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Abstract: Despite persistent and extensive observations of crystals with chiral shapes, the

mechanisms underlying their formation are not well-understood. While past studies suggest that

chiral shapes can form because of crystallization in the presence of chiral additives, or because of

an intrinsic tendency that stems from the crystal structure, there are many cases where these

explanations are not suitable or have not been tested. Here, an investigation of model Te

nanocrystals provides unique insights into the chain of chirality transfer between crystal structure

and shape. We show this transfer is mediated by screw dislocations, and shape chirality is not an

outcome of the chiral crystal structure or ligands.

One Sentence Summary: 1. Chirality transfer between crystal structure and shape in model

nanocrystals is mediated by screw dislocations

Main text: The formation pathway of crystals with chiral shapes has been a topic of controversy

(1,2) for over 170 years, ever since Pasteur (3) in 1848 reported the formation of chiral crystals

from chiral tartarate molecules. Yet, Pasteur himself only ever obtained achiral shapes of one

other chiral molecule, thereby demonstrating that chirality of the crystal structure is not sufficient

for the crystal shape to be chiral (4). Quartz (5,6), tellurium (7) and mercury sulfide (8,9) only

occasionally form chiral shapes despite their intrinsically chiral crystal structures. For quartz in

particular, it is often assumed that chiral shapes stem from the chiral molecular building blocks

within the structure (6). Further complicating the matter, entirely achiral building blocks or

materials with achiral crystal structures sometimes form chirally-shaped crystals (1,2). Two

broad classes of mechanisms for chiral shape formation have been discussed. The first attributes

the formation of chiral crystal shapes to differential growth rates of chiral facets. This is possibly
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mediated by the presence of chiral ligands (2,9-11), but could also result from an intrinsic

tendency that stems from the chiral crystal structure (5,6). The second starts from the observation

that, at very low supersaturation conditions, only nuclei of crystals that contain screw

dislocations can grow further, as these dislocations create a more reactive crystal growth front (1,

12-17). Such screw-dislocation-mediated growth yields helical shapes and has in the past been

considered as a formation mechanism for twisted nanowires (1,12-17). It has not been

considered, however, as a formation pathway for distinct chiral polyhedral shapes of crystals.

Differentiating between these two mechanisms is difficult, but the advent of controlled colloidal

synthesis has allowed for studies of nanocrystals that have chiral crystal structures and form both

chiral and achiral shapes (7-9). Such nanostructures represent an embryonic stage in crystal

growth and serve as convenient model systems to explore mechanisms of chiral shape formation

(7,9,18,19). Previous studies concluded that chiral ligands are the cause for chiral shape

formation. However, they did not explain why in many cases achiral shapes also formed in the

presence of chiral ligands, and did not address other observations of chiral shape formation in the

absence of chiral ligands (1-6).

Our system consists of tellurium nanocrystals with chiral shapes that are a few hundred

nanometers in size (7). Tellurium crystallizes in one of the two enantiomorphous chiral space

groups P3121 or P3221 (7). Growth of our nanocrystals involves reduction of tellurium dioxide in

the presence of chiral thiolated penicillamine ligands and hydrazine that serves as a reducing

agent, continuously supplying tellurium monomers for growth. Shapes of varying thickness were

formed by blocking lateral growth at different stages of the reaction using sodium dodecyl

sulfate (SDS, Table S1). When added early in the reaction, thin twisted nanorods formed (Fig 1A

and S1), and when added later, thick trigonal bipyramids formed (Fig. 1B and S1). We further
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characterized the bipyramidal nanoparticles using scanning transmission electron microscopy

(STEM) tomography and scanning electron microscopy (SEM), thereby resolving the 3D chiral

morphology. Figure 1C and movie S1 present 3D renderings of a representative bipyramid as

viewed along the direction. Several facets can be seen with smoothing due to the[1210]

tomographic reconstruction process. SEM is highly sensitive to edges, and we used the

tomography reconstructions of several NPs to better interpret SEM images of the sharply faceted

structure. Figs. 1D-F and S2 show nanocrystals at the same orientation as in 1C, and Fig. 1G

shows the bottom view, giving a sense of the overall shape. The trigonal symmetry is observed

along the nanoparticle’s long axis ([ direction) in Figs 1H and 1I using a TEM projection0001]

and STEM tomography, respectively. This polyhedron possesses a D3 point symmetry. STEM

tomography and SEM images show that these nanoparticles present a distinct structure of flat

facets with a chiral arrangement similar to chiral habits of macroscopic crystals (2,3,5,6). We

assigned left (M) and right (P)- handedness nomenclature to the shapes using a convention that

follows reference (9). In this approach, the 3D shape can be thought of as a set of 2D slices

stacked, and gradually rotating along the long axis ( . Clockwise rotation is correlated with0001[ ]

right-handedness and counter-clockwise with left handedness (Fig. S3). Further, the arrangement

of two small facets in the center allows identifying the handedness, as it is mirrored in crystals of

opposite chirality. These facets can be determined from the relative directions identified in Fig.

