Supplementary Methods

Fitting procedure and computation of QD surface density from UV-visible spectroscopy
As quantum systems made of discret states, CdTe QDs are described by the following optical susceptibility
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In this equation, obtained within the effective mass approximation, N is the QD density and n itemizes
the excitonic states: for the n'® exciton, p, is the dipole moment, 7, the damping constant, and w,, the
eigenenergy whose expression is [1, 2, 3|:
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R represents the radius of NCs, here considered as spheres, and ¢ = 10.2 the dielectric constant of bulk
CdTe. The constant Ey includes the band gap energy of bulk CdTe (1.61 eV at 4 K), the exciton Rydberg
energy (~ 10 meV), and may also take into account the self-polarization energy of NCs depending on the
polarizability of their surroundings [3]. Moreover, the second and third terms correspond to the confinement
energies of the electron and the hole, while the fourth one is their attractive Coulomb interaction. For any
excitonic state, the effective mass of the electron is m, = 0.096mg, where mg is the electron bare mass
[4]. For the hole, my, = 0.11mg (light hole) or my, = 0.69mg (heavy hole) according to the type of exciton
[4]. For the sake of clarity, Supplementary Table 1 gives the nature of the hole and the coefficients a,,
Br and ¢, for the three excitonic states considered in this article. The next subsection of Supplementary
Methods shows how ¢, is computed.

Amongst all these physical quantities, p,, 7, and Fy are unknown and must be determined experi-
mentally. Since UV-visible absorption depends on the imaginary part of X [1] we can extract these
parameters by fitting the absorbance spectrum of a colloidal CdTe QDs solutlon. Assuming further a
gaussian size distribution, the absorbance A(w) of such a solution reads:
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The resulting fitting parameters are given in Supplementary Table 2

For the CaFy prism grafted with CdTe NCs, the surface density N, (which plays the role of N x ¢ in
equations (1) and (4)) and the size dispersion o are henceforth the only two fitting parameters. Given
N; = 6.6 108 m™2 (deduced from fitting) and Ry = 1.7 nm [5], an estimation of the layer thickness is
t ~ 2Ry x (Qé\fﬁ = (2Rp)3Ns. Indeed, 2Ry and (2R) ™2 roughly correspond to the thickness and surface

density of a QD monolayer, and then N,/(2Ry)~2 to the number of monolayers.

Exciton energies and computation of the coefficients c,,
The eigenenergy of the n* excitonic state is given by:
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Let us call ., and 1y, the associated electron and hole wave functions. The coefficient c,, is defined as:
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where r, and ry, describe the respective positions of the electron and the hole, and R is the radius of the
nanocrystal. According to ref. [1] and [6], the generic form of the wave functions is:
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where z — j,(2) is the spherical Bessel function of order v, and z,,; its I'' zero. The functions ), refer
to the spherical harmonics. In the article, we take into account the first three excitonic states, itemized by



1 < n < 3, whose characteristics are given in Supplementary Table 3. We then compute numerically
(in C language with Xcode) the coefficients ¢1, ¢3 and ¢z by combining equations (5) and (6). For the first
excitonic state, we find the same value than that computed by Y. Kayanuma [7]: ¢; = 1.78.

Computation of Fresnel factors within SFG spectroscopy three-layer model

In order to compute the SFG Fresnel factors L;;(wvis, wir) for our sample, we use the three-layer model as

schemed in Supplementary Figure 1. These factors play an important role in Xg,)p:
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Within the three-layer model, the coefficients L;j;, are given by:
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The subscript u refers to ’vis’, IR’ or 'SFG’. In our configuration:
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Thus, we computed the four SFG Fresnel factors displayed in Figure 2c by combining these equations. For
the refractive index nj(w) of CaFs, we relied on the ref. [8], while the refractive index na(w) of air was
considered equal to 1. Besides, the refractive index niay(w) of the QD layer is determined in the article.

