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Diamond nitrogen vacancy (NV) center gyroscopes benefit from a carbon-lattice with a low nuclear spin background which
stabilizes their electron and nuclear spins enabling long coherence times. Unlike gas-based nuclear magnetic resonance
(NMR) gyroscopes and spin-exchange relaxation free (SERF) atomic spin gyroscopes, the crystal lattice nature of diamond
allows NV center point defects embedded in them to function as quantum sensors even at room temperature and pressure.
These unique qualities combined with scalability and potential for miniaturization, make them crucial for both civilian and
military applications, especially in Global Positioning System (GPS)-denied environments and underwater explorations. Of
the various performance metrics of quantum gyroscopes, sensitivity emerges as the key parameter for most applications.
NV center gyroscopes are expected to reach sensitivity performance of gas-phase NMR and SERF atomic gyroscopes at a
scalability comparable to micro-electromechanical systems (MEMS). This review synthesizes the technological breakthroughs,
error compensation and mitigation measures driving improvements in sensitivity of NV center gyroscopes. The synthesis
highlights the trajectory and persistent challenges of the field, addressing a gap in qualitative review literature. An approximately
3.5-order-of-magnitude improvement in sensitivity, from experimentally demonstrated 4.7° /s/+/Hz (physical rotation, optical
readout, reported as 4.7°/+/s) to a model-predicted 1.5 m°/s/v/Hz (emulated rotation, cavity readout) has emerged from the
cumulative efforts of researchers working on NV center gyroscopes. Connections are made between classical and quantum

physics concepts and landmark research findings in the study of NV center gyroscopes to aid emerging researchers.
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Introduction

Gyroscopes are devices used for measuring angular veloc-
ity used in both consumer and defense applications. Iner-
tial sensors, primarily accelerometers and gyroscopes, pro-
vide an internal frame of reference for measurements, in lieu
of relying on an external frame of reference. In the recent
decades, with miniaturization of instrumentation, like micro-
electromechanical system (MEMS), driven by emerging ap-
plications, inertial sensors advanced to technologies with no
moving parts. Instead they use physical phenomena such as
vibrations, light interference, magnetic resonance, atomic in-
terference using cold-atom technology and solid state quan-
tum sensing for measuring parameters of interest . In spite
of demonstrated high levels of precision for short periods of
time, vapor nuclear magnetic resonance (NMR)>* gyroscopes
are fragile to magnetic fields. While spin-exchange pumped,
spin exchange relaxation free (SERF)*> atomic gyroscopes
still require vacuum chamber to minimize unwanted frequency
shifts from quantum interactions, this in addition to the high
temperature environments required for functioning.
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The next section briefly explores various instrumentation
errors that affect gyroscope performance. While all these pa-
rameters are consequential to practical use of these sensors,
this review focuses on sensitivity (closely related to angle ran-
dom walk) as the primary figure of merit, for two reasons.
First, sensitivity is the parameter most actively targeted by
current NV center gyroscope research, where improvements
are achieved through advances in fundamental physics such
as extended coherence times, improved bulk polarization, and
enhanced readout fidelity, which are explored further in de-
tail in this review. Second, sensitivity is the parameter where
NV center gyroscope research has made the most rapid re-
cent progress illustrated by the demonstrated-to-predicted im-
provement trajectory.

While this review focuses on sensitivity, the broader case
for continued NV center gyroscope research extends to ad-
ditional parameters not tracked in detail here such as bias
drift, long-term stability, multi-functional sensing and envi-
ronmental resilience. These are discussed briefly in the Con-
clusion but are not the principal subject of this review. The
spin exchange pumped NMR gyroscopes by Northrop Grum-
man achieved an ARW of 0.005°/v/h* (=~ 0.08 m°/s/+/Hz)
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at a size of 10 cm®, while research grade SERF-enhanced
K->He atomic gyroscopes have achieved a sensing volume
of 0.5 cm® for a sensitivity of 5 x 1077 rad/s/v/Hz> (=
0.029 m°/s/+/Hz). Jarmola et al. demonstrated a sensitiv-
ity of 4.7°/s/v/Hz® in a table-top rotation platform of ap-
proximately 35 cm diameter, with a reported size of com-
ponents in gum and mm scale which have the potential to
be scaled closer to the size of MEMS gyroscopes. MEMS
gyroscopes were classified for an ARW in the range of
0.05 —0.02°/+v/h (=~ 0.8 — 0.3 m° /s /+/Hz) for tactical grade
sensors and approaching < 0.002°/+v/h (=~ 0.03 m°/s//Hz)
for emerging navigation grade sensors!. At an achievable
ARW of 1.5 m°/s/v/Hz’, NV center gyroscope research
targets approaching NMR sensitivity range at MEMS range
size. MEMS is considered a mature technology with multi-
ple decades of engineering improvements reflected in current
commercial performance ' while NV center gyroscope tech-
nology is in nascent prototype stages®® with multiple physics
based pathways for sensitivity improvements®710 that take
advantage of the solid state medium as outlined in the com-
parative summary tables in this review.

Instrumentation errors

A challenge with inertial sensor errors has been the need for
supplemental sensors, and other compensation measures, to
correct for errors thus limiting their operational time with-
out external feedback from Global Positioning System (GPS).
These errors are categorized as following!': Angle random
walk (ARW), a noise induced angular error that accumulates
with time and closely related to sensitivity (8¢), defined as the
noise floor for detecting a rate signal per unit measurement
bandwidth, Bias drift - reporting small rotation when there is
none, Thermal noise - mechanical thermal vibrations created
due to heat from electronic components, temperature induced
frequency shifts, thermal electronic noise, Long-term insta-
bility - stemming from cumulative drifts affected by environ-
mental factors that are harder to predict, requiring frequent
recalibration or GPS assistance for accurate performance over
time and Calibration errors arising from errors in scale factors,
alignments etc.