1H, and their indexing depends on which mirror image of the crystal is observed (see also Fig.

2). In right (P)- handed particles, these are the ( and ( ) facets colored pink and green,0110) 1100

respectively (inset to Figs 1D-I). In left (M)- handed particles, these are the ( 00) and ( )11 1010

colored green and orange, respectively. Extra facets on the sides (Fig. S4) are harder to assign
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but might be equivalent to those required in bulk chiral habits to lower shape symmetry, as in the

case of quartz's s and x faces (5).

Fig. 1: Model system of morphologically chiral nanocrystals.

TEM images of (A) thin rods, and (B) fully formed bipyramids. (C) A surface rendering of a

STEM tomogram of a bipyramid observed along the direction. (D-F) SEM images of (D)[1210]

a pair of right (P)-bipyramids, (E) a right (P)- and a left (M)- bipyramid, and (F) a single left

(M)-bipyramid all observed along the direction for P and [ ] for M (G) A pair of[1210] 1210

right (P) bipyramids observed along the [ ] direction. (H) A TEM image of a bipyramid1210

observed along the [ direction, with its corresponding FFT. (I) A view along the [0001] 0001]
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direction of the tomogram in 1C. The pair of facets used to assign handedness are marked pink,

green and orange on smaller inset models in D-G and I.

When the nanoparticles are prepared in the presence of one mirror image of the chiral ligand

penicillamine, a large excess of one mirror image is formed as measured by circular dichroism

(CD, Fig. S5) (7-9). CD does not allow quantifying the exact populations of mirror images;

therefore, we used large-scale, automated SEM imaging and manual identification to distinguish

the two forms from a large population of NPs (close to 300 in each sample).

In Fig. 2A, the distribution of both forms in samples made with pure D- and pure L-ligands is

presented as a function of their length. In both samples, one mirror image formed in large excess

(85%) but not 100%. The less-abundant particles are smaller in size, which indicates that chiral

ligands affect the rates of both nucleation (affecting the population) and continuous growth

(affecting the final size).

Next, we correlated the shape handedness with that of the crystal structure. For this purpose,

aberration-corrected high angle annular dark field (HAADF-) STEM imaging at two stage tilts

was performed. Fig. 2B presents low- and high-resolution HAADF-STEM images and an

atomistic model viewed along the tellurium nanocrystal direction. A single 2D STEM[1210]

image, even though might appear to show chirality, does not decisively infer 3D handedness.

Due to the projection nature of STEM, looking at the same particle from the opposite direction

(corresponding to a 180-degree tilt) will reverse the sense of 2D handedness, and a single image

is insufficient to tell which side the bipyramid is viewed. To solve this problem, we acquired a

focal series as explained in the SI and Fig. S6, which allows us to assign left (M)- handedness to

the particle observed in Fig. 2B. The same particle was then imaged at the [ ] zone axis. The1100

low- and high-resolution STEM images at the new orientation, and a model, are presented in Fig.
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2C. Dong and Ma recently demonstrated that atomic-resolution images at these two tilts are

sufficient to resolve the handedness of the crystal structure (20). Fig. 2C fits the model for the

P3221 space group (left-handed tellurium helices), and will not fit the P3121 space group

(right-handed tellurium helices), which at these tilt conditions will exhibit a mirror arrangement

of atoms. A detailed comparison and description of the space groups along these two directions

is presented in Fig. S7. In the same way, it is determined that the particle observed along the

direction in Fig. 2D and in Fig. 2E, is a right (P)-handed particle with a crystal[1210] [1100]

structure belonging to the P3121 space group.

Both particles are from the sample depicted in the right panel of Fig. 2A, where right (P)-handed

nanocrystals are more common. Using this method, we measured seven right (P)-handed

particles and two left (M)- handed particles and found that P shapes always had the P3121 space

group, whereas M shapes had the P3221 space group.
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Fig. 2: Determination of crystal structure and shape handedness.

(A) Distribution of bipyramid handedness when using only L- or D- penicillamine ligands in the

reaction (left and right, respectively). Orange and blue columns represent left- and right- handed

particles, respectively. Bottom parts  of columns that appear brown are where orange and blue

overlap. In the insets, SEM images show the existence of both mirror images in each sample

(scale bars are 100 nm). (B,C) Low- (left) and high-resolution (middle) HAADF-STEM images

and a corresponding atomistic model (right panel) observed along the (B) and (C)[1210] [1100]

zone axes. Shape and crystal structure handedness were characterized as M and P3221 space

group, respectively. Red curved lines highlight atom columns to compare between the

experiment and model. (D,E) A P-shaped nanocrystal observed along the (D) and (E) [[1210]

] directions. The crystal structure can be assigned to the P3121 space group.1100
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These results seem to imply that the chain of chirality transfer starts with the ligands directing

the handedness of the crystal structure formation, and in turn, the crystal structure handedness

determines that of the shape. However, as shown in Fig. 3, even though chiral ligands strongly

affect the relative abundance of mirror images, they are neither necessary, nor sufficient for the

formation of chiral shapes. The reaction was conducted with achiral mercaptopropionic acid as

the thiolated ligand, under similar conditions, and the nanoparticles still formed a chiral shape

similar to the ones formed with penicillamine (Figs. 3A, 3B and movie S2). This sample

exhibited no CD signal, indicating that an equal mixture of left- and right-handed nanocrystals

formed. These results indicate that chiral ligands only serve to bias the synthesis in favor of one

mirror image, but do not cause chiral shape formation. This proves that past models of arrested

growth by chiral additives (2,9-11) do not sufficiently describe the observations made here.

