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WHAT IS A QUANTUM MATERIAL? 

All materials require quantum mechanics, but not all materials are quantum materials

Any successful theory of a solid, capable of accurately describing its thermodynamic and electronic properties, is necessarily 
based upon a quantum mechanical treatment of electrons, and excitations of the atomic lattice (phonons). Furthermore, there 
are many situations where quantum mechanics enters at the nanometer scale and affects even large-scale properties of 
materials that are otherwise described very satisfactorily using classical models. For example, the ionic motion that is crucial 
for battery performance is classical on large scales even though quantum effects are essential to understand ionic motion. 
Even the large-scale mechanical properties of structural steels, including their ductility and crack resistance, are determined 
by single defects with quantum-mechanical properties. The materials described in this report, however, are defined by more 
esoteric, but manifestly real, quantum effects, such as quantum fluctuations, quantum entanglement, quantum coherence, and 
the topology of the quantum mechanical wave functions. Significantly, such “quantum materials” harbor exotic physical effects 
with great technological potential.

Quantum effects in solids

In general, a sure sign of quantum mechanics is that some properties become quantized to a discrete set of values when a 
continuous range exists in classical physics. A dramatic example of this is that electrons carry an intrinsic magnetic moment  
or “spin.” Aside from moving through space, an electron’s magnetic moment along any axis takes exactly two possible values  
in a measurement. Another property of quantum mechanics, the superposition principle, says that if the electron is not mea-
sured then a combination of these two spin states is allowed. Both the discreteness of spin and the superposition principle 
are essential for explaining why some solids are magnetic. Quantum mechanics also imbues a wavelike nature to particles, 
including electrons. Electrons flow through an ordinary metal when an electric field is applied. Viewing electrons as forming 
a “classical” ( non-quantum mechanical) fluid is not a bad starting point but is not strictly correct and leads to grossly wrong 
numerical values for some quantities. When one or two dimensions of the metal are shrunk, however, electronic motion 
becomes strongly modified by the wavelike nature of the electron, producing a quantum well or quantum wire. This can lead to 
dramatic properties, such as quantized conductance, that have no classical analogue.

The zoo of quantum materials

The number of combinations of elements that can be imagined in solid materials is enormous, and the resulting zoo of  
materials can seem daunting. Scientists, however, simplify this by classifying materials according to broad categories that 
define or describe the general types of electronic behavior in these materials. Three examples of the types of electronic 
behavior, and the impact that such materials might have on the energy landscape, are outlined below. Others are described 
throughout the report. 

In topological materials the quantum 
mechanical wave functions of electrons 
have non-trivial geometry that “protects” 
coherent wavelike electronic transport 
at all surfaces and could form the basis 
for a new generation of energy-efficient 
electronics. 

In superconductors electrons form a collec-
tive wave that permeates the material. The 
underlying electronic wave coherence in  
these materials leads to the complete  
loss of electrical resistance and expulsion  
of magnetic fields so that a ferromagnetic  
material (The cube in the figure.) levi-
tates above superconductors. A practical 
high-temperature superconducting material 
could transform energy generation, storage, 
transmission, and utilization.

In quantum spin liquids the spins of the 
constituent electrons become entangled 
and fail to form a static ordered state 
as in a conventional magnet. Energetic 
defects in this quantum fluctuating state, 
called “quasi-particles,” supplant the 
individual electrons as the “moving parts” 
of the solid and could become the basis 
for revolutionary information storage  
and processing.
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Outline

• Introduction to quantum materials


• Quantum materials: impact on “first generation” quantum technologies


• Quantum materials: what is needed for the “next generation” of quantum 
technologies & quantum networks? 


• “Hybrid” quantum materials — potential for quantum networks     

Useful Resources: 
https://science.energy.gov/bes/community-resources/reports/ 
https://www.nature.com/collections/ydsxkfvwws/ 

https://science.energy.gov/bes/community-resources/reports/
https://www.nature.com/collections/ydsxkfvwws/


Quantum materials
• “Quantum materials are solids with exotic physical 

properties, arising from the quantum mechanical 
properties of their constituent electrons; such materials 
have great scientific and/or technological potential.” 


• Key concepts: quantum confinement, quantum 
fluctuations, quantum entanglement, quantum 
coherence, topology.


• Semiconductor & magnetic nanostructures, 
superconductors, correlated electron systems, 
topological materials (topological insulators, Weyl 
semimetals, Dirac semimetals), quantum spin liquids, 
ferro/ferri/antiferromagnets, multiferroics, 2D materials.


• Rich fundamental physics & materials science


• What is the technological impact, current and potential?



Quantum materials & ‘first-
generation’ quantum technologies 

• Over 50 years of fundamental research into the 
quantum description of semiconductors, 
superconductors, and magnetic materials has led 
to diverse technological applications, most of 
which rely on control over the wave function 
amplitude.


• Examples: 


• Semiconductor hetero- and nano-structures for 
light emitters/detectors (quantum well lasers, 
quantum cascade lasers, quantum dot LEDs, 
photodetectors) and high-frequency transistors 
(HEMTs in mobile phones).


• Magnetic multilayers for memory (MTJ read 
heads in disk drives; non-volatile MRAM chips). 256Mb MRAM [everspin.com]

[nanosys.com]



Quantum materials & ‘next-
generation’ quantum technologies 

• Next-generation quantum technologies such as 
quantum networks exploit all aspects of the quantum 
mechanical wave function (amplitude, phase, non-
locality, entanglement)


• Quantum architectures & networks require exchanging 
quantum information coherently between nodes (qubits) 
and channels (flying qubits) — demonstrated first in cold 
atoms & trapped ions


• Most advanced scalable solid state quantum 
architectures: Josephson junction arrays (Al/Al2O3)


• Few qubit demos: spin qubits in semiconductor 
quantum dots & quantum defects [single donors,  
nitrogen vacancy (NV) centers, C-Si-divacancies, etc.]  