Sensitivity, the minimum reading that can be reliably mea-
sured given the noise elements within the device, is tracked
as the primary parameter in this review to quantify and ex-
plore the accuracy improvements targeted by researchers ex-
ploring NV center gyroscopes. ARW and Sensitivity ()
are related mathematically by unit conversion. The scal-
ing factor comes from converting Hrs to secs and Hz to
Is: 1°/v/h =1°/,/(3600s) = 1°/60/+/s =~ 0.01667°//s =
16.67 m®/s/+/Hz, so a gyroscope with 1°/v/h ARW has ap-
proximately 16.67 m°/s/+/Hz sensitivity. While ARW mea-
sures accumulated error, sensitivity measures rate detection

floor per square root of bandwidth®®12. Calibration errors

scale with motion and do not accumulate over time, hence
these are easier to compensate periodically, while long term
stability requires magnetic shielding type mitigation. Solid
state sensors, such as diamond nitrogen vacancy (NV) center
gyroscopes, are relatively less prone to mechanical thermal
noise. Temperature compensated magnets, magnetic shield-
ing etc., are utilized to minimize bias drift and some of the
thermal noise components®!'!. Further correction can be ap-
plied using co-magnetometry, including concurrent magnetic
field measurement with a second, co-located spin species used
to subtract magnetically induced error etc., (see Discussion)
to compensate for bias and errors during postprocessing.

Introduction to NV center gyroscopes

In 2012 Ledbetter et al.!3 theoretically proposed the use of
diamond NV center gyroscopes as a tool for measuring ro-
tation using quantum spins, the quantum control of a sin-
gle NV center electron spin in a physically rotating diamond
was experimentally demonstrated by Wood et al.'* in 2018.
Following this, Soshenko et al.” demonstrated a proof-of-
concept nuclear spin gyroscope in 2021. Breakthrough ex-
periments by Jarmola et al., the same year, demonstrated the
first NV center gyroscope prototype with measured sensitivity,
paving the way for further research. NV Center gyroscopes
are analogs of NMR gyroscopes, which are also based on the
nuclear spin measurements for sensing but replace less stable
gas cells with stable diamond crystal lattice®. This facilitates
a stable frequency separation for measuring rotation-induced
shifts making these functional at standard atmospheric condi-
tions. These gyroscopes are projected to offer long-term sta-
bility, low drift, and resilience to environmental noise, com-
pared to MEMS gyroscopes at ambient conditions>!> making
them highly promising for navigation applications like GPS-
denied environments, like underwater, subterranean etc., or
long-duration autonomous systems.

This paper answers the question of how the critical parame-
ter of sensitivity has rapidly improved, the scientific advance-
ments that led to their improvement and the persistent chal-
lenges to achieving the ‘target’ sensitivity comparable to NMR
gyroscopes. While existing reviews address NV center sens-
ing broadly !> or general quantum sensing for navigation ',
none focuses on how the NV center gyroscopes sensitivity has
advanced since first 2021 demonstrations, addressing various
pathways being explored to improve their performance. It also
provides a brief background on physical phenomena that gov-
ern the functioning of NV center gyroscope. This includes
features from both quantum and classical mechanisms includ-
ing spin states, zero-field splitting, hyperfine and quadrupole
interactions, spin readout, bulk polarization, interference, co-
herence and resonance.
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The goal of NV center gyroscope researchers can be consol-
idated as achieving navigation grade accuracy at costs and size
of MEMS sensors for broader applications and scalability®.
Figure 1 compares the main classes of gyroscopes, viz., me-
chanical, optical including Fiber-Optic (FOG) and ring laser
(RLG), and MEMS, against the improving sensitivity of the
NV center gyroscope, the standard quantum limit (SQL) for a
given experimental configuration.

Methods

Search methods and selection criteria

A qualitative literature review of published literature in the
field of NV center gyroscopes was used to synthesize recent
advances and error minimization pathways being pursued by
current researchers. The review focused on papers published
between 2012 and 2026, drawing primarily from the more re-
cent works from 2021 onwards. Search was conducted using
public research databases including arXiv.org, Google Scholar
and Lens.org. Search criteria included a combination of key-
words: “NV center gyroscope” and “quantum sensor”’, ‘quan-
tum sensing” in the title and/or abstract. To understand the
advances made in adjacent but relevant field, ‘crystal growth’,
‘photon collection efficiency’, ‘multiparameter’ and ‘multi-
functional sensor’ were searched with the condition to include
NV center in the ‘text’ category.

The initial Lens.org search for ‘NV center’ returned ap-
proximately 4,700 scholarly works including journal articles,
preprints, dissertation, journal issues, reports and books pub-
lished between 2012 and 2026. Restricting the search to ‘NV
center gyroscope’ in abstract, resulted in only 31 scholarly
works, initial screening for duplicates reduced these to 27. Of
these, 20 were published 2021 onwards, highlighting the in-
creased momentum in the research of NV center gyroscopes.
The abstracts for the 27 articles, published between 2012 and
2026, were reviewed to understand the scope of each paper.
Ledbetter et al. provided a general theoretical framework for
functioning of an NV center gyroscope and provided histori-
cal context, while Jarmola et al. and Soshenko et al., presented
complete NV center gyroscope systems integrating multiple
subsystem alterations for overall sensitivity improvements and
were selected as core papers for the synthesis. Except for G.
Wang et al., the remaining 23 abstracts were excluded after
abstract review or full text review, for scope mismatch with
the review now focusing on sensitivity improvements. Ref-
erences from the two core papers were sought, based on the
citation title, context of citation followed by reviewing the ab-
stract where there was potential for scope match. Of the 79
combined references from Jarmola et al. and Soshenko et
al., 6 references focusing on general NV physics, NMR gy-
roscope, and inertial navigation along with 2 additional refer-

ences, for comparative or supportive points, were chosen. Pa-
pers focused on non-Nitrogen isotopes and those with findings
superseded by the core papers were excluded.

Ten additional references were identified using topic-based
searches, focusing on papers published post 2021 address-
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ing “photon collection efficiency”, “coherence time improve-
ment”, “cavity enhanced readout”, “multi parameter sensing”
and from reviewing the abstracts of more recent publications
by the previously identified 12 citations. Upon full paper re-
view, H. Wang et al. was found to also present a complete NV
center system focused on sensitivity improvements although it
was a model based emulated rotation model and hence chosen
as the third core paper for the synthesis. Three references were
added to address specific gaps in background physics for NV
electronic structure, standard quantum limit, quadrupole inter-
action, that were not adequately covered by the selected refer-
ences. Six additional references from adjacent fields, specifi-
cally gyroscope benchmarking, inertial navigation, sensitivity
formulas, were added during manuscript development to sup-
port comparative claims. A total of 31 papers were selected to
be included as references for this paper.

