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Role of exchange interaction in nitrogen vacancy center based magnetometry

Cong Son Ho,1,* Seng Ghee Tan,1,2 Mansoor B. A. Jalil,1 Zilong Chen,2,3 and Leonid A. Krivitsky2

1Department of Electrical and Computer Engineering, National University of Singapore, 4 Engineering Drive 3, Singapore 117576
2Data Storage Institute, Agency for Science, Technology, and Research (A*STAR), 2 Fusionopolis Way, 08-01 Innovis, Singapore 138634

3Division of Physics and Applied Physics, School of Physical and Mathematical Sciences, Nanyang Technological University,
Singapore 637371

(Received 26 July 2016; revised manuscript received 26 October 2016; published 20 December 2016)

We propose a multilayer device comprising a thin-film-based ferromagnetic heterostructure (FMH) deposited
on a diamond layer doped with nitrogen vacancy centers (NVC’s). We find that when the NVC’s are in close
proximity (1–2 nm) to the FMH, the exchange energy is comparable to, and may even surpass, the magnetostatic
interaction energy. This calls forth the need to consider and utilize both effects in magnetometry based on
NVC’s in diamond. As the distance between the FMH and NVC is decreased to the subnanometer scale, the
exponential increase in the exchange energy suggests spintronic applications of NVC’s beyond magnetometry,
such as detection of spin Hall effect or spin currents.
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I. INTRODUCTION

Ferromagnetic heterostructures (FMH’s) are integral spin-
tronic elements that play a critical role in various spin transport
phenomena. FMH’s have been used as a platform for practical
spintronic devices, such as spin Hall [1–5] and spin-orbit-based
memories [6–8], anomalous Hall, and topological Hall-based
sensors [9]. In such systems, the spin density can be detected by
many methods, such as the magneto-optic Kerr effect (MOKE)
[10,11], ferromagnetic resonance (FMR) [12], and electrical
measurements [13,14]. In the characterization of the FMH
devices, a spatial resolution of the spin distribution up to
the order of μm has been achieved by MOKE [11], and up
to sub-μm using magnetic force microscopy (MFM) [15].
However, with the advancement of device fabrication at the
nanoscale, detection and imaging techniques that can provide
nanoscale resolution as well as high sensitivity are required.

Recently, the nitrogen vacancy centers (NVC’s) in diamond
have been employed as extremely sensitive vector magnetic
field sensors operating at room temperature and capable of
nanoscale spatial resolution [16–25]. NVC’s are atomic-scale
defects which are formed either naturally or by implantation,
using a high-energy nitrogen ion beam [26], annealing [27,28],
and nitrogen doping [29]. The NVC spin states are split under
the influence of an external magnetic field. Such spin splitting
selectively suppresses optical fluorescence, making it possible
to achieve measurements of the magnetic field through
optically detected magnetic resonance (ODMR) [16,30–35].

In conventional magnetometry experiments [30], the
distance between the NVC and the detected magnetic moment
m(r) of an electron is large enough that only the Zeeman effect
has to be considered. The Zeeman effect arises from dipole-
dipole interaction which is long range by nature. In sensing
the magnetic field profile, a higher spatial resolution can be
achieved if the sensor is brought closer to the detected system
[16,22,30]. At the same time, it has been recently shown that
the diamond could be reduced to nanometer scale [36–38] and
an NVC could be positioned at a distance of 1–2 nm below the
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diamond surface [26,39,40], thus minimizing the separation
between the NVC sensor and the target spin. However, when
the sensor is positioned very close to the sample, the electron
in the NVC can interact with the electron in the sample through
the exchange mechanism, in addition to the usual dipole-dipole
interaction. In contrast to the dipole interaction, the exchange
effect is short range because it depends on the overlap of the
NVC wave function with that of the magnetic moment m(r).
Therefore, it is important to explore the full nature of the
electron-electron interaction, i.e., both the dipole coupling
and the exchange coupling, when the NVC is placed in close
proximity to the FHM. Recently, the exchange interaction
between the ferromagnetic tip and the magnetic sample has
also been considered in magnetic exchange force microscopy
[41–43]. However, to the best of our knowledge, the exchange
interaction between proximal NVC spins and FMH spins
has not been considered in NV-based magnetometry. This
study will thus be highly relevant for advancing NV-based
magnetometry towards its ultimate spatial resolution.

The outline of this paper is as follows. In Sec. II we formu-
late the theory of the exchange coupling between FMH spin
and NVC spin. In Sec. III we provide numerical calculation
of the exchange coupling, and discuss the feasibility of the
proposed scheme and analyze its application in magnetometry.
Section IV is the conclusion.

II. THEORY

The conceptual device is illustrated in Fig. 1. We consider
a diamond layer engineered such that NVC’s are located in
close proximity to the diamond surface. Subsequently, a FMH
layer is deposited on top of the diamond surface such that the
average distance between the m(r) of the FMH and the NVC
is of the order of a few nanometers [26,39,40].

The magnetic dipole field due to the magnetic moment
m(x,y) is given by Bdip = μ0

4π
[ 3R(m·R)

R5 − m
R3 ], R is the displace-

ment from the magnetic moment, and (x,y) are the Cartesian
coordinates of the 2D plane containing the FMH/diamond
interface. The Zeeman magnetic energy (dipole coupling) is
given by Wdip = Bdip · snv, where snv is the magnetic moment
of the NVC. On the other hand, the exchange energy is given by
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FIG. 1. (a) Schematic illustration of the physics of FMH magnetic
moment interaction with an NVC placed at a short distance above the
FMH. (b) The NV spin and FM spin couple via dipole interaction
and exchange interaction. Both dipole field Bdip (green arrow) and
exchange field Bex (red arrow) are utilized in magnetometry. (c) The
Zeeman splitting of the NVC ground state due to the total field B

‖∑ =
B

‖
dip + B‖

ex, with (‖) indicating the field components along the NV
axis. The Zeeman splitting is measured via the ODMR technique.

Wex = Bex · snv, where Bex = Jex(R)m is the exchange field,
with the exchange coupling coefficient Jex(R) dependent on
the distance R between the NVC and the magnetic moment.
Phenomenologically, the distance dependence can be ex-
pressed as Jex(R) = J0

e−γR

R
, with γ > 0 being the decay con-

stant. In the following we will analyze in detail the effect of the
exchange interaction Wex on the readout of the NVC response
and compare it to the effect of the dipole interaction Wdip.