• Futuristic: semiconductor nanowires + 
superconductivity, topological superconductors 
(Majorana)

cf. Duan & Monroe, Rev. Mod. Phys. 82, 1209 (2010) 

and low signal loss via integrated waveguides or
fibers leading to or from the outside world. Fur-
thermore, high-quality solid-state optical cavities
mediate the coupling strength between spin qubits
and photons (44), providing tools for photon-based
selective readout and state preparation. When a
qubit is optimally matched to an optical cavity—
in the “strong coupling” regime (Fig. 3A)—the
coherent interaction between the qubit and the
cavity modes dominates over other, dissipative
processes, such as the loss of photons from the
cavity or the emission of qubit excitations to com-
peting states. Notably, progress in the design
and fabrication of dielectric optical cavities over
the past decade has allowed the achievement of
strong coupling between microcavities and semi-
conductor QDs (45, 46). Strongly coupled sys-
tems produce entangled qubit-cavity states, such
that the resulting photons carry the signature of
the quantum state of the qubit, allowing long-
distance propagation of that physical state in-
formation throughout the network. Although
tremendous progress has been made in control-
ling purely photonic behavior with high-Q cavities
and optically active QDs (47), it has remained a
challenge to study cavity-coupled spin qubits.
Promisingly, a photonic crystal cavity device in-
tegrated with a diode structure (Fig. 3A), neces-
sary to tune the charge state of embedded QDs,

has enabled coherent optical control of cavity-
coupled spin qubits (48).

For “emerging” materials like diamond, where
new fabrication techniques are required, cavity
coupling to NV centers and other optical qubits
still has much room for progress (49). Even with-
out well-developed optical cavities, however,
photons can still mediate coherent information
transfer between distant qubits. A protocol has
recently been developed to generate heralded
entanglement between two NV center electron
spins in separate cryostats 3 m apart (50). Using
the dc Stark effect to tune the NV center optical
transitions (51), a pair of indistinguishable pho-
tons is prepared, each entangled with their source
NV center spins. By performing joint quantum
measurements on the photons, the spin-photon en-
tanglement is “swapped” to generate an entangled
state of the two spins. Given the ability to initial-
ize, measure, and entangle nuclear spin quantum
registers local to each NV center (28–30), this
protocol could enable long-distance quantum tele-
portation of spin states, quantum repeaters, and
extended quantum networks.

Although optically active qubits such as self-
assembled QDs and NV centers lend themselves
naturally to photonic coupling, electronic qubits
can also couple to photons, particularly those in
the microwave regime. In fact, typical spin reso-

nance frequencies of electronic spins in moder-
ate magnetic fields are in the gigahertz range,
closely matched to existing microwave resona-
tor designs and even superconducting qubit ar-
chitectures (52). A first step toward implementing
“circuit quantum electrodynamics” with spin
qubits was the recent demonstration of coupling
between an InAs spin-orbit qubit and a super-
conducting resonator (53). Superconducting
resonators have been effectively used to couple
superconducting qubits that are separated by
nearly a centimeter (54) and could similarly link
semiconductor spins either to each other or to
superconducting qubits (Fig. 3B).

Outlook
It is tempting to view the wide array of systems
under development as a race to find the “optimal”
qubit, but this is likely to be the wrong perspec-
tive. Each implementation has relative strengths
and weaknesses for different applications, and
it could well serve to use each to its advantage.
Modern computers comprise many types of log-
ical implementations, including transistor logic,
data transfer busses, and a large variety of mem-
ory nodes optimized either for fast access or
long-term storage. A similar hybrid future could
be in store for quantum computers, as envisaged
in Fig. 4. Computational qubits will be chosen
that are fast and easily coupled together, where-
as memory nodes should be long lived but each
need to be coupled to only one computational
node. This might mean that the memory is not
physically separated but is instead intrinsic to
each computational node, being, for example,
the nuclear spin of an NV center in diamond (55)
or a phosphorus donor in silicon (22). Although
optical interconnects are likely to serve as ports to
transfer quantum information to and from the
outside world, on-chip communication could be
accomplished through either optical waveguides
or superconducting microwave circuitry.

Although many challenges remain on the
road to constructing a “useful” quantum com-
puter, the pace of discovery seems to be accel-
erating, and spins in semiconductors are poised
to play a major role. Several materials systems
and architectures have already come to fruition,
but others waiting in the wings might prove to
be even better for some applications. For ex-
ample, the remarkable properties of the dia-
mond NV center motivates the search for other
impurity-based spin systems with similar prop-
erties, possibly in more versatile host materials
(56). Indeed, optically addressable defect spins
with room-temperature coherence have recently
been discovered in silicon carbide (57), which
boasts well-developed techniques for hetero-
epitaxy and fabrication of complex structures.
These and other material systems, such as rare-
earth ions in crystals (58) and II/VI semicon-
ductors (59), are likely to be a major focus in
coming years.

Quantum
memory

On-chip
quantum bus

Classical I/O

Off-chip I/O port
Coherent interface to 

optical photons 

Classical I/O
(Memory qubit control)
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Readout
devices

Spin qubit
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Classical
control lines

Superconducting
microwave circuit

(Classical data, power,
qubit calibration)

Classical control 
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Fig. 4. A future integrated quantum device architecture might consist of quantum processor units
comprising arrays of single-spin qubits, locally coupled on-chip using either photonic or microwave
cavities. Photonic crystal cavities could be used to interface electron spins with optical photons, allowing
long-distance transfer of quantum information via an optical fiber. Quantum memory might be located
remotely from the processor units as depicted here or integrated with the processor qubits by using the
nuclear spins of individual atoms. Classical circuitry provides qubit readout and calibration.

