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ABSTRACT: Using density functional theory calculations, we investigated the
magnetization and magnetic anisotropy of O,, H, and OH adsorbates on
diamond surfaces. Our findings reveal that these adsorbates possess significant
magnetic moments, with O, having 2.0 yy and H and OH having 1.0 pg,
respectively. Furthermore, they exhibit a non-negligible exchange coupling with
the spin of the nitrogen-vacancy (NV) center positioned a few layers beneath
the surface. Given the extremely small magnetic anisotropy energies of all of
these systems (<1.0 peV), the presence of magnetic adsorbates is expected to
introduce noticeable noise in NV sensing, particularly when NV centers are

positioned closer to the surface.

I. INTRODUCTION

The progress in quantum computing and quantum sensing
technologies relies on the development of novel materials with
tailored properties and a deep understanding of their behavior.
Among various approaches, the utilization of electron spins in
quantum dots as qubits has been extensively explored, given
the robustness of their quantized spin states and the ability to
control and measure their evolution using electromagnetic
stimuli. Developing materials that can offer robust and isolated
quantum spin units, high tunability, and swift control is a
formidable challenge. To this end, the nitrogen-vacancy (NV)
center in diamond has attracted significant attention as a
versatile spin qubit, quantum sensor, and optical emitter.'
The remarkable properties of the NV center arise from its spin
1 electronic configuration in its negatively charged state
(denoted as NV~ below, in contrast to the neutral NV°). The
energy splittings between S, = 0, + 1 in its *A, and °E, triplet
states of NV~ are sensitive to the presence of magnetic and
electric fields, as well as lattice strain and temperature changes.
These characteristics, along with the NV center’s atomistic
nature within a solid host environment make it an ideal sensor
for various applications, including high-resolution scanning
probe microscopy,” " biomarker detection in living organ-
isms,” and stationary probes in diamond sensor chips.'’
Additionally, NV centers have been explored as sensitive
magnetometers, electrometers, pressure sensors, and ther-
mometers.' "

Quantum sensing with NV centers has been a topic of
extensive research over the past decade. The integration of NV
centers into scanning probe microscopy has enabled magnetic
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field imaging with sub-100 nm resolution for various nanoscale
structures, including magnetic structures, vortices, domain
walls, superconducting vortices, and electric current map-
ping.'*™"® To further enhance the sensitivity and spatial
resolution of these probes, it is anticipated that the NV center
should be moved closer to the surface of diamond.'*'°
Nonetheless, it has been noted that the physical properties and
quantum states of NV centers can be influenced by adsorbates
and defects located on or near the surface.'” When NV centers
are positioned closer to the surface, their coherence times
experience a rapid decline, starting at a depth of 22 nm, which
is attributed to fluctuations in the surface spin bath.'® Rosskopf
et al. discovered that the spin relaxation times of shallow NV
centers can be shortened by up to 30 times due to strong
thermal fluctuations caused by paramagnetic impurities with
small magnetic anisotropy energies. Their research also
revealed a high density of surface impurities, estimated to be
within the range of 0.01—0.1 wy/nm? which may have
contributed to the observed reduction in spin relaxation times
in the ultrashallow region (<S5 m beneath the surface).”’
Chrostoski et al. employed the Langevin method to simulate
the magnetic noise and explore the effects of paramagnetic
impurities on H-, O-, and F-terminated diamond surfaces
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Figure 1. (a) Top and (b, c) side views of different adsorption geometries of O, (red spheres) on the C(001) slab. The light gray and dark gray
spheres represent the 1st- and 2nd-layer carbon atoms, while the black spheres represent the interior carbon atoms. A—F and red ellipses denote the
sites and orientations of the atoms of O,; h; and h, represent the heights of two oxygen atoms from the surface plane.

within a thin layer of water."” Their investigation primarily
centered on the noise spectrum associated with spin precession
and spin flip phenomena without specifically identifying the
sources of impurities.

In the presence of a magnetic adsorbate, the model spin
Hamiltonian of the system can be described as

H= gNV:uBSNVB + ANVSI%IV,Z + ](Z)sad'sNV + Aadsazd,z

+ 8. MpSaB (1)

Here, ug (0.0578 meV/T) is the Bohr magneton; Syy and S,q
are the spins of the NV and adsorbate, respectively; gy and g4
are their corresponding g-factors; and Ayy and A,y are their
magnetic anisotropy energies. For NV~, Ayy determines the
zero-field splitting between the m, = 0 and m; = + 1 triplet
state (2.87 GHz). Obviously, (J(z)S,q) represents the energy
produced by the effective magnetic field acting on the NV spin
due to the adsorbate. To avoid significant perturbation of the
magnetic resonance measurement, this term should be smaller
than a few nano-electrovolts (at the level of MHz). J(z)
includes the exchange and magnetic dipole—dipole interactions
between the magnetic adsorbates and the spin of the NV
center (for simplicity, we only use the z-component of their
separation, where the z-axis is perpendicular to the surface).

For the contribution of a single magnetic dipole, we may

estimate that J(z) = g,ueV/A3 and hence z, the distance of
z

the NV center below the surface, needs to be at least 30 A to
satisfy this criterion. As a result, the presence of magnetic
adsorbates is detrimental to the NV probe, even when the
exchange interaction is neglected.