References for this review were accessed via arXiv.org, sci-
encedirect.com, APS Journals, except for books and open ed-
ucational resources accessed through library or their host sites.
During manuscript revision, some of the original citations
were swapped out preferring peer reviewed sources, and ci-
tations updated for the preprints that were published during
that time. The two preprints used were flagged at each citation
addition to the References section.

Synthesis method

Following a review of the papers, seven were selected for the
literature synthesis, with three categorized as core and four
as explorative. The core papers were selected for presenting
complete NV center gyroscope systems, experimental proto-
type or emulated model but an end-to-end design that inte-
grates multiple subsystem improvements toward overall sen-
sitivity enhancement. Exploratory papers were selected for
focusing on specific subsystem improvements of NV center
sensing such as photon collection efficiency, coherence time
protection, multi-parameter sensing, or material engineering,
which contribute to better functioning of NV center gyro-
scopes.

Background

In NV center gyroscopes, three phases are involved in sensing

angular velocity: initialization, precession and processing:
Initialization: To prepare the sensor for rotation mea-

surement, it is necessary to establish a known quantum state

© The National High School Journal of Science 2026

NHSJS Reports |3



Sensitivity improvement milestones vs. sensitivity ranges of gyroscope application classes
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Figure. 1 Demonstrated and predicted NV center gyroscope sensitivities compared against the sensitivity ranges of different gyroscope com-
mercial application classes. The horizontal axis is rotation-rate noise density in °/s/+/Hz on a logarithmic scale, lower numerical value being
desirable. Orange bars show the range of manufacturer-specified rate noise density for each application class, compiled from current vendor
datasheets following the survey of Passaro et al.3 Markers show NV center results by year: Soshenko et al. (52°/s/+v/Hz, 2021, green circle)
and Jarmola et al.(4.7° /s/+/Hz, 2021, blue triangle) are experimental demonstrations while the open square for H. Wang et al. (1.5 m°/s/v/Hz,
2025) is a model prediction. The open diamond and ‘x’ mark the standard quantum limit (SQL) evaluated for previous idealized proposals
prior to 2021 and H. Wang et al. configurations, respectively 7. The vertical placement of NV markers is for label readability only and does
not indicate class membership of cited works. Read chronologically, the markers show sensitivity improvements from the 2021 experimental
demonstrations to the 2025 model prediction with the projected SQL approaching navigation-grade performance.

through initialization. This is done through using specific res-
onant optical pumping laser combined with a radiofrequency
or microwave pulses to precisely orient the spins of the NV
center. The goal here is to get maximum number of electrons,
and hence the nuclei, into a specific quantum spin state i.e.,
polarization, in order to increase the accuracy of measurement
by having more data points.

Precession: After initialization, to sense rotation the NV
center must be allowed to precess for an interval. The rotation
of the gyroscope then affects electron spins, which are inter-
related with nuclear spins, together creating a stable change in
the NV center’s spin states. The NV center physical rotation is
either applied directly or encoded through signal pulse phase
changes into the precession changes of the quantum spins. The
structure of the NV center ensures that the encoded spin infor-

mation remains stable enough to be captured during process-
ing.

Processing: The final aspect of the gyroscope’s measure-
ment cycle involves measuring some parameter of the NV
center that can be used to read its spin change information
in order to measure actual rotation. Currently research on NV
centers typically measures changes in nuclear spin state be-
tween a known initial state and after rotation occurs, using
either optical readout® or resonant cavity readout systems’.
High intensity lasers pulse photons at standardized pulse se-
quence for optical readout NV center gyroscopes and use se-
quence of microwave pulses for interferometry to use the re-
sultant readout to determine the interval between split spin
states. The changes in fluorescence readout, by comparing dif-
ference in initial frequency and received frequency, measure
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the rotational movement in NV center gyroscopes using opti-
cal readout®. While cavity enhanced microwave mechanisms
adopt either dispersive readout or an electromagnetically in-
duced transparent (EIT) readout. Dispersive readout utilizes
a detuned probe to induce cavity frequency/phase shifts that
are read out for rotation measurement. EIT readout uses two
field interference that creates cavity transparency resonant at
the nuclear spin transitions. Rotation introduces a shift in this
resonance such that the linewidth of the readout is resolv-
able due to the narrower nuclear spin transition versus elec-
tron spin transitions 16, The former is more scalable and cost
effective, can be miniaturized further and while the latter pro-
vides higher readout fidelity, hence higher sensitivity to rota-
tion measurements.

Spins, spin states, quantum energy states

Electrons possess angular momentum and precession, so they
can be visualized as a collection of spinning charges which
generate a magnetic dipole. When these electrons pass
through a uniform magnetic field, they undergo Larmor pre-
cession. This can be visualized as a “wobble” determined by
the field strength and the particle’s gyromagnetic ratio '. Such
quantum spin can exist in two distinct states with two values
(eigenvalues of S, /h): +% or —%, referred to as spin up or spin
down, which correspond to specific energy levels.

The NV~ electronic structure consists of a triplet ground
state (CA»), a triplet excited state (3E), and intermediate sin-
glet states ('A; and 'E). The A, ground state is split by
~ 2.87 GHz zero-field splitting, into m; = 0 and my; = +1
magnetic sublevels, due to dipolar spin-spin interactions be-
tween the two unpaired electrons. Each m; sublevel is further
split by hyperfine coupling due to the '“N nuclear spin and
Zeeman interaction with applied magnetic fields. Optical ex-
citation by ~ 532 nm green light drives a transition from 34,
to 3E. From *E, two competing decay pathways are available,
a direct radiative decay back to A, producing red fluores-
cence and a non-radiative intersystem crossing (ISC) through
the singlet manifold mediated by spin-orbit coupling. This
branching is spin-selective with m; = 0 sublevels preferring
3E and my = £1 preferentially undergoing ISC. However, the
non-radiative decay from the singlet states back to >A, ground
state populates both m; = 0 and my; = 1 sublevels. Over a
few optical pumping cycles, this asymmetry of spin depen-
dent and spin independent shifting to and from energy states
produces net polarization of the ground state spin into m; = 0,
this is the mechanism that enables optical spin initialization in
NV center gyroscope operation . Although a nucleus acts as
a magnetic dipole similar to an electron it has a much weaker
magnetic moment because of its smaller gyromagnetic ratio.
This weaker interaction with the environment results in signif-
icantly longer coherence times and reduced sensitivity to mag-

netic noise compared to electron spins. Additionally, these en-
ergy states can be manipulated through microwave radiation
and radiofrequency for sensing 1.