A. Theory of exchange energy

The wave function for an NVC-FMH system with parallel
and antiparallel spin alignments is given, respectively, by

ψ
f σ,nσ

1,2P = 1√
2

[ψf (r1 − Ri)ψn(r2) − ψf (r2 − Ri)ψn(r1)]

×∣∣ξf σ

1 ξnσ
2

〉
, (1)

ψ
f σ ′,nσ

1,2AP = 1√
2

[ψf (r1 − Ri)ψn(r2) + ψf (r2 − Ri)ψn(r1)]

× 1√
2

∣∣ξf σ ′
1 ξnσ

2 − ξ
f σ ′
2 ξnσ

1

〉
, (2)

where ψn(r) is the NVC electron wave function centered at
the vacancy (the origin), ψf (r − Ri) is the FMH electron wave
function located at Ri , and ξnσ

1 (ξf σ

2 ) represents the spin state of
the electron at the NVC (FMH), respectively, with σ,σ ′ being
spin quantum numbers. The parallel wave function derives

its antisymmetric property from exchange of position, while
the antiparallel wave function derives its antisymmetry from
spin exchange. The two-particle wave function captures the
exchange interaction between NVC and FMH. The interaction
strength is determined from the coupling constants:

W P
int =

∫ 〈
ψ

f σ,nσ

1,2P

∣∣H∣∣ψf σ,nσ

1,2P

〉
dr1dr2, (3)

WAP
int =

∫ 〈
ψ

f σ ′,nσ

1,2AP

∣∣H∣∣ψf σ ′,nσ

1,2AP

〉
dr1dr2, (4)

in which H = HC + HB is the interaction energy between
two particles carrying charge and spin, where HC = e2

4πε0r12

is the Coulomb energy, and HB = 3μ0g
2
e μ

2
B

8π
( 1
r3

12
− 3z2

12

r5
12

) is the

magnetic dipole interaction energy, with r12 = |r2 − r1|,z12 =
z1 − z2. Parallel and antiparallel configurations (with respect
to the spin quantization axis of the NVC) have the same
direct coupling energy Wdir, while their exchange energy Wex

is opposite in sign. Thus, the exchange physics enables the
sensing of orientation of the moment m in the FMH:

W
P/AP
int = Wdir ∓ Wex. (5)

The above exchange interaction energies modify the unper-
turbed Hamiltonian of the NVC-FMH system, which can be
found, e.g., in [44]. Explicitly, we have

W
P/AP
int =

N∑
i

∫
dr2dr1|ψn(r2)|2H|ψf (r1−Ri)|2

∓
∫

dr2dr1ψ
∗
n (r2)ψ∗

f (r1−Ri)Hψf (r2−Ri)ψn(r1).

(6)

The index i represents the FMH spin center at location Ri ,
which will be summed over the total number of spin centers
in the FMH layer. Physically, the above exchange energy may
be expressed as Wex ≡ ∑

i Jex,imi · snv, where the exchange
constant Jex,i is a positive scalar with an energy unit (e.g., eV),
while mi · snv is either ±1 for P/AP alignment.

B. Wave function of electron spin in FMH

We assume that a Schottky-type barrier is formed at the
FMH/diamond interface, with the potential VS being a function
of the distance between the NVC and the interface. The wave
function of the FMH penetrates into the diamond, where it
exhibits an exponential decay ψf (z) = e−λ(z), where λ(z) is a
decay function and z is the distance from the FMH/diamond
interface. Based on the WKB approximation, the decay

function can be expressed as λ(z) = ∫ z

0

√
2me

�2 [VS(z′) − E]dz′,
with E being the electron energy. Taking into account the
overlap of the FMH wave function within the barrier, the wave
function of one spin center in the FMH/diamond system can
be expressed as follows:

ψf (r) =
{
C1 F (x,y)g(x,y)e−ikzz (FHM),
C2 F (x,y)g(x,y)e−λ(z) (diamond).

(7)

In the above, F (x,y) is the in-plane wave function, and in
the case of the free electron, F (x,y) = e−i(kxx+kyy), and C1,
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FIG. 2. (a) Schematic diagram of the tetrahedral structure of the
NVC; (b) the energy diagram of the NVC ground states in the absence
of the FMH. The energy levels are situated within the band gap
of diamond. (c) The spatial distribution of the electronic orbitals
corresponding to the a1, ex , and ey states.

C2 are the normalization constants. g(x,y) is the distribution
function of the FMH wave function in the FMH plane,
which can have, for example, a Gaussian form g(x,y) =

1√
πδ2

exp[− (x−x0)2−(y−y0)2

2δ2 ], with (x0,y0) the position of FMH
spin, and δ the width of its wave function. For simplicity,
the Schottky barrier potential can be approximated as a
linear function VS(z) = 
B[1 − (
B−Ec)


B

z
Ld

], where 
B is the
Schottky barrier height at the FMH/diamond interface, Ec is
the bottom of the conduction band of the diamond, and Ld is
the depletion length. In this way, the analytical expression of
the decaying function and wave function can be evaluated; see
Appendix A for details.

C. Wave function of electron spin in NVC

The NVC, in turn, comprises wave functions φ1,φ2,φ3,
and φ4 which can be derived from standard hybridization and
normalization approaches. The nitrogen atom N takes on the
sp3 configurations along the z direction, while carbon atom
C3 takes on the sp3 configurations along the yz plane; see
Fig. 2. With the vacancy placed at the origin of coordinates,
the relative locations of the atoms are fixed. The four sp3 wave
functions are to be reparameterized as φN

1 (r − n),φCi(r − ci)
to account for a common origin V; see Appendix B. In the
NVC, the individual atomic wave functions mix to produce
ψN

a1
,ψC

a1
,ψex

,ψey
, which are expressed as [45]

ψ ′
a1

= φN
1 ,

ψa1 =
(
φC1

4 + φC2
3 + φC3

2 − 3Sncφ
N
1

)
√

3
√

1 + 2Scc − 3S2
nc

,

ψex
=

(
2φC1

4 − φC2
3 − φC3

2

)
√

3
√

2 − 2Scc

, (8)

ψey
=

(
φC2

3 − φC3
2

)
√

2 − 2Scc

,

with Snc = 〈φN
1 | φC1

4 〉 and Scc = 〈φC1
4 | φC2

3 〉 being the orbital
overlap integrals. For these simple wave functions Snc ≈ 0.034
and Scc ≈ 0.067. Furthermore, the coupling between ψN

a1
and

ψC
a1

results in hybridized eigenstates ψ ′
a1

and ψa1 . Although
there are six electrons in the NVC, two of the electrons occupy
state ψ ′

a1
which lie deep within the valence band [44], and

hence have negligible contribution to the optical property of
the NVC [44]. Hence, we need to consider only four electrons,
which occupy the states ψa1 ,ψex

,ψey
. In bulk diamond, the

expanse of the NVC wave function is less than 1 nm
[45,46].