8 MARCH 2013 VOL 339 SCIENCE www.sciencemag.org1178

Quantum Information Processing
on M

arch 16, 2019
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

Awschalom et al.,  Science 339, 1174-1179 (2013) 



Quantum networks: 
examples of advances 

Heralded entanglement between distant stationary qubits 
using photons:


• Trapped ions [e.g. Phys. Rev. Lett. 100, 150404 (2008)]

• Cold atoms [e.g. Science 316, 1316 (2007)]

• Nitrogen-vacancy (NV) defect centers [Nature 497, 86 (2013)]

• Semiconductor quantum dots [Nature Physics 12, 218–223 (2016)]

• Superconducting qubits [Phys. Rev. X 6, 031036 (2016)]

Challenges for materials synthesis

• What materials aspects need to be controlled for enhancing quantum coherence 
times?


• What do we need for scaling solid state platforms?

• Can we develop hybrid systems that demonstrate ‘entanglement-on-a-chip’ using 
modes other than photons?  



Quantum materials: 
synthesis of bulk crystals

High pressure floating zone furnace 

[Mcqueen, Johns Hopkins]

Vertical Bridgman

[2DCC, Penn State]

Exotic superconductor Sr2RuO4

[Mao, Penn State]

Antiferromagnetic topological 
insulator BiMn2Te4

[Mao, Penn State]

Bulk crystal growth continues to provide quantum 
material specimens of high crystalline quality  



Quantum materials: synthesis 
of thin films & heterostructures
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parameters and is crucial for potential applications



The quintessential topological quantum material

2D electron gas formed in a modulation-doped GaAs quantum 
well is the ideal quantum material — structurally perfect 
crystals, highest known mobility of any material (~35 x 106 cm2/
V.s), host of emergent phenomena such as composite fermions, 
bubble/stripe phases, excitonic superconductivity, possibly 
non-Abelian states for topological quantum computing 

Modulation-doped GaAs QW

(Ga,Al)As

(Ga,Al)As

Sample courtesy: Manfra, Purdue 
TEM: Samarth & Kally, Penn State

Graphic: Manfra, Ann. Rev. CMP (2013)

[Purdue]



Semiconductor spin qubits

Essential idea is to trap, probe, 
and manipulate a single electron.


Quantum dot in an electrically 
gated 2DEG [Si/SiGe, GaAs/
GaAlAs].


Single donor atom coupled to an 
electrostatic gate [P-doped Si].


The two level Zeeman-split spin 
states of these single confined 
electrons define the qubit.

Vandersypen et al., npj Quantum Information 3, 34 (2017) [Delft]



Spin qubits in semiconductors

2-qubit quantum processors demonstrated in both Si/
SiGe quantum dots & P-doped Si.

Watson et al., Nature 555, 633 (2018)

Watson et al., Nature 526, 410 (2015)[Delft]



Single spin defects & quantum information 

Loophole-free Bell inequality violation using electron 
spins separated by 1.3 kilometres. Hensen et al.,  
Nature 526, 682–686 (2015). [Hanson, Delft]

C vacancy

NV-center: diamond

in which nanofabricated surface electrodes de-
plete charges from a buried two-dimensional elec-
tron gas (Fig. 2A) or through bottom-up growth
techniques in which small islands of a III/V alloy,
typically InAs, self-assemble on a GaAs surface
(Fig. 2B).

The small magnetic moment of the electron
renders it highly insensitive to the local environ-
ment, leading to long spin coherence times. At
the same time, however, rapid spin control using
conventional electron spin resonance requires
large ac magnetic field amplitudes that are dif-
ficult to produce in cryogenic environments. Qubit
selectivity is also exacerbated in nanoscale devices
(Fig. 2A), where each spin needs to be individu-
ally controlled without disturbing its nearest neigh-
bors only ≈50 nm away. Two approaches have
been developed to circumvent these challenges.
The first is to use quantum interference of two-
electron spin states for rapid quantum control. By
rapidly tuning through an avoided crossing in
the energy-level diagram, two electrons in a cor-
related (e.g., singlet) state can be “split” and then
recombined after a free evolution time, enabling
nanosecond spin rotations without the applica-
tion of an electron spin resonance field (6). An-
other approach to single-spin control harnesses
the strong spin-orbit interactions intrinsic to ma-
terials such as InAs and InSb.With such “spin-orbit
qubits,” it is possible to perform spin rotations
using electric rather than magnetic fields, which
are easier to generate and localize in a device (7).

Self-assembled QDs in III/V materials con-
fine both electrons and holes and can therefore
support optical transitions between a ground-
state spin qubit configuration (e.g., a single elec-
tron or hole) and optically excited “excitons”
with additional bound electron-hole pairs. Strong
spin-orbit interactions give rise to optical transi-
tions with strict spin- and polarization-dependent
selection rules, and relatively large optical di-
pole moments (compared with atoms) make
these transitions highly efficient. These key fea-
tures enable coherent optical control of the QD
spin state using ultrafast (picosecond-scale) pulses
of light (8, 9) and the generation of entanglement
between the qubit spin state and a single photon
emitted by the QD (10, 11). Such light-matter cou-
pling is the key to building distributed networks
of qubit nodes with coherent information trans-
fer mediated by photons.

