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Verification of the Low Magnetic Field Regime

The formula presented for the diamagnetic shift in the main text of the paper (Eqg. 2) is only valid for “low”
magnetic fields, meaning the cyclotron energy of an exciton in a magnetic field is less than the binding
energy of the exciton. (Alternatively, the strength of the magnetic field can be evaluated by comparing the
magnetic length to the Bohr radius of the exciton.) This calculation must be executed for each NPL
thickness, as the binding energy increases as the NPL thickness decreases.

Binding energies for 3, 4, and 5 ML CdSe NPLs are reported in Table S1 from both theoretical
calculations'2° and experimental measurements.®6 All sources place the binding energy at above 150 meV
for each of the three thicknesses. Additionally, our own calculations (described in the Computational
Details section below) predict binding energies of ~190 meV for 3 ML CdSe NPLs, ~190 meV for 4 ML
CdSe NPLs and ~170 meV for 5 ML CdSe NPLs, as shown in Table S2. The exciton binding energies from
our calculations are in excellent agreement with the experimentally determined exciton binding energies
reported in Refs. S3, S4, and S6.

The cyclotron energy is evaluated at 60 T, the highest magnetic field used in this work, using the
relation

heB
E =
Uy

(S

where f is the reduced Planck constant, e is the elementary charge, B is the magnetic field, and y,- is the
reduced mass of the exciton. Since the reduced mass of the exciton varies depending on the thickness of
the NPL, the cyclotron energy varies for the different thicknesses. Reduced masses were calculated using
the electron and heavy-hole masses reported in Ref. S2. Table 1 in the main text shows that the cyclotron
energies are all roughly an order of magnitude less than the binding energies, indicating that 60 T is well
within the low magnetic field regime for 3, 4, and 5 ML CdSe NPLs.

Table S1. Binding energies (BE) for CdSe NPLs reported in the experimental and theoretical literature.

Year of SIRef.#  Experiment or 3 ML 4 ML 5 ML
Publication Theory BE (meV) BE (meV) BE (meV)
2012 S1 Theory” 200 175 158
2014 S2 Theory® 413 330 278
2015 S3 Experiment - 178 -
2016 S4 Experiment - - 170
2017 S5 Theory - - 250
2019 S6 Experiment 230 210 130

* Using &, = 2, as is standard for organic ligands. As the outer dielectric constant increases, the binding energies
drop, until they approach ~100 meV for all NPL thicknesses at €,,; = 5

t Using &° =6
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Table S2. Binding energies for 3, 4, and 5 ML CdSe NPLs of varying lateral sizes determined from atomistic
electronic structure calculations.

ML Lateral Dimensions Binding Energy

(nm X nm) (meV)
3 4x4 294
3 4%x6 259
3 4%x8 245
3 4x10 242
3 4x12 232
3 6 X6 222
3 6x8 211
3 6 x 10 197
3 8x8 192
4 4x4 259
4 4%x6 239
4 4x8 226
4 4 x 10 216
4 4x12 208
4 6 X6 214
4 6x8 203
4 6 x 10 192
4 8x8 191
5 44 244
5 4 %6 221
5 4x8 208
5 4 x 10 199
5 4x12 193
5 6Xx6 191
5 6x8 179
5 6 x 10 174
5 8x8 169
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Absorption Spectra of Samples
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Figure S1. UV-vis absorption spectra at room temperature and no magnetic field of (a) 3, 4, and 5 ML NPLs and (b)
small, medium, and large lateral-extent 4 ML NPLs. The right panel shows the slight shift in the heavy-hole exciton

energy as the lateral size of the NPL increases.
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SAXS Data for 3 and 4 ML NPLs

In the main text, SAXS data collected on polymer films containing 5 ML NPLs is presented. In addition to
films containing 5 ML NPLs, films containing 3 and 4 ML NPLs were also analyzed using SAXS.

Figure S2 shows SAXS transmission and reflection data for 3 ML CdSe NPLs. Unlike the data
presented in the main text for 5 ML CdSe NPLs, the SAXS data in Figure S2 does not present such a distinct
ring near ¢ = 0.12 AL, It is possible that 3 ML NPLs do not stack as effectively as 4 or 5 ML NPLs; the
larger lateral area of 3 ML NPLs has been shown to induce scrolling of NPLs, thereby prohibiting the
stacking that would otherwise occur from van der Waals interactions of the flat areas. Nevertheless,
stretching does seem to have an effect on alignment of 3 ML NPLs, as demonstrated by anisotropy in the
reflection scattering along the vertical direction in Figure S2d.

