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This Progress Report explores advances and opportunities in the atomic-
scale design, fabrication, and imaging of quantum materials toward creating 
artificial atoms in solids with tailored optoelectronic and quantum properties. 
The authors outline an “ab initio” approach to quantitatively linking first-
principles calculations and atomic imaging with atomic patterning, setting 
the stage for new designer quantum nanomaterials.
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 understanding of atomic defects and dis-
order. These effects not only have drastic 
consequences on bulk physical properties, 
but also serve as isolated quantum sys-
tems and sources of single-photon emis-
sion at the atomic scale. Most notably, 
these systems have been shown to display 
quantum phenomena under ambient con-
ditions, in contrary to conventional reali-
zations of few-level state dynamics, such 

as cryogenic temperatures needed for qubit arrays or single 
atom measurements. Atom-like quantum emitters in solids[1,2] 
have seen exceptional progress and now set the state of the art 
in several key quantum technologies, from quantum computa-
tion and communications,[3] to nanoscale quantum sensing.[4] 
However, there are many open questions: What is the micro-
scopic origin of the inhomogeneous distribution of optical 
transitions and spin properties? How can we create designer 
“artificial atoms” that have all the properties desired for a given 
application? How can we produce arrays of emitters for applica-
tions such as entanglement-assisted sensing or quantum error 
corrected logical qubits? Combining recent methods in atomic-
resolution structural imaging with quantum spectroscopy and 
first-principles electronic structure simulations now prom-
ises to approach quantum materials theory and experiment in 
a fundamentally new way: atom by atom, with small error or 
uncertainty.

Figure 1a shows our standard concept of a crystal made of 
a perfect lattice. But this idealized view does not capture many 
of the properties of the real material, which has a complex 
atomic structure, including disorder, defects, strain, and envi-
ronmental effects. All of these can contribute to altered physical 
behavior, including electronic, optical, vibrational, and mag-
netic properties, as illustrated in Figure 1a. As illustrated in 
Figure 1b, atomic defect emitter systems can take on many con-
figurations (see Scheme 1). They serve as excellent model sys-
tems to exhibit the essential quantum physics probed by optical 
and microwave spectroscopy. These material systems can be 
described by applying methods that have been previously used 
to capture complex physical phenomena in solid-state sys-
tems, for example, the strongly-interacting materials shown in 
Figure 1c.

As indicated in Figure 1d, there is now the possibility of an 
“ab initio” feedback loop consisting of an integrated approach to 
calculating, fabricating, and measuring emitter-host systems at 
atomic resolution. With both computation and fully atomically 
resolved imaging becoming possible on the scale of hundreds 
to thousands of atoms—larger than the electronic  wavefunction 

1. Introduction

As early as the 5th Century B.C., the Greek philosophers 
Democritus and Leucippus made the first contribution to 
modern quantum theory: they proposed the notion that all 
matter is composed of tiny, indivisible “atoms” (from the Greek 
a- “not” + temnein “to cut”) in an infinite void. Two and a half 
millennia later, we find ourselves at the beginning of the next 
atomic revolution: it is now becoming possible to design, fabri-
cate, image, and measure general quantum materials and their 
properties at the single atom level. There now exists an oppor-
tunity for major advances by developing tools to predict—from 
first-principles quantum theory—the properties of general 
quantum materials, and then to fabricate, image, and measure 
them at the atomic scale. In this perspective, we will outline 
that this “ab initio” approach provides a new level of scien-
tific understanding of materials and the quantum effects they 
exhibit, combining computational and experimental tools to 
design and use them.

Understanding many complex phenomena associated 
with the quantum nature of materials requires an improved 
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of the atomic defects extend into the lattice—it is now becoming 
possible to capture nearly all of the relevant material behavior. 
Although these systems are nanoscale, the techniques to be 
developed will likely provide important insights into the pro-
perties of the bulk system as a whole, including the magnitude 
and role of disorder, strain, and inhomogeneity. As such, these 
capabilities may also lead to disruptive advances in established 
industries, such as semiconductor manufacturing and optoelec-
tronic device technologies.

2. A Unified Framework

The ability for theory and experiment to consider materials with 
full atomic resolution leads to a truly atomic framework for 
materials with minimal approximations. It is this framework 
that we want to consider in this perspective, which is organized 
as 1) the need for atomic-scale prediction and experiment for 
artificial atoms; 2) theory for first-principles many-body predic-
tions, simulation, and screening of quantum materials; and  
3) tools to pattern, image, and control quantum materials at 
the atomic scale. As we discuss in this perspective, closing the 
loop between design, fabrication, and characterization pro-
mises breakthrough advances in solid-state quantum systems 
for quantum information processing and sensing.

