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S1. Sample Preparation
The sample of CdSe QDs analyzed in this paper has been prepared as described previously,1,2,3
using 3-mercaptopropionic acid as capping agent and ethanol as solvent. The sample was then
redispersed in a 1:1 mixture of methanol and ethanol and cooled to 77 K, forming a solvent
glass.1 The CdSe QDs sample has a mean diameter of about 7 nm. The size distribution of
quantum dots is from 6.3 nm to 8 nm in diameters. The absorption spectra of the CdSe QDs
sample are collected at room temperature (spectra not shown here) or at 77 K. Specific details
are described in references.1

S2. 2DES Setup and Conditions
2DES spectroscopy was performed using the setup previously reported.4 A 1030-nm pulse is
generated in a Yb:KGW laser at 10 kHz and passed through a nonlinear optical parametric
amplifier. The output is then compressed into a 9.2 fs long pulse (FWHM) with a diameter of
100 µm.
Three different spectral energy areas were measured. For the first set of measurements (the lowenergy area), we used 1-nJ pulses centered at 600 nm, with photon wavenumbers ranging from
15200 cm−1 to 18800 cm−1. For the second set (the high-energy area), the pulse energy was 2 nJ
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and the central wavelength was 500 nm, with photon wavenumbers from 18800 cm−1 to
21300 cm−1. The third set (the two-color measurement) was measured with the first two pulses
as in the high-energy area (2 nJ, 500 nm, 15200 cm−1 to 18800 cm−1) and the third pulse as in
the low-energy area (1 nJ, 600 nm, 18800 cm−1 to 21300 cm−1). A delay stage (for population
time) and a glass wedge (for coherence time) are used to delay the pulses. The signal beam is
detected by heterodyne detection in the phase-matching direction. An interferogram is recorded
using a CCD coupled to the spectrometer.

S3. Extension of Experimental Results
The states in the low-energy region were identified in our previous work1 as recapitulated in
Figure S1. According to Norris and Bawendi5 and our fit shown in Figure S2, there are two
states in the high-energy region: the strong state 2𝑆1/2 − 1𝑆(𝑒) at 19700 cm−1 and the weak state
3𝑆1/2 − 1𝑆(𝑒) at 20600 cm−1. In our experimental data, 𝑒5 plays a leading role in contribution
comparing with the other states, and we assign it as 2𝑆1/2 − 1𝑆(𝑒).

Figure S1. Fitting in the low-energy region of the excited states of CdSe QDs from the amplitude part
of the total 2D spectrum at t2 = 10 ps and ℏω3 = 16 200 cm−1, divided by the laser spectrum,
as shown in our previous work1. The data (black squares) are fitted as a sum (gray line) of
Gaussians corresponding to specific states (colored lines, average energies are marked by
vertical dashed lines).

Figure S2. Fitting in the high-energy region of the excited states of CdSe QDs from the amplitude part
of the total 2D spectrum at t2 = 10 ps along the diagonal, divided by the laser spectrum.
This time, we fit along the diagonal of the 2D spectrum, since the diagonal peaks
correspond to linear absorption positions.6 The purple line is the sum of the two fitted
Gaussians (red and yellow, with average energies marked by vertical dashed lines), and
the blue squares are the experimental data.
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S4. Energy Level System of CdSe QDs
Excitons of CdSe QDs1,5 are combinations of electrons and holes, as shown in Figure S3.

Figure S3. The excited states 𝑒1 , 𝑒2 , 𝑒3 , 𝑒4 , and 𝑒5 in CdSe QDs.

We use the following labels 𝑒1 , 𝑒2 , 𝑒3 , 𝑒4 and 𝑒5 to represent the excited states 1𝑆3/2 − 1𝑆𝑒,
2𝑆3/2 − 1𝑆𝑒, 1𝑆1/2 − 1𝑆𝑒, 1𝑃3/2 − 1𝑃𝑒, and 2𝑆1/2 − 1𝑆𝑒, respectively.

S5. Data Processing
The 2D spectrum in Figure S4(b) is obtained from the 2D slice of the 3D data in Figure S4(a)
at ℏω1 = 19700 cm−1, among the excited states ⃓𝑒1 ⟩, ⃓𝑒5 ⟩, and other excited states. The data in
Figure S4(c) are the kinetics of DP55, CP5S, and CP51, respectively, which are the features at
ℏω1 = 19700 cm−1, 17500 cm−1, and 16200 cm−1.

Figure S4. Schematic diagram of data processing for the real part of the rephasing 2D spectrum.

S4

Figure S5. The real part of the total 2D spectrum using the same normalization for all panels.

Figure S6. The intensities of DP55, CP5S, and CP51 from the real part of the rephasing 2D spectrum.

In addition, a summary of the different population times for the detection of the three panels
in Figures 1 and 3 of the main text is shown in Table S1.
Table S1. The panels of 2D spectra
Population time 𝑡2
𝑡2 =80 fs
𝑡2 =130 fs

Single-color
A1
A2
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Two-color
B1
B2

Single-color
C1
C2
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