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Unpaired electronic spins at diamond surfaces are ubiquitous and can lead to excess magnetic noise.
They have been observed in several studies to date, but their exact chemical nature is still unknown.
We propose a simple model to explain the existence and chemical stability of surface spins associated
with the sp3 dangling bond on the (100) diamond surface using density-functional theory. We find that
the (111) facet, which is naturally generated at a step edge of (100) crystalline diamond surface, can
sterically protect a spinful defect. Our study reveals a mechanism for annihilation of these surface spins
upon annealing, consistent with recent experimental results. We also demonstrate that the Fermi-contact
term in the hyperfine coupling is not negligible between the surface spins and the surrounding nuclear
spins, and thus ab initio simulation can be used to devise a sensing protocol where the surface spins act as
reporter spins to sense nuclear spins on the surface.
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I. INTRODUCTION

The nitrogen-vacancy (N-V) center in diamond is a
promising technology for quantum sensing at the nanome-
ter scale due to its localization to atomic dimensions,
remarkable chemical stability, and unique photophysics
[1–4]. In order to sense external targets, N-V centers must
be brought close to the surface. However, structural and
chemical defects at the surface can give rise to paramag-
netic species that cause rapid decoherence of shallow N-V
centers [5–9]. Some of these defects give rise to unpaired
electrons with S = 1/2 and a g factor of the free electron
[10], and there are various proposals to use such defects
as “quantum reporter” spins [11]. The double electron-
electron resonance (DEER) signal associated with surface
spins is diminished after annealing the diamond at 465 ◦C
in an O2 atmosphere [9,12–14]. These annealing condi-
tions have been shown to remove sp2 hybridized carbon
and result in a highly ordered oxygen-terminated surface
[9,15]. Furthermore, the DEER signal is also suppressed
after annealing in vacuum at 650 ◦C at which temperature
a surface dangling bond (DB) defect is also removed as
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evident in x-ray absorption [14]. These observations sug-
gest that the surface spins might correspond to sp3 DB
species. Since sp3 DB species can introduce deep acceptor
states into the band gap of diamond they may be a source
of charge and spin fluctuations at the surface, which may
be transiently activated [16–18]. However, naïve models
of dangling bonds at the (100) diamond surface would
not be expected to be air stable. DEER measurements
[11] could not identify the exact chemical environment of
hydrogen atoms at the surface, and we further note that
once Carr-Purcell-Meiboom-Gill protocols are applied in
the detection scheme of the protons, signals associated
with 1H and 13C nuclear spins can be overlapping [19],
leading to further ambiguity in extracting direct informa-
tion about the structure of the diamond surface. A clear
understanding of the diamond surface spin will be cru-
cial for further improving the sensitivity and resolution of
diamond nanosensors.

In this paper, we propose a simple atomistic model
for the near-surface DB defect on (100) oxygenated dia-
mond surface, and we characterize some of its properties
by density-functional-theory (DFT) calculations. We cre-
ate a single sp3 carbon DB defect on the trench site
with a terminating hydroxyl (OH) radical, see Fig. 8, that
can naturally occur at step edges of a polished (100)
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diamond surface. The proposed annihilation mechanism
of these surface spins is OH thermal desorption, which
induces minimum surface reconstruction. We estimate the
temperature-dependent desorption rate of OH by their DFT
activation energy barriers, and we find good agreement
between experimental results on annealing sp3 DBs [14]
and the simulated OH desorption. Finally, we calculate
the hyperfine structure of four surface-spin models, which
provides direct information about the interaction between
surface spins and nuclear spins as a tool for supporting
our model and is relevant for reporter spin protocols for
sensing nuclear spins.

II. METHODS

First-principles calculations based on DFT are per-
formed using the plane-wave-based Vienna ab initio simu-
lation package (VASP) [20]. The interactions between the
ions and valence electrons are treated by the projector
augmented-wave [21] method. Constant volume relaxation
using a cutoff energy of 370(740) eV in the plane-wave
expansion for the wave function (charge density) results in
an equilibrium lattice parameter of 3.57 Å, which is only
0.08% larger than the experimental value of 3.567 Å. For
the Brillouin-zone integration of a (2 × 1) surface unit cell
we use a 4 × 8 × 1 grid in the Monkhorst-Pack scheme
[22]. The thickness of the vacuum layer is 10 Å and the
DBs on the surface are saturated by hydrogen atoms. We
allow for all the atoms to fully relax until the forces are
below 0.01 eV/Å except for those at the bottom four layers,
which are fixed at their respective positions of the (2 × 1)
reconstructed surface. The defect model is constructed in a
512-atom, (100)-oriented periodic slab model with 11 car-
bon layers and vacuum thickness of 27.5 Å. We use this
(6 × 6) supercell to simulate a step diamond model with a
surface spin. Here, we use mixed H/O/OH radicals termi-
nating the diamond surface to minimize the surface states’
intrusion into the band gap [23]. We use the � point to map
the Brillouin zone as we test that it is sufficient to ensure a
good convergence in the total energy difference. Our pre-
vious studies of defects in diamond [24–26] show that,
unlike the Perdew-Burke-Ernzerhof (PBE) functional [27],
the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional [28]
provides correct defect levels and defect-related electronic
transitions within approximately 0.1 eV to experiments,
accurate hyperfine tensors [29] and energy barriers [30].
Therefore, we apply the HSE functional in our calculations
with full relaxation of the atomic positions in the sur-
face region, using the same relaxation method as described
above for the pristine unit cell. The acceptor and donor lev-
els of the defect are obtained from self-consistent potential
correction (SCPC) calculations as implemented in the VASP
code [31]. The SCPC method is desirable to achieve con-
vergent electronic structure of the charged defects in dia-
mond slab models as explained for the negatively charged