2.1. The Need for Atomic-Scale Prediction and Experiment for 
Artificial Atoms

The idea of solid-state artificial atoms can be traced back to the 
seminal work of Kane,[10] with related ideas presented within 
the context of quantum dots.[11,12] Today, the nitrogen-vacancy 
(NV) center in diamond illustrates both the promise and chal-
lenges for current solid-state quantum systems. Progress for 
NV centers in many areas of quantum information science has 
been astonishing. After more than a decade of advances,[3,13–15] 
NV centers can be arranged in ensembles to act as multiqubit 
systems with coherence times exceeding 1 s even at room tem-
perature.[16] These defect systems have also been demonstrated 
for quantum nondemolition readout, high-fidelity multi qubit 
gates enabling multiple rounds of error correction, and effi-
cient electron–photon coupling that enabled the first links 
of quantum networks.[16,17] In the area of quantum sensing, 
advanced NV quantum control has brought the “holy grail” of 
single-molecule magnetic resonance imaging[18] within reach.

Despite these advances, the NV center also has its limita-
tions. The NV center is a nonideal emitter, as only 3% of its 
photon emission originates from the zero phonon line (cor-
responding to a small Debye–Waller factor). Additionally, the 
inability to pattern NV centers with well-defined atomic spacing 
presents a challenge for multi-NV registers, which are needed 
for scalable networks, fault-tolerant computing, and advanced 
quantum sensor arrays. Additionally the coherence properties 
of the NV center are limited by its susceptibility to charge fluc-
tuations, due to its permanent electronic dipole moment.

In this sense the NV is not unique: all of today’s advanced 
solid-state quantum systems face similar challenges. But some 
recently discovered solid-state defect systems[3,19–26] show what 
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might be possible in an “ideal quantum system.” The SiV, GeV, 
SnV, and PbV color centers (all group IV elements) in diamond 
all possess inversion symmetry and can be found in different 
charge states. While nitrogen vacancy centers have a long spin 
lifetime, but relatively poor optical properties, the negatively 
charged group IV vacancy centers have the opposite charac-
teristics. So far only the SiV has been measured in the neutral 
charge state, with recent experiments[27] indicating that isolated 
SiV emitters could combine long coherence times with stable 
optical properties. Atomic emitters in other wide bandgap 3D 
materials also have seen tremendous progress, as have rare 
earth atoms in solids.

2D materials have emerged as another promising host mate-
rial–one in which surface imaging techniques can soon reveal 
every atom’s position around an atomic defect emitter. For 
instance, quantum emission in 2D and multilayered hexagonal 
boron nitride is attributed to atom-like fluorescent defects of 
the crystal structure that confine electronic levels within the 
wide bandgap (≈6 eV), yielding robust emitters.[28,29] Although 
these color centers have shown remarkable properties, such as 
photostability at ambient conditions,[19] high brightness, and 
strain tunability,[20] the real atomic and spin structure of these 
defects is still under debate. They have been tentatively assigned 
to nitrogen vacancy (NBVN) and substitutional carbon defects 
(CBVN).[30] A significant hurdle in these systems is the lack of 
clear signatures which identify the source of  emission.[29] Com-
bined with fluorescence imaging, atomic-resolution imaging 
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Figure 1. a) A variety of different solid-state systems, such as bulk and 2D materials, are altered by long-range ripple effects, environmental and 
electron–phonon interactions. Different defect emitter systems are shown in (b); these can be described with methods also used in other fields of 
physics, such as strongly-interacting materials c), examples of which include phenomena such as charge-density wave instability in TMDC CuS2 or 
complex Fermi surface behavior in Type-II Weyl semimetal WP2. In (d), we show how an experimental and theoretical (“ab initio”) feedback loop could 
be structured, where electronic structure calculations complement both atomic patterning and imaging techniques, which provides important insights 
into these light-emitting materials. Third panel in d) reproduced with permission.[5] Copyright 2019, Wiley-VCH. Fourth panel in d) reproduced with 
permission.[6] Copyright 2015, Nature Publishing Group. Second panel in b) reproduced with permission.[7] Copyright 2019, American Physical Society. 
First panel in a) and right panel in c) reproduced with permission.[8] Copyright 2018, American Physical Society. Left panel in c) reproduced under the 
terms of the arXiv.org perpetual, non-exclusive license.[9] Copyright 2019.