Processing of the SFG spectra
The measurement of the SFG intensity Ispg gives access to the effective second-order susceptibility xg,)p
according to ref. [9]:
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The SFG frequency wsFG, the angle HSFg, and the input intensities ;s and I1g are known. Then, we can

extract ’ prp’ (in arbitrary units, since we get rid of the constant factors):
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Here, K(wsrg) = KgratA(wSFG) x Kpm(wsra), where Kgpqi. and Kpy are the respective efficiencies of the
gratings and the photomultiplier which compose the monochromator we use to measure Ispg. The SFG
spectra presented in Figure 4a are normalized following this procedure.

The SFG spectra of the article are fitted with five molecular vibration modes:

ay e¥v

prp =Ae? "‘Z

v=1

(15)

Wy — WIR + ZIYU



The fitting parameters associated to the fitting curves presented in Figure 4 are given in Supplementary
Table 4.

In Figure 4c¢, we draw the mean amplitudes a(Ayis) = % 215;:1 ay(Avis). For each visible wavelength Ay,

the relative uncertainty % is estimated according to:

where (a,) = £, ay(Avis), and ‘rsd’ refers to the relative standard deviation. Indeed, for a given visible

wavelength Ayis, the amplitudes a, (Ayis), 1 < v < 5, are weighted by 1/{a,) to be comparable to each other.
For the sake of clarity, Supplementary Figure 2 illustrates equation (16).



. Electron-hole
Exciton states an | Bn Cn
n=1 1Se, 1Shn 3.14 | 3.14 | 1.78
n=2 1Se, 1Dpn 3.14 | 5.76 | 1.52
n=3 1Se, 1S 3.14 | 3.14 | 1.78

Supplementary Table 1 — First excitonic states of CdTe NCs. Characteristics of the three excitonic states used
for fitting UV-visible spectra. The second column gives the electron-hole configuration of each exciton following
the convention of ref. [1]. Especially, "hh’ refers to heavy holes and ’1h’ to light holes. The parameters «, and .
are extracted from ref. [1]. The calculation of the parameters ¢, is detailed in Supplementary Methods.

Parameter | Fitting value

Ey 0.93 eV
o 4%

p1 12.7 D
Y1 0.0018 eV
P2 16.4 D
Y2 0.088 eV
P3 13.0 D
Y3 0.0022 eV

Supplementary Table 2 — Fit to the UV-visible spectrum of reference colloidal solution. Results of the fitting
procedure based on equations (1) to (4) and applied to the experimental UV-visible spectrum of Figure 2a. The

corresponding curve is displayed in the same graph.
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Supplementary Table 3 — Exciton quantum numbers. Characteristics of the three excitonic states considered

in the article.

488 520 568 612

A 2.53 3.25 2.02 279 2.32
P 3.14

aq 38.7 70.6 57.2 36.5 25.2
w1 2862 cm~?

1 12 em~!

as 23.2 56.6 46.8 36.0 23.0
W 2884 cm !

Yo 8 em~!

as 104.1 1349 106.9 84.2 284
w3 2912 cm !

3 10 cm ™!

ag 53.0 61.4 60.5 45.0 324
wa 2935 cm ™!

Y4 7 em—!

as 26.0 31.5 29.1 23.5 21.3
ws 2067 cm ™t

Vs 6 cm~!

Supplementary Table 4 — Fit to the SFG spectra of CaF2/QD/air interface. Fitting parameters extracted from
the SFG spectra displayed in Figure 4 according to equation (15), i.e equation (3) in the article. All the phases

@y are set to zero.
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Supplementary Figure 1 — Three-layer model. Sketch of the CaF2/QD/air interface within the three-layer
model. n1, niay and na are the refractive indexes associated respectively to the three materials.
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Supplementary Figure 2 — Computation of relative standard deviations for vibration amplitudes. Illustration of
equation (16) showing how the relative standard deviations of the mean amplitudes a(Avis) are determined for
each visible wavelength Ayis.