nitrogen-vacancy defect in Ref. [31]. The energy barriers
of OH desorption are determined by using nudged elas-
tic band (NEB) method [32]. For the exchange-correlation
functionals, we use the gradient-corrected PBE functional
in the NEB procedures.

We also investigate the relative stability of diamond
atomic step models on the (100) diamond surface on which
we introduce the dangling bond defects. The two atomic
structures of hydrogenated (100) diamond surface in the
presence of single steps suggested by Chadi [33] and Tsai
[34] are shown in Figs. 1(a) and 1(b), respectively. For the
sake of clarity, the highest five layers of carbon atoms are
presented in different sizes and colored in different shades
of gray (higher atoms are larger and lighter gray). Essen-
tially, in the same size of unit cell, the difference between
the Chadi and the Tsai models is the number of C—C sur-
face dimers. In a C(100)-8 × 2 supercell, the Tsai model
possesses two more C—C dimers than the Chadi model, so
the corresponding number of hydrogen atoms on the top of
surface in the unit cell of Chadi and the Tsai models are
14 and 18. The distance between two step edges are 8.8
Å in the Chadi model and 12.7 Å in the Tsai model. To
examine if the interaction between two step edges affects
the formation entropy, we calculate the Chadi model with
a shorter distance at 7.7 Å, and the results are consistent
with the longer distance. Temperature dependence of the
step formation enthalpy is mainly incorporated through
the hydrogen chemical potential μH. The step formation
enthalpy per step unit length of H-terminated diamond
surface can be calculated as follows:

H(p , T) = [Etotal + F(T) − nCμC − nHμH(p , T)] /4, (1)

where Etotal is the total energy, F(T) is the free energy aris-
ing from the vibrational modes of the hydrogen atoms at
the surface, μC is the chemical potential of carbon atom,
and nC(nH) are the numbers of carbon(hydrogen) atom.
The factor of 4 arises from the fact that there are two step
edges and two step unit lengths per unit cell in our models.
Since the system is assumed to be in thermal equilibrium,
we use the total energy of bulk diamond as the carbon
chemical potential μC. To determine F(T) we calculate
the local vibrational modes (LVMs) of C—H for these two
models. One can calculate the F(T) as

F(T) =
∑

i

{
Ei

2
+ kBT ln

[
1 − exp

(−Ei

kBT

)]}
, (2)

where Ei = hνi and νi is the frequency of the ith LVM,
h is Planck’s constant. F(T = 0 K) gives the zero-point
energy of the diamond surface. It is possible to express the
chemical potential of hydrogen μH, assuming equilibrium
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with the gas phase as

μH(p , T) = μH (p , 0 K) + �G(p0, T)

2
+ kBT ln(p/p0)

2
,

(3)

where μH (p , 0 K) is the total energy of hydrogen at 0 K
and p0 is the standard state’s pressure. In the conventional
chemical vapor deposition (CVD) diamond growth, a mix-
ture of hydrogen and methane are commonly used as the
reactant gas. Typically, the concentration of methane is
0.1–1.0%. Therefore, it is reasonable to take μH (p , 0 K)

to be the total energy of hydrogen in an isolated molecule
form, i.e.,

μH (p , 0 K) = ECH4 + ECH4,ZPE − μC

4
, (4)

where ECH4,ZPE is the zero-point energy of CH4. The sec-
ond term �G(p0, T) is the difference in the Gibbs free
energies, which can be obtained from the differences in the
enthalpy and entropy of a methane molecule with respect
to the T = 0 K limit, e.g., tabulated in the thermodynamic
tables.

III. RESULTS

We summarize the following facts about surface spins
found in experimental results [9,11–14,17,18]: (i) one type
of the surface spins correlates with x-ray signatures of an
sp3 DB, (ii) it is a spin-1/2 electronic defect, (iii) it must
be located within a few layers of the surface, and (iv)
it is chemically stable in air. (v) Furthermore, the defect
should stay neutral to remain paramagnetic during the opti-
cal measurements. This can be achieved when the occupied
defect level falls relatively close to the valence-band max-
imum whereas the unoccupied levels falls high in the gap
to produce hyperdeep donor and acceptor levels.

The surface sp3 DBs are not stable in air, thus we study
a vacancylike structure beneath the surface. Therefore, we
introduce an atomic step on (100) diamond surface, which
is also motivated by the experimental conditions [9,35] as
explained below.

