ugpi(w) of Ugyi(7) ist
. ce .
Uchi(w) := FT[(Ueni(7)] = (70) |Eo(w)]> 10« (ORD+iCD)  Yehi-
Notice also that
~ ce " ce ~ ~
Oai(w) = (52) Ba(@)Bay(@) = (52) Bepo(@)Barn(@).  (15)

In order to isolate the chiro-optical properties (namely, ORD, CD) of the sample, a
calibration interferogram is taken, this time by setting the probe polarization at 45°
with respect to the horizontal axis. Using Jones calculus again, up to order zero in
CD and ORD?, it can be shown that

Cs —olw
Unens (1) = (70) / dw | Eo(w)]? 1079 cos(wr), (16)
whose Fourier transform is
~ ce 1 —alw
Uneni (@) := FT[Uneni (7)] = (70) 5| Bo(@)[*10 @), (17)

Notice also that 1
~ Cce ~ ~
Oacni(@) = (5*) 5Brm (@) Earin (@). (18)
The full chiro-optical susceptibility is thus retrieved by taking the ratio of the Fourier-

transformed interferograms:

Ueni(w) , (19)

Uachi (w)

DN | =

0o _
Xchi =

INotice that we are using the following definition of Fourier transform, consistent with our sign convention
for the phasors: f(w) = FT[f(7)] = [drf(7)exp(—iwT).

2Here, we neglect terms O(CD), O(ORD), since we need Upcpi(w) as a normalization integral, to obtain
the following expressions to first order in CD, ORD.
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_1 Ueni (w)
CD(UJ) - 21 ﬁachi(w)] ’ (20)
ORD(w) = %R 51((1))] :

A complementary way of treating the setup in the time domain is to consider the
interference of the CFID and AFID directly, whose relative delay is controlled by the
CPI. The setup is based on FT time-domain interferometry, which measures either
autocorrelation or cross-correlation signals by controlling the time delay between the
achiral and chiral fields. When acquiring the chiral interferogram, the total readout of
each photodiode I+ at a given CPI delay 7 is given by:

+o00o
I(r) o< / dt|Ecrip (t) + Eap (t + 7))

—0o0

—+oo +oo
x / at | Ecemn (1) + / dt | Eapip (¢ +7)|? (21)

— 00 — 00

+oo
+2x Re/ dtEcrp (t)Erpm (t+7),

—00
where it is clear that the last component corresponds to the self-heterodyned signal,
having Earip as a local oscillator (LO) field. The remaining part is dominated by the
autocorrelation signal of the LO. Since we record the differential signal on the two
photodiodes, we directly access the heterodyned signal, i.e. the chiral interferogram

Ucni(7):

+oo
Uchi(T) = I+ —I_ Re/ thCFID(t)EZFID(t + 7'). (22)
—o0
We now manipulate this expression in order to simplify the calculation of its Fourier
transform. We first write

Ueni(T) o /+Oo dt [Ecrip(t) Expip (t + 7) + E¢pip(H) Earmp (t+7)] . (23)

— 00

Then we express Ecpip(t), Farmp(t+7) and their complex conjugates as their Fourier
integrals:

Ecrip(t) « /dw,ECFID(WI)eiWItv
Eépip(t) o /dw/EEFID(w,)eiiw Y
EAFID(t + T) o /dw/EvAFID(w/)eiw’(if+”r)7

Ejpmp(t+7) o /dw/EZ\FID (w')e /(7))



where the proportional sign o accounts for neglecting normalization factors. Substi-
tuting these expressions into Eq. (23) and integrating over ¢, one obtains:

Uchi(T) X

x // dw'dw [ECFID(w’)EZFID(w)efiW + Epp (W) Earm (W)™ | §(w' — w)

= /dw’ECFID(w’)EZFID(w’)e_i“/T —|—/dw’EéFID(w’)EAFID(w’)ei“/T.