Scheme 1. Quantum emitters: a testbed for nanoscopic artificial quantum materials. Solid-state defect systems, as depicted on top for a carbon sub-
stitution and nitrogen vacancy in a layer of hexagonal boron nitride, allow for the study of coherent quantum phenomena in a system small enough to 
be imaged and modeled with every relevant atom included. These phenomena include coherent spin dynamics (left) originating from defect electrons. 
The right panel depicts single photon emission, characterized by g(2) measurements (inset), as a result of electronic transitions between well-localized 
orbitals within the bandgap of the bulk host. Processes such as coupling to vibrational modes of the system and spin-forbidden intersystem crossing 
(center) contribute to spin decoherence.
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such as scanning transmission electron microscopy[5,31] or scan-
ning tunneling microscopy[32,33] will likely soon lift these ambi-
guities by providing atomic details of quantum emitters.[34–36]

2.2. Theory for First-Principles Many-Body Predictions, 
 Simulation, and Screening of General Quantum Materials

So far, however, because of a lack of experimental and theo-
retical tools, the search for new emitters which overcome 
these obstacles is largely based on intuition-guided “trial and 
error.” Looking forward, the field would strongly benefit from 
first-principles prediction[7,22,23,37] and design of emitters with 
desired quantum properties, including a large Debye–Waller 
factor, long coherence time, high emission efficiency, single-
photon purity, as well as spectral stability. Rational materials 
design using first-principles methods has already revolution-
ized fields, such as catalysis and photovoltaics, where system-
atic search of composition space,[38,39] narrowed by theory and 
refined by experiment, has accelerated material discovery. It 
appears likely that the field for quantum materials will simi-
larly be transformed by first-principles-driven design to develop 
atom-like emitters.[40]

In this context, a suite of theoretical and computational tools 
is necessary. The standard method in the field of computa-
tional material science, density-functional theory (DFT),[41] has 
been highly successful in studying the electronic structure of 
quantum defects. The underlying accuracy of these theoretical 
predictions is limited by the computational cost associated with 
the size of the supercell as well as the quality of the exchange-
correlation functional. Through more efficient algorithms[42] 
and the evolution of computing power, supercells up to thou-
sands of atoms are now feasible. Meanwhile hybrid functionals, 
which are useful in describing long-range and exchange effects 
with greater accuracy, are now the state-of-the-art.[43,44] In addi-
tion to conventional DFT, recent years have seen dramatic 
improvements in method development, for example, the exten-
sion to strong light-matter interactions.[45–49] While in its orig-
inal formulation, DFT is restricted to ground-state properties, 
excited-state properties can be accessed with constrained ΔSCF, 
which uses the energy different of different self-consistent cal-
culations, or time-dependent DFT.[50] These ΔSCF methods 
have been successful, for example, in describing excited state 
energetics[7,23] and luminescence lineshapes[51] of defects in dia-
mond with excellent experimental agreement. However ΔSCF 
methods are only useful in describing low-lying excited states 
and cannot capture effects such as exciton formation. Mean-
while time-dependent DFT methods for capturing the full 
excited state spectrum suffer from the lack of sufficient nonadi-
abatic functionals.[52] More accurate but computationally expen-
sive methods such as many-body perturbation theory (e.g., 
GW[53]) and the use of the Bethe–Salpeter equation (BSE)[54] 
should be considered in capturing a more complete description 
of the excited state manifolds for such defect emitter systems.

The first step in any such calculation is to identify possible 
defect configurations in the host material,[44,55] and for each, 
identifying stable charge and spin states.[56] To further test the 
accuracy of the theoretical methods used these predictions can 
be tested against atomic structure and quantum spectroscopy 