Only a few years ago, the intrinsic “spin bath”
of host nuclear spins in III/V materials was the
primary impediment to achieving long spin co-
herence times in these systems. This problem
has been practically solved through the use of
dynamical decoupling protocols that can extend
the useful coherence time by orders of magni-
tude (12–14). Still, it helps to remove as many
potential noise sources as possible. Group IV
semiconductors can be isotopically purified to
provide a nearly spin-free environment consist-
ing only of spin-zero nuclei such as 12C and 28Si,

and weaker spin-orbit coupling than in III/V ma-
terials reduce susceptibility to electrical and ther-
mal noise. With recent reports of electron-spin
coherence times measured in seconds (15) and
nuclear spin coherence times of minutes (16)
for neutral donor atoms in 28Si, for example,
these materials are poised to have a major role
in coming years.

Silicon, the dominant material used for con-
ventional microprocessor chips, was identified
early on as a prime candidate for quantum in-
formation processing through several proposals
to use the electron and/or nuclear spins of indi-
vidual donor atoms, particularly phosphorus, as
spin qubits (17, 18). The first such single-atom
qubit in silicon (Fig. 2C) used the spin of a phos-
phorus donor electron implanted into a silicon
chip as the qubit (19). An adjacent metal-oxide-
semiconductor–based single-electron transistor im-
plements a spin-to-charge conversion protocol for
initialization and readout (20) similar to that de-
veloped for III/V quantum dots (21), and coher-

ent control is achieved through electron spin
resonance using an integrated microwave trans-
mission line. Fabricated using a silicon substrate
with the natural 4.7% isotopic fraction of 29Si,
the spin coherence time of the device in (19) was
limited by the nuclear spin bath to T2 ≈ 200 ms,
but it is anticipated that similar devices con-
structed from isotopically enriched 28Si substrates
will open a path to the exceptional coherence
times (≈1 s) that have been measured for bulk
28Si:P ensembles (15). The device depicted in
Fig. 2C has also been used to demonstrate a nu-
clear spin qubit (22) based on the 31P dopant
nucleus. These nuclear spins could serve as long-
lived quantum memories (18) in future quantum
processors.

In some ways, dopant-based qubits in sili-
con represent a powerful combination of both
top-down and bottom-up fabrication approaches,
because a natural and highly reproducible qubit
(a single atom) is controllably placed within a
nanofabricated electronic device. At the same

50 nm

10 µm

0 7 nm
Height

500 nm

A C

B D

Fig. 2. Semiconductor qubit architectures. (A) Scanning electron microscope image of a gate-defined
quintuple QD in a GaAs/AlGaAs heterostructure. Each QD is designed to contain one or two electron
spins. (B) Atomic force microscope image of a single self-assembled InAs QD strongly coupled to a GaAs
photonic crystal cavity, which is used to confine photons to small regions of space. Originally published
in (46) and adapted with permission. (C) Schematic of a spin qubit device based on a single phosphorus
dopant atom (red) implanted in silicon (19). The qubit electron spin is initialized and measured elec-
tronically through spin-dependent tunnel coupling to a nanofabricated single-electron transistor (gray)
and manipulated using pulsed ac magnetic fields (yellow concentric circles) delivered by an integrated
microwave transmission line. Image credit: W. Algar-Chuklin. (D) Confocal microscope image showing
an array of implanted nitrogen vacancy centers in diamond aligned to a microwave transmission line.
[Adapted with permission from (61); copyright (2010) American Chemical Society]
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Chip scale nano fabrication of 
single spin arrays in diamond. 
D. M. Toyli et al., Nano Lett. 10, 
3168 (2010). [Awschalom, 
Chicago] 



Topological quantum computing with Majorana fermions
• Topological quantum computing: a fault tolerant 
approach to quantum computing that uses the 
‘braiding’ of non-abelian topological quantum objects 

• Simplest possible realization is the ‘Majorana zero 
mode’ (MZM)

• Fermionic operator

• Self-adjoint 

• Commutes with the Hamiltonian


• MZMs predicted in:

• 'Topological superconductors’ — pairing in ‘spin-
momentum locked’ states

• ‘Synthetic topological superconductors’ — 
semiconductor nanowire + strong spin-orbit 
coupling + proximity induced superconductivity 

𝛾2 = 1
[𝐻, 𝛾] = 0

ky

kx



Majorana fermions: state-of-the-art

Epitaxial InAs/Al nanowires 
(Krogstrup et al, Nature Materials 14, 400 (2015) 

Deng  et al, Science  354, 1557 (2016)

•Two leading efforts seeking Majorana zero modes in 
InAs & InSb nanowire interfaced with superconductors 
report evidence MZM. 

•  Interpretations still debated & definitive proof 
(braiding) is needed. 

MZM in InSb/Al nanowires 
(Mourik et al, Science 336 , 1003 (2012) 

Quantized Majorana conductance in InSb/Al nanowires 
(Zhang et al, Nature 556 , 74 (2018) 

[Delft, Copenhagen]



Hybrid quantum materials: 
topology + magnetism

• Making a topological insulator 
ferromagnetic breaks time-reversal 
symmetry


• Helical Dirac surface states converted into 
dissipation-less chiral edge states in the 
zero field remnant state of the ferromagnet


• “Quantum anomalous Hall insulator” — 
quantization precise to 1 part on 106


• Possible application in JJ-based quantum 
architectures: zero field edge plasmons 
could be exploited in on-chip zero 
magnetic field microwave circulator [Nature 
Comm. 8, 1836 (2017) — Sydney/Stanford/UCLA] 

T = 10 mK

magnetic

 doping

Chang et al., Science 340, 167 (2013)  
Chang et al., Nature Materials 14, 473 (2015)

Bestwick et al., Phys. Rev. Lett. 114, 187201 
(2015)

Kandala et al., Nature Communications,6, 7434 
(2015).