Supplementary Note 1 — Structural properties of CdTe,S;_, QDs. XPS measurements evidence that
the commercial QDs we use are ternary alloys CdTe,S;_, with x = 0.25. This result is quite surprising
given the characteristics provided by the manufacturer, but in real accordance with the UV-visible charac-
terization. According to ref. [3, 10, 11, 12, 13], we would expect a first local maximum of absorption around
570 nm. Figures 2a and 4b clearly show that it is not the case: this maximum is reached for a wavelength
of Amax = 488 nm. From theory, the position of this maximum is related to the QD band gap E:

hc
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where h is the Planck constant and ¢ the velocity of light in vacuum. In virtue of Vegard’s law [14, 15], the
gap of a ternary alloy CdTe,S;_, can be approximated by:

E4(CdTe,S1—5) =z E4(CdTe) + (1 — z) E,(CdS). (18)
Rigorously, this law can be used if it is first satisfied by the lattice parameters a:
a(CdTe;S1_z) = z a(CdTe) + (1 — ) a(CdS). (19)
In our case, with = = 0.25, the lattice parameter of QDs is expected to be:
a(QDs) = 0.25 a(CdTe) + 0.75 a(CdS). (20)

Given that a(CdTe) = 6.48 A and a(CdS) = 5.82 A [10], we get a(QDs) = 5.98 A. From ref. [5], the struc-
tural characterization of these commercial QDs with High-Resolution Transmission Electron Microscopy
leads to a(QDs) = 5.86 A. We deduce that the deviation from Vegard’s law is up to —2%.

Thanks to the same study [5], we know that the QDs we use have a mean diameter dy = 3.4 nm. From
ref. [10], we obtain in this case E4(CdTe) = 2.18 eV and E4(CdS) = 2.76 €V. Then, equation (18) gives
E,(CdTeg.2550.75) = 2.62 €V. Applying a deviation of —2%, we eventually get E,(QDs) = 2.57 €V, which
corresponds to a wavelength of 481 nm, close to the expected 488 nm. To conclude, the substitution of
tellurium by sulfur in the core of QDs is in accordance with the UV-visible measurements.

Supplementary Note 2 — Description of vibration modes. Given a molecule of N atoms labeled by
p € [1,N], let us call (xp,Yyp,2p) the displacement vector of atom p from its equilibrium in cartesian
coordinates. In virtue of the formalism of ref. [16], we define the mass-weighted cartesian coordinates

{QH}iﬁl by:
(n=1) g1 =+/miT1 Q= /M2l
(n=2) Q@2 =My g5 =\may2 (21)
(n=0) g3 =\/Miz1 Qe = y/Maz2
We notice that all the coordinates ¢, for which n is congruent to 1 modulo 3 (i.e. # = 1 with the present
notations) are related to the z-coordinates of the associated atoms. When n is congruent to 2 modulo 3
(i.e. 1 =2), ¢y is related to the y-coordinate, and if n is congruent to 0 modulo 3 (i.e. in = 0), g, is related
to the z-coordinate. This explain the sum partition of equation (31).
The potential energy V of a molecule described by {g, }3Y, naturally depends on all these coordinates
and can be expanded as follows [16]:
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Supplementary Note 3 — Analytical calculation of molecular SFG response. We developed an unusual
and original method based on dielectrics, nonlinear optics and Fourier analysis. First, we describe the
vibration modes of ligands as normal modes. In the formalism of ref. [16], the normal coordinates {Q, }>Y,
are linear combinations of the mass-weighted cartesian coordinates {g,}3Y,, where N is the number of
atoms which compose the molecule. It exists a matrix I = (l,,,,) so that:



The coordinates ¢, (t) satisfy the following equations of motion [16]:

qn(t) + fam qm(t) =0. (25)

For simplicity, we use the Einstein convention to write all the sums: A;B’ = A'B; = >, AiB;. The
general solutions read ¢y (t) = ¢3 o cos(wyt), where w3 is one of the eigenvalues of matrix f = (fnm), i.e
Fram@™ = w2qn, and q, 0 @ constant depending on the initial conditions. The eigenvalue w, corresponds to
the frequency of the normal mode v. In presence of an external electric field E, equation (25) reads:

