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S1. Extraction of Dielectric Functions from Experimental Data
S1.1. Extraction of relative permittivity from THz time-domain spectroscopy (THz-TDS) 
In our time-domain data analysis, the terahertz (THz) waveforms were windowed to truncate the time traces before the arrival of the first internal reflection from the rear interface of the substrate. Consequently, we can neglect Fabry-Pérot etalon effects within the substrate. The baseline THz transmission through the bare substrate is modeled as: , where  and  are the electric-THz fields transmitted with and without the substrate, respectively.  is the angular frequency.  is the standard Fresnel transmission coefficient with ni being the refractive index of the medium i. Here indices i = 0, 1, 2 designate air, the CuInSe2 (CIS) nanoparticle thin-film, and the Teflon substrate, respectively, while d2 is the substrate thickness. The electric-THz field transmitted through the sample, a thin film of CuInSe2 on the substrate, is given by:
,					(S1.1)
where d1 is the thickness of the nanoparticle thin film, and  represents the Fresnel reflection coefficient.
To extract the relative dielectric function of the sample, , we evaluate :
.	(S1.2)
Employing the thin-film approximation, we obtain:
.										(S1.3)
Assuming  and  for air and Teflon, respectively, we obtain:
									(S1.4)
S1.2. Extraction of optically-induced change in the relative permittivity of the sample from OPTP
Using Eq. (S1.4), the optically induced change in the relative dielectric function can simply be obtained as follows:
									(S1.5)
S.1.3. Adaptation of dielectric function extraction with established TO phonon expressions
The dielectric function with TO phonon resonance is expressed as:
,										(S1.6)
where , , , and  are the high frequency relative permittivity, static relative permittivity, TO phonon angular frequency, and damping factor, respectively. This expression is compatible with THz traces, which are flipped in time compared to the conventional way THz traces are plotted. Therefore, to make the extraction of the relative dielectric function compatible with the above TO phonon expression, we flipped the THz traces  and  in time before calculating their Fourier transform. We also used the following modified expression:
									(S1.7)
This modification is equivalent to , for an arbitrary function .
S2. Calculation of the Acoustic Breathing Mode
Following the classical Lamb model as validated for semiconductor nanocrystals, the fundamental spheroidal breathing mode (l = 0) was determined by solving the boundary characteristic equation for a free elastic sphere[1]:
 ,										(S2.1)
where , R is the nanoparticle radius, and vL and vT are the bulk longitudinal and transverse sound velocities, respectively. For CuInSe2 crystals, we use the literature values vL = 3770 m/s and vT = 2100 m/s[2]. The numerical solution of the characteristic equation yields .
To model our ellipsoidal nanoparticles (average major axis 2c = 8 nm and minor axes 2a = 2b = 5 nm), we define a spherically equivalent radius  that preserves the total volume of the nanoparticle:  . This yields a fundamental breathing mode frequency .
S3. Calculation of Electronic Transitions