Kou et al., Nature Communications, 6, 8474 (2015)


[Tsinghua/IOP, Penn State, Tokyo, Wurzburg, 
Stanford, UCLA] 
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Hybrid quantum materials: 
quantum defects + magnons

• Hybrid architectures have been 
demonstrated that combine NV centers in 
diamond with spin waves (magnons) in the 
low damping ferrimagnet yttrium iron 
garnet (YIG). 


• Surface confined magnons excited in the 
ferromagnet amplify the interactions 
between a microwave source and the NV 
centers. 


• Coherent interactions between magnons 
and NV centers allow magnon-mediated 
coherent control of spin qubits over 
distances ~100 μm.

Andrich et al., npj Quantum Information 3:28 (2017)

[Awschalom group, Chicago]
reduction in the microwave power levels required to manipulate

the NV centers, as these microwave signals can introduce heat in
the system being probed.

RESULTS
Spin wave spectrum
To investigate the SW’s properties and their interactions with NV
centers we use the device geometry shown in Fig. 1a. MSLs
fabricated on a YIG substrate are used to directly manipulate the
NV centers’ spin and to excite and detect SWs in the
ferromagnetic layer. We employ a custom-built confocal micro-
scopy apparatus to collect the photoluminescence from the NDs
(see Fig. 1b), which are embedded in a polydimethylsiloxane
(PDMS) matrix and positioned on the YIG surface.
As we are interested in the effects of the resonant interactions

between SWs and NV centers, we first calculate and experimentally
measure the SW spectrum of the FM to ascertain where it overlaps
with the NV center’s spin resonances. While the direction of the SW’s
propagation is always orthogonal to the MSL, SW modes with
different properties can be excited depending on the relative
orientation of the externally applied magnetic field Bext and the
direction of propagation of the SWs.22 Here we primarily focus on
DESWs (unless otherwise stated), which are excited when the
external magnetic field is in the plane of the YIG film and parallel to
the MSL (in particular we consider the direction that we identify as

θ = 0). We select these modes as their energies lie closest to the NV
center spin ground state transitions at the magnetic fields used in
this work (Bext = 0 to 250 G) and we expect that their surface nature
could provide the strongest interaction with external spins. We
calculate the theoretical spectrum of the DESW following the
approach detailed in Supplementary Note 2 and report the result of
this calculation in Fig. 1c. In the same figure (dashed lines) we
identify the frequency range for the NV center spin ground state
resonances, which is enclosed by the resonance spectrum for a
defect aligned with the external magnetic field. Even though the
nanoparticles have random crystal orientations, their resonances
inherently fall within this range.23

We also experimentally measure the SW modes dispersion using a
network analyzer to collect microwave transmission measurements
between two parallel MSLs separated by 100 μm.24 In these
measurements, a microwave signal is used to excite SWs at one of
the MSLs, while the other antenna inductively detects the field
generated by the propagating excitations (see Methods). The data in
Fig. 1d, where the zero-field measurement is used as a reference for
the ones at higher fields to eliminate the non-magnetic field
dependent features, show good agreement with the calculated
spectrum. Although the calculation does not capture all of the
details in the measured spectra, this is likely the result of
the necessarily simplified model for the MSL used to simulate the
driving oscillating field. Nevertheless, this calculation confirms that
the DESW modes are expected to be resonant with the NV center
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Fig. 1 Setup and dispersion relation of the surface confined spin wave modes. a, Sample schematics. The ferromagnetic layer is a 3.08 μm
thick single-crystal YIG film epitaxially grown on a 500 μm GGG substrate. A ~300 μm thick PDMS strip with an array of NDs embedded on its
surface is placed in contact with the YIG substrate. To apply and detect microwave fields, pairs of 5 μm wide microstrip lines (MSL) are
patterned with different separations on the YIG. Microwave magnetic fields (red circles) and propagating spin waves (purple lines) are indicated.
An external magnetic field (Bext) is applied at an angle θ with respect to the MSLs. The arrows in the ND represent the NV center spins, with
each ND containing hundreds of NV centers. b, Spatial photoluminescence scan of ND arrays collected using a confocal microscopy setup. c,
Simulated SW spectrum of the YIG sample in the case of magnetic field parallel to the MSLs. The dashed lines enclose the range of frequencies
where the NV centers’ ground state spin resonances are located. d, Microwave transmission spectrum collected using two MSLs 100 μm apart
as a function of the externally applied magnetic field for θ= 0. The data for 0 G were subtracted from the data at higher fields to eliminate
features that are not field dependent
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centers’ ODMR spectrum16, 18 ascribed to the shortening of the NV
center longitudinal spin coherence time (T1) caused by the
broadband magnetic field noise introduced by the excited spin
waves. Because of the extensive quenching effect on the spin
coherence of the NV centers, it is not possible to isolate the effect
of resonant interactions between the SWs and the spin qubits at
this microwave power level.
When we instead decrease the input microwave power by two

orders of magnitude (Fig. 2a, right), the off-resonant quenching is
suppressed and we observe some of the NV centers discrete
resonances. We observe that these resonances are visible only for
magnetic fields above 60 G, which corresponds to the field at which
we expect the resonances to intersect the SW modes (see Fig. 1c,d).
The absence of optical contrast below this field, which corresponds
to a lack of microwave driving of the NV centers, demonstrates that
the effect of the antenna field is negligible at the ND location and
that the NV center driving is purely SW mediated. We note that only
the lower branches of the NV centers’ ground state spin transitions
are visible. We attribute this to the fact that the upper branches do
not intersect the SW resonances, as can be inferred from Fig. 1c. The
coarse magnetic field steps (10 G) used in these measurements is
the reason we do not see the effect of separate SW excitations in the
data of Fig. 2. When finer steps are taken, the discrete nature of the
SW spectrum becomes clearly visible (Supplementary Note 4).
Moreover, we note in Fig. 2a that the interaction appears to be
stronger for the SWs associated with larger wave vectors, as can be
deduced from the decrease in ODMR contrast at higher fields, where
the NV centers’ resonances cross lower k modes. This is consistent
with a stronger surface confinement of the magnetization oscilla-
tions for higher values of k.
We observe strong SW-NV centers interactions on numerous

nanoparticles using multiple MSLs and YIG substrates. As a control,
ODMR measurements are collected also for NDs positioned on a
gadolinium gallium garnet (GGG) non-magnetic substrate, where
no off-resonant interactions nor enhanced resonant interactions
are observed (Supplementary Note 9).