III. RESULTS AND DISCUSSION

A. Numerical estimation

Using the NVC wave function given by Eq. (8), we can
make an estimate of the zero-field ground state splitting, which
is essentially a direct exchange between |ex〉 and |ey〉 states,
involving the magnetic field energy. The zero-field ground
state splitting is given by [44]

Dgs = 〈ex(r1)ey(r2)|HB |ex(r1)ey(r2) − ey(r1)ex(r2)〉, (9)

where HB = 3μ0g
2
e μ

2
B

8π
( 1
r3

12
− 3z2

12

r5
12

). The estimated ground state

splitting is found to be Dgs ∼ 3 GHz which is close to the
measured value of 2.87 GHz [24]. Having affirmed reasonable
accuracy of the chosen NVC wave function, we consider
the NVC-FMH system shown in Fig. 1 and Fig. 2, with parallel
spin alignment represented by ψ

f ↑,ex↑
1,2 P and antiparallel spin

alignment represented by ψ
f ↓,ex↑
1,2 AP . For simplicity, we consider

just the state ψex
for an NVC deliberately designed to be a

spin-up pointing vertically to the FMH plane. The NVC wave
function ψex

overlaps with ψf (x,y,z) emanating from one
particular spin center at the FMH. As there are many FMH
spin centers, the total effect is summed over the volume of
the FMH.

Results of our calculated exchange coupling between NVC
spin and one FMH spin are shown in Fig. 3. First, it shows
that the exchange coupling exponentially decays with respect
to the FMH-NVC distance. The phenomenological formula
of the exchange coupling Jex ∝ e−γR/R gives a good fit
to our numerical results, confirming the sensitivity of the
exchange coupling to the distance. Second, a low barrier height

B and narrow depletion region, which allows deep wave
function penetration into the diamond, are very important
preconditions to achieve significant exchange energy; see
Fig. 4.

Meanwhile, as shown earlier, the interface Schottky barrier

B is almost constant regardless of the doping level [47]; it
can be controlled by applying a bias voltage. However, this
is limited by the electrochemical property of the interface
as high voltage may lead to the surface oxidation [48]. An
alternative way to reduce the barrier height at the interface
is to terminate the diamond surface with elements that
induce a large positive electron affinity (PEA), since the
Schottky barrier at the interface is roughly determined by
the difference between the work function (
M ) of the metal
and the electron affinity of diamond, i.e., 
B = 
M − χe.
For example, diamond with an oxygen-terminated surface
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FIG. 3. (a) Exchange coupling Jex between electron spin of NVC
in ex state and one FHM spin as a function of NVC-FMH distance d

(nm) for various values of the barrier height 
B . The numerical
calculations are well fitted to the phenomenological formula of
the exchange coupling (solid curves). For comparison, the dipole
coupling strength is plotted as a dashed curve. Inset: Exchange
decay constant γ −1 for various values of 
B . (b) Ratio between
exchange coupling energy (Wex) and dipole coupling energy (Wdip).
Parameters: Ec = EF ,Ld = 5 nm, FMH thickness Lz = 1 nm,

δ = 2 nm.

has a PEA value of χe = 2.13 eV [49], while that with a
chlorine-terminated surface has χe = 2.1–2.65 eV [50], and
that with a fluorine-terminated surface has χe = 2.56 eV
[51]. With the above PEA values and typical work function
value of metals 
M = 5 eV, the barrier can be reduced to

B ∼ 2.5 eV. A combination of applied bias and choice of
surface termination can result in a significant reduction of the
barrier height down to ∼1 eV, which would allow significant
penetration of the FMH electron wave function into diamond.

At the same time, the depletion region can be reduced by
increasing the doping concentration or by applying a gate
voltage across the FMH/diamond interface [47,48,52,53]. In
diamond doped with nitrogen ([N]), the depletion width is

determined by Ld =
√

ε0εr (Vbi+Va )
2πe[N] , where Vbi is the intrinsic

built-in potential [47,54], Va is applied voltage, εr = 5.68 is
the dielectric constant of a diamond, and ε0 is the vacuum
permittivity. For example, a depletion width of 10 nm can
be achieved with an implantation dose of 10 ppm (1.8 ×
1018 cm−3), and it can be reduced to 3 nm for a dose of 100 ppm
(1.8 × 1019 cm−3). As discussed later, this narrow depletion
width is also crucial for the stability of negatively charged NV
centers, but a high implantation dose will degrade the spin
coherence of the NV centers. In general, a wider depletion
width will reduce the wave function overlap between the NV
center and the magnetic moment in the FM layer, and hence

FIG. 4. Exchange coupling Jex at a NVC-FMH distance of d =
1 nm. (a) Exchange coupling as a function of barrier height 
B ,
when the depletion length is set at Ld = 5 nm. Inset: Ratio between
exchange coupling energy (Wex) and dipole coupling energy (Wdip).
(b) Exchange coupling as a function of depletion length Ld , when the
barrier height is set at 
B = 1 eV. The horizontal dashed lines denote
the dipole coupling at d = 1 nm for comparison. Other parameters:
Ec = EF , FMH thickness Lz = 1 nm, δ = 2 nm.

the exchange coupling between the two. However, the degree
of the overlap (and thus the strength of the exchange coupling)
is a weaker function of the depletion width compared to that
of the Schottky barrier height (see Appendix A). For instance
even at a depletion width of 10 nm, the exchange coupling
strength is still roughly of the same order of magnitude as that
corresponding to a depletion width of a few nm (say 3 nm);
see Fig. 4(b).

Given the FMH/NVC distance achievable by today’s
technology of about 1–2 nm, a barrier height (with respect
to the Fermi level of FMH) of less than 1 eV will already
result in the exchange energy surpassing the magnetic energy
[see Fig. 3(a)]. Under this circumstance, it is essential to
consider the NVC-FMH exchange interaction in the design
of NVC-based magnetometry devices. Both magnetic and
exchange energies are estimated to be on the order of a
few hundred MHz of the 2.87 GHz zero field splitting of
the NVC. For separation distance more than 2 nm, the
exchange energy rapidly decreases to zero, at a much faster
rate than the dipole coupling energy(see Fig. 3). This is
consistent with the prevailing experimental focus on using
only the magnetic energy in describing the results of the
magnetometry experiments. Considering the ongoing progress
in development of etching and lithography tools which become
increasingly capable of producing heterostructures with small
distances between NVC and the interface, it makes perfect
sense to start considering the short-range exchange effect.
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FIG. 5. Principle of NV− stabilization: (a) Schematic diagram of
FM/diamond system with vertical (V1) and in-plane (V2) electrical
gates. (b) Energy band diagram across FM/diamond interface (green
line). In diamond, the band bending in the depletion region will raise
the NV− level above the diamond Fermi level, resulting in discharge
of shallow NV− to NV0 (NV2). (c) Energy band diagram across
in-plane diamond surface near aluminum contact (red line). The cross
section is a few nm below the diamond surface. The work function of
Al is smaller than that of the diamond surface, resulting in a depletion
region of holes. An applied reverse voltage will raise the diamond
Fermi level above the NV−. Thus, an NV center near the diamond
surface and close to the Al contact can be stabilized in the charged
NV− state (NV3).

