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Shallow nitrogen-vacancy (NV) centers in diamond are promising nanoscale quantum sensors, yet their
coherence is strongly limited by surface-induced noise. Surface adsorbates are widely believed to be a
major source of decoherence. Here, we test this assumption by characterizing shallow single NV centers
under ultrahigh vacuum (UHV) conditions, where the diamond surface is kept free of adsorbates, and
comparing their behavior to ambient conditions. Surprisingly, we observe a ∼4× reduction in the Hahn
echo coherence time T2 in UHV. By combining Hahn echo measurements in the single-quantum and
double-quantum (DQ) bases, we separate contributions from different noise sources and find that both
electric and magnetic noise are enhanced in UHV. In contrast, T1 measurements reveal an increased DQ T1

in UHV, indicating suppressed electric field noise in the ∼100 MHz frequency regime. These results point
to a modification of the surface noise spectrum upon adsorbate removal, with different frequency regimes
arising from distinct microscopic mechanisms. Specifically, we find that the low-frequency noise is
consistent with increased surface charge in UHV that can be compensated by surface adsorbates in
ambient conditions. Our findings highlight a complex and previously underappreciated role of surface
adsorbates in shaping the noise environment of shallow NV centers, with important implications for
nanoscale quantum sensing.

DOI: 10.1103/jc77-2nvb

I. INTRODUCTION

Nitrogen-vacancy (NV) centers in diamond have been
explored as powerful nanoscale quantum sensors, enabling
the detection of magnetic, electric, and thermal signals
with exceptional spatial resolution and sensitivity [1–5].
Their unique combination of optical addressability and
long spin coherence times under ambient conditions
has enabled applications ranging from biological signal
detection to studies of condensed-matter systems [6–11].
To further enhance sensitivity, it is essential to minimize
the distance between the NV center and the target
system, motivating the development of shallow NV centers
located only a few nanometers beneath the diamond
surface [11–16].

However, bringing NV centers closer to the surface
introduces significant challenges. Shallow NV centers
typically exhibit reduced spin coherence times (T2)
[13,16–18] and increased charge state instability [19–23],
both of which degrade sensing performance. These effects
are widely attributed to surface-related noise, yet the
microscopic origins of this noise remain incompletely
understood. Identifying and disentangling dominant
noise sources is therefore essential for realizing the
full potential of shallow NV-based quantum sensing
applications.
Several mechanisms have been proposed to contribute

to decoherence and instability in shallow NV centers.
Electric field noise arising from fluctuating surface
charges has been shown to play an important role [24].
In addition, structural defects at or near the diamond
surface—including sp2-bonded carbon and other surface
states—can introduce deep electronic trap states that
contribute to noise [25]. Furthermore, subsurface damage
resulting from ion implantation, such as multivacancy
complexes, can act as sources of paramagnetic noise
and degrade the coherence of nearby NV centers [26,27].
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In parallel, the diamond surface itself is a complex and
dynamic environment. Under ambient conditions, surfaces
are typically covered by adsorbates, including adventitious
carbon, water, and other contaminants whose composi-
tion depends sensitively on the surrounding atmosphere
[28–30]. These adsorbates, along with variations in surface
termination, are known to influence surface conductivity
and electronic structure [31–33]. Despite extensive study,
their specific contributions to the noise of shallow NV
centers remain difficult to isolate due to the coexistence of
multiple competing effects.
Ultrahigh vacuum (UHV) provides a controlled envi-

ronment to systematically investigate these surface-related
phenomena by removing adsorbates and enabling repro-
ducible surface preparation [34]. By studying NV centers
in a well-defined surface environment, UHV experiments
offer a unique opportunity to disentangle the relative
contributions of adsorbates, surface defects, and subsur-
face damage to NV decoherence and charge instability.
Furthermore, such studies are essential for the engineering
of diamond surfaces, particularly for applications involv-
ing hydrogen-terminated diamond and other functional-
ized interfaces [35].
In this work, we directly compare the properties of

the same individual shallow NV centers under ambient
and UHV conditions. By performing longitudinal (T1)
and transverse (T2) relaxation measurements, we
extract detailed information about the underlying noise
environment and its dependence on surface conditions.
Specifically, we measure NV spin dynamics in both the
single-quantum (SQ) and double-quantum (DQ) bases to
disentangle electric and magnetic noise contributions,
analyze the depth dependence of noise rates to identify
microscopic origins, and reconstruct the noise spectrum
through dynamical decoupling measurements. This
approach allows us to isolate the role of surface adsorbates
and probe the dynamics of the vacuum-diamond interface.
Our results provide new insights into the mechanisms
limiting shallow NV performance.

II. COMPARISON OF NV CENTERS
IN AIR AND IN UHV

To investigate the influence of surface conditions on
shallow NV centers, we directly compare their properties
under ambient air and UHV conditions. The diamond
sample is loaded into a custom-built UHV chamber (see
the design of the chamber in Ref. [34]), where it undergoes
an in situ anneal at 350°C to remove surface adsorbates
[Fig. 1(a)]. Details of diamond sample preparation and the
UHV annealing procedure are provided in Appendix A.
During measurements, the chamber pressure is maintained
at approximately 5 × 10−10 mbar, with the residual gas
composition dominated by hydrogen. Under these con-
ditions, the diamond surface is expected to remain largely
free of adsorbates throughout the experiment, as confirmed

by the experiments presented in Ref. [34] and Appendix L.
To further verify this, we performed NV NMR measure-
ments targeting the proton signal from surface adsorbates
and observed no detectable proton signal under UHV
conditions. Details of these measurements, together with
an estimate of the surface proton density, are provided in
Appendix C.
One key aspect of this study is the one-to-one com-

parison of the same individual NV centers measured in air

(a)

(c)

(d)

(b)

FIG. 1. (a) Schematic of a near-surface NV center in diamond.
Under ambient (air) conditions, the diamond surface is covered
by adsorbates such as water and hydrocarbons, whereas
under UHV conditions, these adsorbates are removed via low-
temperature annealing, leaving a clean surface. (b) Hahn echo
coherence time T2 measured for the same NV center in air (blue)
and in UHV (orange), showing a 4.6× longer T2 in air. The bias
magnetic field is 420 G and is aligned with the NVaxis. (c) Ratio
of T2 measured in air to that in UHV for eight NV centers,
plotted as a function of NV depth. The depths are independently
calibrated via proton NMR measurements in immersion oil [36].
Higher ratios are observed for NV centers closer to the surface.
(d) Histogram of T2 values for the same eight NV centers
measured sequentially in UHV and in air, demonstrating repro-
ducible shortening of T2 under UHV conditions and revival of
longer T2 in air. The diamond sample is cleaned using a piranha
solution between each measurement step. Step 4 is measured in
air directly after unloading the sample from the UHV chamber
without any cleaning.
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and in UHV. NV locations are tracked across different
environments (see Appendix B for details), enabling a
direct assessment of how the surface environment impacts
their properties. Figure 1(b) shows representative Hahn
echo measurements of a shallow NV center in air and
in UHV. Counterintuitively, we observe a pronounced
reduction in the coherence time T2 after the removal of
surface adsorbates. Across multiple NV centers, the ratio
T2;air=T2;UHV ranges from 3.0 to 5.4, with larger reductions
observed for shallower NV centers [Fig. 1(c)]. This depth
dependence strongly suggests that the effect originates
from the diamond surface. To exclude alternative exper-
imental artifacts for the reduced T2 in UHV—such as
differences in optical excitation conditions or potential
influences from vacuum instrumentation (e.g., ion pump
and ion gauge)—we performed a series of control experi-
ments; details are provided in Appendixes D–F.
To test whether this degradation arises from irreversible

surface modification in UHV, we unload the sample from
the chamber and remeasure the same NV centers under
ambient conditions [Fig. 1(d)]. In all cases, the longer T2

times are restored upon exposure to air. Repeating the
UHV-air cycling process a few times yields consistent and
reproducible changes in T2. This reversibility indicates
that the observed coherence degradation in UHV is not due
to permanent damage to the diamond surface, but instead
arises from a dynamic and environment-dependent surface
condition. We note that the second UHV measurements
generally exhibit lower T2 values than the corresponding
first UHV measurements. The origin of this systematic
difference is not yet clear. Repeated UHV annealing and
optical excitation may modify the surface chemistry,
potentially leading to a history-dependent surface envi-
ronment. Notably, the subsequent measurements under
ambient conditions do not show a comparable system-
atic trend.