Now it is straightforward to Fourier transform this expression to obtain Udi(w): for
positive frequencies w, the first integral vanishes, and

Ueni(w) x E¢prp (w) Earp (w),

which is again Eq. (15). On the other hand, by Fourier-transforming Upchi(7) (with
the assumption of small dichroism) we obtain

Uachi(w) o< Earrn(w) EXprp (@),
i.e., Eq. (18). We thus see that the two approaches are fully consistent.

During pump-probe measurements, by demodulating the signal from the balanced
photodiodes at the pump frequency (50 kHz), we get access to the differential chiral
interferogram, defined as:

AUchi (7, Tpp) = Ucohli\I(Ta Tpp) — c?fF(T)v (24)
where Ug}i\I is the chiral interferogram when the pump interacts with the sample, while
UCOhFF is the same quantity when the pump is off, and corresponds to the aforemen-
tioned Ucpi. 7 and 7, refer respectively to the interferometric delay introduced by
the birefringent interferometer and to the pump-probe delay. By performing the mea-
surement for different 7,;,, we obtain a 2D-dataset. We Fourier-transform with respect
to the 7-axis, obtaining AUgp; (w, Tpp). After normalization with respect to Uachi7 in
the limit of small pump-induced changes in the transmission spectrum, we get direct
access to the transient chiro-optical susceptibility. By taking the real and imaginary
parts, we obtain the broadband, transient optical rotatory dispersion (AORD(w, 7p))
and circular dichroism (ACD(w, 7pp)) respectively.

Supplementary Note 2: Sensitivity

The exceptional sensitivity and high throughput of our experimental setup allow us
to record transient CD and ORD spectra in the mdeg level in few seconds. Figure S2
shows the ACD and AORD recorded on the gold nano-helicoids array for a pump-
probe delay 7=100 ps. The shown spectra span a range of ~15 mdeg and were recorded
in 84 s (6 second for every spectrum averaged over 14 acquisitions). The shaded areas in
the figure depict the standard deviation (+o0) evaluated at negative delays, showcasing
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s o0 <1 mdeg over the whole wavelength range shown, with values reaching <400udeg

127 from ~630-740 nm.
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Fig. S2 Standard deviation of transient CD and ORD spectra. The solid line show the
transient CD and ORD spectra measured on the gold nano-particles array for =100 ps. The shaded
area represent the standard deviation (+o) extracted from the data at negative pump-probe delays.
The transient spectra were acquired in 84 seconds (6 seconds per spectrum, 14 averages).

In order to characterize the best achievable sensitivity, we performed additional
measurements, progressively lowering the pump power (Figure S3, panels a to c). We
detected ACD and AORD at 7=100 ps, successfully recording tens-of-microdegrees

signals over a broad spectral range.
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Fig. S3 Sensitivity measurements. Transient CD and ORD spectra recorded at pump-probe
delay 7=100 ps for different average powers. a 200 puW. b 80 pW. a 17 pW. The ACD and AORD
spectra at 200 uW (a) were acquired in five minutes, the ones at 80 W in 33 minutes and the ones
at 17 uW in 3 hours. All the experiments shown in this figure were performed on the gold helicoids
sample.

Supplementary Note 3: Measured static
chiro-optical response of plasmonic helicoids

Our experimental setup is able to precisely record both the static and dynamic CD
and ORD. To benchmark such capability, we perform steady state measurements of
the gold nanoparticles array CD and we compare the results with analogous results
obtained with a commercially available setup. Figure S4 shows the results. The mea-
surements performed with our setup show that the CD peak central wavelength and
shape has a strong dependence on the position on the sample. By repeating the same
measurement on three different spots (light orange thin lines in Fig. S4), we observe
rather different profiles. Such dependence on the position is due to the heterogeneous
orientation of the nanohelicoids over micro-metric lengths, sensitively detected by our
100 pm-sized probe.

The commercial setup (J-1000, JASCO) we employ to record the static CD follows
a typical configuration. The input light polarization state is alternatively switched from
circular right to circular left by a photoelastic modulator (PEM) and filtered in energy
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by a monochromator. After passing through the sample, it impinges on a detector.
The difference in intensity for the two polarization states is measured for different
wavelengths, providing the broadband CD response. The beam size is approximately
5 mm x 5 mm, which effectively covers the full area of the sample. Therefore, the
recorded CD spectrum (black thick line in Fig. S4) can be considered as an average
over the entire sample surface.