A. Surface models

In experiment, the surface layer is generally damaged
and highly strained because of mechanical polishing [35],
and this strain can be mitigated by etching and surface pro-
cessing [9]. Systematic simulation and analysis of such dis-
ordered diamond surfaces is computationally prohibitive
at ab initio level needed for accurate electronic structure
calculation. Instead, we attempted to set up a simple but
still relevant model to identify the surface spins using the
following steps.

(i) We start with an atomically flat (100) diamond sur-
face. It is well-known that the dangling bonds at the surface

are highly reactive, thus the surface spins should be located
beneath the topmost surface.

(ii) For all carbon atoms of a pristine (100) diamond
surface, there are two bonds pointed up, out of the surface
and two bonds pointing downward. Removing or adding
one carbon atom always generates two DBs. It is there-
fore not possible to construct a single sp3 DB with a small
number of atoms at the (100) surface. However, at the
diamond (111) surface, each carbon atom possesses three
bonds downward (upward) and one bond upward (down-
ward), thus it is possible to form a single sp3 DB defect
within minimum change of the diamond lattice. Therefore,
to form a sp3 DB beneath (100) surface, a (111) facet is
essential.

(iii) Reflection anisotropy spectroscopy [36] shows that
a single-layer step on high-quality atomically smooth
H/C(100)-2 × 1 surfaces is predominantly realized as the
Chadi step model in CVD grown diamonds [33]. One can
find a tilted (111) facet at the (100) diamond surface caused
by a single atomic step layer in the Chadi step model [see
Fig. 1(a)].

Despite the experimental evidence of the Chadi step model
for the H/C(100)-2 × 1 diamond surface, an alternative
Tsai step model [34] exists [cf. Figs. 1(a) and 1(b)], which
is predicted to be more stable than the Chadi step model
by DFT calculations. In order to understand this issue, we
study the relative stability of the two models with taking
into account the conditions of formation. We realize that
the Chadi step model contains fewer C—H bonds than Tsai
step model does. Since C—H bonds possess strong local
vibration modes the temperature and pressure-dependent
formation enthalpy may significantly change the relative
stability between these two structures with respect to
the formation energies neglecting the zero-point-energy
contributions.

The formation entropy difference per unit step length
between these two models as a function of μH are plotted
in Fig. 1(c). Indeed, the Tsai model is 1.2 eV more stable
than the Chadi model at temperature equal to 0 K, which is
in agreement with Tsai’s results [34]. However, as temper-
ature increases the formation entropy difference becomes
small and the order of relative stability shows a transi-
tion from Tsai’s model to Chadi’s model at a temperature
of 800 K (at p = 100 Torr). Microwave plasma-assisted
chemical vapor deposition (MPCVD) is the major growth
processes of high-quality homoepitaxial growth of dia-
mond surface. Although CVD is a nonequilibrium process,
the study of an equilibrium system would be the first step
in understanding the stability of different phases during the
growth. In the CVD homoepitaxial growth of diamond,
the surface is mostly terminated by hydrogen because
abundant hydrogen is used in the growth environment.
Typical growth conditions for conventional CVD diamond
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(a) (c)

(b)

FIG. 1. Top and side views of step models of (100)-8 × 2 diamond surface. (a) Chadi’s atomic step model. (b) Tsai’s atomic step
model. (c) The formation enthalpy difference per unit step between Chadi’s and Tsai’s atomic step models as a function of hydrogen
chemical potential. The red and blue regions represent that Tsai’s model is energetically more or less stable than Chadi’s model. The
typical (p , T) parameters are in the range of (20, 1300) . . . (100, 1300) for CVD growth of diamond, marked as the yellow region.

are under gas pressures of 20 . . . 100 Torr and substrate
temperature of 1000 . . . 1300 K; for high-power MPCVD,
the pressure is 100 . . . 200 Torr and substrate temperature
of 1200 . . . 1500 K. Our calculation results reveal that the
Chadi model is more favored under CVD growth condi-
tions. As Chadi’s single-step model is energetically more
stable than Tsai’s model at typical CVD growth conditions,
1000 . . . 1300 K and 20 . . . 100 Torr as the yellow region
in Fig. 1(c), we can deduce that the step structure at (100)
CVD diamond surface will be dominated by the formation
of the Chadi step model.

We note that the above-mentioned simulations are
directly relevant for the hydrogenated (100) CVD diamond

layers. On the other hand, the diamond surface is polished
and etched after introducing the N-V quantum sensor to
diamond in experiments. We note that the atomistic simu-
lations of these complex processes are out of reach with the
present computational power. We assume here that local
“disorder” with realizing (111) facet on (100) diamond sur-
face can be modeled the most consistent way by a single
atomic Chadi step model, which is proven to be a sta-
ble defect species on (100) diamond surface. This model
increases the complexity of the surface model at minimum
level with respect to the atomically smooth surface model
and can produce a topographically protected sp3 DB as
shown below.