III. ELECTRIC AND MAGNETIC
CONTRIBUTIONS TO T2 DECOHERENCE

To identify the mechanism underlying the increased
decoherence in UHV, we separate the contributions of
electric and magnetic noise to the NV spin dynamics.
Previous studies have shown that electric field noise can
play a significant role for shallow NV centers, and that
screening by high-dielectric-constant liquids can substan-
tially extend coherence times [24]. This raises the pos-
sibility that the removal of surface adsorbates in UHV
reduces dielectric screening and thereby enhances electric
field noise.
To test this hypothesis, we perform Hahn echo mea-

surements in both the SQ and DQ bases [Fig. 2(a)] [24,37].
While direct driving between the ms ¼ −1 and ms ¼ þ1
states is forbidden, the DQ sequence is implemented by
introducing additional π pulses via the ms ¼ 0 ↔ þ1
transition [Fig. 2(b)]. Figure 2(c) shows a representative

comparison of SQ and DQ Hahn echo measurements for
an NV center in UHV.
The DQ basis provides enhanced sensitivity to magnetic

noise while suppressing sensitivity to electric field fluc-
tuations along the NV axis. For the NV ground-state spin
states, the energy splitting betweenms ¼ −1 andms ¼ þ1
is twice as sensitive to magnetic field fluctuations as the
ms ¼ 0 ↔ −1 transition. At the same time, longitudinal
electric field noise (Ez) shifts the ms ¼ �1 levels equally
in the same direction and is therefore rejected in the DQ
protocol [Fig. 2(a)] [38]. Transverse electric field noise
is further suppressed by applying a strong bias magnetic
field along the NV axis [24]. In the limit of purely mag-
netic noise, one therefore expects T2;SQ ¼ 4T2;DQ, as the
decoherence measurement is sensitive to the variance of
magnetic noise. Experimentally, we observe T2;SQ=T2;DQ

ratios between 1.5 and 2.5 [Fig. 2(d)], indicating a sig-
nificant contribution from electric field noise. Notably, this
ratio increases in UHV compared to ambient conditions,
suggesting a change in the relative balance between
electric and magnetic noise sources.
To quantify these contributions, we decompose the

total SQ decoherence rate into electric and magnetic
components:

1

T2;SQ
¼ 1

T2;B
þ 1

T2;E
: (1)

From the analysis above, the DQ decoherence is more
sensitive to the magnetic component while insensitive to
the electric component:

1

T2;DQ
¼ 4

T2;B
: (2)

Therefore, we can quantify the electric and magnetic
contributions to the NV decoherence by combining SQ and
DQ T2 measurements:

1

T2;B
¼ 1

4T2;DQ
;

1

T2;E
¼ 1

T2;SQ
− 1

4T2;DQ
: (3)

A detailed discussion of this decomposition, following
the formalism of Ref. [39], is provided in Appendix G.
Figure 2(e) shows the depth dependence of T2 measured

in both SQ and DQ bases under air and UHV conditions. In
all cases, T2 decreases for shallower NV centers, consis-
tent with a surface-originated noise source. Moreover, both
SQ and DQ T2 times are systematically shorter in UHV.
From the combined T2 times, we extract the effective
electric and magnetic decoherence rates for each NV
center [Fig. 2(f)]. We find that both contributions are
enhanced in UHV [Fig. 2(h)]. Under ambient conditions,
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electric noise is higher than magnetic noise, whereas in
UHV the magnetic contribution becomes comparable to,
and in some cases exceeds, the electric contribution
[Fig. 2(g)]. These results demonstrate that the increased
decoherence in UHV cannot be explained solely by the
loss of dielectric screening of electric field noise. Instead,
both electric and magnetic noise are amplified, with a
stronger relative increase in the magnetic component.
Furthermore, we analyze the depth dependence of the

extracted noise components shown in Fig. 2(f). Comparing
our results with existing models for shallow NV
decoherence [39], we find that the depth dependence of
both electric and magnetic noise follows a scaling closer
to 1=d2NV rather than 1=d4NV, where dNV denotes the NV
depth. This scaling suggests that the electric noise is
dominated by point-like fluctuating surface charges rather
than dipolar fluctuations, whereas the magnetic noise is
more consistent with mobile charged species at the

diamond surface than with fluctuating surface spins. A
detailed analysis of the NV depth dependence of surface
noise and a modified model accounting for the deviation of
the depth-scaling exponent are presented in Appendix H.

IV. NV NOISE SPECTRUM

To investigate changes in the spectral density of the
noise bath under UHV conditions, we perform dyna-
mical decoupling measurements on shallow NV centers.
Dynamical decoupling sequences are widely used to
extend qubit coherence while selectively filtering envi-
ronmental noise at different frequencies [13,15,40,41]. An
example dataset is shown in Fig. 3(a). As the number of
applied π pulses increases, the extracted T2 coherence
times exhibit a power-law scaling with the number of π
pulses, T2 ∝ Ns, as shown in Fig. 3(b). We measure
exponents s in the range of 0.36 to 0.55 for both air

(a)

(e)

(c)(b) (d)

(f) (g) (h)

FIG. 2. (a) Energy level diagram of the ground-state electronic spin of the negatively charged NV center, indicating the two
microwave-driven transitions. Magnetic field noise along the NV axis shifts the ms ¼ þ1 and ms ¼ −1 levels in opposite directions,
whereas electric field noise shifts them in the same direction. (b) Pulse sequences for Hahn echo coherence measurements in the SQ
and DQ bases. In the SQ protocol, the coherence of the superposition between ms ¼ 0 and ms ¼ −1 is probed. In the DQ protocol, a
superposition between ms ¼ þ1 and ms ¼ −1 is generated using two microwave tones, as the direct transition between these states is
forbidden. Red microwave pulses are at the transition frequency between ms ¼ 0 and ms ¼ −1, while blue pulses are applied at the
ms ¼ 0 to ms ¼ þ1 frequency. Spin initialization and readout are performed using green (561 nm) laser pulses. (c) Representative SQ
and DQ Hahn echo measurements for a single NV center under UHV conditions, showing that the SQ coherence time T2 is
approximately twice as long as the DQ T2. (d) Ratio of SQ to DQ T2 for eight NV centers measured in UHV and in air, plotted as a
function of NV depth. The ratio is generally higher under UHV conditions. (e) Comparison of SQ and DQ T2 as a function of NV depth
in UHVand in air. Both SQ and DQ coherence times are consistently longer in air, with shorter T2 observed for shallower NV centers.
(f) Decomposed magnetic and electric contributions to the decoherence rates in UHVand in air, plotted versus NV depth. The data are
fitted to power-law functions (dashed lines), yielding exponents of −2.13� 0.21 (UHV, magnetic), −2.19� 0.27 (UHV, electric),
−1.67� 0.19 (air, magnetic), and −1.63� 0.14 (air, electric). (g) Ratio of electric and magnetic decoherence rates. In air, electric
decoherence rates are higher than magnetic decoherence rates, while in UHVelectric contributions to the noise are slightly lower than
magnetic contributions. (h) Ratio of UHVand air decoherence rates. Both magnetic and electric decoherence rates are higher in UHV.
Magnetic decoherence rates are enhanced more in UHV and show more obvious NV depth dependence compared to the electric
decoherence rates.
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and UHV conditions, which deviate from the expected
value of 2=3 for a slowly fluctuating spin bath [42].
Notably, for the same NV center, the difference in the
fitted exponent s between air and UHV measurements
suggests a modification of the noise bath dynamics,
potentially reflecting a change in the correlation time of
the dominant noise sources. This distinction is further
elucidated using the spectral decomposition technique
discussed below.
At large numbers of π pulses, dynamical decoupling

sequences act as narrow-band filter functions that

selectively couple the NV spin to environmental noise
at frequencies determined by the inverse of the interpulse
spacing. By sweeping the evolution time, we reconstruct
the noise spectral density over a wide frequency range.
Spectra obtained from sequences with N ¼ 8; 16; 32; and
64 pulses are combined to extend the accessible frequency
window.
Figures 3(c) and 3(d) show representative noise spectra

measured in air and in UHV. Over the frequency range
from ∼10 kHz to 800 kHz, the extracted spectra exhibit a
clear power-law dependence on frequency. Within this
range, the noise spectral density in UHV is consistently
higher than that measured in air. The extracted power-law
exponents lie between 0.6 and 1.5, deviating from the 1=f2

scaling expected for a single Lorentzian spectrum in the
high-frequency limit. Such behavior can be understood by
considering a distribution of Lorentzian contributions
arising from multiple surface trap centers, each charac-
terized by a distinct correlation time. Different distribu-
tions of these fluctuators naturally give rise to power-law
spectra with varying exponents, while variations between
NV centers likely reflect differences in their local envi-
ronments. Notably, we also observe a change in the power-
law exponent between air and UHV for the same NV
center, indicating a redistribution of the noise spectral
weight across frequencies. However, the direction of this
change is not consistent: for NV5, the exponent increases
from −0.88 (air) to −0.65 (UHV), whereas for NV152 it
decreases from −0.98 (air) to −1.54 (UHV). This con-
trasting behavior suggests that the difference between
the air and UHV T2 values and noise spectra cannot be
explained by a simple shift in fluctuator correlation times
alone, which would be expected to produce a consistent
change in the spectral exponent when switching from air to
UHV. Instead, it points to an overall increase in noise
density within the ∼10 kHz to 800 kHz frequency range,
accompanied by a modification of the underlying fluc-
tuator distribution. A detailed discussion of the origin
of the observed 1=fα spectra, based on an ensemble of
Lorentzian fluctuators with a distribution of correlation
times, is presented in Appendix I. Using this model, we
further estimate the corresponding increase in surface
charge density under UHV conditions.