DQ Ramsey magnetometry protocol

Papers reviewed for this synthesis utilize Double Quantum
(DQ)-Ramsey measurement protocols, since compared to Sin-
gle Quantum (SQ) protocols, the protocol doubles the signal
and cancels noise. An initial green laser (~ 532 nm) pulse po-
larizes the NV ensemble electron spins. This is followed by a
sequence of pulses (P;, P») utilizing RF for nuclear spin con-
trol and MW pulses for electron manipulation during Ramsey
sequence. The signals are read out and manipulated to can-
cel noise and enhance signal for rotation detection. Refer to
Figure 2 for a sample schematic.

Precession time is allowed (7) to accumulate phase shift due
to frequency change and rotation signal. Accumulated phase
A9 = fpq.T where fpq is the experimentally measured DQ
frequency, and phase shift due to rotation is 0 fpg = /7 for
a rotation signal of Q. For §fpg to produce maximum sig-
nal and thus increased sensitivity, the working point where
the slope of the Ramsey signal is maximum determines the
accumulation time. For processing, P, P> signals are re-
peated to now, with phase cycling, map the signal again
with the accumulated phase shift. Ramsey phase cycling
is applied to the signals such that, R = R; — Ry + R3 — Ra,
where Ry, Ry, R3 and R4 are a combination of P;, P, with
phase cycling: R; = Pi(+¢) — P2(+¢),R, = Pi(—¢) —
Py(+9).R3 = Pi(=9) = Po(=9),Rs = Pi1(+¢) — P2(—9),
with ¢ being the phase of the pulse generator and Pj, P, being
the first and second rotation pulse. Thus, the phase cycling
isolates the rotation induced phase shift while canceling noise
induced drifts in phase.

Based on the supplemental information provided in
Jarmola et al.®, sensitivity is then calculated as 5f =

L1 __ov)_ (L. 1 _ &V
(b ) == (4 oy )

where Vg, Vp are the voltage readout or a proportional sig-
nal readout for the high and low quantum energy states, Vj is
the brightness (normalization) of voltage fluctuations and C is
the contrast evaluated by Vy = Vi ;VL and C = %

Coherence time, 75, is determined by curve fitting the
Ramsey decay and determines maximum feasible preces-
sion time 7. N is number of data points such that N =
Npins-Nmeasurements; Where Ngpins are number of NV centers in
the diamond ensemble contributing to the measurements and
Nmeasurements are the number of repetitions of the DQ Ramsey
sequence. In the long coherence time limit, sensitivity im-
proves approximately as /N and \/Tj* based on the following

: 1 12
equation, 1 o< ———
! n YCy/N-T;

ter. The more data points there are, the longer the coherence

, smaller numerical value being bet-
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Figure. 2 Schematic of the double-quantum (DQ) Ramsey initialization and measurement protocol. The green laser block is the optical
polarization pulse (Pg) that initializes the NV electron spins into a polarized state. The first rotation pulse (P;), applied at frequency fi,
creates a coherent superposition state that accumulates phase during the free-precession interval; the second rotation pulse (P;), applied at
frequency f>, projects this accumulated phase back onto a measurable spin-state population. Arrows indicate the sequence of operations, and
the superposition states denote the coherent spin states whose accumulated phase encodes the rotation signal.

time and higher readout contrast help improve the sensitivity
of an NV center gyroscope setup, but 7, the nuclear gyromag-
netic ratio of the sensing nucleus, that is determined by the
isotopic material properties, needs to be lower. This is be-
cause rotation acts as an effective magnetic field and a smaller
Y amplifies the rotation induced signal vs noise. Also, C can
range from 0-1 while N and 75 can range in multiple orders
of magnitude, making them practically more impactful in af-
fecting the sensitivity value.

Standard Quantum Limit (SQL)

The standard quantum limit (SQL) for measuring any single
parameter in an NV center is the sensitivity ceiling for mea-
surements using ‘N’ independent (unentangled) spins. The
changes in variable being measured for are mapped as a pop-
ulation difference resulting in a ‘stochastic’ signal. Even for
ideal measurements, the existence of a projection noise of this
signal is the basis for SQL. SQL thus defines a minimum de-
tectable signal for detecting angular shifts in a single mea-
surement for an NV center gyroscope and this is proportional
to 1/v/N 2. However, this scaling can be improved if N quan-
tum probes are entangled and act as single quantum system,
enhancing the scaling to 1/N, this is called the Heisenberg
limit, which is an absolute quantum-mechanical sensitivity
ceiling !,

The SQL value for a given NV center gyroscope setup, for
both experimental and emulated models, is also determined
using the parameters that are part of the sensitivity equation
discussed in the previous section such as: ensemble size N,
coherence time 75" and readout contrast C, photon collection
efficiency and integration time. While the setups of earlier

NV gyroscope proposals had an SQL near 0.1 m°/s/+/Hz,
the larger NV ensemble modeled by H. Wang et al.” yields
an SQL near 0.04 m°/s/+/Hz, this is a consequence of the
1/4/(N-T) scaling and not a result of change in the readout
scheme. The cavity-enhanced readout instead aids in closing
the gap between sensitivity achieved and the SQL”. To ap-
proach SQL optimizing the parameters involved in the sensi-
tivity equation is required while to approach Heisenberg limit,
it additionally requires maintaining entangled NV ensembles.
Scaling of such approaches has not been pursued in this litera-
ture review, however the gap between achievable H. Wang sen-
sitivity value of 1.5 m°/s/+/Hz and set-up determined SQL
indicates active research in this area.