(a) (b)

FIG. 2. (a) Structure of Chadi’s step model. Side view (left) and top view (right) are presented. For the sake of clarity, only the
topmost five layers is displayed in the top view and the color scheme is consistent with Fig. 1(a). (b) Energy levels of surface dangling
bond state. Black and red dashes represent spin majority and minority channels, respectively. Blue and green regions represent valence
and conduction bands, respectively.
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FIG. 3. Structure of carbon vacancy at step edge and its cor-
responding energy level plot. The “X ” denotes the carbon atoms
with coordination number of 3.

B. Dangling bond models

We examine around 80 plausible prototype models that
contain an sp3 DB near the (100) diamond surface. We
apply PBE calculations to screen the prototype models
based on the five criteria listed above. The most plausible
model is selected in this procedure of which stability and
other properties are studied in detail with advanced DFT
calculations.

1. Surface dangling bonds on the Chadi C(100) step
model

First, we investigate the dangling bond on the top-
most layer. We build a OH-terminated Chadi-type diamond
(100)-8 × 2 step model with 11 carbon bilayers as shown
in Fig. 2(a). The structure (side view) is shown at left. For

the sake of clarity, we present the topmost few layers on the
right (top view) and change the color deep to show carbon
atoms in different layers. Then we investigate the surface
dangling bond models by removing the OH radical at six
different sites. The structure (right) and the corresponding
electronic structure (left) are shown in Fig. 2(b). In the
electronic structure plot, the leftmost plot shows the energy
levels of the model without surface dangling bonds. All the
results indicate that the occupied dangling bond levels are
located near 1.5 eV above VBM, which lies high to create
a hyperdeep donor level.

Next, we remove one carbon on the step edge. One
missing carbon atom at the edge will generate two sp3 dan-
gling bonds, one sp2 carbon atom, and one sp2-like carbon
atom, see Fig. 3. The “X ” denotes the carbon atoms with
coordination number of 3. In this configuration, the spin
configurations of S = 0 is more stable than S = 1. The
optimized structures are presented in detail. The sp2-like
carbon can protect one sp3 dangling bond. However, the
other sp3 dangling bond is easily attacked by the species
in the air. Thus, this model is not accepted for further
consideration.

2. Single vacancy

The vacancy in the diamond bulk can diffuse to the
surface via heat treatment so the surface spin might orig-
inate from a single-vacancy defect near the surface. To
model this scenario, we use a hydrogen-terminated step
model and create a vacancy near the surface. The possi-
ble positions and corresponding energy levels (S = 0) are
presented in Fig. 4(a). For site 5 to site 9 rows, there are

(a)

(b)

FIG. 4. (a) Energy-level plot for a
single vacancy on the H-terminated
diamond (100) surface. To compare
the energy-level variations of single
vacancies near the surface, a diamond
model with a thickness of 22 lay-
ers is utilized. Site 0 and site 1 are
employed to simulate bulk states. (b)
Energy-level plot for a single vacancy
on the OH-terminated diamond (100)
surface. In this case, a ten-layer thick-
ness is introduced to investigate the
surface states.
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FIG. 5. Structure details of single vacancy in the H-terminated
step model. The four carbon atoms surround the vacancy site are
highlighted with light-green color.

two different positions in the same row which are labeled
as site 5b to site 9b. We calculate both S = 0 and S = 1
states, and we find that the site 2 with spin configuration
of S = 0 is the most stable site (at least 0.3-eV energy
lower than the others) among these models. However, the
defect levels fall too high in the gap. We also calculate
the total energy and energy levels for the vacancy defect
in this H/O/OH-terminated surface. The results are shown
in Fig. 4(b). A vacancy on site 8 is the most stable one
among these models. However, the site 8 configuration is
beneath the surface terrace. Creating a S = 1/2 state on the
terrace with this defect without significantly modifying the
terrace structure is impossible. Therefore, a single-vacancy
configuration is excluded from further considerations.

3. Single vacancy with hydrogen atoms

The structure of single vacancies near the H-terminated
diamond (100) surface is shown in the Fig. 5. In these
surface-vacancy sites there are four sp3 carbon atoms.
We try to create a single dangling bond near the surface
(vacancy sites 2, 3, 4, 5, 6) by terminating three dan-
gling bonds using hydrogen atoms step by step. Figure 6
shows the structure of single hydrogen adsorption on one
of the four sp3 carbon atoms. The relative energies are
also presented. For the most stable configuration, we then
provide more hydrogen atoms to saturate the other dan-
gling bonds. Figure 7(a) indicates that the energy drops
consecutively by 4 eV as a hydrogen atom saturates a dan-
gling bond. Experimental observations indicate that the
surface spin can be eliminated via acid and heat treat-
ment. In this hydrogen-vacancy model, the heat treatment
will induce hydrogen desorption. Therefore, we calculate
the reaction energy barrier of single hydrogen desorp-
tion and it yields an energy barrier higher than 2 eV (see

FIG. 6. The relative energy (unit in eV) of hydrogen satura-
tion of surface vacancy. The four carbon atoms surrounding the
vacancy site are highlighted with light-green color.