B. Stability of shallow NV− centers

Now we will discuss the stability of the negatively charged
NV− centers near the FMH/diamond interface, which would be
a crucial factor for the feasibility of our scheme. The charged
state of an NV center depends on the NV−/0 transition level
relative to the Fermi level. In diamond doped with nitrogen,
the Fermi level is 1.7 eV below the conduction band minimum
(CBM) [55,56], and the NV− level is 2.58 eV below the
CBM [57,58]. Thus, in freestanding nitrogen-doped diamond,
the NV centers deep in the bulk diamond are likely to be
in the NV− state [NV1 in Fig. 5(a). When the diamond
with hydrogen-terminated surface is in contact with metal
[47,52,53] or air [59], part of the NV−/0 level would be raised
above the Fermi level due to the band bending near the interface
[48,59,60]. As a result, NV− (charged state) near the interface
has a tendency to be discharged to NV0 (neutral state) [NV2

in Fig. 5(a)].
However, the NV− charged state can be stabilized by

controlling the Fermi level and the band bending near the
interface via electrical gating [48,60–62], chemical treatment
[55,59,63], or by controlling the charge/discharge process
by optical excitation [64–66], and possibly a combination
of the above operations. For example, diamond with PEA
oxygen-terminated surface can stabilize shallow NV− centers
[59,67]. As discussed in the previous section, PEA surfaces
can be produced by terminating the surfaces with oxygen,
chlorine, or fluorine [49–51]. At the same time, as mentioned
earlier, a high dose of nitrogen (n-dopant) implantation can

increase the band bending and reduce the depletion width
[48,59], thus shifting the crossing point of the Fermi level and
the NV− level closer to the interface. Moreover, by applying
a gate voltage across the metal/diamond, one can raise the
Fermi level above the NV−/0 transition level beyond a certain
depth [48,54]. In a previous work [48], the charged NV−

state is stabilized at a depth of 7 nm from the interface by
applying a gate voltage of +0.5 eV, and an implantation dose
of 1013 cm−2 [48]. A higher dose of 1014 cm−2 can even
stabilize NV centers at less than 5 nm depth without electrical
gating [59]. Moreover, it has been shown that phosphorous
doping can also effectively produce a pure NV− population
[68]. This is based on the fact that phosphorous-donor level is
0.57 eV below the CBM [69], which is much lower than that
of nitrogen (1.7 eV). In our scheme, we require the charged
NV centers to be only about 2 nm from the interface to
induce significant exchange coupling. Thus, a high gate
voltage and high implantation dose are required to stabilize
the NV centers so close to the interface. However, there is
a limitation to both methods due to possibility of oxidation
at high applied voltage and degraded spin-coherence time at
high implantation dose [16,30,70,71]. In general, the spin-
coherence time is inversely proportional to the concentration
of both uncontrolled electron and nuclear spins around the NV
center [16,30]. At high doping level [N] > 100 ppm, and with
concentration of 13C nuclear spin of 1.1%, the coherence time
T ∗

2 is limited by the [N] electron spin to ∼0.1 μs(100 ppm/[N])
[71]. For low doping level [N] < 10 ppm, T ∗

2 is limited by 13C
to ∼1 μs, and it is can be up to ∼100 μs in purified diamond
where [13C] < 0.01% and [N] < 1 ppm [72,73].

Possible means to overcome these limitations would be to
apply the gate voltage in an in-plane configuration [60,74];
see Fig. 5(b). Using aluminum (Al) as a contact, a lateral
hole depletion region is formed near the Al contact with the
downward band bending. An applied reverse voltage will raise
the diamond Fermi level above the NV− level, thus stabilizing
shallow NV− centers near the Al contact [NV3 in Fig. 5(b)].

In addition, one can use optical excitation to convert NV0 to
NV− [64–66]. The working principle is as follows. Assuming
the NV center is in the neutral charge state with unoccupied ey

level (see Fig. 2), a first laser photon will excite one electron
from a1 to ey , followed by another photon that excites another
electron from a′

1 (deep in valence band) to a1. The net result
is the conversion of NV0 to NV− [64]. Note that to prevent
subsequent discharge of NV− to NV0, the laser excitation
needs to be applied continuously.

C. Application in magnetometry

When the NVC spin is coupled to an FMH plane that
hosts many spins, the exchange coupling can exist between
any pair of NVC-FMH spins. However, as shown in Fig. 3,
the exchange coupling quickly diminishes as the distance in-
creases. Therefore, the exchange coupling between NVC spin
and its nearest FMH spin takes the dominant role. Assuming
that the spin distribution in the FMH layer is m(x,y), and an
NVC is placed at position (xi,yi), the total exchange energy
is then Wex ≈ Bex · snv, with Bex = Jexm(xi,yi), which means
that the exchange coupling between NVC and FMH is mainly
dependent on the local spin density at the NVC position.
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However, the dipole field is significant even at long range,
and the Zeeman splitting of the NVC ground state is induced
by the combined exchange and dipole field. In contrast to
the exchange field, the total dipole field induced by the FMH
layer on the NV spin is the sum Bdip = ∑

i Bdip(xi,yi), where
Bdip(xi,yi) is the dipole field induced by FMH spin m(xi,yi).
The dipole field is dependent on the distance d between NVC
and FMH layer for a certain NVC orientation. Meanwhile, the
exchange coupling Jex is not only dependent on the NVC-FMH
distance (d), but also on properties of the FMH/diamond
junction such as barrier potential (
B) and depletion width
(Ld ); see Figs. 3 and 4. This enables us to tune the exchange
coupling and the exchange field by modifying the barrier
potential or depletion width, but still keeping the dipole field
constant. Based on the above, we will now show that the spin
distribution in the FMH layer can be read out locally.

First, let us consider a specific configuration of the
FMH/NVC system and then perform the ODMR measurement
[32–35] to determine the total Zeeman field B

(0)∑ = B
(0)
dip +

B(0)
ex , where B(0)

ex = J (0)
ex m(xi,yi). Let us assume that we can

tune one of the junction properties, i.e., barrier potential (
B)
or depletion width (Ld ), while keeping the NVC-FMH distance
(d) unchanged. Then, the exchange field is modified to be
B(1)

ex = J (1)
ex m(xi,yi), while the dipole field is unchanged. The

total Zeeman field is now B
(1)∑ = B

(0)
dip + B(1)

ex . From the above,
we can derive the local spin density at (xi,yi) as follows:

m(xi,yi) =
B

(1)∑ − B
(0)∑

J
(1)
ex − J

(0)
ex

. (10)

Note that Eq. (10) is obtained by assuming that the exchange
coupling is only retained for the nearest NVC spin–FMH
spin pair. However, if the couplings between NVC spin and
other nearby FMH spins are taken into account, Eq. (10) will
represent the average spin density in a region close to the NVC
spin, which results in a lower spatial resolution. To determine
the region to be averaged over, we assume that the exchange
coupling can be significant between NVC spin and FMH spin
separated by a distance up to d + γ −1, where γ −1 is the decay
constant (see inset of Fig. 3). The intersection of the sphere
centered at the origin with radius d + γ −1 and the FMH plane
is the region that will be averaged over, which is a circle
of diameter 2

√
2dγ −1. For d = 1–2 nm and calculated value

of γ as shown in Fig. 3, the spatial resolution is estimated
to be of the range of 0.8–2 nm. For comparison, the spatial
resolution in a recent NV-based magnetometry experiment is
up to the order of 100 nm [25].