To address the magnetic noise from surface adsorbates
affecting the NV probe, several key questions need to be
investigated. (1) Identifying adsorbates with nonzero S,g:
Understanding which adsorbates possess nonzero spin values is
crucial for determining their potential impact on NV centers.
Various surface species, including transition metal ions, organic
radicals, or paramagnetic defects, could contribute to magnetic
noise. To this end, it is natural to begin by focusing on
adsorbates that are abundant in the environment such as O,
and water vapor derivatives such as H and OH. (2)
Understanding the function J(z) and the anisotropy energy
A,y This knowledge can aid in developing strategies to
minimize magnetic noise for ultraslow NV centers. (3)
Eliminating magnetic adsorbates that plague NV probes:

Developing effective methods to remove or mitigate the
influence of magnetic adsorbates on NV centers is vital.

Systematic density functional theory (DFT) calculations
offer an effective approach to address these questions regarding
the impact of adsorbates on the NV centers in diamond.
Accounting for potential adsorbates from air, free O, molecules
exhibit a spin triplet configuration with a magnetic moment of
2.0 pp and are paramagnetic in the liquid phase. Prior research
has shown that O, can form a two-dimensional Kondo
magnetic lattice on Au(110) and produce magnetic noise on
superconductors with aluminum oxide surfaces.”’~** Addition-
ally, both theoretical and experimental evidence suggest H
atoms as another potential source of magnetic noise on
aluminum oxide surfaces.”*** On diamond surfaces, an isolated
H atom can introduce an unpaired electron, resulting in local
spin polarization. It is crucial to first investigate the effects of
these adsorbates on pure diamond surfaces using DFT studies,
which can reveal specific surface configurations and adsorption
sites that either promote or suppress magnetization and
magnetic coupling. Achieving a comprehensive understanding
of the various adsorbates’ influence on NV centers in diamond
and devising strategies to mitigate their effects are essential for
advancing the use of NV centers in quantum sensing, quantum
computing, and other quantum technologies.

In this study, we utilize density functional theory to
investigate the most probable magnetic adsorbates from air,
specifically, O, and water vapor derivatives (H atom and OH),
on the (001) surface of diamond with a neutral NV° center at
different depths below the surface. We find that these
adsorbates retain their large magnetic moments on C(001)
and exhibit extremely small magnetic anisotropy energies. The
exchange coupling between their spin moments and the NV
spin is weak, yet not negligible, even when the NV center is
situated 8—9 layers beneath the surface. Due to the exceedingly
small magnetic anisotropy energies of these adsorbates (<1
ueV), their spin fluctuations are expected to generate
substantial noise that alters the quantum energy levels and
reduces the coherence times of the NV center. Considering the
relatively weak chemical interaction between the adsorbates
and the NV center when they are more than 1 nm apart, we
believe that the main conclusions regarding adsorption sites,
adsorption energy, and magnetic states of adsorbates remain
unchanged on a diamond surface with a negatively charged
NV~ center. Thus, our findings highlight the need to consider
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)

Il. METHODS AND MODEL

Although it is desirable to directly calculate systems with
adsorbates on carbon surfaces featuring NV~ centers and
diverse surface orientations, the computational requirements
for such calculations continue to pose a challenge. This
includes addressing the technical difficulties associated with
adsorbates and charged surface models. DFT calculations for
charged periodic systems with adsorbates are especially
problematic due to the necessity for proper charge
compensation and the persistent issue of poor convergence
behavior, even with attempts such as a recent one described in
refs 25,26. Furthermore, simulating NV centers situated a few
nanometers deep necessitates the use of large surface models,
which also present formidable challenges for the current
computational resources. In this study, our focus is on the
potential magnetization of adsorbates and their coupling to the
spin of the NV center. To model the C(001) surface, we
employed a slab consisting of 18 carbon layers and introduced
NV centers at varying depths to investigate the z-dependence
of J(z). Moreover, to make our DFT calculations more
manageable, we opted for NV° (S = 1/2) centers instead of
NV~ centers.

As depicted in Figure 1, we used a 4 X 4 supercell in the
lateral plane, containing more than 300 atoms, to simulate the
sparse adsorption of O,, H, and OH on the dimerized diamond
surface. A vacuum region of ~15 A was added to separate the
repeating slabs along the z axis. The lattice constant in the
lateral plane was fixed according to the optimized dimensions
of bulk diamond (a = b = ¢ = 3.573 A), which is consistent
with the most recent experimental data, 3.567 A* DFT
calculations were performed using the Vienna ab initio
simulation package (VASP).***° The exchange—correlation
interaction among valence electrons was described by the spin-
polarized generalized-gradient approximation with the Per-
dew—Burke—Ernzerhof functional (GGA-PBE).*” The van der
Waals correction was incorporated by using the DFT-D3
method. The interaction between valence electrons and ionic
cores was treated within the framework of the projector
augmented wave (PAW) method.*"*> We set the energy cutoft
for the plane-wave bases to 500 eV and utilized a S X 5 X 1 k-
mesh® to sample the essentially two-dimensional Brillouin
Zone. The positions of adsorbates and carbon atoms in the top
12 layers were fully relaxed using a criterion that the force
acting on each atom became smaller than 0.01 eV/A. The
bottom 6 layers of carbon atoms and the passivating hydrogen
atoms remained fixed at their bulk-like positions. Based on the
authors’ experience and prevailing literature, the selected
approach and parameters are proven to be effective for
examining adsorption systems. While more sophisticated
functionals such as hybrid and GW might offer enhanced
band gaps and heightened reliability, executing such calcu-
lations remains impractical for the surface systems discussed
here.

