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Morgante, Cvetko, Venkataraman, Nano Letters 2015

Charge transfer dynamics 
through x-ray spectroscopy

Venkataraman Lab

Venkataraman, Nano Letters 2017

Illuminating a Single-Molecule Junction

Venkataraman & Roy, Nature Nano. 2017

Fundamentals of electron transport

Xiao, Nuckolls, Venkataraman, Solomon, Nature 2018
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• Engineered targeted nanoparticle-based lattices, clusters and arbitrarily designed 
architectures via self-assembly.
• Applications: nano-optics, nano-mechanics, and chemically active systems.
• Hybrid reconfigurable materials w/ regulated responses, pathways and transformations.

(Fig. 1): The guest particles with DNA shells com-
plementary to inner (green) strands were first
trapped inside the cages, forming the tetrava-
lent caged particles; these caged particles sub-
sequently hybridized with the basis particles
to form lattices. The SAXS reveals a crystalline
organization with a substantial degree of long-
range order, as evident from >15 sharp diffraction
peaks (Fig. 2, B and C). The peak positions cor-
respond to qn/q1 ≈ 1:
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: 3…, which is in precise agreement

with a cubic diamond lattice. The measured lat-
tice constant is 100.7 nm (2p

ffiffiffi
3

p
=q1), which is

consistent with the 43.7-nm center-to-center dis-
tance between the basis and caged particles
(a

ffiffiffi
3

p
=4) and the 71.2-nm distance between

the two basis particles (a=
ffiffiffi
2

p
). The agreement

between the calculated and experimental S(q)
profiles further confirms the formation of a well-
ordered diamond lattice (Fig. 2C, bottom chan-
nel, and fig. S11), whose unit cell model is shown
in Fig. 2E.

On the basis of the same strategy, we built
two variant lattices in the CD family: a zinc
blende lattice and another lattice for which there
is no known atomic analog. The zinc blende lat-
tice was obtained by replacement of the 14.5-nm
basis particles in the CD with smaller 8.7-nm
particles. Our assembled zinc blende structures
exhibited excellent long-range crystalline order
(Fig. 2, F and H, and fig. S4). Again, we observed
a precise correspondence between experimental
and modeled scattering curves (Fig. 2H, top chan-
nel, and fig. S12), confirming the formation of the
designed zinc blende lattice shown in Fig. 2I.
To assemble the second variety of the CD

family lattice, we used a pair of 8.7-nm core di-
ameter guest NPs for caging inside the tetrahe-
dra and NPs, with a core diameter of 8.7 nm as
the basis particles. The tetrahedron interiors were
decorated with two additional anchoring strands,
for a total of 6 ssDNA. The reduced NP size and
the increased anchor points allow for the caging
of two particles within one DNA origami tetra-

hedron (fig. S8). We call the assembled struc-
ture a “wandering” zinc blende lattice because
the guest particles have greater positional free-
dom. Its x-ray diffraction pattern is similar to
that of the canonical zinc blende structure, but
of a lower quality (Fig. 2, G and H). The absence
of higher-order diffraction peaks is likely due to
the random occupancy of the two distinct but
equally sized particles within the tetrahedra. Our
SAXS modeling in this case assumed that the
two caged particles were randomly and isotropi-
cally oriented. The modeled profile approximately
matches the experimental curve (Fig. 2H, bottom
channel, and fig. S13), supporting our predicted
structural organization (Fig. 2J). This binary orga-
nization is notable because one nanocomponent
(the basis particle) is well positioned, whereas
another component (the guest particle pair) has
considerable local freedom.
We also applied cryo-scanning transmission

electron microscopy (cryo-STEM) to directly vi-
sualize the assembled lattices. The cryo-STEM
images of the assembled diamond-family super-
lattices are shown in Fig. 3, plunge-frozen from
their native liquid environment (figs. S5 to S7).
In this experiment, the image formation is dom-
inated by Rutherford scattering from the at-
omic nuclei in the sample. Thus, the image
reflects the projected atomic mass contrast, in
which areas with gold would have intensities
higher than those of ice. As can be seen in Fig. 3,
A, E, and I, respectively, all three assemblies—
FCC, diamond, and zinc blende—exhibit well-
ordered lattices of NPs. The enlarged images of
each self-assembled superlattice shown in Fig. 3,
B, F, and J, respectively, match the [110] pro-
jections of their corresponding models (Fig. 3,
C, G, and K). To draw an analogy between our
self-assembled superlattices and naturally oc-
curring atomic crystals, the atomic-resolution
images of platinum (FCC), silicon (CD), and zinc
telluride (zinc blende) along the [110] zone axis
are shown in Fig. 3, D, H, and L, respectively. The
self-assembled nanoparticle superlattices (Fig. 3,
B, F, and J) closely match their atomic analogs.
The mechanism of formation for these diamond-