V. T1 RELAXATION AND HIGHER-FREQUENCY
NOISE

To further probe the noise environment, we measure the
longitudinal relaxation time T1 of shallow NV centers
under ambient and UHV conditions. Unlike T2, which is
sensitive to relatively low-frequency noise, T1 probes
noise at the transition frequencies of the NV spin levels,
typically in the ∼100 MHz to GHz range, thereby provid-
ing complementary spectral information.
The T1 relaxation can be measured in both the SQ and

DQ bases [Fig. 4(a)], with corresponding pulse sequences

(a)

(c)

(d)

(b)

FIG. 3. (a) Dynamical decoupling measurements of NV
coherence using sequences with varying numbers of π pulses,
performed on NV5 in air under an applied magnetic field of
420 G. (b) Extracted T2 coherence times as a function of the
number of π pulses, demonstrating the extension of coherence
with increasing π pulse numbers. Example data from two NV
centers measured in air and in UHVare shown. Dashed lines are
fits to power-law scaling, yielding exponents of 0.52� 0.02 (air,
NV5), 0.55� 0.02 (air, NV141), 0.44� 0.02 (UHV, NV5), and
0.36� 0.01 (UHV, NV141). (c),(d) Noise spectra obtained via
spectral decomposition of the dynamical decoupling data in
air and in UHV for NV5 (c) and NV152 (d). In all cases, the
spectra exhibit a clear power-law dependence over the measured
frequency range. Dashed lines indicate fits to a power-law model,
yielding exponents of −0.65� 0.05 (UHV, NV5), −0.88� 0.03
(air, NV5), −1.54� 0.11 (UHV, NV152), and −0.98� 0.02
(air, NV152).
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shown in Fig. 4(b). These measurements probe distinct
noise channels. SQ transitions (ms ¼ 0 ↔ �1) are sensi-
tive to both magnetic and electric noise, whereas the DQ
transition (ms ¼ −1 ↔ þ1) is magnetic-dipole forbidden
and is therefore predominantly sensitive to electric field
noise [43].
Figures 4(c) and 4(d) show representative comparisons

of T1 measurements in air and in UHV for both SQ and DQ
bases. The measurements are performed at a low magnetic
field of 18 G, corresponding to transition frequencies of
∼2.82 GHz for the SQ transition and ∼100 MHz for the

DQ transition. The depth dependence of the extracted T1

times is summarized in Fig. 4(e). In contrast to the T2

behavior, we observe a slight decrease in SQ T1 and an
increase in DQ T1 under UHV conditions.
To quantify these trends, we express the relaxation in

terms of effective rates associated with different noise
channels. Following Ref. [40], we have

T1;SQ ¼ ð3 ΩÞ−1; T1;DQ ¼ ðΩþ 2γÞ−1: (4)

Therefore, we can calculate Ω and γ relaxation rates by
combining the T1;SQ and T1;DQ times for each NV center.
The SQ relaxation rate Ω captures noise at the GHz
frequency scale, while the DQ relaxation rate γ reflects
electric field noise near 100 MHz. The NV depth depend-
ence of these rates is shown in Fig. 4(f). We observe a
pronounced reduction in γ in UHV, indicating a suppres-
sion of electric field noise at ∼100 MHz. The remaining γ
rates in UHV are close to the bulk limit of approximately
0.14 × 103 s−1 (see Appendix J), suggesting the removal
of a surface electric noise channel at ∼100 MHz in UHV.
In contrast, Ω is slightly increased in UHV, suggesting a
modest enhancement of high-frequency magnetic noise in
the GHz regime.
We also note that the depth dependence of Ω and γ

[Fig. 4(f)] differs from that of the T2 decoherence rates
[Fig. 2(f)]. At these higher frequencies, surface-induced
noise decays rapidly with distance, and bulk contributions
begin to dominate the relaxation processes at NV depths
investigated here. A more pronounced T1 depth depend-
ence is observed for NV centers shallower than 10 nm and
the depth scaling is more consistent with fluctuating
surface dipoles (see additional measurements and analysis
of T1 depth scaling in air and in an oil-immersion confocal
microscope in Appendix J). The distinct depth-scaling
exponents may further indicate different microscopic
origins of the noise processes governing T1 and T2.

VI. DISCUSSION

The observation that removing surface adsorbates under
UHV leads to reduced, rather than improved, coherence of
shallow NV centers challenges the common assumption
that surface adsorbates are a primary source of decohe-
rence and that cleaner surfaces should always enhance NV
performance.
By combining T2 coherence measurements, dynamical

decoupling noise spectroscopy, and T1 relaxation mea-
surements, we identify a frequency-dependent restruc-
turing of the surface noise environment under UHV
conditions. At low frequencies probed by T2 measure-
ments, both electric and magnetic noise contributions
increase after removing surface adsorbates. The depth
dependence of the electric noise component is consistent
with fluctuating surface charges rather than fluctuating
surface dipoles. Similarly, the magnetic noise scaling is

(a)

(c) (d) 2

(e) (f)

(b)

FIG. 4. (a) Energy level diagram of the NV center spin states,
indicating SQ and DQ relaxation transitions, with corresponding
rates Ω and γ. (b) Pulse sequences for SQ and DQ relaxation
measurements. In the SQ (DQ) protocol, the NV spin is
initialized in the ms ¼ 0 (ms ¼ −1) state, and the relaxation
to thems ¼ −1 (ms ¼ þ1) state is measured. (c),(d) Comparison
of SQ T1 (c) and DQ T1 (d) in UHV and in air for the same NV
center; data (points) are fitted to exponential functions (lines).
These measurements are performed at a magnetic field of 18 G.
(e) SQ and DQ T1 as a function of NV depth in UHVand in air,
showing shorter SQ T1 but longer DQ T1 in UHV. (f) Decom-
posed SQ (Ω) and DQ (γ) relaxation rates in UHV and in air
versus NV depth. Dashed lines indicate power-law fits, yielding
exponents of −0.50� 0.28 (UHV, Ω), −0.55� 0.19 (UHV, γ),
−0.22� 0.16 (air, Ω), and −2.57� 0.16 (air, γ).
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more consistent with magnetic fields generated by the
motion of surface charges than with surface spin fluctua-
tions. The reconstructed noise spectra show an overall
enhancement of noise in UHV across the low-frequency
regime (∼10 kHz to 1 MHz), which can be explained by an
increased density of fluctuating surface charges after
adsorbate removal. Additional evidence consistent with
UHV-induced surface charging is provided by enhanced
surface photoluminescence (PL) observed both inside the
UHV environment (see Sec. III A of Ref. [34]) and after
removing the sample from UHV (see Appendix N). In
particular, our control measurements show that green
illumination at a location without a detectable NV center
does not produce a comparable increase in surface PL,
suggesting that the effect is associated with optical
excitation of an NV rather than green illumination of
the diamond surface alone. These observations indicate
that the NV center itself, under green laser excitation, can
contribute to the generation of excess surface charge when
dissipation from atmospheric adsorbates is absent. This
highlights an intrinsic challenge for studying and utilizing
shallow NV centers under UHV conditions.
In contrast, noise contributions at higher frequencies

exhibit a different response to adsorbate removal. DQ T1

measurements show that electric field noise at intermediate
frequencies (∼100 MHz) is reduced under UHV condi-
tions. The depth dependence of this contribution differs
from the low-frequency electric noise extracted from T2

measurements, suggesting that distinct microscopic
mechanisms dominate in these two frequency regimes.
The intermediate-frequency noise is more consistent with
fluctuating surface dipoles associated with adsorbates, and
its removal after UHV annealing can explain the observed
increase in DQ T1 under UHV conditions.
At even higher frequencies in the GHz range, we

observe a slight increase in SQ T1 relaxation rates under
UHV. However, the investigated NV centers exhibit
relaxation times close to the expected bulk-limited regime,
where surface contributions become relatively small
compared with bulk relaxation processes. As a result,
the influence of UHV-induced surface modifications is
difficult to isolate in this frequency range. Future low-
temperature measurements, where bulk relaxation rates are
suppressed, may enable a more sensitive investigation of
high-frequency surface noise contributions.
By combining the noise spectra extracted from T2 and

T1 measurements (Appendix K), we find that surface-
induced decoherence cannot be described by a single
universal noise mechanism. Instead, different microscopic
processes dominate at different frequencies: fluctuating
surface charges govern low-frequency decoherence,
adsorbate-related dipole fluctuations contribute at inter-
mediate frequencies, and bulk processes become increas-
ingly important at higher frequencies.

Beyond spin coherence and relaxation, the removal of
adsorbates also strongly influences the charge-state sta-
bility of shallow NV centers. We observe reduced charge-
state stability for NV centers shallower than 6 nm under
UHV conditions (see Appendix B). Ensemble measure-
ments also show a reduced NV− population after green
laser excitation in UHV, whereas ambient measurements
result in a higher NV− population after illumination (see
Appendix M). These observations suggest that surface
adsorbates and their associated electrostatic environment
play an important role in stabilizing the NV charge
environment as well.