For the determination of magnetic anisotropy energy
(MAE), spin—orbit coupling (SOC) is incorporated into
calculations with 10 X 10 X 1 k points for surface systems. In
this work, MAE is obtained by integrating the torque, which is
the angular derivative of the spin—orbit coupling Hamiltonian
with respect to the polar angle 8 of the spin moment away
from the O—O bond, i.e.,

occ

Integrating 7 from 0 to € gives the angle dependence of the
total energy, represented as E(6). The torque approach has
been effectively employed in studies of various magnetic
materials, including the magnetic noise of O, on the
AL0,(0001) surface.”"**?*

lll. RESULTS AND DISCUSSION

For clarity, we will discuss each system’s results individually
before delving into broader discussions.

1. Adsorption of Oxygen Molecules on a Pristine
Diamond Surface—0,/C(001). The C(001) surface features
a (2 X 1) reconstruction with rows of symmetric carbon
dimers that saturate the dangling bonds resulting from
cleavage. Our calculated dimer length (1.382 A) is shorter
than the carbon bond length in bulk diamond (1.543 A), which
is consistent with experimental data®*~*° and previous
theoretical findings.*>*' The first question we seek to answer
is whether O, can stably adsorb on a clean diamond surface
while maintaining its triplet state. To this end, we examined six
different adsorption configurations for O, on the C(001)
surface, as illustrated in Figure la. The binding energy per
adsorbate is defined according to

Ey, = Ey + Eco01) — Emycioon (3)

Here, Eyr/c(o01) is the total energy of M/C(001) (M represents
adsorbates including O,, H, or OH), Ec gy is the total energy
of the pristine C(001) surface, and E, is the total energy of the
isolate absorbate. According to the binding energy (E;) values
listed in Table 1 for various adsorption sites, configuration D

Table 1. Binding Energies (Per Oxygen Molecule) and the
Heights of the Two Oxygen Atoms for the Different O,/
C(001) Adsorption Geometries Shown in Figure la

adsorption sites E, (eV) h (A)
A 0.078 hy = 3.01, h, = 3.66
B. 0.077 hy = 3.08, hy = 3.53
C. 0.068 hy=hy = 3.38
D. 0.144 hy=hy = 241
E. 0.128 hy= hy = 2.61
F. 0.134 b=y = 237

represents the most stable adsorption geometry for the oxygen
molecule. In this configuration, O, lies in the trench between
two parallel rows of carbon dimers, with the O—O bond
aligned perpendicularly to the C=C dimers. In this
configuration, both oxygen atoms are at the same height,
2.41 A above the plane of carbon dimers. The magnitude of E,,
approximately 0.144 eV per molecule, indicates that O,/
C(001) involves weak physisorption. This energy is similar to
the adsorption energy of O, on AL,O;(0001), indicating that
O, molecules may desorb from the surface at temperatures
exceeding 50 K.>* However, due to the abundance of O, in the
environment and the complexity of diamond surfaces, we still
anticipate that the presence of O, molecules on the surface of
NV probes is quite likely. Experimental observations show no
oxygen adsorption when the diamond (110) surface was
exposed to O,, but reconstructed diamond (111) and (110)
surfaces may adsorb O, even at room temperature.*”*’

https://doi.org/10.1021/acs.jpcc.3c04026
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Figure 2. (a) Side view of the optimized structure of O,/C(001), together with the isosurfaces of the spin density at +0.001 e/A* (red balls are
oxygen atoms; blue and red isosurfaces are for positive and negative spin densities, respectively). (b) Charge density difference in the plane
containing two O atoms (blue and red colors represent charge accumulation and depletion, respectively). (c) Projected-DOS of O, molecule (red)
and its carbon neighbors (C,,.o, blue) (both magnified by a factor of 2), accompanied by the total DOS of O,/C(001) (peach). The positive and
negative values correspond to states in the majority and minority spin channels, respectively. (d) Calculated torques (solid lines) and relative total
energies (dashed lines) versus the spin orientation with respect to the O—O bond for the free (black) and adsorbed O, molecule (red on pristine

C(001) and blue on NV-defected C(001)).
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Figure 3. (a—c) Side views for optimized structures of C(001) with NV at different locations. The nitrogen atom and vacancy are represented by a
green sphere and a pink translucent sphere, respectively. The magenta spheres highlight the carbon atoms closest to the vacancy. The blue and red
isosurfaces (+0.001 e/A>) represent the positive and negative spin densities, respectively. (d) Relative energies (AE) for structures with different
NV locations. (e) Calculated energies versus the spin orientation away from the z-axis with natural (solid lines) and magnified (dashed lines, by a
factor of S) SOC strengths. The energy curves are shifted vertically for clarity.