To enable a proper comparison, we average the three local measurements obtained
with our experimental setup. The resulting trace shows good agreement with the mea-
surement from the JASCO instrument, confirming the validity of our approach. The
differences can be attributed once again to the inhomogeneity of the sample, and the
use of a local probe (having a spot size of 100 pm approximately). We want to high-
light that the J-1000 CD spectrometer acquisition time is approximately 2 minutes,
while our setup requires only a few seconds (~6 s), which makes the measurement
more than one order of magnitude faster.

3 T T T T
spot 1
[ spot 2 i
2 spot 3

- average
commercial

1 1 1 1
600 650 700 750 800
Wavelength (nm)

Fig. S4 Benchmarking of the measured static CD of the nanoparticle array. Thin orange
lines: static CD data measured with the approach presented in the main text, in three different
regions of the samples. Thick orange line: average of the static CD spectra taken in spots 1,2,3. Thick
black line: Static CD spectrum of the nanoparticle array, acquired via a commercial CD spectrometer
(PEM+monochromator), over a large illuminated area (~ 5x5 mm?).

Supplementary Note 4: Simulated static
chiro-optical response of plasmonic helicoids

To gain further insights into the chiro-optical response of the plasmonic nano-helicoids,
we performed additional full-wave electromagnetic simulations using COMSOL Multi-
phyisics. In these simulations, we modeled an individual Au helicoid in the scattering
formalism, namely we treated it as a single, isolated scatterer, embedded in a homoge-
neous medium. In particular, the nanostructure was placed at the center of a spherical
domain of refractive index 1.5 (i.e., the value used for the substrate in the simula-
tions of the nanoparticle array presented in the main text), enclosed within perfectly
matched layers. The nanoparticle was illuminated with a monochromatic planewave
linearly polarized along the x-axis and propagating in the —z direction. The static

10



metal permittivity was modelled following the same approach discussed in the Meth- 1
ods section of the main text. The vector electric dipole (ED) p, magnetic dipole (MD) 13

m, electric quadrupole (EQ) Q¢ and magnetic quadrupole (MQ) Q™ moments were 17

computed according to the following expressions [4]: 175

N 3 JY jolkr kj 3r r- ro —12J% g2 (kr)
po= - [ @ szt + 5 [ @ [y -2 25 )
My = g/d?’r (r x Jw)a j1]iﬁr)7 (26)
¢s = li{ /d% [3(rﬁJ:; +rads) = 2(r-du) 5aﬁ} jll(c’;’”)
(27)
202 [ @ [Brars(r30) = (radg +7aT2)r? = 203, 809] 05D }
ap = 15/d3r {ra (rxJy)g+rs(rxJy)a }](Qk(f;) (28)

Here J,, (r) = iweg(e, — 1)E, (r), where E, (r) is the electric field distribution, g is 1
the permittivity of free space, &, is the permittivity of the Au helicoid, j,(kr) are 17

spherical Bessel functions of order n and o, = x,y,z. 178

m— D
| D
EQ
MQ

2

Cqca (105 NM?)

OQ%@

500 600 700 800 900
Probe wavelength (nm)

Fig. S5 Multipolar decomposition. Static scattering cross-sections of individual multipole
moments and total contribution.

From the multipole moments, the corresponding scattering cross-sections (shown 1o
in Fig. S5) can be evaluated as follows [4]:
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l e m
Ciwl =Ch, +Clt, + CE, + CE.