Next, we examined the other prominent mechanism that can lead to morphological chirality,

screw-dislocation-mediated growth accompanied by “Eshelby twisting” of the crystal structure

(1,12-17). Even though this mechanism is established as a source of shape chirality from twisting

(1,12-17), we tested whether it also leads to the formation of the chiral polyhedrons. Classical

crystal growth theory predicts that screw-dislocation-mediated growth is dominant at low

monomer supersaturations (12-16). We therefore expected that if screw dislocations were

involved, higher tellurium dioxide reduction rates should produce achiral shapes. Achiral

morphologies indeed formed in these conditions, even in the presence of chiral ligands at the

same concentration as in the reactions that yielded chiral shapes (Fig 3C, 3D and movie S3).

Figs. 3E-H show the transition from chiral (3E-G) to achiral (3H) shape formation as the rate of

reduction, which sets supersaturation, is increased. Other than supersaturation, all synthetic

conditions are identical between these samples. The TEM images show that particles in Figs.
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3E-G have the chiral shape seen in Fig. 1B, and the ones in 3H have the achiral shape seen in

Figs. 3C,D. The CD response shown below each TEM image (expected to be present only for

chiral shapes) (7) is absent for the particles in Fig. 3H. This observation correlates with the

model predicting a transition from screw-dislocation-driven growth to layer-by-layer growth

(12-16).

Fig. 3: Chiral ligands are neither necessary nor sufficient for chiral shape formation.

(A) A TEM image, and (B) a STEM tomogram of chiral bipyramids grown with achiral

mercaptopropionic acid ligands. (C) A TEM image, and (D) a STEM tomogram of achiral

particles grown with chiral penicillamine ligands. (E-H) TEM images with the corresponding CD
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spectra below, of particles grown with (E) 1 ml, (F) 2 ml, (G) 4 ml and (H) 6 ml of hydrazine.

The transition from chiral to achiral morphology is observed between G and H.

We support these results, which strongly imply the involvement of screw dislocations in the

growth process, with structural characterization. Aberration-corrected HAADF-STEM imaging

allowed directly observing atomic displacements induced by the dislocation, but two cases must

be considered. First, a single screw dislocation line passes through the core of the nanorod

(12-17). Second, as commonly observed in tellurium (21,22) and other systems (22,23), the

screw dislocation dissociates into partials, thereby lowering the crystal’s overall energy. In the

case of tellurium, a single screw dislocation with a Burgers vector can dissociate𝑏 = [0001]

into three partials with (20,21). In Fig. 4A, a HAADF-STEM image of a thin rod𝑏 = 1
3 [0001]

observed along the direction is presented. In Fig. 4B, the region marked by a cyan frame[1210] 

in Fig 4A is magnified and compared with a model of a dissociated screw (see SI methods and

Fig. S8). A discontinuity in the rows of atomic columns is observed across the dislocation line.

This is a signature of a dissociated screw and is not observed in a crystal with a non-dissociated

screw (Fig. S8). Images of another nanoparticle and direction also show the atomic column

displacements of the line defect (Fig. S9).

Another indication of screw dislocations is the Eshelby twisting of the lattice (12-17) which we

measured using four-dimensional STEM (4D-STEM) (24), a technique that allows extracting

local twisting with high spatial resolution (methods and Fig. S10). In brief, a measurement of 2D

electron diffraction patterns is acquired at a 2D set of scanning positions and Laue circle fitting

for each scan position maps the local lattice orientation relative to the [0001] axis (Figure 4C).

Representative diffraction patterns with red fit lines from three beam positions are presented.

11
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Twisting along the C-axis of 0.02 deg/nm is measured similar to other measurements of Eshelby

twisting (12-14). Existence of this twist further reduces the possibility that chirality of the shape

originates from differential growth rates of facets induced by chiral ligands or by the chiral

crystal structure, as this would not be accompanied by lattice twisting.

Screw dislocations can also lead to void formation due to the strain energy associated with the

dislocation exceeding the surface energy required to form an inner surface (14). In Fig. 4D and

4E representative HAADF-STEM images of rods and bipyramids, respectively, show these voids

as dark regions. STEM tomography shows that these voids are inside the nanoparticle (Fig. S11).

As expected, voids were not found in achiral shapes (Fig. S12), but were found in chiral shapes

grown in the absence of chiral ligands (Fig. S13).
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Figure 4: Structural evidence of screw dislocations.