Due to the weak interaction with the diamond surface, the
adsorbed oxygen molecule maintains a significant spin moment
and magnetizes the adjacent C atoms. The total magnetic
moment for the system remains close to 2.0 g per O,
molecule with the spin polarization of O, extending to the
neighboring carbon atoms. The spin density of the absorbed
O, molecule, as shown in Figure 2a, exhibits the donut feature
of its pp7™* orbital, which is like that of a free O, molecule. The
charge density redistribution for O,/C(001), as shown in
Figure 2b, reveals that the charge rearrangement is minimal,
further indicating a weak interaction between the O, and
C(001) surface. In line with this observation, Bader charge
analysis indicates a minuscule charge transfer of 0.02¢ from the
nearest carbon atoms to the O, molecule. The total density of
states for the O,/C(001) [represented by the gray background
in Figure 2c] and the projected density of states (PDOS) of
the O, molecule [depicted by the red peaks in Figure 2c]

demonstrate that the ppz* orbitals of the O, molecule in the
minority spin channel are not affected much by the charge
rearrangement associated with adsorption.

We further calculated the magnetic anisotropy energy of O,/
C(001), i.e., the energy barrier for spin rotation, through the
torque method.”* From the curves of 7 (6) and E(), we can
observe that the lowest energy corresponds to the case where
the spin aligns perpendicular to the O—O bond (6 = 90°), and
the energy difference between 8 = 0 and 90° is 0.163 meV per
O,. This value is very close to that of the free O, molecule,
which is 0.152 meV. As previously mentioned, the magnetic
anisotropy of O, originates from the SOC interaction between
its ppz* orbitals in the two spin channels.”" Since the energy
barrier for spin rotation around the O—O bond is extremely
small for the O,/C(001), [~1 ueV or 10 mK], which is almost
below the limit of precision that DFT can achieve, this rotation
is essentially unrestricted. Consequently, spin fluctuations of

https://doi.org/10.1021/acs.jpcc.3c04026
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The nitrogen atom and vacancy are represented by the green sphere and pink translucent spheres, respectively. The magenta spheres highlight the

carbon atoms nearest to the vacancy.

the O, can potentially serve as a source of magnetic noise on
the C(001) surface at low temperatures.

2. NV Center at Different Depths below the Diamond
Surface. In this study, the focus lies on investigating the
magnetization of adsorbates such as O, and their interaction
with the spin moment of an NV center beneath the surface. An
intriguing aspect to explore is the distance at which the
magnetic adsorbate and NV center need to be separated before
J(z) decays to a negligible level. Understanding this decay
behavior could provide valuable insights into optimizing the
performance of diamond-based magnetometers and sensing
devices that utilize NV centers. Given that the exchange
coupling is primarily mediated by conduction electrons in the
diamond lattice, the results obtained for the neutral NV state,
especially the strength of J(z), are anticipated to be
qualitatively applicable to the NV~ state. Additionally, the
neutral NV state (spin 1/2) has also been suggested as a
sensitive magnetometer for specific applications.”

The magnetic properties of the neutral NV center were
initially investigated at various depths beneath the surface. To
simplify the discussion, NiVj is used to represent the location
of the NV center, with nitrogen at the i layer and a vacancy at
the j™ layer below the surface. Interestingly, the total magnetic
moment for the NV center remains consistent at 1.0 Mg across
all cases, demonstrating its stable 1/2 spin 1/2 nature.
However, the distribution of spin polarization varies drastically,
especially as the NV center moves closer to the surface. In
Figure 3a, we observe the spin density for the case where
nitrogen is positioned at the eighth layer and the vacancy at the
ninth layer (N8V9). The three carbon atoms closest to the
vacancy (C,,_y, denoted in purple) exhibit the highest
contribution to magnetization, with their dangling bonds
oriented toward the vacancy. In contrast, the two carbon atoms
in the tenth layer display spin densities opposite to the carbon
atom in the eighth layer. This behavior differs from that of the
NV~ center, where the three neighboring carbon atoms
surrounding the vacancy contribute equally to local magnet-
ization in the triplet ground state.

Quantitatively, the C local magnetic moments associated
with the N8V9 geometry are 0.347 i for the two C atoms in
the 10th layer and —0.228 g for the C atom in the eighth
layer. The N atom also contributes a small magnetic moment
of 0.016 pg. This pattern persists in the N5V6 geometry as
seen in Figure 3b, but the local magnetic moments change to
0.381, 0.272, and —0.179 ujy for the three carbon atoms due to
the further reduction in local symmetry. In the case of N3V4,
more pronounced changes occur. As shown in Figure 3c, the
spin density is primarily concentrated around the C atoms in
the third layer, which possess a local magnetic moment of
0.392 pp. Conversely, the local magnetic moments of the two
C atoms in the fifth layer diminish to 0.014 uy and 0.018 ug.
Since the total magnetic moment remains at 1.0 g for all of
these cases, the magnetization in the interstitial region is also
significant.