S3.1. Envelope function approximation for ellipsoidal confinement
To model the quantized electronic structure of the ellipsoidal CuInSe2 nanoparticles, we employ the envelope function approximation for a hard-wall three-dimensional ellipsoidal quantum dot [3]. The particle boundary is defined by the surface:
,											(S3.1)
where a = b = 2.5 nm and c = 4.0 nm correspond to the experimental semi-axes of the nanoparticle (representing a 5 nm × 5 nm × 8 nm morphology).
The kinetic energy operator for a given charge carrier (electron or hole) in a uniaxially anisotropic material is described by the single-particle Hamiltonian:
.								(S3.2)
Here,  inside the ellipsoid and  outside. The mass parameters and  denote the perpendicular and parallel components of the bare effective mass tensor, matching the crystallographic alignment where the tetragonal z-axis of the chalcopyrite lattice is collinear with the major axis c of the geometric ellipsoid.
S3.2. Coordinate Transformation and State Scaling Weights
To evaluate the energy levels analytically, we map the ellipsoidal boundary to a unit sphere via the scale transformation , , and . To account for the resulting distortion of the kinetic energy operator, we implement a first-order perturbation approach utilizing the standard roots of the spherical Bessel functions .
The ground state (1s) wavefunction features a completely symmetric spatial density profile. Averaging the anisotropic directional terms over the unit sphere yields uniform geometric scaling weights of exactly 1/3 per coordinate axis. The absolute confinement energy for the 1s level reduces to:
,								(S3.3)
where .
For the first excited atomic-like states (1p), the spatial anisotropy lifts the threefold degeneracy observed in perfect spheres. The electron or hole wave wavefunctions align uniquely along specific spatial axes, shifting the directional expectation value weights via spherical harmonic integration from 1/3 to 3/5 along the primary axis of alignment, and to 1/5 along the secondary cross-axes.
For a 1px orbital (aligned with the minor axis a):
,								(S3.4)
For a 1pz orbital (aligned with the major axis c):
,								(S3.5)
where  represents the first zero-root of the spherical Bessel function of order 1.
S3.3. Input parameters and microscopic material tensors
The precise numeric evaluation of the energy levels uses input values derived from experimental magneto-photoluminescence tensors [4]:
· Conduction Band: The bare electron mass is assumed isotropic with a value of .
· A Valence Sub-band: The bare hole mass components comprise  and .
· B Valence Sub-band: The bare hole mass components comprise  and .
Based on the above parameters, we obtain THz frequencies for the inter valencesubband transitions for a=b= 2.7 nm and c= 4.1 nm. We increased the radii a and b by 0.2 nm and c by 0.1 nm, accounting for wavefunction leakage beyond the ellipsoidal boundary. The resulting calculated transition frequencies between the valence subbands are summarized in Table S3.1.
TABLE S3.1. Calculated inter valencesubband transition frequencies for ellipsoidal CuInSe₂ nanoparticles under modified hard-wall confinement dimensions (a = b = 2.7 nm, c = 4.1 nm) 
	Inter valencesubband transitions
	Frequency (THz)