family lattices is quite intricate. Over short ranges,
the energy of the FCC lattice is identical to that
of the hexagonally closed packed (HCP) lattice,
as well as their derivatives such as CD, zinc
blende, and hexagonal diamond (HD). The CD
and HD lattices are indistinguishable from the
point of view of the nearest-neighbor coordina-
tion because in both scenarios, tetrahedra can
connect to four particles. Furthermore, whereas
the DNA tetrahedron binds anisotropically, the
basis particles interact isotropically. In other
words, there is seemingly substantial freedom
in the way in which the tetrahedra can attach to
a particle surface.
Below, we present a simple model that ex-

plains the formation of the observed superlattices.
This model attributes their robust self-assembly
to the specific truncated architecture of the DNA
cages (Fig. 4A), not merely to their overall tetra-
hedral symmetry. In this model, steric and electro-
static repulsion between the cages is represented
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Fig. 3. Cryo-STEM images of the diamond family of nanoparticle superlattices. (A and B) FCC
superlattices constructed with basis particles (core diameter, 14.5 nm) and tetrahedral DNA origami cages.
(A) Low-magnification image. (B) High-magnification image taken along the [110] zone axis. (C) Schematic
projection of a FCC lattice along [110] zone axis. (D) High-angle annular dark-field scanning–STEM
(HAADF-STEM) image of platinum viewed in the [110] direction. (E and F) Diamond superlattices formed
from basis particles (core diameter, 14.5 nm) and tetravalent caged particles (core diameter, 14.5 nm). (E)
Low-magnification image. (F) High-magnification image taken along the [110] zone axis. (G) Schematic
projection of a diamond lattice along [110] zone axis. (H) HAADF-STEM image of silicon viewed along the
[110] direction. (I and J) Zinc blende lattices constructed with basis particles (core diameter, 8.7 nm) and
tetravalent caged particles (core diameter, 14.5 nm). (I) Low-magnification image. (J) High-magnification
image taken along the [110] zone axis. (K) Schematic projection of a zinc blende lattice along [110] zone
axis. (L) HAADF-STEM image of zinc telluride viewed along the [110] direction. The match between the
nanoparticle lattices and the atomic analogs confirms the successful assembly of the diamond family of nano-
particle superlattices. Scale bars, (A), (E), and (I), 500 nm; (B), (F), and (J), 50 nm; (D), (H), and (L), 0.5 nm.
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Solving 
nanostructure-
property 
relationships 
using advanced 
scattering and AI
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Bailey Group
Nanomagnetics and Spin Electronics

Magnetic information storage technology
Hard disk drives (HDD): $30B/yr in sales

Magnetic random access memory 
(MRAM), emerging

Materials: ultrathin films & heterostructures

Liu et al APL 107 232408 (2015)

Ultrathin 
tungsten 
films for 
giant spin 
Hall effects

Study of new physical phenomena 
interaction of spin current with ~100 ps magnetization dynamics

Magnetization 
precession 
pumps 
chargeless 
spin current

Bailey et al Nature Comms 4 2025 (2013)

courtesy R. New, HGST/Western Digital
B. Dieny, L. Prejabnu, SPINTEC (2017)

Everspin device, 
shipping
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Research Topics:
Quantum Hall Fluids
Artificial Topological Insulators

Selected Recent Publications:
Levy et al, Phys. Rev. Lett.  116, 016801 (2016).
Wang et al, Appl. Phys. Lett. 109, 113101 (2016). 
Wang et al, Nature Nanotechnology 13, 29 (2018). 
Du et al, Nature Communications 9, 3299 (2018). 
Du et al, Science Advances 5, eaav3407 (2019).

Artificial Graphene

Pinczuk Group
Spectroscopy of Semiconductors Nanostructures
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Nano-hybrid materials 
and van der Waals layers
(photovoltaics, sensors)

Ordered solids of quantum dots/
nanocrystals

(negative index of refraction, 
magnetics, photonic band gap

materials, sensors)

Electric-field assisted nano-assembly
(photovoltaics, sensors)

Optical and mechanical properties 
of nanomaterials,

including nanocrystal/polymer assemblies
(catalysis, material integrity)
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Lipson Nanophotonics Group

NOVEL RESEARCH AREAS ENABLED BY SILICON 
PHOTONICS

Materials

Lipson Nanophotonics Group
lipson.ee.columbia.edu

Lidar on a chip



Gaeta Lab: Quantum and Nonlinear Photonics Group

Intense-Field Physics

Quantum PhotonicsChip-Based Nanophotonics

Optical Frequency CombsFOCUS | REVIEW ARTICLENATURE PHOTONICS

the high-index core at short wavelengths to primarily residing in 
the low-index oxide at longer wavelengths; this can yield an effec-
tive GVD that offers little resemblance to the intrinsic GVD of the 
bulk material11.