Fig. 7). The hydrogen-vacancy model cannot well explain
the annealing experiments, thus the models are excluded.

4. Locally disordered configurations

After screening of previous models we conclude that
the DB defect should be associated with locally disor-
dered configurations. Prior experimental and theoretical
work has shown [35,37] that the polished oxygenated dia-
mond surface should be disordered to some degree. Our
model represents a locally disordered configuration on
(100) diamond surface. The disorder is modeled by the
atomic step on the (100) diamond surface that we show
in detail in Fig. 8. One carbon at the trench site (sym-
bol as “*”) distorts upwards toward (111) direction once
it reacts with atoms or molecules in the environment, and
as a consequence, a single sp3 DB defect is formed at the
third layer (symbol as “+”). The floating carbon C(*) at the
trench site may be saturated by species in atmosphere, such
as an OH radical. X-ray photoelectron spectroscopy and
high-resolution electron energy-loss spectroscopy mea-
surements [38,39] indicate that water molecules can dis-
sociate and adsorb on hydrogenated diamond surfaces at
room temperature, and these adsorbed water molecules
prefer to aggregate on the trench site [40]. Thus the floating
C(*) atom is likely passivated by H or OH. The concen-
tration of C—OH on water-rich (100) diamond surface is
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(a)

(b)

FIG. 7. (a) Hydrogen saturation of surface vacancy. To assist
with visual guidance, the additional hydrogen atoms are marked
with symbols “*,” “x,” “A,” or “B.” (b) The reaction of hydrogen
desorption from surface vacancy.

reduced after annealing to 600 ◦C [38,39], thus OH desorp-
tion is a plausible candidate for surface-spin elimination at
elevated temperatures. Moreover removal of OH from the
surface results in no other significant changes at the dia-
mond surface. Therefore, in the absence of obvious surface
reconstruction, we assume that the floating C(*) atom is
passivated by OH as shown in Fig. 8(b), and the desorption
of OH is the most plausible mechanism for surface-spin
elimination reaction, which would not significantly alter
the surface morphology.

We construct a C(100)-6 × 6 Chadi step model of dia-
mond surface as shown in Fig. 8, in order to set up
a defect forming one DB beneath the top surface. In
this model, the surface DBs on the terrace are saturated
with H/O/OH groups and the carbon atom on the trench
site is saturated by an OH group. The surface-spin den-
sity in this supercell (area of 15.15 × 15.15 Å2) is 4.4 ×

FIG. 8. (a) Top and side view of step model of C(100)-6 × 6
diamond surface. The critical C atoms are labeled by “+” and “*”
before OH adsorption to C(*). The (100) and tilted (111) facets
are highlighted with red and blue colors, respectively. (b) Top
view of surface-spin model. The DB position occurs for C(+)
after adsorption of the OH group to the C(*) atom.

1013 µB/cm2, which is consistent with experimental esti-
mations of 1012 ∼ 1013 µB/cm2 [5,6], although we note
that other defect spins than sp3 DBs may also be present
in (100) oxygenated diamond surface [41]. Furthermore,
our model implies that even small molecules, e.g., O2 and
H2, cannot penetrate into the surface step and terminate
the DB. The sp3 DB can be sterically protected by the top
surface of oxygenated diamond under ambient conditions.
We emphasize that this prototype model already enables
some variations in the vicinity of the topographically pro-
tected sp3 DB, e.g., H/OH surface termination around the
trench site but it definitely does not cover all the possible
variations, e.g., larger atomic steps. To produce statistics
about the possible variations would require hundreds of
variations, which goes beyond the scope of ab initio inves-
tigations. Nevertheless, a number of variations considered
in our study (see Fig. 9) provides an insight about the effect
of disorder.

In our proposed model, the surface-spin defect is located
three atomic layers beneath the (100) diamond. Because
the sp3 DB defect is very close to the surface and the
step edge is a chemically reactive site [40], the local sur-
roundings might alter the physical properties or structural
stability of the surface DB defect. Therefore, we con-
sider three models, depicting different terminators around
the step-edge sites. In these models, all C(*) atoms are
saturated with OH and the total spin of these systems
is S = 1/2. As shown in Fig. 9(a), (1) O/H/H model,
one oxygen is located on the step bridge site and two
trench carbon atoms are saturated by hydrogen atoms;
(2) O/OH/OH model, one oxygen is located on the step
bridge site and two trench carbon atoms are saturated by
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(a)

(b) (c) (d)

FIG. 9. (a) Top view of three different surface-spin defect models. The color settings are the same as those in Fig. 8. (b) The HSE
results of the energy levels of O/H/H model before and after OH desorption. (c) The HSE energy levels of three surface-spin defect
models. The valence and conduction bands are depicted as blue and red regions, respectively. The valence-band maximum is aligned
to zero. (d) The isosurface of the calculated spin density (isovalues are 5 × 102 e/Bohr3 in the main figure and 1.3 × 104 e/Bohr3 in
the top-left inset) for surface-spin model. The spin density is clearly localized on the DB site. The carbon, oxygen, and hydrogen atoms
are gray, red, and pink balls, respectively.