Transmission L, Reflection

Figure S2. Transmission and reflection SAXS data for (a, b) unstretched and (c, d) stretched films containing 3 ML
CdSe NPLs. Stretching axes are roughly indicated by the two black arrows. Intensities are logarithmic and not
necessarily kept consistent between panels.

Figure S3 shows SAXS transmission and reflection data for 4 ML CdSe NPLs. Like the data
presented in the main text for 5 ML CdSe NPLs, the SAXS data in Figure S3a,b initially indicate the
presence of stacks of NPLs. The widening of the scattering peak in Figure S3c after stretching, and the
weaker intensity at most azimuthal angles, suggests that many of the stacks are broken up after stretching.
However, as in the main text, the reflection data in Figure S3d suggests that many NPLs have rotated from
an alignment perpendicular to the plane of the film to one that is parallel.
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Transmission T_, Reflection

Figure S3. Transmission and reflection SAXS data for (a, b) unstretched and (c, d) stretched films containing 4 ML
CdSe NPLs. Stretching axes are roughly indicated by the two black arrows. Intensities are logarithmic and consistent
for each data collection mode before vs after stretching, but not between transmission and reflection modes.
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Data Processing

Data were collected as transmission spectra as a function of wavelength. These spectra were then converted
to energy space according to

h
fB) = ~fD) 3 (53)

where f(1) and f(E) are the intensities at a given wavelength A or energy E.” To describe the fitting
procedure, the data set for 4 ML NPLs will be used as an example. Figure S4 highlights the entire fitting
procedure for extracting out the peak shifts of the heavy-hole exciton peak.

Raw data for transmission spectraat 0 T, 26.2 T, and 58.9 T are shown in Figure S4a. For analysis,
the data was truncated at some energy between the heavy-hole and light-hole peaks so that the only peak in
the spectrum was that of the heavy-hole. The data was then normalized at an energy lower than that of the
peak, as indicated in Figure S4b by the star. Two points on either side of the normalization point were
selected as the two points needed to define the baseline, which is also shown in Figure S4b. The result of
baseline subtraction is shown in Figure S4c; baseline subtraction helped fix the peak asymmetry brought
upon by the fiber background, although the resulting peak was still slightly asymmetric. To counteract this,
only the tip of the peak—which was mostly symmetrical—was fit, as shown in Figure S4d. Only the points
below some count threshold (in the case of these 4 ML NPLs, -0.53 counts) were considered. The count
threshold was selected by running the analysis at a range of count thresholds and then selecting the value
that gave the smallest error for the diamagnetic shift. Each set of points was then fit to a Gaussian using the
MATLAB (version R2016b) ‘gauss1’ fit function.

Using the peak positions obtained from the Gaussian fitting, the two sets of peak shifts (from the
+60 T data and -60 T data) were fit to Eg. 1 in the text using nlinmultifit, a function provided through
MATLAB File Exchange.? In this way, both sets of data were fit simultaneously to obtain E,, g,,, and o.
(Fitting gy and o independently via gegugB = (E, — E_) and 0B? = %(E+ + E_) yields values that are
within 2% of those obtained using nlinmultifit.) The inverse of the root mean square error (rmse) squared
(i.e. the inverse variance) for each data point from the Gaussian fit was used as the weight in the fit. The
95% confidence intervals on ¢ are reported in the main text as the errors on the fit. These errors are believed
to provide an accurate depiction of the error inherent to the measurement, as changing the count threshold
returned a value of o that was within the 95% confidence interval of the value reported in the text.
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Figure S4. (a) Raw data. (b) Data normalized at the point marked by the star. The dashed line represents the baseline
that was subtracted to yield the data in the next panel. (c) Baseline-subtracted data. (d) Baseline-subtracted data at O
T, showing the points (black dots) below the count threshold (gray dotted line). Only the black points were fit to a

Gaussian to determine the position of the peak.

S9



Excitonic g-factors

Table S3 and Figure S5 present the excitonic g-factors obtained from fitting the magneto-optical data
presented in the main text to Eq. 1. The g-factors display clear trends with thickness and lateral area,
although their exact values varied when measuring different samples containing the same types of NPLs.
This is likely due to the fact that the excitonic g-factor is anisotropic, with very little anisotropy present in
the electronic g-factor but significant anisotropy present in the hole g-factor.>° Given that different samples
likely displayed varying degrees of orientation, it is expected that the variation in the alignment of the CdSe
NPLs from one sample or another yield different excitonic g-factors. It is worth highlighting that despite
the variation in magnitude, the trends presented in Table S3 were always preserved, such that it is likely
that we were able to achieve a similar degree of orientation from one sample to another.

