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- Spin dynamics and excitations
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- Topology enriched transport phenomena\

- Joint transport of charge, spin, and heat
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- Open gquantum systems

Inter-atomic interactions
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® |ntroduction to nitrogen-vacancy (NV) spin qubit
® Advantages of NV as a guantum sensor for quantum materials

® NV probing of magnetic dynamics and transport in quantum materials



Solid-state based qubits
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Superconducting loops

A resistance-free current

oscillates back and forth around

a circuit loop. An injected
microwave signal excites
the current into super-
position states.

Longevity (seconds)
0.00005

--------------------------------------------------------------------------------------------------------------------------------------------------------------------

¢) Pros

Fast working. Build on existing

semiconductor industry.

©) Cons

Collapse easily and must
be kept cold.

Popkin, Science 2016

Microwaves

Silicon quantum dots

These “artificial atoms”
are made by adding an
electronto a small piece

of pure silicon. Microwaves
control the electron’s
quantum state.

Stable. Build on existing
semiconductor industry.

Only a few entangled.
Must be kept cold.

Topological qubits
Quasiparticles can be seen
in the behavior of electrons
channeled through semi-
conductor structures.Their
braided paths can encode
quantum information.

Greatly reduce
errors.

Existence not yet
confirmed.

Vacancyl-;

Electron

QO

Laser

Diamond vacancies

A nitrogen atom and a
vacancy add an electron to a
diamond lattice. Its quantum
spin state. along with those
of nearby carbon nuclei,

can be controlled with light.

10 Long decoherence time

Can operate at
room temperature.

Difficult to
entangle.




NV center as a quantum sensor

Noninvasive method

.. Electron
Atomic size—can be placed close to target Q B
Can operate at room temperature vacancy—s Triplet
. . . ] excited
Optical readout and spin manipulations state
Laser C .
- ) \
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= NE _ .
5 g Singlet
- - Q. w2 .
Diamond vacancies E ) st
A nitrogen atom and a a \ =
vacancy add an electron to a O i
diamond lattice. Its quantum % |+1>
spin state, along with those \ 4 g
of nearby carbon nuclei, Triolet 217>
can be controlled with light. ground 2
state z !
10 Long decoherence time =

Can operate at
room temperature.

Difficult to
entangle.

Popkin, Science 2016
Casola, van der Sar, Yacoby, Nat. Rev. Mat. 2018
Onizhuk and Galli Rev. Mod. Phys. 2025



NV center as a quantum sensor

Noninvasive method
Atomic size—can be placed close to target
Can operate at room temperature
Optical readout and spin manipulations
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Init. < : ~ Read
I
T
Dephasing
WP t “Tf»
Init. < ., Read
T2 TTI2 tl m -TI'/2

t/2

Init. [l 2 I ] Read

[ -|" || Read

[ =

Filter function

1.0

0.0

1.0

10-°

1074 1072

Hahn echo

Electron
Vacancy—s Triplet
{ excited
state
Laser
C
Diamond vacancies
A nitrogen atom and a
vacancy add an electron to a
diamond lattice. Its quantum
spin state, along with those
of nearby carbon nqcle_l, Triplet
can be controlled with light. ground
state

10 Long decoherence time

Can operate at
room temperature.

Difficult to
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NV center as a quantum sensor
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Geoscience & astrophysics
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Living cell sensing

Lovchinsky, et al. Science 2016
/Zhang et al. ACS Sens. 2021
Kucsko, et al. Nature 2013

Fu et al. Science 2014
Chigusa, Phys. Rev. D 2025



NV center as a probe for quantum materials

® Noninvasive method

® Atomic size—can be placed close to target
® (Can operate at room temperature

® (ptical readout and spin manipulations

® Pure spin states sensitive to magnetic field

Casola, van der Sar, Yacoby, Nat. Rev. Mat. 2018
Rovny, Gopalakrishnan, Jayich, Maletinsky, Demler, de Leon, Nat. Rev. Phys. 2024
Liu, ..., Chatterjee, Zu, arXiv:2502.04439



NV center as a probe for quantum materials

Noninvasive method

Atomic size—can be placed close to target
Can operate at room temperature
Optical readout and spin manipulations

Pure spin states sensitive to magnetic field
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Magnetic excitations
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Noise currents

Casola, van der Sar, Yacoby, Nat. Rev. Mat. 2018
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NV center as a probe for quantum materials

Complementary to conventional material characterization

e Noninvasive method 10" | STM
. . ” ; I\ 1 X-ray/Neutron
® Atomic size—can be placed close to target ; LEEM iy
10 | ARPES 2
® (Can operate at room temperature —
® (ptical readout and spin manipulations = .
. - . . C I
® Pure spin states sensitive to magnetic field S ISR
® % 10} NMR
L