VII. CONCLUSION

In this work, we present the first detailed study of NV
center properties in a UHV environment and under a
pristine surface. Systematic characterization of spin coher-
ence, relaxation, and noise spectra of shallow NV centers
near a pristine diamond surface in UHV, together with
comparison to measurements under ambient conditions,
provides new insight into the microscopic origins of
surface-induced decoherence.
Future studies of the temperature dependence of NV

spin dynamics and noise spectra will provide further
insight into the microscopic mechanisms governing
relaxation and decoherence processes. In situ surface
modification techniques, such as controlled gas dosing
experiments inside the UHV chamber [44], may provide
strategies to compensate for excessive surface charging
and engineer more favorable surface environments.
Furthermore, investigations of different diamond surface
orientations, surface terminations, and diamond hetero-
structures with other materials will provide complemen-
tary insights into the microscopic origins of diamond
surface noise.
More broadly, the combination of controlled surface

preparation with quantum noise spectroscopy provides a
general framework for identifying microscopic loss mech-
anisms in solid-state quantum systems. This approach can
be applied to other qubit platforms, including supercon-
ducting qubits, quantum dots, and trapped-ion systems,
where surface-induced noise remains a critical limitation
for quantum technologies [45–48].
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APPENDIX A: DIAMOND SAMPLE
PREPARATION

The diamond sample used in this work consists of a
12C-enriched (> 99.99%) as-grown layer on an electronic-
grade substrate provided by Element Six. The isotopically
purified layer suppresses magnetic noise from 13C nuclear
spins, enabling the use of NV centers in this sample to
probe surface-induced decoherence mechanisms.
Shallow NV centers were created by ion implantation of

15N at an energy of 3 keV and a dose of 1 × 109 cm−2.
Following implantation, the sample was processed using
the procedure described in Ref. [13]. Prior to loading into
the UHV chamber, the diamond sample was cleaned using
a piranha solution. The absence of detectable surface
contaminants, such as sodium, chlorine, and silicon, could
be confirmed by in situ x-ray photoelectron spectroscopy
(XPS) within the UHV chamber. Representative XPS
spectra are presented in Ref. [34].
Prior to UHV characterizations, the sample was

annealed in situ to remove surface adsorbates [13,49].
The sample temperature was ramped to 350°C at a rate of
5°C=min and maintained at this temperature for 1 h.
During the annealing process, the UHV chamber pressure
remained at approximately 1 × 10−9 mbar. This step
ensures a well-defined and reproducible surface condition
during measurements. In addition, it suppresses laser-
induced surface PL enhancement associated with laser
parking effects (see Ref. [34] for details), which could
otherwise obscure stable optical readout of individual NV
centers.

APPENDIX B: LOCATING THE SAME NV
CENTERS ACROSS SETUPS

To enable a direct comparison of NV center properties
under different surface conditions, it is essential to
measure the same individual NV centers with calibrated
depths. Variations in NV depth and local environment can
lead to significant differences in spin properties, making

such one-to-one correspondence critical for isolating sur-
face-induced effects.
Identifying the same NV centers across different con-

focal microscope setups presents several experimental
challenges. Due to differences in optical configurations,
confocal images acquired from different setups can vary in
spatial resolution, collection efficiency, field of view, and
image orientation. To account for these differences, each
setup is calibrated independently using either a standard
imaging target or the micrometer readings of the sample
translation stage to get an accurate spatial scale factor. The
diamond sample is mounted in each setup with a controlled
orientation such that the NV symmetry axes are aligned
with the applied external magnetic field. This ensures
consistent spin resonance conditions and facilitates com-
parison of spin properties. After fixing the sample ori-
entation, the lateral confocal scan directions are adjusted
so that images with consistent orientations can be obtained
across different setups.
To reliably relocate the same NV centers, we employ a

multi-step registration procedure. First, the displacement
between the region of interest and a fixed reference
point (e.g., a sample corner) is recorded. In addition,
large-area confocal scans (40 μm × 40 μm) surrounding
the NV region are acquired and stored as reference
images. When re-imaging the sample in a different setup,
we compute the spatial cross-correlation between newly
acquired images and the reference scans to determine
relative translations and identify the corresponding region.
This correlation-based approach enables fast identifica-
tions of the same NV batch locations despite differences in
imaging conditions.
A comparison of confocal scans of the same sample

region acquired in air and under UHV conditions is shown
in Fig. 5. Relative to the air measurement, the UHV con-
focal image exhibits reduced spatial resolution of individ-
ual NV spots and lower PL count rates. These differences
are primarily attributed to the performance limitations of
the UHV-compatible imaging objective. Specifically, an

(b)(a)

1 m1 m

FIG. 5. (a) Confocal scan of a diamond sample acquired under
ambient conditions. (b) Confocal scan of the same region
acquired under UHV. NV centers are labeled by index, with the
measured depth indicated in parentheses (in nm). The excitation
laser power is 0.56 mW in air and 1.31 mW in UHV. Several
shallow NV centers (e.g., NV3, NV16, and NV21) become
undetectable in the UHV scan.
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Attocube LT-APO/VISIR objective (numerical aperture,
NA ¼ 0.82) is used in UHV, while an Olympus MPlanFL
N 100× objective (NA ¼ 0.90) is employed for measure-
ments in air. As a consequence of the reduced NV PL
collection efficiency and signal-to-noise ratio in UHV,
longer averaging times are required for all measurements.
We also observe that several of the shallowest NV centers
(e.g., NV3, NV16, and NV21) are not visible in the UHV
confocal scan. We attribute this absence to charge-state
conversion from NV− to NV0 for centers located very
close to the surface, induced by the removal of surface
adsorbates in UHV [44]. This preferential loss of the
shallowest NV centers under UHV conditions results in a
bias toward deeper NV centers (> 9 nm) among those that
remain observable and are characterized in UHV. How-
ever, because the exact same NV centers are compared
across different environments, this bias does not affect our
interpretation of the surface effects observed in this work.
Similarly, we locate the same batch of NV centers in

an oil-immersion confocal microscope. The NV depths
reported in the paper are calibrated by measuring the pro-
ton NMR signal originating from the immersion oil [36].

APPENDIX C: NV NMR DETECTION OF
PROTON SPINS FROM SURFACE ADSORBATES

To verify the removal of surface adsorbates and confirm
that NV dynamics is measured under adsorbate-free
conditions in UHV, we use the NV center as a probe to
detect proton NMR signals originating from surface-bound
species, which have previously been detected in ambient
measurements [50–52].
Under an external magnetic field of 420 G aligned with

the NV axis, proton nuclear spins precess at a Larmor
frequency of 1.788 MHz. This precession can be detected
using dynamical decoupling sequences applied to the NV
center. When the evolution time of the sequence matches
half of the inverse of the target spin precession frequency,
the NV coherence exhibits a characteristic dip due to
resonant coupling to the proton spins. For the present
conditions, this resonance is expected at an evolution time
of approximately 280 ns. Quantum interpolation pulse
sequences are used for improved time resolution in this
measurement [53].
Figure 6 shows a comparison of dynamical decoupling

measurements performed in air and under UHV condi-
tions. In air, a pronounced dip is observed at the expected
evolution time, indicating the presence of proton spins
from surface adsorbates. In contrast, no such feature is
observed in UHV measurements, proving that surface
adsorbates have been effectively removed. We checked
seven different NV centers in UHV using dynamical
decoupling sequences with varying numbers of π-pulses,
and no proton NMR signature was detected.
To quantify the surface proton density, we adapt the

model of Ref. [36] by assuming a two-dimensional

distribution of proton nuclear spins on the diamond surface
with an areal density σ. The magnetic field variance
produced by this spin bath at an NV center located a
depth dNV beneath the diamond (100) surface is

B2
RMS ¼ σ

�
μ0ℏγn
4π

�
2
�

5π

32d4NV

�
: (C1)

By fitting the data in Fig. 6, we estimate a surface proton
spin density of 221.4� 23.8 nm−2 under ambient con-
ditions. Following UHV annealing, the absence of a
detectable proton NMR signal places an upper bound of
23.4 nm−2 on the surface proton density. This substantial
reduction in surface proton density is consistent with the
removal of proton-containing adsorbate species during the
UHV annealing process. The 350°C anneal is expected to
remove a substantial fraction of weakly bound atmospheric
adsorbates, such as water and hydrocarbon contamination,
while more strongly bound surface species are expected
to remain [54–57]. Further investigation using surface-
sensitive techniques, such as XPS and infrared spectros-
copy [58], will be needed to determine the chemical
composition of the adsorbates removed by the annealing
process.

APPENDIX D: MEASUREMENTS ON DEEP
NV CENTERS

Figure 1(c) in the main text shows that the ratio
T2;air=T2;UHV increases for shallower NV centers. To
further confirm that this effect is specific to near-surface
NV centers, we perform control measurements on deep,
naturally occurring NV centers.