IV. CONCLUSION

We have proposed an FMH-NVC system engineered for
observation of exchange effects between FMH spins and the
NVC spin. We showed that the exchange energy can be
substantial, and even surpass the usual magnetic dipole energy
for low barrier heights and nanometer separation between
the NVC and FMH spins, which is within the capability
of present-day nanofabrication technology. This opens up
possibilities to characterize FMH spintronic systems with
nanometer spatial resolution and high spectroscopic precision
using NV magnetometry.
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APPENDIX A: DECAYING WAVE FUNCTION
OF ELECTRONS IN FMH/DIAMOND STRUCTURE

The Schottky barrier can be approximated as a linearly
decreasing barrier potential

VS(z) = 
B

(
1 − (
B − Ec)


B

z

Ld

)
, (A1)

where 
B is the Schottky barrier height at the FMH/diamond
interface, Ec is the the conduction band minimum (CBM)
of the diamond, and Ld is the depletion width. In diamond
doped with nitrogen (Nd ), the depletion width is determined by

Ld =
√

ε0εr (Vbi+Va )
2πeNd

, where Vbi = 2.3 eV is the intrinsic built-in

potential [47], Va is applied voltage, εr = 5.68 is the dielectric
constant of diamond, and ε0 is the vacuum permittivity.

Now we consider the transport of an electron from FMH to
the diamond. The overall wave function of the electron can be
found by solving the Schrodinger equation, which is given by[

− �
2

2me

∂2

∂z2
+ (U − E)

]
ψ(z) = 0, (A2)

where

U =
{

0, −Lz < z < 0 (FMH),
VS(z), 0 < z < Ld (diamond), (A3)

in which Lz is the thickness of the FMH. In FMH region,
the electron can be described by the wave function of a free
electron:

ψf,1(z) = C1sin[kz(z + Lz)], (A4)

such that the wave function at the FMH/vacuum interface is
zero, i.e., ψf,1(−Lz) = 0, with C1 a constant, and kz =

√
2meE

�2 .
In the diamond region, the wave function decays as

ψf,2(z) = C2e
−λ(z), (A5)

where λ(z) is decay function of z. In the WKB formalism, the
decay function is expressed as

λ(z) =
∫ z

0

√
2me

�2
[VS(z′) − E]dz′. (A6)

Substituting the barrier potential we have

λ(z) = −2
√

2meLd (
B − E)
3
2

3�(
B − Ec)

+ 2
√

2meLd

3�(
B − Ec)

(

B − E − (
B − Ec)z

Ld

) 3
2

. (A7)
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FIG. 6. Energy-band schematic of FMH/diamond junction. Near
the interface, a Schottky-type junction is formed, with Schottky
barrier height 
B and depletion width Ld (dashed curve). The
Schottky junction is approximately modeled as a linearly decreasing
potential (solid red curve). EF is the Fermi level of the ferromagnetic
layer, which we take to be zero energy, and Ec is the conduction
band minimum of diamond (CBM); NV− is the transition level of the
negatively charged state. The wave function of the electron in FMH
has a finite decay length into the diamond (bottom panel).

The decay wave function is illustrated in Fig. 6. Note that
with the coordinate origin at the vacancy (V), the above wave
functions are reparameterized as ψf (z + d), where d is the
FMH/NVC separation distance. The wave function penetration
is generally enhanced for lower barrier height and smaller
depletion width. As shown in previous works [45,46], the
extent of the NVC wave function is less than 1 nm, which
is much less than the depletion width (Ld ∼ 5–10 nm), i.e.,
z � Ld . The decay wave function in Eq. (A5) is approximated
as

ψf,2(z) ∼ e−λ0de
−λ0z(1− d

2Ld
)
, (A8)

where λ0 =
√

2me
B

�2 , and we have assumed E = Ec = EF , with
EF being the FM Fermi energy. From Eq. (A8) we can obtain
the dependence of the exchange coupling on the FMH/NVC
distance and other parameters, i.e., barrier height and depletion
width. First, the exchange coupling would exponentially decay
as ∼e−λ0d with increasing d, where the decay constant λ0 is

scaled with the barrier height 
B . Second, the depletion width
Ld contributes a correction of d/2Ld to the decay function,
which is insignificant if Ld � d. Thus, the strength of the
exchange coupling is a weaker function of the depletion width
compared to that of the Schottky barrier height.

To obtain the normalization constants, we apply the
boundary conditions at the vacuum/FMH interface and
FMH/diamond interface, respectively:

ψf,1(0) = ψf,2(0),

d

dz
ψf,1(0) = d

dz
ψf,2(0), (A9)

or [
h11 h12

h21 h22

](
C1

C2

)
= 0, (A10)

with hij being the linear coefficients of C1,2 deduced from
Eq. (A9). From this set of equations, we can find the possible
energy levels by solving equation det(h) = 0. Once the energy
is found, the normalization constants C1 and C2 can be
obtained from the normalization condition

∫
dz|ψf (z)|2 = 1.

APPENDIX B: sp3 HYBRIDIZATION

The hybridized sp3 wave functions of the electrons are
given by

φN
1 = 1

2
ψ2s

N +
√

3

2
ψ

2pz

N ,

φC3
2 = 1

2
ψ2s

C +
√

2

3
ψ

2py

C − 1

2
√

3
ψ

2pz

C ,

φC2
3 = 1

2
ψ2s

C + 1√
2
ψ

2px

C − 1√
6
ψ

2py

C − 1

2
√

3
ψ

2pz

C ,

φC1
4 = 1

2
ψ2s

C − 1√
2
ψ

2px

C − 1√
6
ψ

2py

C − 1

2
√

3
ψ

2pz

C ,

where ψ2s
X and ψ

2p

X are the wave functions of the 2s and
2p orbital states. If we set the coordinate system so that
the origin is at the vacancy (V), the N atom is on the
z axis, and one of the carbon atoms is in the yz plane,
then the sp3 wave functions are to be reparameterized
as φN

1 (r − n),φCi(r − ci), where n ≈ aẑ, c1 ≈ a(0,0.94, −
0.33), c2 ≈ a(0.81,0.47,0.33), c3 ≈ a(−0.81,0.47,0.33), rep-
resenting the relative position of the nitrogen and carbon
atoms, with a = 0.15 nm being the bond length of the diamond
lattice.
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[36] J. Tisler, R. Reuter, A. Lämmle, F. Jelezko, G. Balasubramanian,
P. R. Hemmer, F. Reinhard, and J. Wrachtrup, ACS Nano 5, 7893
(2011).