Dependence on the magnetic field orientation
In order to gain insight into the role the SW surface confinement
plays in the strong coupling enhancement, we investigate the
effect of the magnetic field orientation on the PL contrast for the
cases θ = π and θ = π/2. In these conditions, the excited SW have

different dispersion relations and magnetization profiles, which
allows us to analyze the dependence of the SW-NV interactions on
these properties. In Fig. 2b we show the ODMR data collected for
the θ = π case using 32mW of microwave power, which is the
minimum power needed to resolve the NV centers resonances at
all fields. The strong reduction in the PL quenching with respect to
the θ = 0 case can be explained in light of the non-reciprocal
nature of the DESW modes.25 Indeed, a θ = π rotation of the
magnetic field results in a decrease of the SWs’ excitation
efficiency26, 27 and in a drastic change in the SWs amplitude
profile, which is confined to the opposite surface of the
ferromagnetic layer.28

In the case of θ = π/2, pure backward volume magnetostatic
spin waves (BVMSW) are excited.22, 28 These modes have lower
resonant frequencies (Supplementary Note 3) than the DESW and
are characterized by a sinusoidal magnetization oscillation profile
across the thickness of the ferromagnetic layer. In Fig. 2c we
present the ODMR spectrum collected using 4mW of microwave
power. The extent to which the PL is affected is again remarkably
smaller than for the θ = 0 case. While the excitation efficiency for
DESW and BVMSW can be different, this alone cannot explain the
two orders of magnitude increase in power required to observe
ODMR contrast in the latter case.29 The difference in the
frequencies of the two sets of modes also does not justify
the absence of a region of strong PL quenching in the magnetic
field range we studied, particularly considering the broadband
nature of the off-resonant effects. Together, the measurements
presented in Fig. 2 demonstrate the SW mediated nature of the
enhanced microwave-NV center interactions and that the surface
confinement of DESW is fundamental to this enhancement.
We note that these results suggest that tightly confined surface

SW modes could provide a promising tool for the study of the spin
properties of many nanoscale systems, similar to the way surface
plasmons are used to investigate light-matter interactions.

Spin wave mediated coherent driving of NV centers
We now want to show that the strong resonant quenching of the
NV centers’ PL demonstrated above is the result of a coherent
coupling mechanism between propagating SWs and NV centers.
We demonstrate this through the observation of coherent Rabi
oscillations of the NV centers driven by DESWs (Fig. 3a). The data
were collected on an additional nanoparticle (NP-Q) at 120 G and
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Fig. 3 Spin wave mediated coherent driving of NV centers. a, Rabi oscillations measured on NP-Q at a fixed external magnetic field (120 G)
and different microwave powers. The nanoparticle is located 20 μm away from the driving MSL. b, Hahn-echo and Carr-Purcell-Meiboom-Gill
3π pulse (CPMG3) measurements that show robust multi-pulse control of the NV centers. Both sets of data are renormalized and fit to
exp[-(t/T2)

α], where α= 1 and 2 for the Hahn and CPMG3 case, respectively. From these fits we obtain T2,Hahn= 1.54 μs and T2,CPMG3= 2.78 μs
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centers’ ODMR spectrum16, 18 ascribed to the shortening of the NV
center longitudinal spin coherence time (T1) caused by the
broadband magnetic field noise introduced by the excited spin
waves. Because of the extensive quenching effect on the spin
coherence of the NV centers, it is not possible to isolate the effect
of resonant interactions between the SWs and the spin qubits at
this microwave power level.
When we instead decrease the input microwave power by two

orders of magnitude (Fig. 2a, right), the off-resonant quenching is
suppressed and we observe some of the NV centers discrete
resonances. We observe that these resonances are visible only for
magnetic fields above 60 G, which corresponds to the field at which
we expect the resonances to intersect the SW modes (see Fig. 1c,d).
The absence of optical contrast below this field, which corresponds
to a lack of microwave driving of the NV centers, demonstrates that
the effect of the antenna field is negligible at the ND location and
that the NV center driving is purely SW mediated. We note that only
the lower branches of the NV centers’ ground state spin transitions
are visible. We attribute this to the fact that the upper branches do
not intersect the SW resonances, as can be inferred from Fig. 1c. The
coarse magnetic field steps (10 G) used in these measurements is
the reason we do not see the effect of separate SW excitations in the
data of Fig. 2. When finer steps are taken, the discrete nature of the
SW spectrum becomes clearly visible (Supplementary Note 4).
Moreover, we note in Fig. 2a that the interaction appears to be
stronger for the SWs associated with larger wave vectors, as can be
deduced from the decrease in ODMR contrast at higher fields, where
the NV centers’ resonances cross lower k modes. This is consistent
with a stronger surface confinement of the magnetization oscilla-
tions for higher values of k.
We observe strong SW-NV centers interactions on numerous

nanoparticles using multiple MSLs and YIG substrates. As a control,
ODMR measurements are collected also for NDs positioned on a
gadolinium gallium garnet (GGG) non-magnetic substrate, where
no off-resonant interactions nor enhanced resonant interactions
are observed (Supplementary Note 9).