(A) An atomic resolution HAADF-STEM image of the center of a nanorod observed along the

direction. (B) The enlarged region marked by a cyan frame in 4A overlaid with a model[1210] 

for a dissociated dislocation (red dots). (C) Map of twist around the C-axis extracted from

4D-STEM measurements. Electron diffraction patterns from different positions are overlaid with

fits to a Laue circle (red lines). Twisting direction in this particle follows a left-handed screw

rule. (D,E) HAADF-STEM images of (D) a nanorod and (E) bipyramids with voids (white

arrows).

13



Submitted Manuscript: Confidential

Combined, our results strongly suggest a chain of chirality transfer from crystal structure to

shape that is not a result of the chiral crystal structure or chiral ligands. Instead, chiral shapes

form when grown in sufficiently low supersaturation such that they are the result of

screw-dislocation-mediated growth. The fact that the handedness of the shape seems to be

dictated by that of the crystal structure is probably a result of screw dislocations of opposite

handedness being favored in crystal structures of opposite handedness (25,26). In this way, screw

dislocations also mediate correlation of handedness between the two hierarchies. Even though

chiral ligands do not give rise to chiral shapes in our system, they can bias the population of both

mirror images, leading to an abundance of one mirror image over the other, as well as a

difference in average size. This suggests chiral ligands unevenly affect opposite mirror images of

chiral crystals in both the nucleation and growth stages. Although screw-dislocation-mediated

growth has been studied in relation to twisting, it has rarely been considered as the source of

habits of single crystals that present a chiral arrangement of facets. It is not surprising that such a

mechanism has been overlooked in bulk crystals that present chiral non-twisted habits, as the

signature of these dislocations in growth would have been very hard to identify.
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Materials and Methods

Materials
Tellurium dioxide (99.995%), sodium hydroxide (98%), 3-mercaptopropionic acid (MPA,
≥99%), sodium dodecyl sulfate (SDS, ≥99%) and hydrazine hydrate solution (78-82%) were
purchased from Sigma Aldrich. L- and D- penicillamine (≥98%) were purchased from TCI
Chemicals. All water was ultrapure obtained from a Millipore system (18.2 MΩ·cm).

Synthesis of tellurium nanocrystals
The synthesis follows the methodology developed in ref. 7 of the main text, with some
modifications. For the basic preparation of chiral shapes (depicted in figure 1), 5.5 ml H2O, 15
mg TeO2 and 20 µl NaOH (1M in H2O) were stirred vigorously in a 20 ml glass vial (room
temperature), before 2.5 ml of hydrazine hydrate (80% solution) were added in one go. 25
seconds after the addition of hydrazine, 1 ml of a 100 mM solution of penicillamine (L- or D-,
adjusted to pH 11 using NaOH solution) were added in one go. Different nanocrystal shapes
were obtained by arresting lateral growth at different reaction times, by diluting twice with a 100
mM SDS solution. Thin twisted rods were obtained by arresting lateral growth with SDS after 30
minutes and then continuing the reaction until completion of 2-3 hours. Full bipyramids were
obtained by addition of SDS after 3 hours. For the synthesis of chiral shapes using achiral
ligands a 0.1 M MPA solution (pH 11) was used. A slightly different volume, 0.3 ml, was used.
For the experiment that tracked shape as a function of the level of supersaturation of tellurium,
the amount of penicillamine was kept fixed, but the amount of hydrazine was tuned between 2
and 6 ml. The amount of water was changed to always allow a final reaction volume of 9 ml.
Nanocrystals were cleaned using centrifugation (6000 RPM, 10 minutes) and resuspended in
H2O. Three cycles of cleaning were used before sample preparation for electron microscopy, and
one cycle was used before optical measurements. Synthetic conditions leading to different
samples, with connection to microscopic data are summarized in table S1.

Absorption and circular dichroism measurements
Absorption measurements, performed on a Shimadzu UV-3600 spectrophotometer, were used to
dilute all samples to similar concentrations, based on absorption maxima that were brought to an
O.D of 1 at the peak position. All CD measurements were performed using an Aviv Biomedical
circular dichroism spectrometer (model 410), with samples diluted so that maximum absorption
at the peak position was 1.

Electron microscopy Characterization:
Transmission electron microscopy (TEM) imaging
Samples were deposited on carbon coated 400 Mesh copper grids (Electron Microscopy
Sciences). TEM imaging was performed on a FEI Tecnai T20 S-TWIN TEM operating at 200 kV
with a LaB6 filament.

High-resolution scanning transmission electron microscopy (HR-STEM)
The aberration-corrected TEAM 0.5 instrument at the National Center for Electron Microscopy
facility of the Molecular Foundry was used to acquire high resolution images. NPs were
deposited onto carbon grids for imaging. Nanoparticles were imaged at two different zone axes
to provide structural images along the and ] axes. The accurate high-tilt[1210] [1010
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capabilities of the TEAM Stage allowed us to image many NPs along these two zone axes 30
degrees apart. The aberration corrected microscope was operated in scanning transmission
electron microscopy (STEM) mode at 200 kV with a convergence semi-angle of 30 mrad and a
beam current of 70 pA. A high angle annular dark field detector (HAADF) was used to acquire
the images with inner and outer collection angles of 68 and 140 mrad, respectively.