[37] V. N. Mochalin, O. Shenderova, D. Ho, and Y. Gogotsi, Nat.
Nanotechnol. 7, 11 (2012).

[38] J. Gong, N. Steinsultz, and M. Ouyang, Nat. Commun. 7, 11820
(2016).

[39] M. Loretz, S. Pezzagna, J. Meijer, and C. Degen, Appl. Phys.
Lett. 104, 033102 (2014).

[40] V. Acosta, E. Bauch, M. Ledbetter, C. Santori, K.-M. Fu, P.
Barclay, R. Beausoleil, H. Linget, J. Roch, and F. Treussart,
Phys. Rev. B 80, 115202 (2009).

[41] U. Kaiser, A. Schwarz, and R. Wiesendanger, Nature (London)
446, 522 (2007).

[42] F. Pielmeier and F. J. Giessibl, Phys. Rev. Lett. 110, 266101
(2013).

[43] M. Granovskij, A. Schrön, and F. Bechstedt, New J. Phys. 16,
023020 (2014).

[44] M. Doherty, F. Dolde, H. Fedder, F. Jelezko, J. Wrachtrup, N.
Manson, and L. Hollenberg, Phys. Rev. B 85, 205203 (2012).

[45] F. M. Hossain, M. W. Doherty, H. F. Wilson, and L. C. L.
Hollenberg, Phys. Rev. Lett. 101, 226403 (2008).

[46] A. Gali, M. Fyta, and E. Kaxiras, Phys. Rev. B 77, 155206
(2008).

[47] S. Sun and L. Ang, J. App. Phys. 112, 066102 (2012).
[48] B. Grotz, M. V. Hauf, M. Dankerl, B. Naydenov, S. Pezzagna,

J. Meijer, F. Jelezko, J. Wrachtrup, M. Stutzmann, F. Reinhard
et al., Nat. Commun. 3, 729 (2012).

[49] F. Maier, J. Ristein, and L. Ley, Phys. Rev. B 64, 165411
(2001).

[50] A. K. Tiwari, J. Goss, P. Briddon, N. G. Wright, A. B. Horsfall,
R. Jones, H. Pinto, and M. Rayson, Phys. Rev. B 84, 245305
(2011).

[51] K. J. Rietwyk, S. Wong, L. Cao, K. O’Donnell, L. Ley, A. Wee,
and C. Pakes, Appl. Phys. Lett. 102, 091604 (2013).

[52] M. W. Geis, J. C. Twichell, and T. M. Lyszczarz, J. Vac. Sci.
Technol. B 14, 2060 (1996).

[53] M. W. Geis, J. C. Twichell, N. N. Efremow, K. Krohn, and
T. M. Lyszczarz, Appl. Phys. Lett. 68, 2294 (1996).

[54] C. Santori, P. E. Barclay, K.-M. C. Fu, and R. G. Beausoleil,
Phys. Rev. B 79, 125313 (2009).

[55] A. T. Collins, J. Phys.: Condens. Matter 14, 3743 (2002).
[56] R. Farrer, Solid State Commun. 7, 685 (1969).
[57] J. Weber, W. Koehl, J. Varley, A. Janotti, B. Buckley, C. Van de

Walle, and D. D. Awschalom, Proc. Natl. Acad. Sci. USA 107,
8513 (2010).

[58] J. Steeds, S. Charles, J. Davies, and I. Griffin, Diamond Relat.
Mater. 9, 397 (2000).

[59] M. Hauf, B. Grotz, B. Naydenov, M. Dankerl, S. Pezzagna, J.
Meijer, F. Jelezko, J. Wrachtrup, M. Stutzmann, F. Reinhard
et al., Phys. Rev. B 83, 081304 (2011).