Table S3. Excitonic g-factors for 3, 4, and 5 ML and small, medium, and large 4 ML CdSe NPLs, obtained from
fitting the data presented in the main text in Figure 4 to Eq. 1.

Thickness Excitonic Lateral Area Excitonic
g-factor g-factor
3 ML 0.661 +£0.041 small 0.185 +0.030
4 ML 0.320 +£0.013 medium 0.306 +0.025
5ML 0.205 +0.012 large 0.320 +0.013

The trends presented in Table S3 can be rationalized in terms of known behaviors of excitonic g-
factors with regards to size. As the thickness of the NPL decreases, the band gap increases, which results
in a larger electronic g-factor but a constant hole g-factor.® As a result, the overall excitonic g-factor
increases. The excitonic g-factor also increases with an increase in NPL area, where the increase in g-factor
is particularly large for small vs medium NPLs, as opposed to medium vs large. This suggests that very
small changes in lateral area have large effects on the electronic properties of the NPLs early on during
their growth, while after a threshold size, the g-factors remain nearly constant in magnitude.
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Figure S5. Zeeman splitting for all the samples, obtained by taking the difference between the excitonic energy as a
function of field. The relation g.,uzB = E, — E_ yields the reported excitonic g-factors. (a) Fits for the three
different thicknesses: 3, 4, and 5 ML NPLs. (b) Fits for the three different lateral areas: small, medium, and large 4

ML NPLs.
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Diamagnetic Shifts

a b 0.8 ,
small
0.4
3 3 0
-LE— -g— 0.8
£ &£
= K =
wv v
L L 04
= e
[} Q
c c
o0 o
m © 0
: :
a B 0.8
0.4
0 0=0.196 0
0 20 40 60 0 20 40 60
Magnetic Field (T) Magnetic Field (T)

Figure S6. Diamagnetic shift, isolated by taking the average excitonic energy of the two states £, = %(E+ +E),

for each sample. The shift can be fit to oB? to obtain a diamagnetic shift coefficient. (a) Fits for the three different
thicknesses: 3, 4, and 5 ML NPLs. (b) Fits for the three different lateral areas: small, medium, and large 4 ML NPLs.
Diamagnetic shift coefficients are indicated in units of peV/T2.
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Computational Details

CdSe NPL configurations were created by cleaving a sufficiently large CdSe zinc blende crystal such that
all Cd and Se atoms had at least two bonds and that both the top and bottom layers of the NPL were
terminated with Cd. The surface of the NPL was then passivated using ligand potentials that were taken
from Ref. 11. The ligands were placed in the correct geometry by using the positions of an extra outermost
monolayer of Se and Cd atoms and replacing each Se (Cd) atom by the corresponding ligand potential for
Cd (Se). The final NPL lengths, widths and thicknesses (and corresponding MLs) are given in Table S4.

We employed the semi-empirical pseudopotential method to obtain the noninteracting (i.e. single-
particle) electron and hole states. These calculations were performed on real-space grids and converged
with respect to the grid point density. Because we are only interested in the lowest energy excitonic states,
we were able to use the filter-diagonalization technique!?®® to calculate only the lowest energy electron
(o) and hole (¢;) eigenstates. The eigenstates obtained from the application of the filter-diagonalization
technique were then used as input to the Bethe-Salpeter equation (BSE).!® The BSE was solved within the
static dielectric constant approximation (e = 5.00). Although the quantitative accuracy may improve if a
more complicated approximation for the screening was used (e.g. the random phase approximation), we do
not expect any qualitative changes. Specifically, it would be expected the dependence of 1j,ne With the
number of MLs should hold, because if the screening were different between 3, 4 and 5 ML NPLs, it would
be expected that the thinner NPLs would have the least amount of screening (i.e. lowest €) which would
lead to even smaller 7,14, Values for the thinner NPLs relative to the thicker NPLs. The output from solving

the BSE are the excitonic states:

VTR = ) Car a2 97 () (59

a,i

where ¢, (¢;) are the single-particle electron (hole) eigenstates, 7, (13,) is the position of the electron (hole),
and the coefficients (c, ;) are obtained by solving the BSE. The number of electron (a) and hole (i) states
needed to converge the calculations ranged from 50-350. More details on the BSE are given in Ref. S14.