Dependence on the magnetic field orientation
In order to gain insight into the role the SW surface confinement
plays in the strong coupling enhancement, we investigate the
effect of the magnetic field orientation on the PL contrast for the
cases θ = π and θ = π/2. In these conditions, the excited SW have

different dispersion relations and magnetization profiles, which
allows us to analyze the dependence of the SW-NV interactions on
these properties. In Fig. 2b we show the ODMR data collected for
the θ = π case using 32mW of microwave power, which is the
minimum power needed to resolve the NV centers resonances at
all fields. The strong reduction in the PL quenching with respect to
the θ = 0 case can be explained in light of the non-reciprocal
nature of the DESW modes.25 Indeed, a θ = π rotation of the
magnetic field results in a decrease of the SWs’ excitation
efficiency26, 27 and in a drastic change in the SWs amplitude
profile, which is confined to the opposite surface of the
ferromagnetic layer.28

In the case of θ = π/2, pure backward volume magnetostatic
spin waves (BVMSW) are excited.22, 28 These modes have lower
resonant frequencies (Supplementary Note 3) than the DESW and
are characterized by a sinusoidal magnetization oscillation profile
across the thickness of the ferromagnetic layer. In Fig. 2c we
present the ODMR spectrum collected using 4mW of microwave
power. The extent to which the PL is affected is again remarkably
smaller than for the θ = 0 case. While the excitation efficiency for
DESW and BVMSW can be different, this alone cannot explain the
two orders of magnitude increase in power required to observe
ODMR contrast in the latter case.29 The difference in the
frequencies of the two sets of modes also does not justify
the absence of a region of strong PL quenching in the magnetic
field range we studied, particularly considering the broadband
nature of the off-resonant effects. Together, the measurements
presented in Fig. 2 demonstrate the SW mediated nature of the
enhanced microwave-NV center interactions and that the surface
confinement of DESW is fundamental to this enhancement.
We note that these results suggest that tightly confined surface

SW modes could provide a promising tool for the study of the spin
properties of many nanoscale systems, similar to the way surface
plasmons are used to investigate light-matter interactions.

Spin wave mediated coherent driving of NV centers
We now want to show that the strong resonant quenching of the
NV centers’ PL demonstrated above is the result of a coherent
coupling mechanism between propagating SWs and NV centers.
We demonstrate this through the observation of coherent Rabi
oscillations of the NV centers driven by DESWs (Fig. 3a). The data
were collected on an additional nanoparticle (NP-Q) at 120 G and
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Fig. 3 Spin wave mediated coherent driving of NV centers. a, Rabi oscillations measured on NP-Q at a fixed external magnetic field (120 G)
and different microwave powers. The nanoparticle is located 20 μm away from the driving MSL. b, Hahn-echo and Carr-Purcell-Meiboom-Gill
3π pulse (CPMG3) measurements that show robust multi-pulse control of the NV centers. Both sets of data are renormalized and fit to
exp[-(t/T2)

α], where α= 1 and 2 for the Hahn and CPMG3 case, respectively. From these fits we obtain T2,Hahn= 1.54 μs and T2,CPMG3= 2.78 μs
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Hybrid quantum materials: topological 
insulator + superconductivity

• Heteroepitaxial synthesis of chalcogenide 
topological insulator (Bi2Se3) on a 
conventional s-wave superconductor (NbSe2) 
as a route toward a topological 
superconductor & Majorana modes.


• Angle-resolved photoemission shows the 
development of a pairing gap in the helical 
Dirac surface states. 


• Modes of a topological superconductor could 
serve as novel quantum conduit if they can be 
entangled with proximal qubits.      

5 nm

Bi2Se3

NbSe2

S.-Y. Xu et al., Nat. Phys. 10, 943 (2014)

[Princeton/Penn State]
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Hybrid quantum materials: coupling 
defect spin qubits to superconductor

Awschalom et al.,  Science 339, 1174-1179 (2013)

Coupling between spin and SC qubit via cavity mode 

time, artificial atoms formed using gate elec-
trodes in analogy with QDs in III/V heterostruc-
tures have also met with success (18). Coherent
oscillations between two-electron singlet and
triplet states of a double QD defined in a Si/SiGe
heterostructure were demonstrated in 2012 (23),
in direct analogy with experiments in III/V QDs
(21). The measured dephasing timeT∗

2 ≈ 360 ns
was more than an order of magnitude longer
than in GaAs thanks to the much weaker hy-
perfine coupling in natural silicon, and further
improvements are expected for devices using
isotopically enriched 28Si.

Another group IV material with great prom-
ise for quantum information technology is dia-
mond. With its large 5.5 eV band gap, diamond
supports a plethora of optically active point de-
fects, many of which are paramagnetic and could
therefore serve as spin qubits. The most intense-

ly studied of these is the nitrogen-vacancy (NV)
center, consisting of a substitutional nitrogen atom
adjacent to a vacancy in the diamond crystal. In
its negatively charged ground state, the NV center
is an electron spin triplet, and a special set of
optical transitions facilitate the initialization and
measurement of its spin state simply through
optical excitation and fluorescence detection,
respectively (24). Diamond’s unique properties,
particularly weak spin-orbit interactions, an ex-
tremely high Debye temperature (limiting spin-
lattice relaxation), and the large band gap that
energetically isolates interband electronic states,
endow NV center spins with remarkable coherence
properties that persist up to room temperature.
Furthermore, isotopic purification of spin-free
12C diamond leads to ultralong coherence times,
up to several milliseconds at room temperature
(25). With on-chip microwave-frequency wave-

guides enabling quantum control operations on
subnanosecond time scales (26), more than one
million coherent operations can be performed
within the NV center’s spin coherence time.