(b)(a)

FIG. 6. Dynamical decoupling measurements using XY8-32
pulse sequences for detection of the proton NMR signal in (a) air
and (b) UHV. In both cases, a magnetic field of 420 G is applied
along the NV axis. A proton NMR signal is expected at an
evolution time of ∼280 ns and is clearly observed in the air
measurement. The air data are fitted using an NV NMR response
model with a kernel function that accounts for the finite T�

2 of the
proton spins [36]. In contrast, the UHV data exhibit reduced
coherence over the entire evolution window, consistent with
enhanced noise under UHV conditions, and are fitted by an
exponential decay function.
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These deep NV centers originate from native 14N
impurities in the diamond and are typically located more
than 1 μm below the surface. In contrast, the shallow NV
centers studied in this work are created by implantation of
15N ions and reside within approximately 20 nm of the
surface. The two types of NV centers can also be distin-
guished via their characteristic hyperfine splittings.
Figure 7 shows a comparison of both SQ and DQ Hahn

echo T2 measurements for representative deep NV centers
in air and under UHV conditions. In contrast to the
behavior observed for shallow NV centers, no significant
difference in T2 is observed between the two environments
for deep NV centers, showing that the observed changes of
coherence in UHV originate from modifications to the
near-surface noise environment rather than bulk properties
of the diamond or technical artifacts.

APPENDIX E: EFFECT OF GREEN LASER
EXCITATION

Due to differences in the imaging objectives used in the
air and UHV confocal setups (see Appendix B), higher
green laser power is used for NV measurements in the
UHV setup. Specifically, typical excitation powers of
1.4 mW are used in UHV, compared to 0.5 mW in air
measurements. To evaluate whether this increased optical
power influences the observed NV coherence, we measure
Hahn echo T2 times in UHV at three different green laser
powers: 0.9, 1.4, and 2.9 mW. Across this range, no
significant change in T2 is observed (Fig. 8). In addition, to
test for possible transient effects induced by optical
excitation, we introduce a 10 μs delay between the end
of the green laser pulse and the start of the Hahn echo
microwave sequence. This modification likewise produces
no measurable change in the extracted T2 values. These
results indicate that the enhanced decoherence observed in
UHV is not related to the higher optical excitation power
used in these measurements.

APPENDIX F: EFFECT OF ION PUMP AND ION
GAUGE OPERATION

During UHV measurements, an ion pump is used to
maintain the chamber pressure, and an ion gauge is
employed for pressure monitoring. Both devices operate
by ionizing residual gas molecules using energetic elec-
trons. This process can, in principle, generate reactive
species or radicals [59]. To evaluate whether such effects
contribute to the increased electric and magnetic noise in
UHV, we perform control experiments with both the ion
pump and ion gauge turned off.
To maintain UHV conditions, we replace the ion pump

with a turbomolecular pump, which removes gas mole-
cules through mechanical momentum transfer rather than
ionization. With the ion pump in operation, the chamber
pressure is 5.2 × 10−10 mbar. After switching to the
turbomolecular pump, the pressure remains stable at
7.1 × 10−10 mbar, which is measured before turning off
the ion gauge.
Figure 9 shows the Hahn echo T2 measurements of NV

centers after both the ion pump and the ion gauge are
turned off. Within experimental uncertainty, the measured
T2 times are unchanged compared to those obtained with
the ion pump and ion gauge operating, indicating that the
enhanced electric and magnetic noise observed in UHV is
not induced by the ionization processes associated with the
ion pump or ion gauge.

(b)(a)

FIG. 7. SQ (a) and DQ (b) T2 measurements for deep, naturally
occurring NV centers under ambient conditions and in UHV.
No measurable difference is observed between air and UHV,
indicating that the reduction in T2 arises from surface-related
effects. Experimental data (points) are fitted to exponential
functions (lines).

(b)

(c)

(a)

FIG. 8. (a),(b) Representative SQ Hahn echo T2 measurements
for a single NV center under UHV conditions at different green
excitation powers, showing no measurable change in T2.
Experimental data (points) are fitted to exponential functions
(lines). (c) SQ Hahn echo T2 times for five NV centers measured
at three different green excitation powers, showing no observable
dependence on excitation power.
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APPENDIX G: DECOHERENCE RATES
DECOMPOSITION FROM T2 MEASUREMENTS

To disentangle the contributions of electric and mag-
netic noise to the observed coherence times, we follow
the Lindblad formalism introduced in Ref. [39]. In this
framework, decoherence arises from fluctuations in both
electric and magnetic fields, characterized by their respec-
tive spectral densities. The correlation time of the noise is
assumed to be much smaller than the evolution time to
derive the Lindblad equations.
The coupling of the NV center to electric field noise

gives rise to three rates,

Γd⊥ðωÞ ¼ d̃2⊥½SEx
ðωÞ þ SEy

ðωÞ�; (G1)

Γd0 ðωÞ ¼ d̃02½SEx
ðωÞ þ SEy

ðωÞ�; (G2)

Γdk ðωÞ ¼ d̃2kSEz
ðωÞ; (G3)

while magnetic field noise contributes through

Γγ⊥ðωÞ ¼ γ̃2⊥½SBx
ðωÞ þ SBy

ðωÞ�; (G4)

Γγk ðωÞ ¼ γ̃2kSBz
ðωÞ; (G5)

where d̃⊥, d̃0, and d̃k are electric dipole constants, and γ̃⊥
and γ̃k are gyromagnetic ratios. Here, temporal transla-
tional symmetry for the fluctuating fields (stationary
regime) is assumed.
In this Lindblad formalism, the decoherence process is

described by the time dependence of the off-diagonal
density matrix elements, which follows

d
dt

ρμνðtÞ ¼ − 1

Tμν
2

ρμνðtÞ; (G6)

with coherence times determined by combinations of the
above rates. In the most general form, each Tμν

2 contains
contributions from both low-frequency (pure dephasing)
noise and high-frequency noise associated with transitions
between spin sublevels (ωþ0, ω−0, and ωþ−):

1

T0þ
2

¼ 1

2
½Γγk ð0Þ þ Γγd0 ðωþ0Þ þ Γd⊥ðωþ−Þ þ Γdk ð0Þ�

þ 1

4
Γγd0 ðω−0Þ; (G7)

1

T0−
2

¼ 1

2
½Γγk ð0Þ þ Γγd0 ðω−0Þ þ Γd⊥ðωþ−Þ þ Γdkð0Þ�

þ 1

4
Γγd0 ðωþ0Þ; (G8)

1

T−þ
2

¼ 2Γγk ð0Þ þ Γd⊥ðωþ−Þ þ
1

4
½Γγd0 ðω−0Þ þ Γγd0 ðωþ0Þ�;

(G9)

where T0þ
2 , T0−

2 are SQ coherence times measured between
the fms ¼ 0; ms ¼ þ1g and fms ¼ 0; ms ¼ −1g states,
respectively, while T−þ

2 is the DQ coherence time between
the fms ¼ −1; ms ¼ þ1g states.
These expressions can be simplified when considering

the NV measurement conditions in this work. Since the
noise spectral densities decrease with increasing fre-
quency, the low-frequency components dominate in the
NV T2 rates,

Γγk ð0Þ;Γdk ð0Þ ≫ Γγd0 ðω�0Þ;Γd⊥ðωþ−Þ: (G10)

This approximation is independently supported by
comparing the NV SQ and DQ T1 and T2 times. The
T1 times are determined by high-frequency transition rates
and are typically in the millisecond regime, which is
several orders of magnitude longer than the T2 times.
Neglecting the subleading high-frequency terms, the
coherence times reduce to

1

T0þ
2

¼ 1

2
½Γγkð0Þ þ Γdkð0Þ�; (G11)

(b)

(c)

(a)

FIG. 9. (a),(b) Representative SQ Hahn echo T2 measurements
for two NV centers under UHV conditions with the ion pump and
ion gauge turned on and off, showing no measurable change in
T2. Experimental data (points) are fitted to exponential functions
(lines). (c) SQ Hahn echo T2 times for four NV centers measured
when the ion pump and gauge are on and off, showing no
observable dependence on vacuum instrumentation conditions.
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1

T0−
2

¼ 1

2
½Γγk ð0Þ þ Γdkð0Þ�; (G12)

1

T−þ
2

¼ 2 Γγk ð0Þ: (G13)

These expressions provide a direct route to decompos-
ing the total dephasing rate into magnetic and electric
contributions. In particular, the ð−;þÞ coherence is insen-
sitive to electric field noise at leading order and depends
only on longitudinal magnetic fluctuations. This allows us
to extract

Γγkð0Þ ¼
1

2T−þ
2

: (G14)

Substituting this into the expressions for T0�
2 , we isolate

the electric contribution,

Γdk ð0Þ ¼
2

T0�
2

− 1

2T−þ
2

: (G15)

Following the notation in the main text, we define the
magnetic and electric dephasing rates as

1

T2;B
¼ 1

2
Γγk ð0Þ; (G16)

1

T2;E
¼ 1

2
Γdk ð0Þ; (G17)

such that the total dephasing rate in the ð0;�Þ subspaces
can be written as a simple sum,

1

T0�
2

¼ 1

T2;B
þ 1

T2;E
; (G18)

which matches the decomposition shown in Eq. (1)
in Sec. III.
We note that this expression is derived within the

Lindblad framework assumingMarkovian noise dynamics.
While it provides a useful phenomenological decomposi-
tion of the magnetic and electric contributions, deviations
may arise in experiments due to finite noise correla-
tion times.