As shown by the relative energies in Figure 3d, shallow NV
centers have a tendency to migrate toward the surface. The
energy decreases by 0.6 eV as we move from the N9VI10
configuration (the deepest) to the N3V4 configuration (the
shallowest) in our model. This can be attributed to the surface
region’s enhanced capability to accommodate local relaxation
and dangling bonds associated with the vacancy. The PDOS
curves for both N3V4 and N8V9 display notable gap states in
Figure 4a,b, respectively. Due to the reduced symmetry and the
Jahn—Teller effect, the ¢, , orbitals in the majority spin channel
experience an energy split. For the N3V4 case, the e, orbitals
around the carbon atoms in the third layer have lower energy,
and the e, orbital in the fifth layer is about 0.9 eV higher in
energy compared to undisturbed C atoms. In the N8V9
configuration, the energy splitting between ¢, and e, orbitals is
about 0.3 eV. To substantiate these claims, the wave functions
of the occupied gap states are displayed in Figure 4c,d.

As expected from the weak SOC of both C and N, the MAE
of a single NV is extremely small, even when the SOC strength
is artificially increased by a factor of S in calculations. The
calculated angle-dependent energies of the NV° center at two
locations are shown in Figure 3d. For the N3V4 configuration,
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the MAE is essentially zero according to the torque calculation,
as the angular dependence of the energy is negligible (<0.1
ueV), even with the enhanced SOC. In the case of N8V9, the
energy change remains less than 0.1 eV (or 0.8 eV with the
amplified SOC), with a slight preference for the spin to align
along the z-axis (the axis connecting N and V). However, these
MAE:s are already too small for conventional DFT calculations,
even with the use of the torque approach. Note that the MAE
for an S = 1/2 system will not affect its two quantum levels.
For NV7, an S = 1 system, the MAE due to SOC is also
exceedingly small, <0.1 yeV. Therefore, the zero-field splittings
of the triplet states should not be attributed to SOC but rather
the dipolar interaction between the spins on the 3 carbon
atoms nearest to the vacancy, as discussed by Gali."”

3. O, Adsorption on C(001) in the Vicinity of an NV
Center. The presence of the NV center reduces the symmetry
of the C(001) surface, resulting in more nonequivalent
adsorption sites for the adsorbates, as illustrated in Figure
Sa. To quantify the strength of the O, adsorption, we calculate
the binding energy using eq 3, where Eg(qgy) is replaced by the
total energy of the C(001) substrate containing an NV center.
Based on the binding energies of O, at different adsorption
sites, the most stable adsorption geometry occurs when O,
occupies the BR9 site on C(001)-N3V4, similar to its position
on pristine C(001). In this configuration, the oxygen molecule
is situated in the trench between two rows of carbon dimers,
with the O—O bond oriented perpendicular to the C—C bonds
and one O atom positioned above the carbon vacancy, as
depicted in Figure Sa.

Interestingly, this geometry retains the lowest energy as the
NV center moves further into the interior region, indicating
that the surface chemistry is not significantly influenced by the
NV center when it is more than 3 layers beneath the surface.
Nonetheless, subtle changes in the heights (h, and h,) are
observed, as shown in Table 2. Notably, the O, molecule
exhibits a slight tilt on the C(001)-N3V4 surface due to the
stronger attraction between the vacancy site and the adsorbed
O2 compared to the nitrogen atom.

As depicted in Figure 6a—c, the cation of O, receives a small
amount of charge from the substrate across all three structures.
Consequently, the binding energies of O, in the presence of an
NV center are slightly higher than those on pristine C(001). In

Table 2. Binding Energies (Per Oxygen Molecule) and
Heights of Oxygen Atoms Measured from the Topmost C
Layer of the O,/C(001)-N3V4 in Different Geometries, as
Depicted in Figure §

adsorption sites E, (eV) h (A)

T 0.070 hy = 3.39, hy = 3.40
B 0.092 hy =311, by = 3.12
NR1 0.082 hy = 3.10, by = 3.11
NR2 0071 hy = 3.3, by = 3.14
BR1 0.129 hy =2.52, hy = 2.53
BR2 0.128 hy =261, hy = 2.62
BR3 0.126 hy = hy = 2.65

BR4 0.127 hy = hy = 2.63

BRS 0.146 hy = 2.53, hy = 2.55
BR6 0.114 hy = 2.68, hy = 2.74
BR7 0.147 hy = hy = 236

BRS 0.141 hy = 239, hy = 2.49
BRO 0.168 hy = 230, h, = 2.40

addition, the spin density of the adsorbed O, molecule shown
in Figure 6d—f exhibits the donut-shaped feature of the ppz*
orbital, similar to that of a free O, molecule. Simultaneously,
the neighboring C, o atoms display weak magnetization, with
small spin moments ranging from 0.02 to 0.04 ug. Although
the spin densities of O, and NV in Figure 6d—f seem to be
uncoupled, there are significant exchange interactions between
them. Intriguingly, the magnetic ground state for the O,—NV
pairing fluctuates as the depth of the NV center increases,
exhibiting antiferromagnetic (AFM), ferromagnetic (FM), and
antiferromagnetic behavior for the N3V4, N5V6, and N8V9
cases, respectively.