The physics of the Hamiltonian and splitting

For an NV center gyroscope, the Hamiltonian, a mathematical
operator, serves as a representation of various energy states,
where the splitting between levels changes based on the in-
teractions between nuclear and electron spins within lattice
structure, and the applied magnetic field strength!>. Equa-
tion for Hamiltonian of an NV center is customized for each
experimental or modeling setup based on initialization, pre-
cession and processing parameters and the NV axes engaged
in the process. “Splitting” in the context of NV center gyro-
scopes Hamiltonian, refers to the creation of new, distinct en-
ergy states from an original homogeneous (degenerate) state,
driven by interactions with adjacent electromagnetic fields or
other spins. Few key splitting mechanisms are discussed be-
low where S is Electron spin vector for the relevant axis, Iy,
Ic, the Nitrogen and Carbon spin vectors, A is the nominal
ZFS value, B the external magnetic field, 7., v, ¥c the elec-
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tron, Nitrogen and carbon gyromagnetic ratios, A the hyper-
fine tensor and Q the '*N quadrupolar term. The NV center
Hamiltonian that defines the energy structure involves elec-
tronic zero field splitting (ZFS), Zeeman effects, Hyperfine
term for coupling between electron spin and N nuclear spins
and a nuclear quadrupolar component. For gyroscope applica-
tions using NV centers, the physical rotation is captured by
the Zeeman term enabled by stable triplet state and result-
ing stable frequency separation'>. For a single NV center,
14N, in the ground state S = 1 electronic triplet state coupled
with I = 1, the ZFS terms for electron and nuclear spin are
~ 2.87 GHz and —4.945 MHz%". Additional interactions in-
clude coupling with nearby carbon nuclei, microwave drive
fields and field misalignments that contribute as noise sources
that limit coherence time and sensitivity. The specific terms
and interactions included are dependent on the experimental
setup parameters such as the isotope choice, magnetic field,
axes of application and readout method®7.

Electronic Zero Field Splitting (ZFS) AS2 + E(S7 — S7), in
NV centers, is caused by the anisotropic dipolar interaction
of its two unpaired electron spins!>. This interaction initi-
ates a triplet state mainly resulting from the longitudinal ZFS

component AS?. E(S? — Sg) the transverse zero field splitting

component, is negligible under normal lattice conditions '8,

This is the characteristic of the NV center defect intrinsically.

Magnetic Dipole-Dipole Interaction, AyS * Iy, occurs in the
NV center due to dipole-dipole interactions owing to the pres-
ence of a nuclear magnetic moment (non-zero nuclear spin)
and an electronic magnetic moment (spin-1). This interaction
causes coupling between the electron and nuclear spins, and
further splits the triplet electron spin states, originally caused
by zero-field splitting (ZFS), into sublevels based on the nu-
clear spin states prior to introduction of any magnetic field 3.

Electric Quadrupole Interaction (EQI), QIZZ, refers to the ef-
fects of the local electrical field gradient (EFG) on the nuclear
quadrupole moment. In NV centers, the '*N nuclei experience
this interaction because they have a non-spherical charge dis-
tribution, since they are spin-1 systems '®. In the case of nu-
clei experiencing EQI, the phenomenon can also be referred
to as Nuclear Quadrupole Interaction. Before polarization,
the quadrupole interaction separates the m; = +1 and m; =0
energy levels by —4.945 MHz aligned to the N-V axis with
a gyromagnetic ratio Yy = 0.307 kHz/G, removing their de-
generacy®’. Unlike in certain NMR and atomic gyroscopes,
where EQIs can cause unwanted frequency shifts, the EQI in
diamond NV center gyroscopes provides a stable frequency
separation for measuring rotation-induced shifts®.

Zeeman shifts, y,B*S+ yyB * Iy, + YcB * I¢c;, are fundamen-
tal to NV center gyroscopes. Applying a magnetic field ‘B’
along the NV (C3) crystal lattice symmetry axis induces Zee-
man shifts in both electron and nuclear +1 spin states, cou-
pling the electron spin S, the nitrogen nuclear spin /y and any

nearby carbon nuclear spin /¢ within the NV center. Remov-
ing degeneracy between the my; = =1 in both electron ground,
excited states and separately removes m; = +£1 states degen-
eracy. The creation of triplet states in nuclear and magnetic
spin is typically used for measurement, since they are defined,
stable, and enable multiple transitions .

The NV~ center’s optically excited triplet state (*E) has a
room-temperature zero-field splitting of ~ 1.4 GHz between
its mg = 0 and mg = +1 sublevels. When an external magnetic
field is applied along the NV symmetry axis, the Zeeman ef-
fect shifts the mg = —1 sublevel toward mg = 0, at a rate set
by the electron gyromagnetic ratio (7, ~ 2.8 MHz/G for NV
center).

At an axial field of ~ 500 G the Zeeman energy (¥.B ~
1.4 GHz) matches the excited-state zero-field splitting and the
two sublevels become nearly degenerate (i.e., same energy
level), this is referred to as the excited-state level anti-crossing
(ESLAC). The degeneracy near ESLAC makes direct optical
polarization of the '“N nuclear spin efficient. Under green
optical pumping the spin-selective intersystem crossing polar-
izes the NV electron spin into mg = 0. Jaskula et al. noted
that near the ESLAC, the hyperfine interaction strongly mixes
the nearly degenerate electron—nuclear states thus permitting
electron—nuclear flip-flops in the excited state. This results in
the transfer of the optically generated electronic polarization
to the '*N nucleus. Repeated optical cycles then pump the
coupled system into the [mg = 0,m; = +1) state with demon-
strated polarizations of about 95% at ~ 420 G by this mech-
anism'®. The same excited-state flip-flops make the NV flu-
orescence intensity depend on the nuclear spin state. Jarmola
et al. used this principle for their all-optical readout gyro-
scope. By providing optimal conditions for optical polariza-
tion and readout, near ESLLAC, both initialization and readout
of the sensing nuclei are accomplished optically®. Hyperfine
term quantifies the strength of internal interaction between the
electron and nuclear spin states. The operation of an NV cen-
ter gyroscope also relies heavily on other physical phenomena
especially the optics, waveform interactions such as interfer-
ence, resonance required to read, isolate and magnify the sig-
naling of the spin states through photoluminescence for opti-
cal readout and amplitude frequencies for dispersive readout
or the transparency features based EIT readout for resonant
cavity-based type gyroscopes *7-1¢.

Results

Over the past 5 years NV center gyroscope research has re-
sulted in ability to improve the sensitivity of these inertial
sensors by about 3.5 orders of magnitude to model-predicted
1.5 m°/s/+/Hz”. With a diamond Nitrogen vacancy center,
using different polarization methods, measurement protocols,
error compensation, error mitigation methods or base material
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used for NV center, these researchers were able to explore pa-
rameters that have significant impact on sensitivity on these
quantum sensors. The study characteristics, summarized in
Table 1 and Table 2, present comparative highlights of the core
and explorative papers reviewed. These tables are followed by
an applied analysis of the papers.