	 or 
	30.51

	
	6.96

	 or 
	7.73

	
	12.49

	 or 
	5.03

	
	0.27

	 or 
	43.27

	
	19.72



In the strong confinement regime, the active  excitonic transitions map directly onto and match closely with these calculated single-particle intervalence subband transitions, verifying that any sharp excitonic polarizability peaks are excluded from our spectral range of interest.
S4. Local-Field Effects on the Relative Dielectric Functions
S4.1. Derivation of TO phonon response with local-field corrections
The microscopic electric field  inside a crystal is a function of position  and differs from the externally applied macroscopic field . The microscopic field can be written as the sum of the incident field and the fields generated by all induced dipoles [5], [6]: 
,									(S4.1)
where  is the polarized dipole at the lattice site , and  is the electric field at the position  of the dipole  at the position . Evaluating the local field at , we obtain:
,									(S4.2)
where  is the local field experienced by the dipole (atom) at the lattice site .The term  is simply the addition of the electric fields from all dipoles at the lattice site , which usually equals zero in a simple cubic lattice. However, this term survives in crystals with low symmetry. An analytical expression for the term  is difficult, therefore, one may adopt an approximate macroscopic term , where f is a tensor of rank 2 [5], [7]. Yet to only capture the qualitative features of our experimental observations, we do not need this term and work with , which yields .
Integrating both side of Eq. (S4.1) over the volume and dividing by that volume yields:
, 							(S4.3)
with N being the number of lattice sites per unit volume,  being the microscopic polarization,  being the macroscopic polarization, and  being the permittivity of the vacuum. 
The equation of motion describing the lattice displacement  corresponding to a TO phonon mode is expressed as:
, 											(S4.4)
where  is the reduced mass of the ion pair,  is the force constant, and  is the Szigeti effective charge [8]. Modeling a multi-component chalcopyrite lattice like CuInSe2 as an effective two-body system is a simplification, but it retains the essential phononic physics. The total macroscopic polarization  contains both ionic and electronic contributions:
, 										(S4.5)
where  is the electronic polarizability. Inserting the value of  from Eq. (S4.3) into Eq. (S4.5), we obtain:
.							(S4.6)
At frequencies far above the phonon resonances, the ionic displacement can not follow the alternating field. For this case , resulting in the reduction of Eq. (S4.6) to . Employing Maxwell’s equations for the macroscopic polarization at frequencies far above phonon resonances, we obtain . Comparing these equations, we obtain the Clausius-Mossotti relation for the electronic background:
 									(S4.7)
Using Eq. (S4.7) to eliminate  in Eq. (S4.6), the macroscopic polarization expression simplifies to:
									(S4.8)
Using equations (S4.3) and (S4.8) in Eq. (S4.4), we obtain:
 							(S4.9)
We added a damping term in Eq. (S4.9), where  is the damping rate. Transforming Eq. (S4.9) to frequency domain yields . Plugging this to Eq. (S4.8), we obtain the dielectric function including TO phonon response:
.								(S4.10)
Here . The term  is the local field correction to the TO phonon frequencies and accounts for the characteristic frequency downshift of phonon frequencies in real and unperturbed non-centrosymmetric crystals.
S4.2 Employing effective-medium theory to model dielectric functions of the optically excited crystals 
During above-bandgap optical excitation of non-centrosymmetric crystals, real-space charge transfer occurs from a relatively electronegative lattice site to an adjacent site. This process results in a decrease in the local ionicity of the crystal lattice, which is physically accounted for as a microscopic reduction in the Szigeti effective charge. A differential reduction in the Szigeti effective charge  simultaneously drives an upshift in the TO phonon resonance frequencies and a corresponding weakening of their oscillator strengths [9]:
				(S4.11)
					(S4.12)
While these charge transfers are quantized and localized at specific atomic pairs, the resulting optically-excited electron-hole pairs undergo spatial delocalization. Yet the conduction and valence band wavefunctions are primarily localized near the cations and anions, respectively. This orbital asymmetry ensures the preservation of the optically induced deionization, at the particular pump-probe delay, across the lattice.
Therefore, the optically excited crystal can be considered as a mix of two mediums, one with the optically excited carriers having the dielectric function  and another without optically excited carriers have the dielectric function . We evaluate the effective medium dielectric function as [5]:
								(S4.13)
Here  is a function of pump-probe delay representing carrier excitation and recombination dynamics.
S4.3 Parameter determination for the simulations
To perform a physically realistic numerical simulation, the core parameter scaling factors from the lattice dynamical model were evaluated. Defining the baseline oscillator strength prefactor as , the pristine multi-mode relative permittivity is constructed as:
,										(S4.14)
where the three experimentally observed baseline TO phonon frequencies were set to , , and , with corresponding assigned fractional oscillator strengths of , , and , respectively. Using the values , , , and , we estimated  and  [2], [10]. 
The optically excited dielectric function  was simulated by introducing a differential reduction in the Szigeti charge parameter , which corresponds to an empirical baseline TO phonon frequency upshift of 300 GHz. We explicitly note that this frequency upshift serves as an empirical simulation parameter; its precise absolute magnitude cannot be extracted directly from our experimental data due to the large uncertainty in the nanoparticle thin-film thickness d1.
In simulation in the main article, we calculated the differential change  in the relative dielectric function. To account for the high-frequency electronic tail originating from the inhomogeneously broadened inter-valence subband transitions calculated in Section S3 (extending up to ~43 THz), a constant real offset was added to . This off-resonance contribution is physically expected under the standard Kramers-Kronig relation limits for high-energy spectrally broad states probing far below their resonance center.
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