Gn (t) + frm qm(t) = enEﬁ(t>7 (26)

where e, is a constant depending on the electronic charge and the mass of the associated atom. The
subscript 7 refers to the congruence classes of the integers n for a modulus 3. Here, n = 0, 1 or 2 according
to the remainder of the Euclidian division of n by 3. Indeed, for each atom, there are 3 coordinates g,
associated to the three axes z (7 = 1), y (7 = 2) and z (7 = 0) and thus related to E, = F4, E, = E; and
E. = Ey, respectively. In frequency Fourier space, equation (26) gives:
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In virtue of the damped harmonic oscillator model, a more reasonable description requires the addition of
a damping term wwly,:
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Equation (24) therefore translates into:

Qu(w) = lnvg™( sz,en n (30)

The three congruence classes constitue a partition of the integers from 1 to 3N. Hence:

2=+, (31)
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i.€e.
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where we define vector g = (gx), so that:

Qv(w) = Dv(w)ngk(w)~ (33)

In the following, we focus on a unique vibration mode and thus omit subscript v.
To account for the NC/ligand coupling, we assume that the ligands feel the local electric field Ey(w) o<

p(w) x xg%( )E(w) produced by the exciton. In the general case, it exists a tensor kK = (k;;) so that:
E@ = RP. (34)

This tensor depends on the exciton wave function and also contains the spatial dependence of the local
electric field (typically, k;;(r) ~ 1/r®). Given the definition of the polarizability tensor & = (&;;) o X(l) of
a NC, p(w) = é(w)E(w), where E is the incident electric field (i.e. that of the laser beam). In other Words

Ei(w) = r€(w)E(w). (35)

Hr_/
= &(w)

This excitonic field is expected to change the molecular dipole moment u of the ligands, so that we can

write p(w) = a(w)Ey(w) + 1y, where o = (o) is the polarizability tensor of ligands and p their dipole
moment in the absence of exciton. The molecular dipole moment then reads:

pw) = aw)€@Bw) + p. (36)



We know that the efficiency of the IR vibrational response of molecules is driven by the derivative of their
dipole moment p = (u;) with respect to the normal coordinate @ [16]. To estimate the intensity of the
molecular SFG response, we are thus interested in:

6/1,1‘ 604ih Fhj 6(/1'0)1‘
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Studying %é)i goes back to study the linear IR response of the ligands, as checked in Supplementary

Note 4. Henceforth, we only consider the first term of equation (37). When they absorb IR light, ligands
acquire an oscillating dipole moment with a certain amplitude Ay which characterizes the strength of the
vibrational transition. This transition dipole moment can be expanded according to the normal coordinate,
in the vicinity of @ = 0:

oQ

For simplicity, we omit the subscript ‘QQ = 0’. In frequency Fourier space, equation (38) is written with a
convolution product:

Api(t) = (3‘”>Q_0 0] (39)

Bpi) = 8+ Q). (39)
Thanks to equations (33) and (37), we get:
Api(w) = (Gigi - E?) * (D - B*)(w), (40)
with:
Gigi(w) = gr Dain(w) &M &' 5(w). (41)
Equation (40) becomes:
Api(w) = / dw’ (ijr(w — o) Dy(W') BV (w —w') E*¥(W). (42)
R
In our case, the incident electric field oscillates at the two frequencies wyis and wig:
E(w) = 7"-(5((*“] - wvis) + 5(w + wvis)>Evis
+ 7r<6(w —wr) +0(w+ wIR))EIR. (43)

The constant vectors Ey;s and Eig depict the respective amplitudes of the visible and infrared input beams.
Given the four delta functions of equation (43), the integral of equation (42) then gives four contributions
corresponding to w’ = Fwyis, Fwir. Since we are interested in the vibrational response of the ligands, the
terms which contain D, (£wyis) are not relevant: the function D, is only resonant in the IR range. Hence:

Api(w) = CGjrlw —wr) Dy(wir) B (w — wir) TEf
+  Gijp(w +wr) Dy(~wir) BV (w + wir) TEfR.