While the core papers establish feasibility, the exploratory
papers focus on niche areas to identify the parameters that can
move the sensitivity closer to the SQL (for measurements not
involving entanglement) and Heisenberg limit (for measure-
ments utilizing entanglement). The review anticipates future
research to increase focus on miniaturization along with fur-
ther improvements in sensitivity.

Discussion

Theoretical and applied synthesis

Following the first experimental demonstration, improvements
in NV center gyroscope sensitivities targeted a combina-
tion of bulk polarization, improved optical efficiency and in-
creased coherence times along with some material-based im-
provements, magnetic shielding and other error compensation
mechanisms. Due to the absence of a uniform basis for re-
porting sensitivity and limited literature, direct quantitative
comparison of sensitivity figures is limited. Reported val-
ues are a result of experimentally demonstrated vs model pre-
dicted, emulated vs physical rotation, optical vs cavity en-
hanced readout etc. The improvements cited in this review
represent a span of experimental and modeled setups, focus-
ing on sensitivity achievable at a scalable form factor, such
as MEMS gyroscopes. This is to illustrate the trajectory of
theoretical and experimental progress in the field where re-
searchers are exploring various pathways towards achieving
the same goal, viz., sensitivity of NMR/SERF gyroscopes with
a MEMS scale device.

Polarization

In early 2021, Soshenko et al.® demonstrated a proof of con-
cept NV center gyroscope that uses recursive cycling at low
magnetic fields for increased polarization and measures nu-
clear spin indirectly as means to measure angular rotation®.
That same year, breakthrough experiments were conducted
by Jarmola et al.% utilizing direct optical polarization enabled
by operation near ESLAC (see Background) with a strong
external magnetic field at ~ 500 G to maximize polariza-
tion, achieve stable nuclear spin states and an all optical di-
rect readout of nuclear spin state”®> with a measured sensitiv-
ity of 4.7° /s/+/Hz. This pioneering research demonstrated a
solid-state NMR gyroscope prototype based on nuclear spins
NV centers in diamond. Their implementation included nu-
clear DQ Ramsey measurement schemes, use of temperature-

compensated magnets, magnetic shielding, and robust pulse
protocols to reduce the influence of temperature and magnetic
field drift for improved stability. Jarmola et al.® noted that en-
hanced fluorescence detection can further improve sensitivity
by adjusting the laser power and photon collection efficiency®.
To help understand the effect of using different engineered
NV centers, Soshenko et al.?* determined that optimization
of MW pulse improves population of target state by 15%, but
only in the case of dense nitrogen-vacancy ensembles. In addi-
tion to polarization, optical efficiency is also being improved.
Mounting a diamond onto a conical diamond anvil to improve
fluorescence detection demonstrated to improve optical effi-
ciency by a factor of 3.8%°. Recent experiments using nanodi-
amond in a nano antenna have demonstrated the optical effi-
ciency approaching unity for NA > 0.82° for a single diamond
NV center.

Coherence time

Analyzing the nuclear spins of the NV center is generally the
superior method for measuring rotation as compared to elec-
tron spins for better coherence times, because electron spin
coherence dephasing time is ~ 1.4 us while it is ~ 58 us
for "N nuclear spins?®. Bauch et al.?’ demonstrated more
than a 10x increase in NV electron-spin dephasing time (75)
via quantum control, spin bath combined with DQ coherence,
showing that improved dephasing time translates to direct im-
provements in sensitivity. Coherence times can be improved
by decoupling methods to minimize the effect of small mag-
netic field noise that would otherwise shorten spin relaxation
and dephasing time. Decoupling methods such as spin bath
driving rely on actively refocusing noise fields or averaging
out fluctuations. G. Wang et al. '° demonstrated improved sen-
sitivity in an emulated gyroscope using YNV~ diamond cen-
ter, by developing coherence protection based on controlling
the NV electronic spin. The strong intrinsic longitudinal field
suppresses the transverse magnetic noise, and DQ 7 pulses
then compensate for the effects of hyperfine interactions. This
results in the improved coherence time compared to their ex-
periment without coherence protection. They utilized PNV~
(spin-1/2, no quadrupole) in contrast to the core papers that
use "“NV~ (spin-1, w/quadrupole), however, they concluded
that in spite of no quadrupole noise, the coherence time is not
longer for ISN'V~, but has the advantage of better control, eas-
ier polarization due to fewer available energy states and ability
to cancel multiple hyperfine interactions such that coherence
time is limited by only longitudinal magnetic field. By identi-
fying and decoupling the underlying microscopic interactions
within the diamond material, Han et al.>® were able to achieve
a fourfold improvement to coherence time for electron spin of
a single NV center and note its universal applicability for min-
imizing microscopic noises. Their demonstration exceeded
the empirical limit, approaching a physical limit for solid-state

8 | NHSJS Reports

© The National High School Journal of Science 2026



Table 1 Comparative highlights table for core papers.

Jarmola®

Soshenko®

H. Wang et al.’

Sensor basis

14NV_

14Nv—

14Nv—

Spin type and Readout
Method

Direct optical readout of the
nuclear spin

Indirect optical readout of
nuclear spin using electron
spin

Optical spin state initialization
Readout using Resonant cavi-
ties

Rotation Type

Rotating platform

Rotating platform

Emulated rotation

Polarization

Direct optical double Radio
Frequency (RF)

Recursive Microwave
(MW)-RF cycling at low
magnetic fields

Nuclear spin-based NV center-
cavity coupling wunder two
steady-state two-field driving
conditions

Measurement Protocol

DQ Ramsey type pulse seq.
for optical readout

DQ Ramsey type pulse seq.
for optical readout

Resonator MW  signal to
achieve EIT for shape, linewidth
and amplitude readout

and better magnetic shield-
ing w/ temp stabilized mag-
nets for improved resilience
to environmental magnetic
fields.

roscopes.

Findings Demonstrated sensitivity of | Proof of concept with a | Model-predicted sensitivity of
4.7°/s/\/Hz. measured  sensitivity of [ 1.5m°/s/v/Hz
52°/s/+/Hz.
Recommendations  for | Increasing photon collection | Further research into low | Applying two field theory to
improvements efficiency, spin bath driving | drift compact solid-state gy- | non-linear, bistable and mas-

ing without inversion (MWI)
regimes in addition to optimiz-
ing spin refrigeration and sys-
tem parameters

Critical assessment

Direct optical readout out-
performs the indirect elec-
tron mediated readout on
sensitivity because of elim-
inating reliance on the tem-
perature, field sensitive elec-
tron spin microwave steps
needed for indirect read-
out. Photon collection losses
dominate the gap with SQL.