hydroxyl radicals; (3) OH/OH model, two trench carbon
atoms are saturated by hydroxyl radicals. Before studying
the temperature-dependent OH desorption, it is worthwhile
to have a detailed picture of the electronic properties of
these surface-spin defect models. The HSE results of the
O/H/H model before and after OH desorption are shown
in Fig. 9(b). The filled (empty) sp3 DB levels are located
at around the position of 0.30(3.3) eV above valence-band
maximum (EVBM). After OH desorption, DB states are pas-
sivated and only some surface states remain in the band
gap at the position of about 0.7 eV below conduction-band
minimum (CBM), which are surface C—H and C—OH
image states [23]. The calculated energy levels of these
three models are shown in Fig. 9(c). The occupied DB
states of these three models are at EVBM + 0.31, +0.23,
+0.38 eV, respectively, whereas the empty level scatters
around EVBM + 3.3 ± 0.1 eV. As can be seen, the adja-
cent terminators make relatively minor changes to the
energy level of sp3 DB states. We note that the abso-
lute values of these levels are subject of supercell size
effect and they shift down by about 0.17 eV. The calcu-
lated donor and acceptor levels are at EVBM + 0.42 eV and
EVBM + 3.11 eV, respectively.

The electron affinity of our oxygenated diamond model
is slightly positive at 0.5 eV [23], which implies that
adsorption of electron acceptor molecule in atmosphere,

e.g., water, will cause upward band bending [42]. In
realistic oxygenated diamonds this effect may be sig-
nificant. Recent experiments mapping the band bending
in nitrogen implanted (100) oxygenated diamond surface
[43] indeed found a substantial upward band bending
under ambient conditions. According to their modeling,
the quasi-Fermi-level position at the diamond surface
is between EVBM + 1.65 eV and EVBM + 2.14 eV, for
implantation depths of nitrogen in the range of 14–70 nm,
respectively. Taking all the uncertainties in the calculated
acceptor levels of sp3 DBs into account one can safely con-
clude that the sp3 DBs exist in their neutral charge state
in realistic oxygenated (100) diamond surface, possessing
S = 1/2 spin configuration. Illumination with green light,
i.e., 2.33 eV, typically applied to excite N-V center, would
not ionize the prototype sp3 DBs in a linear process.

The sp3 DBs can be eliminated by high-temperature
annealing in O2 atmosphere. It is computationally pro-
hibitive to model the desorption process in O2 gas, how-
ever, it is possible to carry out annealing in vacuum that
can be directly modeled at ab initio level. We propose
a spin annihilation mechanism that involves OH desorp-
tion from the spin defect site. To verify our argument, we
calculate the OH desorption rate and estimate the num-
ber of desorbed OH molecules in a limited area under
different temperatures. To calculate the desorption rate, we
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(a) (b)

FIG. 10. (a) Schematic illustration of surface-spin (green lobes) annihilation. After thermal annealing in vacuum, the OH radical
desorbs from the surface trench site, causing surface reconstruction, and DB is eventually passivated. The color settings are the same
as those in Fig. 8. (b) Calculated OH desorption rate of three models as a function of temperature. The annihilation temperatures of
465 and 600 ◦C are denoted as dashed lines. The uncertainty in the frequency prefactor is considered by the gray area.

introduce the Polanyi-Wigner equation [44],

Rdes = −dθ/dt = νn exp(−Edes/kBT)θn, (5)

where Edes is the desorption energy barrier, kB is the
Boltzmann constant, T is temperature, νn is the frequency
prefactor which is typically 1015±1 1/s due to the larger
entropy of the desorbed molecules in vacuum [45,46]. θ is
the coverage of OH on DB site, which is equal to one here.
Because the activation energy barriers of OH desorption
would possibly be influenced by the local environment, we
calculate the energy barriers of the three considered models
as Fig. 9(a). An illustration of OH thermal desorption from
diamond step edge is shown in Fig. 10(a). The calculated
energy barriers in these three models are 0.89, 1.12, and
0.96 eV, respectively. Next, we use Eq. (5) to calculate the
OH desorption rates as a function of temperature as shown
in Fig. 10(b). The results indicate that the number of des-
orbed OH groups (in 1 h) at 600 ◦C is at least one order
of magnitude more than that at 465 ◦C. Compared with
the experimental estimation of surface density (1012 ∼
1013 µB/cm2), the desorption energies in the range of 0.89
∼ 1.12 eV result in the removal of such amount of sur-
face spins on a surface area of 1 cm2 at 600 ◦C in 1 h. At
a lower temperature of 465 ◦C it requires more than 3 h to
remove all spins in the same area, which is consistent with
the experiment observations [12,13]. We note that an order
of magnitude uncertainty in the frequency prefactor trans-
lates to a few factors in the annealing times but remain in
the right ballpark as shown by the gray area in Fig. 10(b).