We can now examine the mechanism of exchange coupling
between the spins of O, and NV. For the N3V4 configuration,
the C,,.y in the third layer exhibits a positive spin density, as
shown in Figure 6d, while the other two C, v in the fifth layer
display very weak magnetizations. The induced spin density
around C,, .y tends to alternate in sign with every layer,
whereas the spin density of C,, o atoms shares the same sign as
that of the third layer. Concurrently, O, is coupled
antiferromagnetically to its carbon neighbors because its
ppz* orbitals, which participate in adsorbate—substrate
interactions, are in the minority spin channel. As a result, the
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Figure 6. (a—c) Charge density differences, poy/c(o01)=Pc(oon—Por with O, on C(001) with the NV center at different locations. Charge
accumulation and depletion are represented by blue and pink colors, respectively. (d—f) The corresponding isosurfaces of spin density (+0.001 e/
A®) are shown with blue and pink for positive and negative spin densities, respectively. Gray balls are C atoms, red balls are O atoms, green ball is
N, and magenta balls are neighboring C atoms of the vacancy marked by the pink circle. (g—i) PDOS of C,y (magenta), C,,.0, (blue) (both
magnified by a factor of 2), O, (red), and N (green) atoms. The positive and negative values of PDOS correspond to states in the majority and

minority spin channels, respectively.

Table 3. Magnetic Ground States (MGS), Binding Energies (E,) (Per Adsorbate), Heights (H) of the Lowest Adatom
Measured from the Topmost C Layer, Total Magnetic Moment (M), and Exchange Energies (AEgy.apm) for O, OH, and H

Atom on C(001) with the NV Center at Different Depths

GS E, (eV)
0,/C(001)-N3V4 AFM 0.168
0,/C(001)-N5SV6 FM 0.170
0,/C(001)-N8V9 AFM 0.165
H/C(001)-N3V4 FM 3.857
H/C(001)-N5V6 AFM 3.886
H/C(001)-N8V9 FM 3.890
OH/C(001)-N3V4 FM 4.024
OH/C(001)-N5V6 AFM 3.963
OH/C(001)-N8V9 FM 3.972

h (A) M (up) A Egyary (meV)
2.30 (h, = 2.40) -0.997 0.3
2.24 (hy = 2.25) 2.774 -0.6
2.31 (h, = 2.32) —1.00 0.7
1.02 2.00 —-12.6
1.02 0 0.9
1.02 2.00 -0.7
1.28 2.002 —-12.7
1.29 0 1.1
1.29 2.00 —0.6

magnetic moment of O, is antiparallel to that of NV in the
C(001)-N3V4 configuration. In the case of NSV6, the C,,y in
the fifth layer possesses a negative magnetic moment, inducing
a small negative spin polarization in the surface carbon layer.
Consequently, the spin of the molecule of O, aligns with that
of N5V6. The same reasoning applies to the N8V9
configuration.

In Table 3, it is noteworthy that the magnitude of the
exchange energy between O, and NV, characterized by
A\Epviamw is small but does not decay as rapidly as
anticipated when the NV center moves away from the surface
in our model calculations. This seems to be a unique feature of
the C lattice in mediating the magnetic interaction, as a similar
strength of the exchange coupling can also be found for H and
OH with N8V9. Of course, the exchange interaction between
the NV center and adsorbates is expected to decrease as the
depth of NV increases further, and the magnetic dipole—dipole
interaction term gradually becomes dominant. Nevertheless, it

appears that the J(z) term is not negligible in the limit of depth
of NV in our model. Furthermore, the torque calculations
(blue lines in Figure 2d) indicate that the spin orientation of
the O,/C(001)-N3V4 complex remains perpendicular to the
O—0O bond. Consequently, the spin can almost freely rotate
about the O—O bond and O, molecules are expected to
generate significant magnetic noise at low temperatures due to
the sizable exchange coupling with the NV centers.”'

From the projected density of states of the O, molecule [red
peaks in Figure 6g—i], it is evident that the ppz™* orbitals of the
O, molecule (which are in the majority spin channel for N3V4
and N8V9 but are in the minority spin channel for NSV6) shift
down to the Fermi level due to the weak hybridization and
charge transfer with the substrate. Some resonance can be seen
due to the overlap between the PDOS curves of the O, and
Cono atoms near the Fermi level. These states provide
sufficient electron density in the carbon lattice to mediate the
exchange interaction of spins, similar to the Ruderman-—
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Figure 7. (a—c) Charge density differences of H adsorbed on the C(001) surface, pyi/c(o01)—Pc(oo1) =P With the NV center at different locations.
Charge accumulation and depletion are represented by blue and red colors, respectively. (d—f) The corresponding isosurfaces of spin density
(£0.001 /A3 blue and red for the positive and negative spin densities, respectively). Gray balls are C atoms, white ball is H, green ball is N, and
magenta balls are neighboring C atoms of the vacancy marked by the pink circle. (g—i) Projected-DOS of H (cyan, magnified by a factor of 20),
C,n.v (magenta), C,. ; (blue) (both magnified by a factor of 2), and N (green) atoms. The positive and negative values of PDOS correspond to

states in the majority and minority spin channels, respectively.

Kittel—Kasuya—Yosida (RKKY) mechanism. As a result, we
can expect a slow decay for the J(z) term between O, and NV~
as well, although the quantitative details may vary due to the
larger magnetic moment and different local spin density.