3

10

Static | Lorentz Microscopy

Casola, van der Sar, Yacoby, Nat. Rev. Mat. 2018 . - X -
Rovny, Gopalakrishnan, Jayich, Maletinsky, Demler, de Leon, Nat. Rev. Phys. 2024 10 10 10 10°
Liu, ..., Chatterjee, Zu, arXiv:2502.04439 Length scale [nm]



NV center as a probe for quantum materials

Noninvasive method

Atomic size—can be placed close to target
Can operate at room temperature

Optical readout and spin manipulations
Pure spin states sensitive to magnetic field
Complementary to conventional material characterization
Various sensing platforms to suit different needs

Casola, van der Sar, Yacoby, Nat. Rev. Mat. 2018
Rovny, Gopalakrishnan, Jayich, Maletinsky, Demler, de Leon, Nat. Rev. Phys. 2024
Liu, ..., Chatterjee, Zu, arXiv:2502.04439

b Resolvable layer
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S High resolution
¢ Simultaneous readout

W Low coverage
 Inconvenient optical access

€ Ensemble layer
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© Nanostructure or membrane
10 x 10 nm?

S High coverage
« Fast imaging

v

« High resolution, coverage
« High collection efficiency

» Low resolution
« Challenging MW homaogeneity

% Slow

« Single point

v

» High collection efficiency
« No sample obstruction

e Low coverage
« Difficult to fabricate and handle




NV noise spectroscopy of quantum materials

® Mesoscopic dynamics and transport properties
® Mesoscopic phase transitions
e New magnetic phases/excitations...

Electron hydrodynamics

Liu, ..., Chatterjee, Zu, arXiv:2502.04439
Jenkins et al. Phys. Rev. Lett. 2022
Chatterjee, Rodriguez-Nieva, and Demler,
Phys. Rev. B 2019

Curtis, ..., Demler, Phys. Rev. B 2024
Ziffer et al. arXiv:2407.05614
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NV probe of spin dynamics and transport
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NV probe of dynamics and transport

o™ Spintronics

Vacancy¥+;

1Gb DDR4 commercial STT MRAM ©
256Mb DDR3 commercial STT MRAMO

4Gb STT MRAM ©
8 Mb embedded STT-MRAM for logic platform ©
64Mb DDR3 commercial STT MRAMO
32Mb STT-MRAM, 4Kb DW MRAMO
TMR HDD ©
Commercial STT MRAMO
4Mb commercial toggle MRAMO

Fleld based MRAM O DW logicp

AsL p
GMR based HDD
ase < DW RM memory’ ® SHE, VCMA switching

Spin oscillator p " Multilevel MTJ

TMR MRAMp s. LsVewitching
GMR MRAM ’ pin injection into channe

®STT with MgO-MTJ

Laser

Spin transistor } .'p-MTJ
m STTatRT
® TMRatRT

Spin valve e
. MgO based MTJ

* STT
e« GMR
Spin injection

Progress (Arbitrary units)

e TMR
SHE Liu et al. J. Comput. Electron. 2021
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NV probe of spin dynamics and transport
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Ex|. Charge-neutral transport channels

SZ and Tserkovnyak, Phys. Rev. B. Letter 2022
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Ex2. Spin transport in antiferromagnetic insulators
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Longitudinal spin density Spin diffusion constant
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Ex3. Different regimes of spin transport

Ballistic Diffusive
SN
Cod -
?
P 7 Anomalously large
2D spin conductivity
. R - .
-~ & NV spin & NV spin Wei, ..., van Wees, Nat. Mater. 2022
~ dO Fu]l . . - - .
i Ballistic < Momentum relaxation < Spin relaxation
: Diffusive
Ballistic

- '

» Length scales:

R a - Ay thermal magnon wavelength
-A dominating in spin diffusion
o
| NN -l magnon mean free path

-I, magnon diffusion length

Fang, SZ, Tserkovnyak, Phys. Rev. B 2022
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Ex4. Topological phase transition in 2D magnets
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Ex5. Spin fluctuations at magnetic domain walls
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MclLaughlin, Hu, Huang, SZ, ..., Du, ACS Nano Lett., 2022
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Summary

® |ntroduction to nitrogen-vacancy (NV) spin qubit

® Advantages of NV as a guantum sensor for quantum materials

® NV probing of spin dynamics and transport in qguantum materials

» Charge-neutral transport channels

» Spin transport in antiferromagnetic insulators
» Different regimes of spin transport

» Topological phase transition in 2D magnets

» Spin fluctuations at magnetic domain walls

SZ and Tserkovnyak, Phys. Rev. B. Letter 2022

Wang, SZ, ..., Tserkovnyak, Du, Sci. Adv. 2022

Fang, SZ, Tserkovnyak, Phys. Rev. B 2022

Potts, SZ, In preparation

MclLaughlin, Hu, Huang, SZ, ..., Du, ACS Nano Lett., 2022
MclLaughlin, Li, Brock, SZ,..., Du, ACS Nano, 2023
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