245424-8

https://doi.org/10.1038/nnano.2015.22
https://doi.org/10.1038/nnano.2015.22
https://doi.org/10.1038/nnano.2015.22
https://doi.org/10.1038/nnano.2015.22
https://doi.org/10.1109/TMAG.2016.2519512
https://doi.org/10.1109/TMAG.2016.2519512
https://doi.org/10.1109/TMAG.2016.2519512
https://doi.org/10.1109/TMAG.2016.2519512
https://doi.org/10.1126/science.1105514
https://doi.org/10.1126/science.1105514
https://doi.org/10.1126/science.1105514
https://doi.org/10.1126/science.1105514
https://doi.org/10.1063/1.4869482
https://doi.org/10.1063/1.4869482
https://doi.org/10.1063/1.4869482
https://doi.org/10.1063/1.4869482
https://doi.org/10.1038/ncomms10296
https://doi.org/10.1038/ncomms10296
https://doi.org/10.1038/ncomms10296
https://doi.org/10.1038/ncomms10296
https://doi.org/10.1103/PhysRevLett.96.176603
https://doi.org/10.1103/PhysRevLett.96.176603
https://doi.org/10.1103/PhysRevLett.96.176603
https://doi.org/10.1103/PhysRevLett.96.176603
https://doi.org/10.1038/nphys543
https://doi.org/10.1038/nphys543
https://doi.org/10.1038/nphys543
https://doi.org/10.1038/nphys543
https://doi.org/10.1063/1.97800
https://doi.org/10.1063/1.97800
https://doi.org/10.1063/1.97800
https://doi.org/10.1063/1.97800
https://doi.org/10.1038/nphys1075
https://doi.org/10.1038/nphys1075
https://doi.org/10.1038/nphys1075
https://doi.org/10.1038/nphys1075
https://doi.org/10.1038/ncomms9426
https://doi.org/10.1038/ncomms9426
https://doi.org/10.1038/ncomms9426
https://doi.org/10.1038/ncomms9426
https://doi.org/10.1038/nnano.2015.171
https://doi.org/10.1038/nnano.2015.171
https://doi.org/10.1038/nnano.2015.171
https://doi.org/10.1038/nnano.2015.171
https://doi.org/10.1038/nnano.2014.288
https://doi.org/10.1038/nnano.2014.288
https://doi.org/10.1038/nnano.2014.288
https://doi.org/10.1038/nnano.2014.288
https://doi.org/10.1038/nnano.2014.313
https://doi.org/10.1038/nnano.2014.313
https://doi.org/10.1038/nnano.2014.313
https://doi.org/10.1038/nnano.2014.313
https://doi.org/10.1038/nnano.2014.30
https://doi.org/10.1038/nnano.2014.30
https://doi.org/10.1038/nnano.2014.30
https://doi.org/10.1038/nnano.2014.30
https://doi.org/10.1063/1.2943282
https://doi.org/10.1063/1.2943282
https://doi.org/10.1063/1.2943282
https://doi.org/10.1063/1.2943282
https://doi.org/10.1103/PhysRevB.74.104303
https://doi.org/10.1103/PhysRevB.74.104303
https://doi.org/10.1103/PhysRevB.74.104303
https://doi.org/10.1103/PhysRevB.74.104303
https://doi.org/10.1557/mrs.2013.18
https://doi.org/10.1557/mrs.2013.18
https://doi.org/10.1557/mrs.2013.18
https://doi.org/10.1557/mrs.2013.18
https://doi.org/10.1103/PhysRevApplied.4.014003
https://doi.org/10.1103/PhysRevApplied.4.014003
https://doi.org/10.1103/PhysRevApplied.4.014003
https://doi.org/10.1103/PhysRevApplied.4.014003
https://doi.org/10.1103/PhysRevB.86.081406
https://doi.org/10.1103/PhysRevB.86.081406
https://doi.org/10.1103/PhysRevB.86.081406
https://doi.org/10.1103/PhysRevB.86.081406
https://doi.org/10.1063/1.3527975
https://doi.org/10.1063/1.3527975
https://doi.org/10.1063/1.3527975
https://doi.org/10.1063/1.3527975
https://doi.org/10.1063/1.4903075
https://doi.org/10.1063/1.4903075
https://doi.org/10.1063/1.4903075
https://doi.org/10.1063/1.4903075
https://doi.org/10.1063/1.4748280
https://doi.org/10.1063/1.4748280
https://doi.org/10.1063/1.4748280
https://doi.org/10.1063/1.4748280
https://doi.org/10.1088/0034-4885/77/5/056503
https://doi.org/10.1088/0034-4885/77/5/056503
https://doi.org/10.1088/0034-4885/77/5/056503
https://doi.org/10.1088/0034-4885/77/5/056503
https://doi.org/10.1038/nature07278
https://doi.org/10.1038/nature07278
https://doi.org/10.1038/nature07278
https://doi.org/10.1038/nature07278
https://doi.org/10.1103/PhysRevLett.92.076401
https://doi.org/10.1103/PhysRevLett.92.076401
https://doi.org/10.1103/PhysRevLett.92.076401
https://doi.org/10.1103/PhysRevLett.92.076401
https://doi.org/10.1126/science.1131871
https://doi.org/10.1126/science.1131871
https://doi.org/10.1126/science.1131871
https://doi.org/10.1126/science.1131871
https://doi.org/10.1126/science.1192739
https://doi.org/10.1126/science.1192739
https://doi.org/10.1126/science.1192739
https://doi.org/10.1126/science.1192739
https://doi.org/10.1103/PhysRevLett.105.200402
https://doi.org/10.1103/PhysRevLett.105.200402
https://doi.org/10.1103/PhysRevLett.105.200402
https://doi.org/10.1103/PhysRevLett.105.200402
https://doi.org/10.1021/nn2021259
https://doi.org/10.1021/nn2021259
https://doi.org/10.1021/nn2021259
https://doi.org/10.1021/nn2021259
https://doi.org/10.1038/nnano.2011.209
https://doi.org/10.1038/nnano.2011.209
https://doi.org/10.1038/nnano.2011.209
https://doi.org/10.1038/nnano.2011.209
https://doi.org/10.1038/ncomms11820
https://doi.org/10.1038/ncomms11820
https://doi.org/10.1038/ncomms11820
https://doi.org/10.1038/ncomms11820
https://doi.org/10.1063/1.4862749
https://doi.org/10.1063/1.4862749
https://doi.org/10.1063/1.4862749
https://doi.org/10.1063/1.4862749
https://doi.org/10.1103/PhysRevB.80.115202
https://doi.org/10.1103/PhysRevB.80.115202
https://doi.org/10.1103/PhysRevB.80.115202
https://doi.org/10.1103/PhysRevB.80.115202
https://doi.org/10.1038/nature05617
https://doi.org/10.1038/nature05617
https://doi.org/10.1038/nature05617
https://doi.org/10.1038/nature05617
https://doi.org/10.1103/PhysRevLett.110.266101
https://doi.org/10.1103/PhysRevLett.110.266101
https://doi.org/10.1103/PhysRevLett.110.266101
https://doi.org/10.1103/PhysRevLett.110.266101
https://doi.org/10.1088/1367-2630/16/2/023020
https://doi.org/10.1088/1367-2630/16/2/023020
https://doi.org/10.1088/1367-2630/16/2/023020
https://doi.org/10.1088/1367-2630/16/2/023020
https://doi.org/10.1103/PhysRevB.85.205203
https://doi.org/10.1103/PhysRevB.85.205203
https://doi.org/10.1103/PhysRevB.85.205203
https://doi.org/10.1103/PhysRevB.85.205203
https://doi.org/10.1103/PhysRevLett.101.226403
https://doi.org/10.1103/PhysRevLett.101.226403
https://doi.org/10.1103/PhysRevLett.101.226403
https://doi.org/10.1103/PhysRevLett.101.226403
https://doi.org/10.1103/PhysRevB.77.155206
https://doi.org/10.1103/PhysRevB.77.155206
https://doi.org/10.1103/PhysRevB.77.155206
https://doi.org/10.1103/PhysRevB.77.155206
https://doi.org/10.1063/1.4752712
https://doi.org/10.1063/1.4752712
https://doi.org/10.1063/1.4752712
https://doi.org/10.1063/1.4752712
https://doi.org/10.1038/ncomms1729
https://doi.org/10.1038/ncomms1729
https://doi.org/10.1038/ncomms1729
https://doi.org/10.1038/ncomms1729
https://doi.org/10.1103/PhysRevB.64.165411
https://doi.org/10.1103/PhysRevB.64.165411
https://doi.org/10.1103/PhysRevB.64.165411
https://doi.org/10.1103/PhysRevB.64.165411
https://doi.org/10.1103/PhysRevB.84.245305
https://doi.org/10.1103/PhysRevB.84.245305
https://doi.org/10.1103/PhysRevB.84.245305
https://doi.org/10.1103/PhysRevB.84.245305
https://doi.org/10.1063/1.4793999
https://doi.org/10.1063/1.4793999
https://doi.org/10.1063/1.4793999
https://doi.org/10.1063/1.4793999
https://doi.org/10.1116/1.588986
https://doi.org/10.1116/1.588986
https://doi.org/10.1116/1.588986
https://doi.org/10.1116/1.588986
https://doi.org/10.1063/1.116168
https://doi.org/10.1063/1.116168
https://doi.org/10.1063/1.116168
https://doi.org/10.1063/1.116168
https://doi.org/10.1103/PhysRevB.79.125313
https://doi.org/10.1103/PhysRevB.79.125313
https://doi.org/10.1103/PhysRevB.79.125313
https://doi.org/10.1103/PhysRevB.79.125313
https://doi.org/10.1088/0953-8984/14/14/307
https://doi.org/10.1088/0953-8984/14/14/307
https://doi.org/10.1088/0953-8984/14/14/307
https://doi.org/10.1088/0953-8984/14/14/307
https://doi.org/10.1016/0038-1098(69)90593-6
https://doi.org/10.1016/0038-1098(69)90593-6
https://doi.org/10.1016/0038-1098(69)90593-6
https://doi.org/10.1016/0038-1098(69)90593-6
https://doi.org/10.1073/pnas.1003052107
https://doi.org/10.1073/pnas.1003052107
https://doi.org/10.1073/pnas.1003052107
https://doi.org/10.1073/pnas.1003052107
https://doi.org/10.1016/S0925-9635(99)00360-X
https://doi.org/10.1016/S0925-9635(99)00360-X
https://doi.org/10.1016/S0925-9635(99)00360-X
https://doi.org/10.1016/S0925-9635(99)00360-X
https://doi.org/10.1103/PhysRevB.83.081304
https://doi.org/10.1103/PhysRevB.83.081304
https://doi.org/10.1103/PhysRevB.83.081304
https://doi.org/10.1103/PhysRevB.83.081304