4. H and OH Adsorption on NV-Diamond Surface. In
this section, we discuss the adsorption of hydrogen (H) and
hydroxide (OH) on a diamond surface featuring a nitrogen-
vacancy center. The interaction between these adsorbates and
the NV-diamond surface can influence the properties of the
surface and has implications for a variety of applications
including surface chemistry, catalysis, and spintronics. It is also
crucial to understand these interactions for the use of NV
centers in quantum sensing and quantum information
processing. Our analysis will consider factors such as the
binding energy, charge transfer, and potential impact on the
spin properties of the NV center.

Hydrogenated carbon surfaces are widely recognized to be
more stable than clean ones under ambient conditions,**™** as
hydrogen coverage compensates for dangling bonds. We
examined the adsorption of a single H atom at various
adsorption sites, as illustrated in Figure Sb. Our DFT
calculations revealed that the H atom tends to adsorb near
the T2 site (Figure Sb), with large binding energies and short
adsorption heights, as shown in Table 3. It is evident that the
H/C(001) surface exhibits strong chemisorption with
significant charge redistribution, as clearly depicted in Figure
7a—c by the charge density differences, py,c(001)=Pc(o01)—Pu-
Bader charge analysis indicates that H donates its 1s electron
to the adjacent C atom (denoted as C,, 1), which gains 0.09.
The other adjacent surface carbon atoms also receive small
amounts of charge, ~0.02e.

The C—H pair on the surface hosts a magnetic moment of
1.0 pg, with ~0.42 pg on the neighboring C atom. This is also
clearly demonstrated by the spin density distribution in Figure
7d—f. The magnetic ground state of H/C(001) also depends
on the depth of the NV; it is FM with respect to the NV center
for N3V4 and N8V9 but AFM for NSV6. Interestingly, the H—
NV exchange coupling is considerably stronger than that
between O, and NV. This is due to the delocalization of the
spin polarization around the H—C pair on the surface. Figure
7d demonstrates that the spin densities of N3V4 and the C—H
pair are connected, leading to a direct exchange interaction
between them and a large J. In the cases of N5V6 and N8V9,
the exchange coupling between the spins of the C—H and NV
is mediated by electrons near the Fermi level, similar to the
case for the O, case. Consequently, the magnitude of J(z)
decreases to the same level as that of O,. As depicted in Figure
7g—i, there is no obvious hybridization between the H-C
orbitals and the NV gap states near the Fermi level. The
calculated MAEs of H/C(001) with and without NV are also
extremely small, ~0.1 peV.

The presence of hydroxyl groups on diamond surfaces,
which can be derived from water vapor, has been observed in
various contexts such as organic chemical reactions, wetting
angle measurements, and X-ray photoelectron spectroscopy
(XPS) measurements.”” After examining all of the adsorption
sites shown in Figure Sb, we found that the most stable
adsorption site for OH is once again the T2 site. The binding
energies listed in Table 3 are even larger than those of H,
indicating the chemisorption nature of the system.

It is important to note that OH has a tilted adsorption
geometry on the C(001) surface, irrespective of the depth of
the NV center. The charge density differences,

H https://doi.org/10.1021/acs.jpcc.3c04026
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Figure 8. (a—c) Charge density differences, pop/c(oo1)=Pc(oon—Pom of OH on C(001) with the NV center at different locations. Charge
accumulation and depletion are represented by blue and red colors, respectively. (d—f) The corresponding isosurfaces of spin density (+0.001 e/
A3, blue and red for the positive and negative spin densities, respectively). Gray balls are C atoms, white ball is H, red ball is O, green ball is N, and
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(red), C,,.v (magenta), C,,_oy (blue) (all magnified by a factor of 2), and N (green) atoms. The positive and negative values of the PDOS
correspond to states in the majority and minority spin channels, respectively.

Ponycioo)—Pc(oo)—Pom shown in Figure 8a—c, also indicate
significant electron rearrangement in the surface region. These
charge density differences reveal charge transfer from the
nearest C atoms of the substrate to the hydroxide ions,
resulting in the formation of a C—O—H group. Bader charge
analysis indicates that the adsorbed O atom gets 0.88¢ and the
adjacent C atom loses 1.02e. Similar to the H adsorption case,
the COH group hosts a magnetic moment of 1.0 g, with
approximately 0.43 pg at the carbon end. The spin density
distribution shown in Figure 8d—f suggests that the spin
polarization is more concentrated around the oxygen atom.
The PDOS curves in Figure 8g—i show no obvious adsorbate—
substrate hybridization near the Fermi level. The OH orbitals
are either well below or well above the Fermi level. Because of
the charge transfer to OH, states of the surface carbon atom
nearest OH, denoted as C, oy, are shifted into the gap.

It is indeed surprising that the J(z) between OH and NV is
almost the same as that for the case of H in Table 2, despite
the differences in their charge transfer behavior with the
substrate. This indicates that the exchange coupling between
spins in carbon is predominantly influenced by the subtle
fluctuations in spin polarization across carbon atoms due to the
magnetic defect and adsorbates. This underscores a distinctive
property of carbon in mediating magnetic interactions. Given
this observation, it is reasonable to expect that the exchange
interaction between the NV~ centers and various adsorbates
could extend over long distances across carbon atoms. As
mentioned earlier, the calculated MAEs are extremely small for
OH/C(001) as well, around 0.1 peV, both with and without
the presence of NV. This suggests that the magnetic
fluctuations of OH can be significant and produce considerable
magnetic noise.