(44)
In time domain, since Ap;(t) = 5= [ dw Ap;(w) e **, this translates into:
Ek ;
Api(t) = = Ggrlwnis) Do(win) By, e7wsre!
Ek :
+ 5 Gkl(—wvis) Do(—win) mE, et
[for w = wyis + WIR = wsFG] (45)

+ [idem for w = wyis — WiIR = WpFG|
+ [idem for w = 2wir = wsHG]
+ [idem for w = 0].

As expected, we retrieve the four nonlinear second-order processes: optical rectification (w = 0), second
harmonic generation (w = wspng ), difference-frequency generation (w = wppg) and sum-frequency generation
(w = wsrg). Let us focus on this latter:

Api(t) = nEd Bly Re(Gjn(wvis) Dulwm) e 576" ). (46)

8



As D! (w,) = 0 and since we are interested in the behaviour of the system around the resonance wigr = w,,
the relevant contribution to the SFG response is:

Auilt) = LBy D) (Cnlwvs) sin(wseat)
(i) cos(wsrat) ), (47)

where, for all complex function F, F’ and F" depict respectively its real and imaginary parts. Hence:

|<ijk(wvis)|2
(wy —wir)? + (I'y/2)?
Thereby, we can identify the second-order susceptibility of the organic ligands:

Ispa o< (Ap(t)) o |EY

vis

? | Bl
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with 7, = I',/2. Given the definition of the tensor ¢, equation (41), xy;i (wvis, wir) is proportional to:

h l QD 9k
Doi" (we) %l X2 () X ——B (50)
—_——— N , Wy — WIR + Yo
Raman coupling of electronic —

the molecules under response of NCs
visible excitation in the visible of the molecules

IR absorption

We remind that tensor k takes into account the fact that the local electric field produced by the exciton is
not rigorously collinear with its dipole moment. For all that, due to the cristal structure of the QD, this
non-collinearity does not play an important role. Especially, it does not condition the wyis-dependence of
Xijk (Wyis, wir ). We can reasonably assume that & is isotropic, that is proportional to the identity tensor:
k = k1. Eventually, ignoring and skipping the constant factor of proportionality, we obtain:

org [aa(wvis) XQD (wvis)]

0T (1) = g 51
X” (wV157wIR) 9k Wo — WIR i o ( )

To conclude, each vibration mode v characterized by the eigenfrequency w, and the damping constant -,
gives an SFG response driven by equation (51), as announced and discussed in the article.

Supplementary Note 4 — Molecular IR response. We have just detailed the method for deriving the
molecular SFG nonlinear response within the formalism of normal modes. To legitimate this approach, we
here apply our method to account for the molecular IR linear response.

We expand the transition dipole moment according to the normal coordinate Q:

3(Mo)i)
Ap;(w) = * Q(w). 52
i) = (%)« (52)
= M;
Given equation (33):
Api(w) = gr M; % (D, - E¥)(w) = / dw’ gr Mi(w— ') Dy(W') E¥(W). (53)
R
For a monochromatic field E(t) = Eg cos(wrt):
E(w) = 7ER <§(w —wir) + 0(w + WIR)>7 (54)
what gives:
Api(w) = ngEIkR (Ml(w —wir) Dy(wir) + M;(w + wir) Du(*WIR)), (55)
that is:
Api(t) = mgu B Mi(t) (€7 Dy(wir) + € Dy(~wrm) ). (56)

=2 cos(wirt) D! (wir)+2 sin(wirt) DY/ (wir)

At the resonance wir = wy, the real part of D,(wir) cancels. Thus, we approximate Apu;(t) by:
Api(t) = 2m g BE M;(t) sin(wirt) D! (wir)- (57)
Henceforth, the IR response is driven by:

0Q ) (wy —wr)? + (['y/2)%
We formally retrieve the result obtained through quantum considerations, as reported in ref. [17], what
definitely legitimates our calculation.
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