STEM tomography
All tomography datasets shown in the main text were acquired using a FEI Titan operated at 200
kV and HAADF-STEM images were acquired with a 10 mrad probe semi-convergence angle.
The tomography set shown in Figure 1-C, was acquired over the tilt range of -65˚ to 70˚, with a
step size of 1˚ and a pixel size of 1.15 nm. The tomography series in Figure 3B was acquired
over the range of -75˚ to 70˚, with 2˚ step size and a pixel size of 0.91 nm. Finally, the
tomography dataset in Figure 3D was acquired over the tilt range of -75˚ to 75˚, with 2˚ step size
and pixel size of 1.82 nm.
Background subtraction was performed using custom Python scripts. The tilt series were aligned
and reconstructed using the IMOD tomography package version 4.9.10. Volume rendering and
visualization was performed using Tomviz 1.5.0.

Scanning electron microscopy (SEM)
Samples were prepared by drop casting onto silicon wafers which were plasma-cleaned using a
Fischione Model 1020 Ar/O. Secondary-electron images were then acquired using the
through-lens detector of a FEI Helios G4 UX dual beam SEM/FIB operated at 2 kV and 50 pA.
The software FEI Maps 2.5 was used to acquire large-scale data sets, thereby allowing statistical
analysis of many nanoparticles.

4D STEM
4D-STEM experiments were performed using a FEI Titan with a FEG and 300 kV accelerating
voltage. The diffraction patterns (512x512 pixels) were acquired with a Gatan Orius CCD
camera while the probe was rastered over a rectangular area across the chiral Tellurium
nanoparticle. For the chiral nanoparticle presented in the main text the dimensions of the scanned
area consisted of 17x115 pixels with a step size of 3 nm.
The experiments were set with a convergence angle and camera length at 0 and 245. 48 𝑚𝑟𝑎𝑑
mm, respectively. Such configuration ensured that the diffraction disks did not overlap, forming
convergent nanobeam electron diffraction (NBED) patterns - and only disks within the zero order
Laue zones (ZOLZ) were in the field of view.
The relation between the total misorientation and the radius of the Laue circle is given by∅ 𝑅* 

(27):
∅ = 𝑅* λ

where =1.96 pm is the wavelength of the electron beam (300 kV) used in the experiment. Theλ
components of in directions parallel and perpendicular to the c-axis give the out-of-plane∅
c-axis bending and the rotation around the c-axis (α), respectively.
In order to determine α, the more intense diffraction disks, which form the Laue circles, were
detected in each NBED pattern frame using a combination of local maximum and edge detection
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filters. A circle was fit to the set of disks by minimizing the residuals of their coordinates𝐽
to the circle function (28-30):(𝑥
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subject to the constraint that the circle perimeter intersects the direct beam (0000) diffraction
disk. In the above equation and are the center coordinates and the radius of the fit(𝑥
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circle, respectively.
Finally, the NP was reconstructed using a virtual dark field (VDF) aperture which contained all
diffracted disks in each NBED frame, with exception of the central beam disk (31,32). The VDF
image matched the size and shape of the STEM image exactly, confirming the accuracy of the
reconstruction. Within this area, a map was constructed from the twist angles (represented in
main text Fig. 4C).