5. Discussion. The findings in this work shed light on the
sensitivity of NV probes and how they deteriorate rapidly as
the NV centers approach the surface, which is attributed to the
presence of adsorbates on the carbon slabs. While the
dimerized C(001) surface was used as the model system in
this study, it is conceivable that the adsorbates, such as O,, H,
and OH, could interact with other diamond surfaces and
exhibit qualitatively similar behaviors. This means that the
findings related to magnetic noise and exchange interactions
may be applicable to a broader range of diamond surfaces.
Additionally, the slow decay of J(z) should be independent of
the surface orientation. As we previously estimated based on
dipole interactions, a minimum depth of 3 nm is necessary to
prevent the influence of magnetic dopants on the NV center.
Recent observations have supported this estimation, indicating
that an optimal depth for the NV ensemble is approximately S
nm.”’ Clearly, the presence of magnetic adsorbates needs to be
carefully considered and addressed in any diamond-based NV
center applications to ensure optimal performance and
accuracy.

It is important to note that O, exhibits a low binding energy
on C(001) and possibly other carbon surfaces as well. As a
result, O, typically desorbs at relatively high temperatures,
which may limit its impact, unless the NV probe operates at
extremely low temperatures. Besides, O, can be removed from
diamond surfaces using either a protective coating or
ultraviolet light illumination, as mentioned for reducing 1/f
magnetic noise on SQUID surfaces in refs 21,24. On the other
hand, H and OH exhibit chemisorption, making them more
difficult to remove. Since they are water vapor derivatives,
preventing water adsorption and dissociation on the diamond
surface appears to be more critical. Various approaches, such as
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surface passivation using thin silicon dioxide (SiO,) layers or
hydrophobic polymer coatings, can be employed. The
selection of protective materials depends on the adsorbate
species and surface conditions. Further research in this area
will undoubtedly be valuable in identifying effective strategies
for NV probes.

While directly simulating NV~ for NV probe development is
preferable, achieving electronic and structural convergence for
many configurations with adsorbates on carbon slabs with
charged NV~ centers proved challenging, even with recent
methods like the self-consistent potential correction ap-
proach.”® Furthermore, NV~ has a multiconfigurational ground
state which cannot be described accurately in ordinary DFT.
This prevented us from making direct comparisons with rich
experimental data established in the literature. However, the
slow decline of both exchange coupling and magnetic dipole
interaction is expected to be independent of the charge state of
the NV center. This implies that surface noise poses a critical
concern for both NV® and NV~ states, providing that magnetic
adsorbates are in proximity.

Additionally, the electronic properties of NV centers can be
significantly affected by the presence of adsorbates beyond the
magnetic interactions. Hauf et al. have shown that changes in
surface termination can lead to the conversion of stable NV~
centers into NV° and an unknown nonfluorescent state, due to
band bending.”' The present studies also indicated that the gap
states exhibit noticeable changes due to the presence of O,, H,
and OH, as evidenced by the DOS curves shown in Figures
6—38, even in the case of N8V9. As the changes of electronic
states are at the meV level and the energy splitting between
spin states (e.g, S, = +1/2 and —1/2 for NV°) due to the
exchange coupling can be up to 100 GHz (a few tenths of
meV) for the deepest NV center in our model, we perceive that
the ODMR measurement is essentially impossible.

Finally, Kim et al. have reported that electric-field noise can
be more impactful than magnetic field noise for NV probe and
they found that adding a protective surface layer such as
deuterated glycerol can reduce electric-field noise.”” Multiple
approaches, including varying surface patterning, cleaning
methods, and coating layers, have been explored and
tested.”>** Janitz et al. provided a comprehensive review of
potential sources of charge-state instability and decoherence
for near-surface NV centers, including band bending, charge
trappin§, surface roughness, surface spin, and unscreened
charge. Our research has identified specific adsorbates that
contribute to these effects and may aid in targeted magnetic
noise reduction efforts.

IV. CONCLUSIONS

In summary, our systematic DFT calculations have demon-
strated that the adsorption of O, on the C(001) surface can be
stably adsorbent at low temperatures and retain a sizable
magnetic moment of 2.0 up. Additionally, H and OH also
exhibit magnetic moments of 1.0 yy on diamond, even though
they have strong chemical interactions with the surface. These
moments may significantly disturb the quantum spin states of
the NV center through either magnetic dipole interaction in a
range of up to 3 nm or through non-negligible exchange
interactions, even when the NV center is 8 layers below the
surface. This slow decay implies that even at greater distances,
the magnetic adsorbates can still significantly influence the NV
center’s behavior regardless of the NV center’s charge state.
The magnetic anisotropy barrier energies of adsorbates like O,,

H, and OH are exceedingly small (smaller than 1 ueV per
molecule or atom). Due to these low energies, the adsorbates’
magnetic moments can easily fluctuate in response to even
minor changes in their environment, which may interfere with
the performance of NV centers in quantum sensing and other
applications. Our research emphasizes the need to consider
various potential magnetic sources that might adversely affect
NV probes and highlights the significance of removing surface
adsorbates in this regard.
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