C. Hyperfine interaction between sp3 dangling bonds
and the surface nuclear spins

So far we address a prototype microscopic structure
of diamond surface spins. With a single electron occu-
pying the near-surface DB the net electron spin is S =
1/2, which means this near-surface DB spin can interact
with the present 13C in diamond or 1H isotopes on the
surface (nuclear spin I = 1/2). The hyperfine interaction

(HFI) between electron spin S and a set of nuclear spins
Il (l = 1, 2, . . . , N ) can be described by the Hamiltonian
H = ∑

SA(l)Il with A(l) being the hyperfine coupling ten-
sor associated with the lth nucleus at site Rl. In atomic
units the hyperfine tensor can be written as

A(l)
ij = 8π

3
geμegnμnρn(Rl) + geμegnμn

∫
dr

3rirj − r2δij

r5 ρs(r). (6)

The first term (aiso) provides the isotropic hyperfine inter-
action and is referred to as the Fermi-contact term, where
ge(gn) is the gyromagnetic ratio of electron (nucleus),
μe(μn) is the Bohr magneton of electron (nucleus), and
ρn(ρs) is the nuclear (electron) spin density. This term
is proportional to the magnitude of electron spin den-
sity at the nucleus center. The second term provides the
anisotropic HFI and is referred to as the dipolar term where
r is the vector connecting the electron and the nuclear spin.
The electron-nucleus Hamiltonian can be put in a simpler
form by letting the magnetic field and the crystal C axis of
symmetry lie in the x-z plane, where the C axis is in the z
direction. The transformed Hamiltonian is then simplified
to H = aSZIZ + bSZIX [47,48], where the z axis is along
the applied magnetic field. The quantities a = AZZ and
b = (A2

ZX + A2
ZY)

1/2 describe the secular and pseudosec-
ular hyperfine couplings. Nonsecular terms with SX and
SY are neglected. Further, the separation (r) between the
electron spin and nuclear spin and the angle (θ ) that the
vector between them makes with applied magnetic field
can be extracted from the fitting of HFI parameters (a, b),
where a = aiso + T(3 cos2 θ − 1), b = 3T sin θ cos θ , and
T = geμegnμn/r3 [48]. From the above description, it is
possible to detect the relative position and angle of a proton
around the surface spin.

Combined with initialization and readout at a proximal
N-V center, our detailed model for the hyperfine coupling
between the dangling bond and proximate nuclear spins
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TABLE I. Calculated HFI parameters a and b of step models. C(+) and C(*) are DB and floating carbon atoms, respectively, as
labeled in Fig. 8. C labels the other carbon atoms surrounding the carbon dangling bond. d is the distance between C/H and C(+). H′ is
the hydrogen atom(s) of the adsorbed molecule. H labels the other hydrogen atoms on the surface. Data with either a value or b value
larger than 1.0 MHz are presented in this table. The HFI parameters are in MHz units, and the distances with respect to the DB carbon
atom are given in Å.

O/H/H O/OH/OH OH/OH

d a b d a b d a b

C(+) 331.2 107.9 328.5 106.3 327.4 106.8
C(*) 54.4 0.1 26.0 0.4 26.0 0.4
C 1.47 22.3 3.2 1.48 21.4 3.2 1.47 22.3 3.2

1.48 22.9 1.4 1.49 22.0 3.0 1.47 22.5 1.7
1.49 22.6 3.1 1.49 21.9 1.4 1.48 22.9 2.8
2.37 49.9 8.4 2.38 48.1 8.3 2.35 48.2 8.0
2.37 46.4 7.8 2.38 45.1 7.9 2.37 46.5 7.8
2.39 14.6 1.8 2.40 10.0 2.0 2.39 10.9 2.0
2.40 38.3 6.0 2.41 38.2 6.3 2.40 35.2 5.6
2.48 9.6 2.1 2.48 8.3 2.0 2.42 11.6 2.1
2.49 11.3 1.3 2.49 14.3 1.2 2.46 7.1 1.9
2.49 8.2 2.0 2.49 7.2 1.9 2.47 7.2 1.9
2.51 15.6 2.8 2.50 11.6 1.9 2.52 13.4 1.3
2.51 9.8 2.1 2.53 11.2 1.1 2.54 13.6 1.2
2.54 8.5 1.2 2.55 25.9 1.4 2.58 7.2 1.4
2.78 5.2 1.7 2.80 20.4 1.6 2.60 6.9 1.3
2.81 11.4 0.5 2.84 4.8 1.2 2.75 38.3 3.5
3.75 10.7 2.0 2.76 10.6 2.0 3.73 11.6 2.1
3.76 11.3 2.0 3.76 11.8 2.0 3.74 17.4 8.1
3.78 6.9 1.4 3.78 6.8 1.4 3.75 10.6 1.9