STEM Focal Series
Images from a STEM are projections along the beam direction and thus, it is unknown which
side of the NP is facing towards the beam. An image showing a P-shaped NP (like in Figure
S6A) can in reality be M-shaped if it is physically flipped upside down. From the 3D
tomography reconstructions we know that NPs oriented on the or 0] axes either have[1210] [121  
the edge or the flat side of the triangular cross-sectional shape facing the beam. We used the
highly convergent electron beam, electron channeling in a crystal, and a focal series to determine
the orientation of each NP. Figure S6B shows one image of a focal series where a part of a
nanoparticle is imaged at atomic resolution. The highly converged beam will only resolve atomic
columns (by channel down the columns) when the probe is focused near the crystal surface
facing the electron beam. For this NP, the atomically resolved region is localized to the center of
the NP as seen in the region marked with a cyan box and magnified in Fig. S6C. Further, the
region with atomic contrast changes with the focus of the beam consistent with the geometry
described in the paragraph in the SI describing measurement of absolute handedness from STEM
images. This means that the pointed edge side of the triangular cross-section of the bipyramid is
facing up towards the focused electron beam and the NP is in fact a P-shaped particle. Figure
S6D shows a M- looking nanoparticle. One image of a focal series performed on a part of the
nanoparticle is shown in Fig. S6E. The region marked by a cyan frame is magnified, where it can
be seen in Fig. 6F that the lattice contrast extends across the entire nanoparticle. This means the
particle is observed from the flat side of the triangular cross-section of the bipyramid, and is thus
physically flipped upside down compared to the NP in Fig. S6A. Thus, the second NP is actually
a P-shaped nanoparticle like the first even though initial viewing of the HAADF-STEM image
indicated the opposite. This example shows the importance of this measurement. This procedure
was performed for all nanoparticles to check their orientation.
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Measurement of absolute handedness from STEM images
Modern microscopes are heavily computer controlled and have many features and parameters
which can be used to change the image orientation as displayed on the computer screen. Further,
different software programs will load and display digital data differently based on the choice of
coordinate origin and image directions. Thus, determination of absolute handedness from
microscopy images is not as straightforward as one might presume. One must understand the
direct correlations between detector orientations, probe scanning directions, stage motion, and
sample orientation. Everything must be referenced to geometries in the real world for a specific
instrument and experimental setup to determine chirality. We did a careful accounting of all
relevant geometries in our STEM to measure absolute handedness of shapes.
Firstly, we used a camera mounted on the outside of our microscope to track stage motion to
correlate stage coordinates to real world motion. We moved the TEM stage according to the
built-in software coordinate system and noted which physical direction the stage moved. We
determined that the z-axis of the stage points along the electron beam propagation direction with
+z moving the sample closer to the earth and -z moving the sample closer to the electron gun.
The +x direction moves the sample away from the stage base and +y moves the sample towards
the left looking from the electron gun. Thus, the stage coordinates follow a left-handed
coordinate system.
For the tilting experiments in Figure 2, we also need to determine the handedness of the two-axes
of rotation offered by the stage. To achieve high tilting at atomic resolution, the TEAM Stage
utilizes tilt-rotate capabilities which we label alpha and gamma, respectively. The positive alpha
rotation rotates the sample around the x-axis in a counterclockwise motion. The second axis of
rotation is around the z-axis (different from traditional alpha-beta type double-tilt TEM holders).
Positive gamma rotation rotates in a counterclockwise direction. This means both the alpha and
gamma rotations also conform to a left-handed coordinate system.
We then needed to determine how the STEM scanning coils raster the focused beam across the
sample. This is required, because the STEM scanning coils can be rotated and flipped arbitrarily
by factory settings and these directions cannot be completely relied on. By acquiring two images
with the X and Y coordinates increased in a positive direction we determined that the STEM fast
scan direction scans from left to right along the -X stage direction. The slow scan direction scans
along the +Y stage direction.
We also calibrated the direction of the focus of the STEM beam using the known z-motion of the
stage. We first focused on a flat sample. Then we changed the microscope focus value to a
positive defocus as indicated by the Thermo Fischer Titan microscope user interface. This also
coincides with a higher lens excitation. We then used -z motion (towards the electron gun) to
bring the sample back to focus. Thus, the sign of the defocus matches the expectation that
positive defocus (higher lens excitation) will move the focused beam closer to the upper
objective lens pole piece.
All of these measurements were necessary to determine the absolute handedness of NPs in
Figure 2.