measurements. While predicted formation energies and 
 transition levels using DFT allows for screening suitable defect 
states, calculating spin properties requires higher level mod-
eling of the electronic structure, necessitating novel quantita-
tive models. Current theory can identify the optical activity of 
the defects[57] at both the single particle and at the many-body 
perturbation theory level (GW+BSE), however dynamics that 
involve nonradiative decay of the state are much more chal-
lenging.[58–60] Due to high computational cost, many-body per-
turbation methods have been mainly been applied to smaller sys-
tems, e.g., to describe the electron–vibration coupling induced 
renormalization for diamondoids.[61] Possible nonradiative 
decay mechanisms include electron–phonon interactions, which 
are impractical in conventional electronic structure methods.[62] 
The difficulty results from a mismatch in the energy-scales of 
phonons and electrons, which requires fine-grained sampling 
of the momentum of electron and phonon states. In defect sys-
tems, typically the nonradiative decay of the states are estimated 
by evaluating special phonon modes that are most likely to con-
tribute to the decay.[63] However, this approach does not gener-
alize easily and cannot be adapted for a “high-throughput” eval-
uation of defect states. This gap highlights a unique opportunity 
for the computational condensed matter community to develop 
accelerated electron–phonon and spin–phonon methods with 
design of quantum emitters as the focus.

Besides ab initio methods, the field of quantum mate-
rials also largely benefits from calculations using effective 
Hamiltonians. These methods have been recently successful 
in describing novel excitations, such as Moiré excitons.[64–66] 
Model systems have been very useful to calculate observables 
that are not easily accessible in a first principle framework, such 
as decoherence and spin relaxation times.[67–73] For such effec-
tive systems, first-principle methods are usually used to provide 
single-particle wave functions and parameters that build the 
models of the system of interest. Due to the reduced dimen-
sionality of these models, they can often be solved even by exact 
diagonalization or similar methods leading to a very accurate 
description. Future work will include a closer coupling to first-
principle methods and effective models that could then allow 
to access decoherence and spin relaxation times in a self-con-
sistent manner. These effective Hamiltonian methods would 
also be of great use when describing possible arrays of defects.

Data-driven approaches could be particularly useful to iden-
tify new quantum emitters with desired properties. These 
techniques are especially relevant given that the range of 
possibilities for different combinations of atomic defect atoms, 
charge/spin states and host materials is far too large for brute-
force searches. Statistical learning of materials properties or 
functions typically start with a choice of descriptive parameters 
such as elemental composition.[74,75] To describe optical and 
excited-state properties of artificial quantum materials using 
methods of machine learning, however, either novel descriptors 
have to be developed or the currently available ones have to be 
adapted. One promising possibility is to develop first-princi-
ples calculated descriptors, such as excited-state configuration 
coordinates, as opposed to traditionally used atomic descrip-
tors, such as crystal structure. For example, Bayesian optimi-
zation models could identify the most likely candidate to test 
next in order to optimize the optoelectronic property of interest. 
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This approach has been effective in accelerating materials 
discovery,[75–78] but it has not been reported on for single photon 
emitters including color centers in diamond, rare-earths in new 
3D wide-gap material hosts or low-dimensional materials.

2.3. Patterning, Imaging, and Controlling Quantum Materials at 
the Atomic Scale

For this materials-by-design approach, development of 
methods for atomic-resolution fabrication or synthesis is crit-
ical. 2D materials systems offer a good test case as all atoms 
are “presented” to the observer. Scanning probe microscopy, 
in particular scanning tunneling microscopy (STM) has been 
demonstrated to manipulate atoms, such as quantum corrals[79] 
and bits,[80] but it is limited to weakly-bounded surface atoms 
and vacancies. On the other hand, aberration-corrected electron 
beam methods nowadays provide atomic resolution[81] that are 
promising for imaging and even patterning at the atomic scale 
on suspended materials. The next step toward atomic-scale 
manipulation of defects in 2D materials is the control of kinetic 
structural evolution. Promisingly approaches include to control 
kinetics includes in situ heating inside of a scanning transmis-
sion electron microscope.[82] Another promising approach is to 
pattern the surface of a high-bandgap material by STM lithog-
raphy, already highly successful for P doping on silicon.[83] 
These and related techniques have also been explored in the 
context of other quantum phenomena.[84–86]

3. Conclusions

Atomic defect quantum emitter systems are on the cusp of a 
revolution: the possibility to predict, produce, and evaluate 
materials from the position of all of its constituent atoms is 
within our grasp. This possibility has come about thanks to 
rapid progress in advanced computing tools (many from the 
rapidly evolving intersection of quantum simulations and mate-
rials machine learning), atomic-resolution imaging and fabrica-
tion, and measurements that capture highly coherent quantum 
mechanical effects. The field is now positioned to quantita-
tively link first-principles calculations and atomic imaging with 
atomic patterning and quantum spectroscopy. This approach 
could lead to a positive feedback loop to systematically improve 
scientific understanding and research tools, setting the stage 
for new designer quantum nanomaterials.
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