Indirect readout via elec-
tron spin adds microwave
steps introducing additional
errors requiring the authors
to add co-magnetometry, co-
thermometer feedback loops
that penalized the sensitiv-

ity.

This is a predicted model with
no experimental gyroscope vali-
dation yet. The resonator poses
challenges for miniaturization
unlike all optical readout de-
signs. Though resonance can
magnify errors, for long term
use, co-magnetometry was pro-
posed to manage this.

spin coherence time. Pfender et al.?° focused on avoiding co-
herence time limitations by mapping the NV state to a nuclear
spin, used as a non-volatile memory, can help overcome the
spin relaxation time limits.

Processing Improvements

Eisenach et al.3 demonstrated a cavity enhanced microwave
readout method that achieves unity contrast and avoids the
photon shot-noise limitations of optical readout by probing
spin defects at their resonance frequency using a microwave
signal. Kozodaev et al.'®, in their preprint source, proposed
dispersive readout using a resonator with two geometrically
orthogonal modes to reduce the effect of shot noise on sen-
sitivity by at least a factor of four reporting a magnetic field
sensitivity of 0.15 pT. H. Wang et al.” adopted a two field

interference to directly probe nuclear transitions for cavity en-
hanced microwave readout. Their model predicted sensitivity
is unvalidated with no peer studies yet achieving results at a
similar scale.

Magnetic Shielding

The NV center is naturally an excellent magnetometer; hence
it is highly sensitive to external fields which can introduce er-
rors in rotation sensing and can reduce the coherence time.
So, beyond readout, precise magnetic shielding is required to
ensure that the gyroscope measures rotation rather than envi-
ronmental magnetic noise. Effective shielding systems typi-
cally combine materials like low-carbon steel, magnets, and
aluminum to shape the magnetic field with extreme accuracy.
Shielding made using high-permeability nickel—iron alloy (u-
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Table 2 Comparative highlights table for explorative papers.

proved sensitivity

optical readout

sor

Lubotzky et al.?" G. Wang et al. 1* Isogawa et al.?! deQuilettes et al.”?

(Preprint source)
Parameter  tar- | Photon collection effi- | Coherence time im- | Use of NV center as | Temp stable, crystals
geted for im- | ciency/ Improvement of | provements a Multifunctional sen- | w/high-quality uniform

crystal defects for bulk
polarization

by Original Au-
thors

posed by the author in
this journal research ar-
ticle referenced.

tum memories to al-
low for error correction,
and quantum networks
with improved coher-
ence time. Using en-
hanced transverse Zee-
man coupling helps un-
derstand magnetic noise
due to spin bath and
will help with magnetic

conditions were uti-
lized - repeat under
realistic  conditions.
Future research in-
cludes pulse sequence
and Hamiltonian
techniques devel-
opment for other
parametric measure-
ments such as electric

Results Photon collection effi- | 15x reduction in de- | The authors achieve | Authors achieved 300%
ciency ~ 80% and ap- | phasing time; ~ 10X | linear sensitivity [ improvement in magne-
proaching unity for nu- | improvement in sen- | scaling for multiple | tometry using machine
merical aperture (NA) | sitivity for emulated | parameters for a more | learning.
= 0.5, for NA > 0.8 re- | model compared to | practical quantum
spectively. experimental setup w/o | sensing future.

coherence protection.

Strategy Readout efficiency en- | Hyperfine interactions | Leveraging Bell states | Plasma-enhanced
hanced by integrating | enhance transverse | measurement and | chemical vapor depo-
them into hybrid metal- | magnetic noise, but | electronic-nuclear sition (PE-CVD) can
dielectric nanoantennas | strong longitudinal | spin  entanglement, | provide the ability to
and ultraprecise deter- | field suppresses this, | enabled estimation of | tailor material devel-
ministic positioning. using DQ 7« pulses | three parameters from | opment for quantum

then compensates for | a single measurement | applications.
hyperfine interactions | sequence, at room
for improved coherence | temp.
time.
Recommendations | Next steps were not pro- | Applications in quan- | Ideal  experimental | Tailored materials, and

ML framework can op-
timize other Figure of
Merit (FOM)’s for color
centers in diamond.

ter while functional gy-
roscopes require large
ensembles on bulk dia-
mond. Transfer of this
efficiency gain to rota-
tion sensing is untested.

uration, the sensitivity
is worse than ensemble
demonstrations. The
proposed protocol is the
primary contribution.

scopes. Experimental
conditions are ideal
per authors, and noise
floor is unquantified.

sensing. field, temperature,
pressure etc.
Critical  assess- | Focuses on curbing pho- | Strongest quantified | Demonstrates en- | This model-based ma-
ment ton collection loss that | coherence gains among | tanglement assisted | chine learning guided
dominates the ~ 10* | reviewed literature. | multiparameter esti- | PE-CVD growth im-
gap to SQL in demon- | Though the electron- | mation for microwave | proves the parameters
strated NV gyroscopes | spin only control was | driven parameters | N & T,, on which
but has only been tested | tested on a single NV | and hence indirectly | every other approach
on a single NV cen- | in an emulated config- | applicable to gyro- | depends, the 300%

figure-of-merit gain is
for magnetometry not
rotation sensing.  Its
benefit to gyroscopes
is multiplicative but
unvalidated in  any
rotation demonstration.
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metal) redirects or channels external magnetic fields (from the
Earth, electronic equipment, or lab noise) through the shield’s
material instead of penetrating into its interior creating a noise
free zone for the sensor. Jarmola et al.® used low-carbon steel
for this purpose. Though not discussed in most of the papers
referenced for this review, externally applied magnetic shield-
ing is the compromise while newer engineered materials and
fabrication methods are developed.