3.81 13.3 7.9 3.77 7.1 1.4
H′ 4.22 4.6 0.2 4.15 5.5 1.7 4.15 4.4 1.4
H 3.55 17.6 2.2 4.23 2.4 1.2 4.06 1.9 0.8

3.85 14.6 2.1 4.37 1.6 0.8 4.15 2.2 1.2
3.27 2.3 1.2 4.54 3.2 1.2 4.59 2.2 1.1
5.90 1.0 0.8 4.70 1.4 1.2 5.75 1.1 0.9

can be used to probe our model for the dangling bond
and to do spectroscopy on surface species. As an example,
we start with the extracted relative positions and angles of
two N-Vs with dark electron spins in Ref. [11], labeled as
N − VA and N − VB. To compare to the experiment data,
we perform calculations of the HFI parameters for our
surface-spin models with an absorbed OH molecule in dif-
ferent environments, e.g., O/H/H, O/OH/OH, and OH/OH.
The calculated HFI parameters (a, b) of dangling bond car-
bon atom and its neighboring atoms are reported in Table
I, the data is sorted by the distance between the DB car-
bon atom and the neighboring C/H atoms. By scanning
the calculated HFI parameters through all C and H atoms,
more than ten atoms possess large values (>10 MHz),
but mostly the b values are small (<5 MHz). As shown
in Fig. 9(d), the spin density is mostly localized on the
DB site where it reflects a large Fermi-contact value of
(329, 105) MHz on DB 13C atom and a small value of
about (4.3–4.6, 0.2–2.2) MHz on surface hydrogen atom
of the OH group. The latter is in good agreement with
an extracted (a, b) HFI values of a proton for N − VB,

(4.0, 2.2) MHz, in Ref. [11]. However, the observed val-
ues are associated with the distance between the DB and
observed proton at 3.2 ± 0.2 Å, whereas these hyperfine
data are produced with a distance of about 4.1–4.2 Å in
the calculation (see Table I). This clearly demonstrates
that oversimplification of the spin Hamiltonian can result
in an error of about 30% in the estimated distance. The
atomic step with the trench C(*)-C(+) prototype model
indicates that the spin density spreads along the direction
of the sp3 DB towards the (111) facet [see Fig. 9(d)]. As
a consequence, the largest proton hyperfine parameters are
expected to appear for the hydrogen atom, which is the part
of the chemical group connecting to C(*), i.e., OH group,
or their closest neighbors that might be closer to the C(+)
atom than the hydrogen atom of the adsorbed OH group
(see Table I). N − VA with hyperfine couplings of around
10 MHz associated with the proton spins in Ref. [11]
assumes a hydrogen atom that is within 3 Å within the sim-
ple spin dipole model. We find that the order of 10-MHz
hyperfine coupling can be observed for the O/H/H model,
for which the distance between the protons and the C(+)
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atom is about 3.6 Å (see Table I). Although, the prototype
O/H/H model cannot accurately account for the observed
hyperfine data but it again demonstrates the need for ab
initio spin density distribution to accurately determine the
hyperfine parameters or measure the distance between the
sp3 DB and the protons with relatively short distances.
This could be an issue in the structural analysis of absorbed
molecules on the diamond surface by N-V quantum sen-
sors. Further investigations using DEER spectroscopy can
elucidate alternative possible surface-spin configurations,
surface proton configurations, and subsurface dark spins.
Our results demonstrate that the combination of DEER
spectrum and ab initio simulations is necessary in the
reporter spin protocol for sensing of nuclear spins because
the Fermi-contact term can be sizable and no simple
approximation is able to estimate its strength.

IV. CONCLUSION

In conclusion, by means of DFT calculations, we pro-
pose a simple model of surface spins on the (100) diamond
surface. A (111) facet is essential to create a DB defect
beneath diamond surface and this facet naturally exists at
the step of (100) diamond surface. We believe that this pro-
totype model captures the essential components of all the
sp3 dangling bond surface defect spins. We also demon-
strate that the OH desorption annihilates the surface spin,
and that HFI calculations could provide a great help in the
identification of the defect structure in detail. Our present
work indicates large HFI 13C parameters of about (a, b) =
(337, 106) MHz for the surface dangling bond. A potential
future direction is to extend these studies to (111) diamond
surface where step-free surface can be grown [49] with
proper surface termination.
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APPENDIX: SLAB MODEL AND VACUUM SIZE
CONVERGENCE TESTS

We calculate the Kohn-Sham energy levels for diamond
(100) sp3 DB surfaces with different size of layer thickness
and vacuum region as shown in Fig. 11. We carry out this
test with the computationally affordable PBE DFT func-
tional, which does not reproduce the experimental band
gap of diamond. Therefore, the shift in the Kohn-Sham
energy levels as a function of the system size can be read
out from the plot and not the absolute position with respect
to the valence-band edge or vacuum level. The black bars
are energy levels of 8L, 12L, 16L, and 20L thickness that
the cell are fixed thus the corresponding vacuum sizes are
27.3, 23.8, 20.2, and 16.6 Å. The results indicate that the
maximum energy deviation is 0.17 eV with shifting down
the DB Kohn-Sham level. We also evaluate the energy
deviation for different vacuum sizes as indicated by the red
dashed bars. The vacuum sizes are changed from 27.3 Å to
12 Å for the 8L case and from 23.8 Å to 27 Å for the 12L
case, the energy deviations are both less than 20 meV.
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