Atomistic Models
The tellurium crystal structure in the P3121 space group and the elastic constants were obtained
from (33). The opposite chiral crystal structure (in the P3221 space group) was formed by
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applying an inversion operation on the reference structure. Screw dislocations were introduced in
the system using anisotropic elasticity theory (34,35). They are dissociated into partials in a way
that avoids the breaking of molecular chains as in ref. 20 in the main text. This means that they
are 120 degrees separate from each other, along slip directions of the form The model1210[ ].   
does not include relaxation and local strain fields. Visualization of the resulting structures and
displacements was done using the OVITO software (36). The models presented in Fig. 3 and Fig.
S5 were constructed based on the space group P3221 and a negative Burgers vector. The models
in Fig. 2 and Fig. S5 were generated using Vesta Version 4.2.0 (37).
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Fig.  S1
Additional TEM characterization. (A) Twisted nanorods, similar to the ones presented in fig. 1A.
These were obtained in the regular reaction when SDS was added after 30 minutes, and growth
was allowed to proceed 2 hours. The average length of these nanorods is between 600-700 nm.
(B) Longer twisted nanorods obtained after 6 hours of reaction. Their length is over 1 micron.
(C) Wider twisted shapes obtained when SDS was introduced after 45 minutes, and nanocrystals
growth was for two hours. (D) Small twisted bipyramids obtained when SDS was added after 75
minutes and the growth was stopped immediately by cleaning excess unreacted Te precursors
using centrifugation. (E) Large twisted bipyramids similar to the ones in fig. 1. These are
obtained after 3 hours of reaction. (F) A view along the [0001] direction of several large twisted
bipyramids. All the nanocrystals depicted were obtained with D-penicillamine as ligand. Using
L-penicillamine yielded similar results with opposite abundance of enantiomers as explained in
the main text.
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Fig. S2
Additional SEM images. (A) Two P-nanocrystals observed along the same projection as in Fig.
1G, the direction. (B) Several P-nanocrystals. In the bottom one the concave nature of[1210]
the large facet can be observed. (C) The concave multifaceted nature of the large facet is clearly
observed in a pair of large P-nanocrystals. (D) Two nanocrystals observed along the [0001]
direction. (E,F) Images of M-nanocrystals. The scale bar is 100 nm in all images.
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Fig. S3
Assignment of handedness based on the sense of twisting of the shape. The tomogram that
appears in Fig. 1 is presented with slices of its cross section along the long axis. It can be
observed that they slightly rotate clockwise going from top down. This is defined as the P
enantiomer. The bottom M enantiomer, where slices are rotating counter-clockwise going from
top down, was generated by mirroring the same tomogram and its slices. In each image triplets of
static white lines mark the corners of the bottom slice. It can be observed that the structure
rotates with respect to these markers due to the twist of the structure.
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Fig. S4
SEM images highlight the existence of extra facets in the shape. Three representative SEM
images of particles of the P enantiomer are presented. The facets used to assign handedness are
colored purple and green. Extra facets on the side are colored yellow, blue and red.
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Fig. S5
Statistics of P- and M- nanocrystals. For the purpose of this experiment (summarized in fig 2A)
large area scans using the SEM were performed as explained in the methods section. (A-D)
Representative images from samples prepared with (A,B) D-penicillamine and (C,D)
L-penicillamine ligands. The scale bars are 100 nm. The actual map for each sample was
constructed by stitching together many such images, containing many thousands of nanocrystals.
For performing the statistics presented in fig 2A, we used only nanocrystals that were positioned
on top of aggregates, with their long axis perpendicular to the observation direction, so that their
length can be determined as accurately as possible. We also used only nanocrystals that are
observed close to the [ ] or directions, that are the easiest to use to determine1210 [1210]
handedness, as discussed in the main text. (E) CD spectra of both samples used for the statistics
experiment (obtained at the same O.D for both samples, which was 1 at the peak position). The
mirror-image spectra indicate, in agreement with the SEM, that mirror-image populations form
under the influence of mirror-image ligands. Small differences between the two spectra are
probably the result of small differences in the distribution of sizes and exact shapes, to which the
CD measurement is very sensitive.
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Fig. S6
Determination of shape handedness in STEM. (A) A low magnification HAADF-STEM image
of a P- looking nanoparticle. (B) One focal series image where only the central part of a
nanoparticle is imaged at atomic resolution where the cyan region is magnified in (C). The NP is
sitting with the sharp edge pointed towards the beam. (D) An M- looking nanoparticle. (E) The
region of atomic contrast extends across the entire nanoparticle as seen in E and F. The flat facet
of the NP is thus pointing towards the beam. This means that the particle in reality has P-handed
shape.
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Fig. S7
Models of atomic arrangement at different tilts of the two space groups. The models present the
atomic arrangement viewed at different zone axes. In the experiments designed to determine the
handedness of the crystal structure the nanocrystals are first oriented onto the [ ] or1210 [1210]
zone axes. They are then tilted 30° left or right around the vertical [0001] axis (either can be
used, as long as the tilt direction is known; see SI paragraph regarding measuring absolute
handedness using STEM images). As can be seen in all the models, after the tilt the two space
groups do not give the same apparent arrangement of atoms, and instead present with
mirror-image arrangements. The red lines trace the vertically curving columns formed by the
atoms (mirroring each other in mirror-image space groups).
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Fig. S8
Models of crystals with screw dislocations. Three models are presented: (A) A crystal with a
single screw dislocation with . (B): A crystal with three partial dislocations, each𝑏 = 𝑐[0001]
with , where all the cores are kept at the center. (C) A crystal with three partial𝑏 = 𝑐