Temperature compensated and temperature stable magnets
reduce magnetic drifts by minimizing their introduction®. In
addition to shields, further correction can be applied using co-
magnetometry to compensate for bias and errors during post-
processing. Passive shielding cannot remove residual mag-
netic drifts inside the shield; this can however be corrected
actively by co-magnetometry. When a stray magnetic field
B shifts the nuclear precession frequency through the nuclear
Zeeman term %,B, causing a phase accumulation that is indis-
tinguishable from the rotation signal, it establishes a sensor’s
noise floor’. A co-magnetometer resolves this issue by utiliz-
ing a second spin species in the same volume using the NV
electron spin to measure the magnetic field concurrently. Be-
cause the electron gyromagnetic ratio exceeds the '*N nuclear
one by roughly four orders of magnitude, the electron spin
is ideal for measuring magnetic field changes while the nu-
clear spin retains the rotation signal. The electron-spin mea-
surement is then used to compensate the phase accumulation
within the noise floor so that rotation can be measured more
accurately.

Jaskula et al. demonstrated this principle experimentally in
an emulated NV spin gyroscope by having the NV electron-
spin ensemble provide active feedback, based on environ-
mental magnetic fields, to stabilize the nuclear Ramsey sig-
nal'®. 1In the cavity-based proposal of H. Wang et al.”,
a co-magnetometer is implemented as a second microwave
probe tone addressing a third nuclear hyperfine sub ensem-
ble. This helped them achieve a magnetic-noise-limited floor
of 1 m°/s/+/Hz while degrading the EIT rotational sensitivity
by less than 1% and provided direct drift correction. Sepa-
rately, the same platform uses the four crystallographic NV
axes for vector rotation resolution while minimizing crosstalk
between sub ensembles.

Other factors currently being researched

Error mitigation and advanced materials, fabrication methods
also play an important role in improving sensitivity of the NV
center gyroscopes. Berzins et al.3!, experimentally character-
ized the impact of MW phase noise on the noise floor of an NV
sensor and proposed ways to predict, suppress these. Isogawa
et al.?!, experimentally demonstrate multiparameter estima-
tion using the NV center in diamond, making a case for mul-
tifunctional use of NV center multi-sensors. According to the
preprint source by D. W. deQuilettes et al.??, advanced growth

techniques, especially plasma-enhanced chemical vapor depo-
sition (PE-CVD) enables development of tailored materials for
specific quantum applications.

For the three phases of NV gyroscope sensing described
in the background section viz., initialization, precession and
processing, there are both intrinsic and external limitations
in reaching the SQL for sensitivity of 0.04 m°/s/ VHz, for
the cavity enhanced EIT readout setup’. In the initialization
phase, the bulk polarization efficiency can improve the num-
ber of data points to minimize some of the errors. For optical
readout, a major challenge is photon collection. Due to the
high refractive index contrast between diamond and air, a siz-
able portion of the emitted light is reflected into the diamond
instead of escaping to the detector. To reduce this loss, various
methods are used, including polishing the diamond for regu-
lar emittance, applying anti-reflective coatings, and utilizing
condensers or immersion lenses to capture a higher fraction
of the fluorescence. Nanodiamonds with nano antennas have
been shown to improve photon efficiency to near unity but its
applicability to angular momentum sensing needs to be stud-
ied. On the other hand, cavity resonance readout-based se-
tups, while more accurate in the short term, lack the stability
of full optic readout because they tend to amplify error sig-
nals through the inherent resonance mechanism. These are
also more difficult to scale down due to the setup requiring a
resonator. Isotopic engineering with '3C or >N nuclei is still
under investigation for use in NV centers, denser NV centers
also improve polarization in general and are currently being
evaluated®*. Focusing on NV centers based on Nitrogen iso-
topes vs Silicon vacancy (SiV) centers or rare-earth ion gyro-
scopes, is a limitation that the author wants to address in the
future. Alongside performance enhancements, miniaturiza-
tion remains a primary goal to move these devices from exper-
imental and prototype setups to practical applications. There
are very few groups of researchers focused on NV center gyro-
scope research, limiting the breadth of selection criteria used.
This combined with heterogeneity of readout methods and ro-
tation encoding etc., precludes a quantitative meta-analysis.
Currently, there is a strong push for further miniaturization
along with sensitivity improvement.

Conclusion

This review paper analyzed various key technological ad-
vances and their impact on the sensitivity of an NV center gy-
roscope. Key challenges include scaling polarization, extend-
ing coherence times, and achieving miniaturization®, which
are steadily being overcome. This review concludes that a
combination of multiple techniques may be needed to reach
the target sensitivity of NV center gyroscopes. These include
avoiding coherence limits through mapping the NV state to
a nuclear spin memory 2, identifying a more suitable engi-
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neered higher NV density isotope, scalable resonant cham-
ber for cavity-based gyroscopes or nanoantenna with nanodia-
monds for full optical gyroscopes along with advances in ma-
terials, fabrication methods. While this review does not fo-
cus on system-level integration challenges such as electron-
ics, magnetic shielding mass, and laser systems, such mea-
sures will improve the performance of NV center gyroscopes
as noted in the instrumentation errors section.

Diamond NV center gyroscopes are expected to offer dis-
tinct advantages for military and defense applications, par-
ticularly in environments where GPS is denied or unavail-
able, potentially for underwater, underground, long duration
autonomous missions?. Their solid-state nature could make
them highly resilient to vibration, temperature fluctuations,
pressure changes, and g-shocks, allowing them to possibly
outperform MEMS gyroscopes in harsh conditions.

Over a short span, NV center gyroscope research has im-
proved sensitivity of these inertial sensors by about 3.5-
order-of-magnitude from an experimentally demonstrated
4.7°/s/v/Hz® (physical rotation, direct optical readout), to
model-predicted 1.5 m°/s/+/Hz’ (emulated rotation, cavity-
enhanced readout). The SQL for NV center ensemble sen-
sor modeled by H. Wang evaluates to 0.04 m°/s/v/Hz ver-
sus the 0.1 m°/s/+/Hz benchmark for the smaller ensembles
from previous NV center gyroscope setups’. Although liter-
ature reviewed is limited and it is not feasible to have a di-
rect performance comparison across studies that use differ-
ent readout methods, rotation encoding approaches, and ex-
perimental scales; based on the critical analysis of the liter-
ature in the field the author finds that the NV center gyro-
scopes’ performance is rapidly improving and with continued
research, these sensors can attain the goals of sensitivity ap-
proaching gas phase NMR and miniaturization approaching
MEMS scale. Such improvements combined with the poten-
tial of a solid-state, mass producible components can help NV
center gyroscopes approach the cost profile of MEMS in lieu
of navigation-class gyroscopes, making these quantum sens-
ing devices well positioned for wide adoption in the defense

and civilian applications®.
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