B K 2 Imal® 1 L |kQ
“wra [ ) ¢ (et o[

a af

) (20)

where €, is the permittivity of the environment. From the multipolar decomposition
of the helicoid response, we notice that the scattering associated to the MD moment
presents a peak at the same wavelength as the negative dip in the static CD spectrum.
This suggests that the feature observed in the CD originates from the interaction
between electric and magnetic dipole moments. Conversely, at longer wavelengths, the
magnetic dipole vanishes, thus the CD positive peak in this spectral region can only
be ascribed to the interaction between electric dipole and quadrupole moments [5].
Moreover, the nano-helicoid MD can be further elucidated by inspecting the spa-
tial distribution of the induced electric charges on the nanoparticle surface, shown
in Fig. S6 for both LCP and RCP illumination. Across the chiral gaps (i.e. the con-
cave regions) of the nanostructure, opposite charges provide an effective capacitative
coupling, similar to what observed in split-ring resonators, which in turn generates a
strong magnetic dipole moment [6].

LCP

éixl

min BT mAX

Fig. S6 Electric charge density. Simulated charge density of the helicoid under LCP and RCP
illumination.

-

Supplementary Note 5: Jones calculus for extracting
CD and ORD

We start by recasting the Jones matrix of Eq. (10) on a circular basis via the matrix
C' (defined according to the polarization handedness convention shown in Fig. S1):

12



Mc}*} — My C = [tLL tLR:| _

trL tRR
111 1 ORD —-iCD 11
_ 10-a/2.—ip _
=107 e {11] {ORD+iCD 1 } {ii]_ (30)
1 —-iORD — CD 0
x 0 1+iORD+CD |-
A simple manipulation of the diagonal elements leads to:
t —t t —t
CD = — Re (u), ORD = —Im (u>. (31)
trr +trR trr +trr

Furthermore, it is possible to show that the usual definition of CD as a difference of
left and right absorbances is consistent with these expressions. Indeed, the transmission
Ty, and Tg of left- and right-polarized light are

Ty = |tre)* =107 [(1 — CD)? + (ORD)?]
Tr := |trr|’ = 107 [(1 + CD)? + (ORD)?] .

Thus, it follows that

1T, — 1T,
cp—tTe=Tr
2Tpr+ 11,

It is possible to apply Lambert-Beer’s law (Ir g = Tpe=@L.rI010) t6 express Ty, Tr
in terms of the absorbances oy, ag: T r = IL r/lo = e~ L,rIn10 Then by defining

Ao = ap — ag,

1 —arInl0 _ _—agrInl0 1 7Aaln10_1
cp=-! (e ¢ )—_ (e) (32)

2 e—aL In10 + e~ R In10 2 e—Aaln 10 + 1

Finally, in the small dichroism approximation (A« << 1), CD can be expressed as:

) (ar — o), (33)

which is Eq. (6).

Supplementary Note 6: Disentangling the transient
chiro-optical response of plasmonic helicoids

The Inhomogeneous Three-Temperature Model (I3TM) [7, 8] introduced in the
main text, Eqgs. (3)-(5), provides a thermodynamics-inspired description of the non-
equilibrium dynamics of plasmonic nanostructures following excitation with ultrashort
light pulses. By solving the three coupled partial differential equations formulated for
N (the energy density stored in a sub-population of nonthermalised carriers), © g (the
temperature of thermalised carriers), and O (the metal lattice temperature), one
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could track the temporal flow of excess energy delivered by the pump photons. For
the plasmonic nano-helicoids under investigation, the solution of the 3TM is reported
in Fig. S7, space-averaged over the volume of the helicoid.

800, o 18],
_ 600
mE 212
S 400 &
z <6
200
0 0 L
0 3 0 3 0 2 3

1 2 1 2 1
Pump-probe delay (ps) Pump-probe delay (ps) Pump-probe delay (ps)

Fig. S7 Integration of the Three-Temperature Model. a - c. Temporal dynamics of the
plasmonic internal degrees of freedom solved for in the I3TM, averaged over the nano-helicoid volume,
namely the average energy density stored in a sub-population of nonthermalised carriers N (a), the
average electronic temperature © g (b), and the average lattice temperature ©p (c). In panel a, the
(normalised) temporal envelope of the pump pulse, acting as source term of the I3TM is also shown
(dotted line).