APPENDIX H: MODIFIED SURFACE CHARGE
MODEL AND DEPTH SCALING OF NOISE

From the fits in Fig. 2(f), we extract depth-scaling
exponents smaller than 2 for the air measurements. This
deviation from the expected 1=d2NV behavior can be
understood by extending the surface charge model in
Ref. [39] to account for a finite spatial distribution of
charges above the diamond surface.

For fluctuating point-like charges confined to an ideal
two-dimensional (2D) surface, the electric field correlation
functions at the NV location are given by

hEp
x ðtÞEp

x ð0Þi ¼
�

e
4πϵ

�
2 πnS
4d2NV

fðtÞ; (H1)

hEp
y ðtÞEp

y ð0Þi ¼
�

e
4πϵ

�
2 πnS
8d2NV

ð3 − cos 2θÞfðtÞ; (H2)

hEp
z ðtÞEp

z ð0Þi ¼
�

e
4πϵ

�
2 πnS
8d2NV

ð3þ cos 2θÞfðtÞ; (H3)

where nS is the surface charge density, dNV is the NV
depth, θ is the angle between the NV axis and the surface
normal, and fðtÞ is the temporal correlation function.
To capture the effect of adsorbates in ambient con-

ditions, we instead consider a finite slab of thickness D
with a volumetric charge density ηV. In this case, the
electric field correlations become

hEp
x ðtÞEp

x ð0Þi ¼
�

e
4πϵ

�
2 πηVD
4dNVðdNV þDÞ fðtÞ; (H4)

hEp
y ðtÞEp

y ð0Þi¼
�

e
4πϵ

�
2 πηVD
8dNVðdNVþDÞ ð3− cos2θÞfðtÞ;

(H5)

hEp
z ðtÞEp

z ð0Þi¼
�

e
4πϵ

�
2 πηVD
8dNVðdNVþDÞ ð3þcos2θÞfðtÞ:

(H6)

In this model, the depth dependence of the electric noise
is modified from 1=d2NV to D=½dNVðdNV þDÞ�. A similar
modification applies to magnetic noise arising from the
motion of charged particles.
Within this framework, the reduced depth-scaling expo-

nent observed in air can be attributed to the presence of an
adsorbate layer that redistributes surface charges over a
finite thickness, effectively smoothing the spatial depend-
ence of the noise. In contrast, under UHV conditions, the
absence of adsorbates confines charges closer to an ideal
2D surface, restoring a scaling closer to 1=d2NV.
We note that distributing charges within a finite slab

increases the effective separation between the NV center
and the fluctuating charges, which would generally reduce
the noise amplitude. However, quantitatively accounting
for the observed differences between air and UHV would
require a slab thickness D ≳ 3dNV. Given that the NV
centers studied here are typically deeper than ∼10 nm, this
would imply an adsorbate layer thickness exceeding tens
of nanometers, which is not physically reasonable.
We therefore conclude that while charge redistribution

within a finite layer can qualitatively explain the modified
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depth scaling in air, it cannot fully account for the observed
noise differences. Instead, the enhanced noise in UHV is
more likely dominated by an increased surface charge
density and altered charge dynamics.

APPENDIX I: 1=fα NOISE SPECTRUM

The 1=fα noise spectrum extracted from the NV spectral
decomposition measurements in Fig. 3 can be understood
as arising from an ensemble of Lorentzian fluctuators. A
single fluctuator with characteristic correlation time τ,
such as electron trapping and detrapping at charge defects
or charge diffusion processes, produces a Lorentzian noise
spectrum of the form

SðωÞ ∝ τ

1þ ω2τ2
: (I1)

For near-surface NV centers, the environment is
expected to contain a broad distribution of fluctuators
with different correlation times τ. We model this distri-
bution as

pðτÞ ¼ A
τ2−α

; (I2)

where A is a normalization constant. The resulting total
noise spectrum is then

SðωÞ ∝
Z

τ2

τ1

τ

1þ ω2τ2
pðτÞdτ; (I3)

where τ1 and τ2 represent the lower and upper cutoff
correlation times, respectively. From the experimentally
observed spectra, we estimate τ1 < 10−6 s and τ2 > 10−4 s,
allowing the intermediate-frequency regime probed by NV
spectral decomposition to exhibit a 1=fα dependence.
We now derive the exact solution to the integral in

Eq. (I3) which can be related to the Euler Beta functions,
beginning with the coordinate transformation x ¼ ωτ:

SðωÞ ∝ A
ωα

Z
x2≡ωτ2

x1≡ωτ1

xα−1
1þ x2

dx: (I4)

This is followed by two subsequent coordinate trans-
formations, u ¼ x2 and T ¼ u=ð1þ uÞ. The result is

SðωÞ ∝ A
2ωα

Z
T2≡Tðuðx2ÞÞ

T1≡Tðuðx1ÞÞ
ð1 − TÞ−α

2T
α
2
−1 dT

¼ A
2ωα

�Z
T2

0

fαðTÞdT −
Z

T1

0

fαðTÞdT
�
; (I5)

where fαðTÞ ¼ ð1 − TÞ−α
2T

α
2
−1. The integrals in Eq. (I5)

map directly to the incomplete Beta function, Bðz; a; bÞ≡R
z
0 ð1 − TÞb−1Ta−1 dT, as follows:

SðωÞ ∝ A
2ωα

�
B
�
T2;

α

2
; 1 − α

2

�
− B

�
T1;

α

2
; 1 − α

2

��
:

(I6)

Finally, using the relationships between the incomplete
Beta function, Euler Beta function, and Euler Gamma
function along with the Euler reflection formula, the final
result is

SðωÞ ∝ A
ωα

π

2 sinðπα
2
Þ

− A
2ωα

�
B
�
1−T2;1− α

2
;
α

2

�
þB

�
T1;

α

2
;1− α

2

��
:

(I7)

We note that the second and third terms in Eq. (I7)
vanish as τ1 → 0 and τ2 → ∞. Thus, the first term is the
intermediate regime of SðωÞ ∝ 1=ωα, while the second and
third terms are the corrections for finite integration bounds
of τ2 and τ1, respectively.
We now consider three frequency regimes.
(1) Low-frequency regime: ω ≪ 1=τ2. In this limit,

SðωÞ ∝
Z

τ2

τ1

τpðτÞdτ ¼ A
τα2 − τα1

α
; (I8)

which is independent of ω, corresponding to
white noise.

(2) High-frequency regime: ω ≫ 1=τ1. In this case,

SðωÞ ∝
Z

τ2

τ1

1

ω2τ
pðτÞ dτ ¼ A

τα−21 − τα−22

2 − α

1

ω2
; (I9)

which yields the characteristic 1=ω2 scaling.
(3) Intermediate-frequency regime: 1=τ2 ≪ ω ≪ 1=τ1.

In this regime,

SðωÞ ∝
Z

τ2

τ1

τ

1þω2τ2
pðτÞdτ ¼ A

ωα

Z
ωτ2

ωτ1

xα−1
1þ x2

dx;

(I10)

where we have substituted x ¼ ωτ. Since ωτ1 ≪ 1
and ωτ2 ≫ 1 in this regime, the integration limits
can be extended to ð0;∞Þ, giving

SðωÞ ∝ A
ωα

Z
∞

0

xα−1
1þ x2

dx ¼ A
ωα

π

2 sinðπα
2
Þ : (I11)

This reproduces the experimentally observed 1=ωα

dependence.
Using this model, we can further estimate the surface

charge density from the measured NV noise spectral
density. Following the fluctuating surface charge model
developed in Ref. [39], the electric-field noise spectrum
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along the NV axis is given by

SEp
z
ðωÞ¼

�
e
4πϵ

�
2 πnS
8d2NV

ð3þcos2θÞ
Z

τ2

τ1

2τp
1þω2τ2p

pðτpÞdτp;

(I12)

where dNV is the NV depth, nS is the surface charge
density, and θ is the angle between the NV axis and the
diamond surface normal. For the (100)-oriented diamond
surface used in this work, θ ¼ 54.7°.
Assuming the same power-law distribution of

fluctuators,

pðτpÞ ¼
A

τ2−αp
; (I13)

the intermediate-frequency regime (1=τ2 ≪ ω ≪ 1=τ1)
yields

SEp
z
ðωÞ ¼

�
e
4πϵ

�
2 πnS
8d2NV

ð3þ cos 2θÞ 2A
ωα

π

2 sinðπα
2
Þ : (I14)

By comparing this expression with the fitted spectra in
Fig. 3, we estimate the corresponding surface charge
density. The total charge density nS depends on the
normalization constant A, which in turn depends on the
cutoff times τ1 and τ2. However, the distribution density
nSpðτpÞ within the experimentally relevant correlation-
time range is independent of the specific choice of A.
Therefore, we estimate the density of fluctuating charges
with correlation times in the range 10−6 < τp < 10−4 s,
corresponding to the frequency window probed in the NV
measurements.
For NV5, the estimated surface charge density in air is

ð8.4� 3.7Þ × 1014 m−2, while under UHV conditions the
estimated density increases to ð6.2� 4.9Þ × 1015 m−2. In
this analysis, the dielectric constant ϵ is taken to be the
average of the dielectric constants of air and diamond.
We further note that the measured spectra in Fig. 3
include contributions from both magnetic and electric
noise sources. To obtain an order-of-magnitude estimate
of the surface charge density, here we assume that 50% of
the measured noise arises from axial electric-field fluctu-
ations generated by surface charge dynamics, consistent
with the analysis in Fig. 2. When comparing the relative
strengths of electric and magnetic noise using the models
in Ref. [39], we note that the surface density of charges
responsible for electric noise may differ from the density
of charges whose motion generates magnetic noise. The
correlation time distributions associated with trapping/
release processes of charges responsible for electric noise
and the surface charge dynamics that generate magnetic
noise are also expected to be different. However, this
uncertainty does not change our estimate that the overall
surface charge density is increased in UHV compared to

that in air. A more rigorous separation of electric and
magnetic noise contributions to the noise spectrum could
be achieved through combining dynamical decoupling
measurements performed in both the SQ and DQ bases.