3 [0001]
dislocations, where all the cores are pushed from each-other and towards the surface (two thirds
of the distance to the surface). On the left-hand side of each image the model can be viewed
along the [0001] direction, with the atoms colored based on their displacement along the C-axis.
Next to each model, on the right-hand side, are side views along the direction, used in[1210]
Figs. 3 A,B. The colored side view is a simple projection of the model. The single color (red
dots) models are 2D cuts along the same projection that keep just the frontmost atoms. This cut is
more convenient for comparison with the STEM image, and is the one used in Fig. 3B. Black
lines trace the atomic rows along these models. It can be seen that the discontinuity of atomic
rows across the line defect can only be observed when the dislocation is dissociated. There is no
significant difference that can be observed along the direction between the models in (B)[1210]
and (C), and the two are very different than the one in (A). This means that we can clearly
determine the screw is dissociated, but it is challenging to determine the distance between the
partials.
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Fig. S9
STEM imaging at a different projection direction. (A) A HAADF-STEM image, and (B) its
corresponding fast Fourier transform, of a nanorod observed along the ] zone axis. (C) The[1010
magnified region in A marked with a cyan frame. Black lines trace the rows of atoms and help
visualize the small displacement of atoms along the row. (D) A side view of the model for a
crystal with a dissociated dislocation (the configuration with the partials pushed from each-other
towards the surface). A cyan frame marks the approximate position on the model of the image in
C.
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Fig. S10
Additional 4D-STEM data. (A) A HAADF-STEM image of the particle for which twisting is
extracted in fig. 3C. (B) A virtual dark-field image created from 4D-STEM data of the same
particle with color representing VDF intensity. (C) Representative diffraction patterns from three
different scan locations along the particle. From the scan, a twist along two different axes can be
extracted. (D) A map of the twist along the C-axis. This is the Eshelby twisting associated with
the screw dislocation. In addition to this twisting, it is possible to extract the out-of-plane
bending presented as a color map in (E).
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Fig. S11
Characterization of voids using STEM tomography. (A, B) Surface renderings of STEM
tomograms of two different particles. (C) An image of a cross section perpendicular to the c-axis,
alongside a graph of the intensity as function of position in the section, for the particle presented
in A (top) and for the particle presented in B (bottom). The same sectioning was also performed
for the two particles along the two other orthogonal directions. The measurements of the voids
were 7 nm x 10 nm x 7 nm (particle shown in A), and 9 nm x 8 nm x 9 nm (particle shown in B).
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Fig. S12
Characterization of achiral shapes using STEM tomography showing they do not contain voids.
(A) Cross section of a tomographic reconstruction of an achiral particle along the c-axis. (B)
Slices of the same particle perpendicular to the c-axis. The position of each slice is numbered
and marked on the particle in (A) There are no voids in the particle, as to be expected. When
comparing the triplets of white lines that mark the positions of the corners of the triangular like
cross section (similar to Fig. S3), marked on slices 2 and 9 at both ends of the particle, it can be
seen that there is no twisting, as would be expected of the achiral shape.
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Fig. S13
Characterization of chiral shapes formed with achiral ligands using STEM tomography indicates
voids. (A) A side view image of the cross section of a chiral particle formed with achiral ligands.
(B) Slices of the same particle perpendicular to the long axis. The position of each slice is
numbered and marked on the particle in (A). Two things are apparent: First, there are voids in the
particle, as to be expected (their position is marked with a white arrow on slice 6). Second, when
comparing the triplets of white lines that mark the positions of the corners of the triangular like
cross section (similar to Figs. S3 and S11), marked on slices 2 and 9 at both ends of the particle,
it can be seen that there is twisting, as would be expected of a chiral shape, and similar to Fig. S3
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Table S1
Summary of synthetic conditions and relation to microscopic data. This table summarizes the
synthetic conditions used to obtain different samples described in figures in the main text. In
order to relate the synthesis to results presented in the paper the outer right column indicates for
each sample where it is depicted (as images obtained by various techniques) in the main text.
Unless otherwise noted in the table, ligand solutions used where 1 ml of an aqueous solution
with a ligand concentration of 0.1 M and a solution pH of 11. In addition, unless otherwise noted
in the table, the reaction was terminated after the addition of SDS by repeated cleaning cycles.
Addition of SDS to all samples was by twofold dilution with a 100 mM aqueous SDS solution

Morpholog
y

Amoun
t of
TeO2

(mg)

Amoun
t of
water
added
(ml)

Amount
of
hydrazin
e added
(ml)

Ligands used Time of
reaction
until
addition
of SDS

Figures where particles are
depicted in the main text

Twisted
bipyramids

15 5.5 2.5 D-
penicillamin
e

3 hours Fig. 1 B-I. Fig, 2A (right
panel) and B-E. Fig, 4E

Twisted
bipyramids

15 5.5 2.5 L-
penicillamin
e

3 hours Fig. 2A (left panel)

Twisted
bipyramids

15 6 2 D-penicillami
ne

3 hours Fig. 3E

Twisted
bipyramids

15 5 3 D-penicillami
ne

3 hours Fig. 3F

Twisted
bipyramids

15 4 4 D-penicillami
ne

3 hours Fig. 3G

Achiral
nanorods
with
hexagonal
cross
sections

15 2 6 D-penicillami
ne

3 hours Fig. 3 C,D,H

Thin
twisted
nanorods

15 5.5 2.5 D-penicillami
ne

0.5 hour.
Reaction
continue
d for 1.5
hours
after SDS
addition

Fig 1A. Fig. 4 A-D

Twisted
bipyramids
(small)

15 5.5 2.5 MPA
(0.3 ml of
solution

3 hours Fig. 3 A,B
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instead of
the regular 1
ml)

.

Movie S1.
Electron tomography reconstruction of a twisted Te bipyramid made with the chiral ligand,
D-penicillamine. The structure is approximately 250 nm in length and 140 nm in width at the
middle. At the start of the movie the non-symmetric shape is apparent in the curved faceting. In
approximately the middle of the movie one can clearly see the triangular bipyramidal shape of
the overall particle. Elapsed movie time is 20 seconds.

Movie S2.
Electron tomography reconstruction of a twisted bipyramid produced with achiral MPA ligands.
The structure is approximately 150 nm in length and 80 nm wide in the middle. The twist along
the length of the nanoparticle is best seen about two-thirds of the way through the movie.
Elapsed movie time is 15 seconds.

Movie S3.
Electron tomography reconstruction of an achiral Te nanoparticle structure produced using chiral
ligands but at high enough supersaturation That chiral shapes do not form. The structure is
approximately 500 nm in length and 190 nm in width at the center. Elapsed movie time is 6
seconds.
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