In addition to phase matching the parametric FWM gain pro-
cess, this dispersion engineering enables expansion of the comb 
bandwidth through the controllable generation of dispersive waves 
(DWs), also known as Cerenkov radiation15. Dispersive waves are a 
result of a phase-matched process in the presence of dispersion that 
is of a higher order than the GVD that can result in the transfer of 
energy from the region near the pump wave to spectral components 
that can be as far as an octave away. The frequencies at which DWs 
are generated are determined by the dispersion function

∑δ
β

δ=
− …

D
n

( )
! (1)

n

n n

2,3,

where δ is the frequency detuning from the frequency ω0 of the 
pump wave and β ω= ∂ ∕∂ ∣ ω ω=kn

n n
0
 is the nth-order dispersion 

parameter, and k(ω) = n(ω)ω/c and n(ω) are the propagation con-
stant and effective refractive index, respectively, for the waveguide 
mode and include dispersion contributions that are both intrinsic to 
the material and from waveguide confinement. Since the nonlinear 
contribution to the index change is typically small, the location of 
the peaks of the DWs are nearly given by frequencies corresponding 
to the zeros of the dispersion function D(δ), which in the absence 
of dispersion higher than third-order dispersion consists of a sin-
gle DW located at the frequency δDW ~ 3|β2|/ β3 from the pump. 
Example spectra produced via SCG (Fig. 2c) and KCG (Fig. 2d) 
with the Si3N4 waveguide cross-section in Fig. 2a,b both show sig-
natures of DWs located at the corresponding zeros of D in Fig. 2b.

Comb generation based on supercontinuum generation
The demonstration2 that pulses from a mode-locked oscillator 
could be spectrally broadened to beyond an octave of bandwidth 
using photonic crystal fibre represented a revolution in OFCs and 
led to the realization of self-referenced combs in which the fre-
quency of the comb components could be determined to extremely 
high precision (<10–15) (ref. 1). While the resulting nonlinear pulse 

Mode-locked
laser CW

laser

Fig. 1 | Chip-based frequency comb generation. Left: SCG via injection of a train of ultrashort pulses into a waveguide with a cross-section dispersion 
engineered to produce a broad optical frequency comb with a spacing determined by the inverse of the pulse repetition rate. Right: KCG via pumping 
with a single-frequency laser of a microresonator that is dispersion engineered to produce a broad spectrum with a comb spacing given by the FSR of the 
microresonator. CW, continuous wave.

Table 1 | Linear and nonlinear optical properties of various materials suitable for chip-based nonlinear photonics

Material Refractive index Nonlinear index (m2 W–1) Transparency (µm) KCG observed SCG observed χ(2)

Silica 1.45 3 × 10–20 0.2–4 Y Y N
Si 3.47 5 × 10–18 1.2–8 Y Y N
α-Si-H 3.73 1.7 × 10–17 0.78–4 N Y N
Si3N4 2.0 2.5 × 10–19 0.4–4.6 Y Y Nc

Hydex 1.7 1.15 × 10–19 0.29–7 Y Y N
AlN 2.12 2.3 × 10–19 0.2–13.6 Y Y Y
GaN 2.31 7.8 × 10–19 0.36–13.6 N N Y
GaP 3.05 6 × 10–18 0.54–10.5 Y N Y
Diamond 2.38 8 × 10–20 0.22–>50 Y Y N
AlGaAs 3.3 2.6 × 10–17 0.7–17 Y Y Y
SiGea 3.59 2.7 × 10–18 1.2–9.3 N Y N
Geb 4.33 4.4 × 10–17 1.8–15 N N N
LiNbO3 2.21 1.8 × 10–19 0.35–5 Y Y Y
As2S3 2.43 3.8 × 10–18 0.6–11 N Y N

As2Se3 2.81 2.4 × 10–17 1–14 N Y N

Columns 5 and 6 correspond to whether KCG and SCG, respectively, have been observed. Column 7 indicates whether the material possesses a second-order optical nonlinearity. Y, yes; N, no. All parameters 
are values at 1.55 µm except for aat 4 µm and bat 3.2 µm. cAlthough bulk silicon nitride does not have an intrinsic χ(2), an effective χ(2) response can be induced via stress or the photogalvanic effect.
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