APPENDIX J: ADDITIONAL T1 DATA FROM
AIR AND OIL CONFOCAL SETUPS

We present additional T1 measurements performed on
the same diamond sample in air and in an oil-immersion
confocal microscope, as shown in Fig. 10. The oil-
immersion measurements are carried out using a Nikon

(a) (b)

(c) (d)

(e) (f)

FIG. 10. (a) Additional SQ and DQ T1 measurements in air at
two magnetic fields (12 and 65 G). (b) Extracted SQ (Ω) and DQ
(γ) relaxation rates in air at the corresponding fields. (c),(d)
SQ (c) and DQ (d) T1 measurements for NV centers in the same
sample acquired using an oil-immersion confocal setup at three
magnetic fields: 12, 65, and 380 G. (e),(f) SQ relaxation rate Ω
(e) and DQ relaxation rate γ (f) measured in the oil setup as a
function of NV depth for the three magnetic fields. The γ rates
are fitted to a power-law function with an offset, yielding
exponents of −4.06� 1.13 (380 G), −3.74� 0.52 (65 G), and
−3.09� 0.18 (12 G), and offsets of 0.14� 0.01, 0.14� 0.02,
and 0.15� 0.03, respectively.
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Plan Fluor 100× objective (NA ¼ 1.3) with Nikon type NF
immersion oil, and a 520 nm excitation laser.
Both air and oil datasets extend to shallower NV centers

than those discussed in the main text. In contrast, spin
measurements on NV centers shallower than ∼9 nm are
not stable under UHV conditions, likely due to charge state
depletion of near-surface NV− centers.
We perform SQ and DQ T1 measurements on NV

centers with calibrated depths and extract the correspond-
ing relaxation rates Ω and γ. The depth dependence
observed in T1 measurements differs from that of T2

shown in Fig. 2. For the SQ relaxation rate Ω, NV centers
shallower than ∼7 nm exhibit a stronger depth depend-
ence, while for deeper NV centers—such as those pre-
sented in Fig. 4 of the main text—the dependence becomes
less pronounced.
For the DQ relaxation rate γ, we observe a clear

dependence on the applied magnetic field (i.e., transition
frequency). Measurements performed at different mag-
netic fields show longer DQ T1 times and correspondingly
lower γ rates at higher fields, in agreement with previous
reports [13,40].
In addition, the depth dependence of γ exhibits a different

scaling behavior from the T2 decoherence rates, we fit the
oil-immersion γ data as a function of NV depth to a power-
law model with an offset [Fig. 10(f)]. The extracted depth
dependence exponents range from 3.09 to 4.06, suggesting a
surface noise model more consistent with electric noise
arising from fluctuating surface dipoles. The offset captures
a depth-independent bulk contribution to the relaxation rate.
From these fits, we obtain a consistent offset of approx-
imately 0.14 × 103 s−1. Notably, the γ values measured
under UHV conditions [Fig. 4(f) in the main text] are close
to this bulk limit, suggesting that the dominant surface-
related contribution to γ is suppressed in UHV.
Finally, we do not observe a significant difference

between air and oil-immersion measurements, indicating
that the presence of the immersion oil does not signifi-
cantly alter noise sources compared to those under ambient
conditions.

APPENDIX K: NV NOISE SPECTRUM FROM T2
AND T1 MEASUREMENTS

To directly compare the NV noise spectral densities
extracted from decoherence (T2) and relaxation (T1)
measurements, we express both in terms of an effective
transverse electric field spectral density SE⊥ðωÞ [13,40].
This unified representation allows for a consistent com-
parison across different frequency ranges. The conversion
is given by

SSQE⊥ðωÞ ¼ 2SSQEk ðωÞ ¼ 2
SSQðωÞ
d2k

; SDQE⊥ ðωÞ ¼
SDQðωÞ
d2⊥

;

(K1)

where dk ¼ 3.5 mHzm=V and d⊥ ¼ 170 mHzm=V are
the longitudinal and transverse electric dipole moments of
the NV center, respectively.
Using this conversion, we combine the low-frequency

noise spectra obtained from dynamical decoupling mea-
surements with the high-frequency noise extracted from T1

relaxation spectroscopy. The resulting broadband spectra
for three representative NV centers, measured in both air
and UHV, are shown in Fig. 11.
To facilitate comparison, the power-law fits obtained

from the dynamical decoupling spectra are extrapolated to
the SQ and DQ transition frequencies corresponding to the
T1 measurements. We find no clear correlation between

(a)

(b)

(c)

FIG. 11. Combined noise spectra in terms of transverse electric
field power for three NV centers: NV5 (a), NV141 (b), and
NV152 (c), measured in air and under UHV conditions. The
spectra are constructed by combining dynamical decoupling
measurements (low-frequency range) with relaxation spectros-
copy (high-frequency range). Dashed lines show power-law fits
to the low-frequency data, extrapolated to higher frequencies to
allow direct comparison across the two frequency regimes.
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the changes in noise observed under UHV conditions at
low frequencies (probed by dynamical decoupling) and
those at higher frequencies (probed by T1 relaxation).
Furthermore, the discrepancy between the extrapolated
noise at the SQ and DQ relaxation frequencies—derived
from spectral decomposition—and the relaxation rates
obtained from SQ and DQ T1 measurements suggests a
change in the spectral slope between these two frequency
regimes, implying that the upper cutoff frequency of the
noise model described in Appendix I lies between these
two regimes.
We note that the discrepancy between the SQ and

DQ relaxation points at around 2 GHz arises from their
different sensitivities to magnetic and electric noise,
respectively. The low-frequency spectra obtained from
dynamical decoupling measurements generally contain
contributions from both electric and magnetic noise. A
further decomposition of these contributions will be
investigated in future studies.
This lack of correlation suggests that distinct physical

mechanisms dominate the noise in different frequency
regimes. In particular, the enhanced low-frequency noise
observed in UHV likely arises from slow surface charge
fluctuation and movement, whereas the high-frequency
noise probed by DQ T1 measurements is related to the
dynamics of surface adsorbates. These results further
support the picture of a frequency-dependent noise envi-
ronment at the diamond surface.

APPENDIX L: LONG TERM UHV
MEASUREMENTS

To evaluate the long-term stability of the NV measure-
ments in UHV, we monitor the same diamond sample over
a period of several months. Over time, we observe a slight
increase in the background PL surrounding the measured
NV centers. This increase is more pronounced in cases
where the sample is introduced into the UHV chamber
without an in situ annealing step to remove surface
adsorbates (see Ref. [34]). This observation could suggest
a gradual re-accumulation of surface adsorbates during
extended operation in UHV.
Despite the increased background PL in the surrounding

area, no noticeable increase is observed at the location of
the measured NV center itself, where the excitation laser
is parked during measurements. As a result, the signal-
to-noise ratio of the NV readout remains unchanged.
This is confirmed by comparing Rabi oscillation contrasts
of the same NV center measured after five months in
UHV, which show no measurable degradation [Figs. 12(c)
and 12(d)]. Furthermore, we do not observe any systematic
change in the NV spin coherence times (T2) over this
period [Figs. 12(e) and 12(f)].

APPENDIX M: NV ENSEMBLE SAMPLE
CHARACTERIZATION IN AIR AND UHV

In addition to single NV measurements, we charac-
terize a shallow NV ensemble sample under both
ambient and UHV conditions. The NV ensemble sample
is created by high-dose nitrogen ion implantation
(2.5 keV, 2 × 1012 cm−2) into a diamond substrate with
a ∼100 μm-thick, 12C-enriched (99.999%) as-grown layer
provided by Element Six. All measurements are performed
using the same confocal microscope setups described in
the main text for air and UHV experiments.