A key feature of NV center spin qubits is ac-
cess not only to the electronic spin state but also
to the individual nuclear spins of the intrinsic
nitrogen atom and proximal 13C nuclei (27). This
makes each NV center a small “quantum register”
consisting of several individually addressable
nuclear spin qubits with exceptional coherence
properties that can be initialized (28), measured
nondestructively in a single shot (29), and even
entangled (30) through their interactions with
the electron spin. These nuclear spins could act
as operational qubits in their own right, with the
electron spins serving as ancillary qubits for ini-
tialization and readout, or as integrated quantum
memory nodes associated with each electronic
spin qubit. A room-temperature quantum memory
consisting of a single 13C nucleus weakly coupled
to an NV center has been demonstrated with co-
herence exceeding 1 s (31). At temperatures≲10 K,
coherent optical transitions enable nondestruc-
tive single-shot spin measurements (32), coherent
control (33), and spin-photon entanglement (34),
with promise for integrating distributed NV cen-
ter nodes within a large-scale optical network.

Scalable Architectures
With high-fidelity control of individual spin qubits
now routine in many semiconductor systems,
solid-state devices are poised to reach their full
potential for integration and scalability. Never-
theless, a pressing challenge is the development
of a robust two-qubit gate that can be scaled up
to link many computational nodes into a larger
network. One approach is to fabricate multiple
qubits close enough together to use “direct” inter-
actions such as magnetic dipole-dipole or electro-
static coupling to generate an entangling gate—for
example, to implement a “surface code” compu-
tation using nearest-neighbor interactions only
(35, 36). This has been achieved both for pairs
of lithographic quantum dot qubits in GaAs (37)
and for NV center spins (38), although in both
cases the gate time is rather long, limiting the
entanglement fidelity. Furthermore, for applica-
tions in quantum communication and distributed
quantum computing, it is desirable to be able to
implement two-qubit gates between spins that are
spatially separated beyond the reach of nearest-
neighbor interactions. Such long-range coupling
requires a “quantum bus” to transmit quantum in-
formation between local nodes. Although ideas
exist for using nanomechanical resonators (39),
“chains” of fixed spins (40), or electrons them-
selves carried by travelling QDs (41, 42) as such
a bus, an obvious choice of “f lying qubit” to
transmit information is the photon.

Photons are an excellent means of linking
physical nodes within a network (43). They are
capable of rapid propagation, low dissipation,
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Fig. 3. (A) Cavity quantum electrodynamics with optical photons. (Upper left) Schematic of a single
spin embedded within an optical cavity. If the qubit-cavity coupling strength, g, dominates over both
qubit decoherence and the loss rate of photons from the cavity, k, the system is in the strong coupling
regime. (Lower right) Schematic of a photonic crystal cavity integrated with a diode structure used to
realize coherent optical control of a cavity-coupled QD spin (48). [Image courtesy of D. Gammon, U.S.
Naval Research Laboratory] (B) Superconducting qubits and spin qubits have quantum transitions in the
microelectron volt range, closely matching the energy of microwave photons. This cartoon depicts a
circuit quantum electrodynamics architecture that is used to couple a spin qubit to a superconducting
qubit via a microwave cavity.
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“Confinement Heteroepitaxy”: route toward integrating single crystal 
superconductors with variety of quantum materials — topological 
insulators, quantum defects, etc.  [Josh Robinson, Penn State]

• New synthesis strategies for combining 
diverse quantum materials (topological, 2D, 
magnets, superconductors) are desirable 


• Confinement heteroepitaxy: a route that 
enable synthesis of ultra thin metals in 
between graphene/SiC interface [Robinson, 
Penn State/2DCC-MIP]


• Demonstrated integration of single crystal 
2D superconductors with SiC/graphene, 
allowing coupling to topological insulator 
overlayers.


• Couple the single crystal superconductor 
to divacancy quantum defects in SiC?



Summary
• Materials synthesis & characterization played a critical role in the first generation of quantum technologies 

by designing materials that tailored quantum wave function amplitudes through quantum confinement and 
band structure engineering. 


• The current generation of quantum technologies demands new approaches for materials design that 
incorporates quantum coherence & quantum entanglement.


• Quantum technologies based on superconducting JJ arrays rapidly progressing; opportunities for 
semiconductor nanostructure qubits and single spin defect qubits to scale beyond few qubits


• Can we develop hybrid quantum materials to entangle solid state qubits (e.g. single spin defects) with 
modes other than photons (e.g. chiral edge states, magnons, Cooper pairs)? 


• What aspects of materials are important? How do we develop deterministic control over the placement 
and ‘quality’ of quantum defects? 


• How should we invest in training of a highly technically skilled ‘quantum materials’ workforce? Example: 
NSF Materials Innovation Platforms — user facilities for training in advanced materials synthesis.



Broad access to compelling synthetic tools with integrated theory support

A new paradigm for developing a community in quantum materials.

NSF funded 2 Materials Innovation Platform sites at Cornell & Penn State.

Users submit proposals for on site visits & sample only requests.

No user fees for academic or government use. 

An NSF user facility with broad access

Hybrid MBE 
Chalcogenide MOCVD 

CVT, Bridgman, floating zone

STM/AFM 
ARPES 
4-probe 

Raman, PL

DFT 
Reactive FF 
Monte Carlo 
Phase field

insights into growthin situ measurement

characterization & 
interpretation

• Open calls for user proposals, 
• Access to a team of local experts  
• Community knowledge-base of synthetic 

protocols 
• Webinars, Workshops, Website resources

mip.psu.edu

MBE + STM + ARPES