As formally expressed by Eq. (3) in the main text, the optical excitation (whose nor-
malised temporal evolution is shown as a dotted line in Fig. S7a) is directly coupled
to nonthermal electrons (Fig. S7a), which feature an ultrafast rise time and relax back
to equilibrium within a few hundred femtoseconds (fully accomplished within 1 ps).
Thermalised electrons, described by their temperature © g, which fully determines
their Fermi-Dirac-like energy occupancy distribution, exhibit a delayed onset due to
electron-electron scattering, and decay within tens of picoseconds while equilibrating
with the lattice (Fig. S7b). Finally, on longer timescales, the metal lattice temperature
increases (Fig. S7c), albeit only by a few tens of degrees, consistent with the relatively
low pump fluences used in the experiments (300 11J/cm?). For the present nanostruc-
ture, adopting a homogeneous formulation of the 3TM does not lead to major changes
in the overall dynamics of the three variables. This is consistent with the fact that,
although the nano-helicoid supports strong electromagnetic hot spots, it retains a
compact shape at the nanoscale that limits gradient-driven mechanisms. Importantly,
however, the I3TM enables accurate treatment of the complex absorption pattern of
the pump pulse within the nanostructure volume, and provides a straightforward way
to incorporate the helicity-dependent interaction with the probe beam.

Once the (electronic and optical) effects induced by the pump pulse in the plas-
monic nanostructure have been estimated, we numerically assessed the transient
changes in the nano-helicoid chiro-optical response. To build the differential maps of
ACD and AORD (Fig. 3 in the main text), we solved Maxwell’s equations (see Meth-
ods in the main text) for both left- or right-circularly polarized probe beams as a
function of pump-probe time delay and probe wavelength, and suitably combined the
obtained transmission coefficients (refer to Eqgs. (1)-(2) from the main text). Figure

14



S8 shows the maps of differential transmission AT /T simulated for the two distinct,
LCP (Fig. S8a) and RCP (Fig. S8b), polarization states of the incoming probe, fol-
lowing excitation with the same pump pulse. Although the overall temporal dynamics
are similar for the two polarization states, the maps reveal differences in terms of
both signal amplitude and spectral features, which give rise to the observed transient
chiro-optical response.

LCP RCP

. ~ I
T 800 800 |
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£
2 750 750 | 1 AT
] | — | — -
T / Z 0 — (%)
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©
Q
e :
Q- 650 650 W

600 ' ' ' ‘ 600 “ : : -1

0 5 10 15 20 0 5 10 15 20
Pump-probe delay (ps) Pump-probe delay (ps)

Fig. S8 Simulated helicity-resolved differential transmission. a - b Maps of the simulated
differential transmission AT/T of the plasmonic nano-helicoid array, for a probe beam either left-
(a, LCP) or right-circularly polarized (b, RCP). The simulations are performed considering the same
parameters used for the numerical analysis presented in the main text.

Employing the 3TM to describe the non-equilibrium dynamics of the plasmonic
nanostructures under study enabled us to disentangle the contributions to the tran-
sient chiro-optical response arising from distinct, hot-carrier- and lattice-driven optical
nonlinearities. Figure S9 reports the simulated maps (identical to those shown in Fig. 3
of the main text) of the total ACD (Fig. S9a) and AORD (Fig. S9e), together with
the transient CD and ORD obtained by selectively including the nonlinear optical
modulations only from non-thermalised carriers (Figs. S9b, S9f), thermalised carri-
ers (Figs. S9¢, S9g), and the lattice temperature increase (Figs. S9d, S9h). Notably,
this disentangled analysis rationalises the peculiar ultrafast double sign change of the
ACD observed at 681 nm (refer to Figs. 4g and 4c¢ in the main text). By comparing
the ACD associated with the three variables N, Og, and Oy, it is evident that, in
selected spectral windows, their contributions may have opposite signs.
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Fig. S9 Disentangling the transient chiro-optical response of plasmonic helicoids. a - d.
Simulated map of the ultrafast ACD (a) as a function of the probe wavelength and pump-probe delay,
disentangled in the contributions arising from non-thermalised carriers (b, magnified by a factor of 2
for better reading), thermalised carriers (c), and the metal lattice (d, magnified by a factor of 2 for
better reading), respectively. e - h, Same as (a - d), for the ultrafast AORD.