(b)(a)

(c) (d)

(e) (f)

FIG. 12. (a) UHV confocal scan of the diamond surface around
NV183. (b) UHV confocal scan of the same region after five
months, showing increased background PL around the central
NV; at the NV position, the focused green laser used during
measurements quenches the background PL, resulting in a dark
central spot. (c),(d) Rabi oscillation measurements of NV183 at
two different times, showing no observable change in Rabi
contrast. Experimental data (points) are fitted to sinusoidal
functions (solid lines). The dashed lines indicate the Rabi
contrasts. (e),(f) SQ Hahn echo T2 measurements of NV183
at two different times, showing no observable change in T2.
Experimental data (points) are fitted to exponential func-
tions (lines).

ZHIYANG YUAN et al. PRX QUANTUM 7, 043026 (2026)

043026-16



We first examine the optical response of the NV
ensemble under continuous green laser excitation. In
ambient conditions, we observe an increase in NV PL
from 570 to 600 kcps in less than an hour at the
measurement location where the laser is focused. Green
561 nm laser power is 0.15 mW. In contrast, under UHV
conditions, the PL at the measured location typically
decreases from 600 kcps to 450 kcps after several minutes
of illumination. 561 nm laser power used in UHV is
0.85 mW. Figures 13(a) and 13(b) show difference maps of
the confocal scans before and after measurements in air
and UHV, respectively.
The observed PL increase in air suggests an enhance-

ment of the NV− charge state population under laser
exposure, whereas the PL decrease in UHV indicates a
shift toward the neutral NV0 charge state. Consistent with
the single NV results discussed in Appendix B, these
observations suggest that NV− centers very close to the
surface are depleted under UHV conditions, while in air,
green laser excitation promotes stabilization of the NV−
charge state.
To probe the noise environment, we perform SQ and DQ

T1 measurements on the NV ensemble as well and extract
the corresponding relaxation rates Ω (SQ) and γ (DQ). By
varying the external magnetic field, we tune the transition

frequencies and map out the frequency dependence of the
relaxation rates, as shown in Figs. 13(c) and 13(d). For
each magnetic field, measurements are performed at
multiple locations across the sample, resulting in a dis-
tribution of relaxation rates.
We find that the γ relaxation rates measured in air are

consistently higher than those in UHV across all sampled
locations [Fig. 13(c)], in agreement with the trends
observed in single NV measurements. However, for the
ensemble data, it is less straightforward to attribute this
reduction solely to the removal of surface-related noise
sources. The observed charge-state depletion in UHV
effectively biases the detected signal toward deeper NV
centers, which may intrinsically exhibit lower sensitivity to
surface noise. On the other hand, no clear difference of the
Ω relaxation rates is observed between air and UHV
measurements [Fig. 13(d)].
Therefore, while the ensemble measurements qualita-

tively support the single NV results, they also highlight the
importance of depth-calibrated single NV characteriza-
tions when interpreting surface noise change under differ-
ent surface conditions.

APPENDIX N: AIR CHARACTERIZATIONS
DIRECTLY AFTER UNLOADING FROM UHV

After annealing the sample and characterizing individ-
ual NV centers inside the UHV chamber, the sample is
unloaded to the air confocal setup without any cleaning.
We observe elevated surface background PL across the
diamond surface, with an increase of approximately
10 kcps under 561 nm laser illumination at 0.56 mW.
This enhanced PL can be suppressed by green laser
illumination. In the surface region previously character-
ized inside the UHV chamber, we additionally observe
strongly enhanced PL (> 100 kcps) localized at the
positions of NV centers that have undergone extended
measurements under UHV conditions [Fig. 14(a)]. Both
the localized PL enhancement at the NV spots and the
elevated background PL can be suppressed within less than
1 min under 0.56 mW green laser illumination. After
repeated confocal scans and measurements on the NV
centers, the enhanced surface PL is completely suppressed
to levels comparable to those observed for a cleaned
diamond surface measured in the air confocal setup
[Fig. 14(b)].
As shown in Fig. 1(d), the NV T2 values measured

immediately after unloading from UHVare comparable to
those obtained under a piranha-cleaned surface condition.
In contrast, we frequently observe a reduction in SQ T1,
particularly for NV centers located closer to the surface
[Fig. 14(c)]. No obvious change in DQ T1 is observed
[Fig. 14(d)].
To determine whether the increased surface PL and

shortened SQ T1 originate from the UHV annealing
process itself or from prolonged green laser illumination

(a) (b)

(c) (d)

FIG. 13. (a),(b) Difference maps of confocal scans acquired
before and after NV T1 measurements at the center spot in air (a)
and in UHV (b). In air, an increase in NVensemble PL is obser-
ved at the laser parking position, whereas in UHVa reduction in
PL is observed at the measurement location. A slight lateral drift
of the sample in UHV results in a dark tail extending to the left of
the central spot. (c),(d) DQ γ relaxation rates (c) and SQ Ω
relaxation rates (d) extracted from ensemble T1 measurements in
air and in UHV as a function of frequency. The γ rates exhibit a
clear frequency dependence and are fitted to power-law func-
tions, yielding exponents of 0.83� 0.09 in air and 0.43� 0.11
in UHV.
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under UHV conditions, we perform a control experiment
in which the sample is unloaded immediately after UHV
annealing without any UHV confocal characterization or
green laser exposure. After transferring the sample to the
air confocal setup without cleaning, we again observe
elevated surface PL across the sample surface [Fig. 14(e)].
Similar to the previous observations, this increased PL can
be suppressed by green laser illumination. After keeping
the sample in air for three days, we measure a previously
uncharacterized region of the sample surface and observe
substantially reduced background PL [Fig. 14(f)], com-
parable to that of a cleaned diamond surface. These
observations suggest that the enhanced surface PL induced
after unloading from UHV can gradually dissipate through
prolonged exposure to air.
Notably, after this control UHV annealing experiment,

we do not observe enhanced PL localized at individual
NV spots, since no extended measurements have been
performed under UHV conditions. Furthermore, no
obvious reduction in NV SQ T1 and DQ T1 is measured

[Figs. 14(g) and 14(h)]. These results suggest that the
shortening of NV SQ T1 is associated with prolonged laser
exposure under UHV rather than the annealing process
itself.
The microscopic origin of the increased surface PL and

the change in NV SQ T1 remains unclear; however, we
propose one possible explanation. The observation of
enhanced PL across the entire sample surface suggests a
global effect associated with UHV annealing. One pos-
sibility is that the annealing process induces surface
charging under UHV conditions, which gradually dissi-
pates upon exposure to air. During NV measurements in
UHV, repeated green laser illumination drives NV charge-
state cycling and may generate additional free carriers.
These carriers can become trapped near the illuminated
NV regions and modify the local surface environment.
Upon subsequent exposure to air, these modified regions
may interact with hydrocarbons or other adsorbates,
leading to the strongly enhanced PL observed at the NV
locations. These adsorbates could additionally introduce

(a)

(c) (d)

(b) (e) (f)

(g) (h)

FIG. 14. (a) Confocal scan of the diamond surface in air immediately after unloading from the UHV chamber without any cleaning.
Bright spots correspond to NV centers that are measured for extended periods inside the UHV chamber. Elevated surface PL is
observed across the sample surface and can be suppressed by green laser illumination, as indicated by the darker scanned region in the
lower-left portion of the image. (b) Confocal scan of the same region shown in (a) after repeated laser scans and NVmeasurements. The
enhanced PL at the NV locations and the elevated background PL are both reduced to levels typical of a cleaned diamond surface
measured in the air confocal setup. (c),(d) SQ (c) and DQ (d) T1 measurements of NV141 performed immediately after unloading from
the UHV chamber (orange) and after piranha cleaning (blue). A substantially shorter T1;SQ is observed directly after unloading from
UHV (1.06� 0.10 ms) compared to the cleaned surface condition (6.49� 0.94 ms). In contrast, no significant change is observed in
the DQ relaxation time: T1;DQ ¼ 1.12� 0.12 ms after unloading from UHV and 1.10� 0.09 ms after piranha cleaning. (e) Confocal
scan of the diamond surface in air after unloading from an annealing process performed inside the UHV chamber. Elevated background
PL similar to that observed in (a) is present. (f) Confocal scan of a different region of the same diamond surface acquired three days
after the measurement in (e). The laser power for all confocal scans is approximately 0.56 mW. (g),(h) SQ (g) and DQ (h) T1

measurements of NV141 performed immediately after unloading from an annealing in UHV (orange) and after cleaning (blue). No
significant change is observed in both SQ and DQ relaxation times: T1;SQ ¼ 7.13� 0.76 ms, T1;DQ ¼ 1.18� 0.12 ms after unloading
from UHV and T1;SQ ¼ 5.76� 0.84 ms, T1;DQ ¼ 1.20� 0.17 ms after cleaning. The magnetic field during all T1 measurements is
approximately 18 G. Points represent experimental data and solid lines are exponential fits.
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high-frequency magnetic noise that shortens the SQ T1.
The absence of observable changes in T2 and DQ T1

suggests that no significant increase in lower-frequency
magnetic noise or electric-field noise is introduced.
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