After calculating the excitonic states (i.e. correlated electron-hole states), we then calculated the
in-plane exciton size, (r?) as follows:

(r?) = (Wlr*y) (S5)
(r*) = @lx® + y*) (S6)
(rz) = (Y|(xe — xh)z + (e — Yh)zll/]) (57)

Values for (r?) are reported in Table S4.
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Table S4. Root mean square extents of the exciton in the x, y, and z directions, as well as the root mean square in-
plane exciton radius 7p1a5e for 3, 4, and 5 ML CdSe NPLs of varying lateral sizes.

Lateral _
ML  Dimensions  ./(zZ) (nm) /(xZ) (hnm)  /(y%) (hm) Jx2+y?%) =

rplane (nm)

(nm %X nm)
3 4x4 0.37 0.72 0.72 1.02
3 4%6 0.37 0.75 0.79 1.09
3 4x8 0.38 0.78 0.82 1.13
3 4x 10 0.38 0.78 0.82 1.13
3 4x 12 0.38 0.78 0.85 1.15
3 6 X6 0.38 0.84 0.84 1.18
3 6x8 0.38 0.85 0.86 1.21
3 6 x 10 0.38 0.90 0.94 1.30
3 8x8 0.38 0.92 0.92 1.30
4 4x4 0.50 0.82 0.82 1.16
4 46 0.50 0.84 0.87 1.21
4 4x8 0.50 0.86 0.91 1.25
4 4 x 10 0.50 0.88 0.93 1.28
4 4x 12 0.50 0.91 0.96 1.31
4 6 X6 0.50 0.93 0.93 1.32
4 6x8 0.51 0.99 0.96 1.34
4 6 x 10 0.52 0.95 1.00 1.38
4 8x8 0.52 0.97 0.97 1.37
5 4x4 0.66 0.84 0.84 1.19
5 4 %6 0.65 0.87 0.96 1.30
5 4x8 0.63 0.88 0.98 1.32
5 4 x10 0.63 0.90 1.01 1.36
5 4x 12 0.65 0.93 1.06 1.41
5 6 X6 0.68 0.99 0.99 1.40
5 6x8 0.71 1.01 1.03 1.44
5 6 x 10 0.72 1.02 1.05 1.47
5 8x8 0.71 1.05 1.05 1.48
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Effect of Dielectric Constant on Exciton Lateral Extent

The calculations described above use a value of € = 5 as the high frequency dielectric constant. While the
static dielectric constant of bulk CdSe is typically taken to be 10, the contribution from the nuclei (¢ = 3.5)
does not contribute as the energy scale of excitons is in the 100-200 meV range, which is much larger than
the highest energy phonons for this composition. Furthermore, in quantum-confined materials, the dielectric
screening is reduced, and our calculations have suggested that a dielectric constant of € = 5 is most
appropriate.

Nevertheless, as the value of the dielectric constant does impact the spatial extent of the exciton, we have
performed additional calculations using & = 10 to investigate the effect of altered dielectric screening. Table
S5 compares values for the in-plane exciton radius for € = 5 versus & = 10. While the in-plane exciton radius
is larger when the dielectric screening is increased to 10, the values (which range from 1.2 to 2.0 nm) are
still significantly less than the bulk exciton Bohr radius of 5.4 nm for CdSe. Additionally, all of the
gualitative trends for the in-plane exciton size are valid, irrespective of the choice of dielectric constant.

Table S5. Root mean square in-plane exciton radius 7p1a5e for 3, 4, and 5 ML CdSe NPLs of varying lateral sizes, for
different values of the dielectric constant.

Lateral ; .
ML Dimensions rplane (nm) or rplane (nm) or
(nm X nm) €=5 £=10
3 4x4 1.02 1.22
3 4%x6 1.09 1.39
3 4x8 1.13 1.43
3 4 x 10 1.13 1.45
3 4% 12 1.15 1.50
3 6 X6 1.18 1.61
3 6x8 1.21 1.69
3 6 x 10 1.30 1.74
3 8x8 1.30 1.79
4 4x4 1.16 1.36
4 4 %6 1.21 1.47
4 4 %8 1.25 1.53
4 4 x 10 1.28 1,60
4 4x 12 1.31 1.62
4 6X6 1.32 1.60
4 6 %8 1.34 1.69
4 6 x 10 1.38 179
4 8x8 1.37 1.79
5 4 x4 1.19 1.34
5 4x6 1.30 1.53
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o1 o1 o1 o1 o1 o1 O

4x8
4x10
4x12
6x6
6x8
6 x 10
8x8

1.32
1.36
141
1.40
1.44
1.47
1.48

1.60
1.63
1.69
1.76
1.85
1.89
1.96
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