Specifically, in the range between ~670 nm and ~760 nm, non-thermalised carriers
produce a positive modulation of the CD that vanishes within a few hundred fem-
toseconds, while the increased electronic temperature induces a negative ACD. The
lattice temperature contribution, in turn, switches sign from positive to negative
around 710 nm, with a delayed onset governed by electron-phonon scattering. These
distinctive spectro-temporal signatures provide the precise explanation for the two
sign inversions of the total ACD recorded at 681 nm: a positive-to-negative sign
switch at early time delays, followed by the reverse after ~1 ps, arising indeed from
the dynamical interplay of the three contributions.

Finally, we carried out a multipolar decomposition analysis in the out-of-
equilibrium regime to numerically examine the role of the electric-magnetic dipole
interaction in shaping the transient CD. To this end, we extended the static
model described in Supplementary Note 4 by incorporating the pump-induced time-
dependent permittivity of the helicoid. This was achieved by adapting the I3TM
introduced in the main text to the case of a single scatterer, which required recasting
the driving term P,pg, following previous reports [9]. The contribution of the interac-
tion between the electric and magnetic dipole moments to the CD can be related to
the imaginary part of their in-plane scalar product [10], Im [p - m] oy We therefore
tracked the non-equilibrium dynamics of this quantity, and its spectral variations over
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time, as reported in Fig. S10 for selected pump-probe delays. The calculated differen-
tial spectra closely resemble those of the ACD (refer to Fig. 3 of the main text), with
a dominant positive peak around 630 nm and two weaker negative lobes at shorter
and longer wavelengths. For the latter (A >~ 660 nm), the agreement with the ACD
is slightly reduced, possibly because of other multipolar interactions becoming signifi-

cant in this spectral region. Notably, the temporal dynamics of A(Im [p . m] my) also

qualitatively matches that of the observed ACD, with both signals exhibiting com-
parable rise and decay rates (compare traces in Fig. S10 and in Fig. 4 of the main
text).
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Fig. S10 Electric-magnetic dipole interaction. Simulated spectra of the differential imaginary
part of the scalar product between electric and magnetic dipole at different pump-probe delays.

Supplementary Note 7: Spin thermalization in lead
halide perovskite

Figure 5 of the main text depicts spin-selective excitation of carriers by means of
circularly polarized light pulses in a lead mixed-halide perovskite. The initial red-shift
of the CD peak has been attributed to the cooling of the spin population (see Fig. 5c¢)
[11]. Due to the Kramers-Kronig relation connecting CD and ORD, the cooling of spin
polarized carriers manifests itself in the AORD map as well, as a shift of the isosbestic
line (see Fig. S11a). Building on this, we extract the characteristic time by fitting the
progressive redshift of the isosbestic point with a mono-exponential function, finding
a value 7. = 300 fs (see Fig. S11b). On the other hand, the decay of the trCD trace is
attributed to spin depolarization mechanisms, as reported in the main text. Fig. S12
shows the dynamics of at the peak of the trCD signal, together with a biexponential
fitting, where the two time constants (namely a fast one, 7, and a slow one, 7.) are
representative of the typical hole and electron depolarization times.
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Fig. S11 Extrapolation of the spin thermalization time from broadband ORD measure-
ments a. Broadband trORD map of the lead halide perovskite excited by o+ pulses at 515 nm. The
delay-dependent position of the isosbestic point is indicated by the red line b. Temporal evolution of
the isosbestic point, compared to the least squares fit with a single exponential decay.
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Fig. S12 Extrapolation of the spin depolarization time from broadband CD measure.
Red line: trCD trace, normalized and integrated over the whole probe wavelength range. Black line:
biexponential fitting, where 7, = 110 fs (resolution limited), 7 = 2000fs.
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