ROLE OF EXCHANGE INTERACTION IN NITROGEN . . . PHYSICAL REVIEW B 94, 245424 (2016)

[60] C. Schreyvogel, M. Wolfer, H. Kato, M. Schreck, and C. E.
Nebel, Sci. Rep. 4, 3634 (2014).

[61] Y. Doi, T. Makino, H. Kato, D. Takeuchi, M. Ogura, H. Okushi,
H. Morishita, T. Tashima, S. Miwa, S. Yamasaki, P. Neumann, J.
Wrachtrup, Y. Suzuki, and N. Mizuochi, Phys. Rev. X 4, 011057
(2014).

[62] S. Karaveli, O. Gaathon, A. Wolcott, R. Sakakibara, O. A.
Shemesh, D. S. Peterka, E. S. Boyden, J. S. Owen, R. Yuste,
and D. Englund, Proc. Natl. Acad. Sci. USA 113, 3938
(2016).

[63] F. Maier, M. Riedel, B. Mantel, J. Ristein, and L. Ley, Phys.
Rev. Lett. 85, 3472 (2000).

[64] P. Siyushev, H. Pinto, M. Vörös, A. Gali, F. Jelezko, and J.
Wrachtrup, Phys. Rev. Lett. 110, 167402 (2013).

[65] X.-D. Chen, C.-L. Zou, F.-W. Sun, and G.-C. Guo, Appl. Phys.
Lett. 103, 013112 (2013).

[66] P. Ji and M. V. G. Dutt, Phys. Rev. B 94, 024101 (2016).
[67] K.-M. Fu, C. Santori, P. Barclay, and R. Beausoleil, Appl. Phys.

Lett. 96, 121907 (2010).

[68] Y. Doi, T. Fukui, H. Kato, T. Makino, S. Yamasaki, T. Tashima,
H. Morishita, S. Miwa, F. Jelezko, Y. Suzuki et al., Phys. Rev.
B 93, 081203 (2016).

[69] M. Katagiri, J. Isoya, S. Koizumi, and H. Kanda, Appl. Phys.
Lett. 85, 6365 (2004).

[70] J. Van Wyk, E. Reynhardt, G. High, and I. Kiflawi, J. Phys. D:
Appl. Phys. 30, 1790 (1997).

[71] A. Tallaire, A. Collins, D. Charles, J. Achard, R. Sussmann, A.
Gicquel, M. Newton, A. Edmonds, and R. Cruddace, Diamond
Relat. Mater. 15, 1700 (2006).

[72] G. Balasubramanian, P. Neumann, D. Twitchen, M. Markham,
R. Kolesov, N. Mizuochi, J. Isoya, J. Achard, J. Beck, J. Tissler
et al., Nat. Mater. 8, 383 (2009).

[73] T. Ishikawa, K.-M. C. Fu, C. Santori, V. M. Acosta, R. G.
Beausoleil, H. Watanabe, S. Shikata, and K. M. Itoh, Nano Lett.
12, 2083 (2012).

[74] M. Shimizu, T. Makino, T. Iwasaki, J. Hasegawa, K. Tahara, W.
Naruki, H. Kato, S. Yamasaki, and M. Hatano, Diamond Relat.
Mater. 63, 192 (2016).

245424-9

https://doi.org/10.1038/srep03634
https://doi.org/10.1038/srep03634
https://doi.org/10.1038/srep03634
https://doi.org/10.1038/srep03634
https://doi.org/10.1103/PhysRevX.4.011057
https://doi.org/10.1103/PhysRevX.4.011057
https://doi.org/10.1103/PhysRevX.4.011057
https://doi.org/10.1103/PhysRevX.4.011057
https://doi.org/10.1073/pnas.1504451113
https://doi.org/10.1073/pnas.1504451113
https://doi.org/10.1073/pnas.1504451113
https://doi.org/10.1073/pnas.1504451113
https://doi.org/10.1103/PhysRevLett.85.3472
https://doi.org/10.1103/PhysRevLett.85.3472
https://doi.org/10.1103/PhysRevLett.85.3472
https://doi.org/10.1103/PhysRevLett.85.3472
https://doi.org/10.1103/PhysRevLett.110.167402
https://doi.org/10.1103/PhysRevLett.110.167402
https://doi.org/10.1103/PhysRevLett.110.167402
https://doi.org/10.1103/PhysRevLett.110.167402
https://doi.org/10.1063/1.4813120
https://doi.org/10.1063/1.4813120
https://doi.org/10.1063/1.4813120
https://doi.org/10.1063/1.4813120
https://doi.org/10.1103/PhysRevB.94.024101
https://doi.org/10.1103/PhysRevB.94.024101
https://doi.org/10.1103/PhysRevB.94.024101
https://doi.org/10.1103/PhysRevB.94.024101
https://doi.org/10.1063/1.3364135
https://doi.org/10.1063/1.3364135
https://doi.org/10.1063/1.3364135
https://doi.org/10.1063/1.3364135
https://doi.org/10.1103/PhysRevB.93.081203
https://doi.org/10.1103/PhysRevB.93.081203
https://doi.org/10.1103/PhysRevB.93.081203
https://doi.org/10.1103/PhysRevB.93.081203
https://doi.org/10.1063/1.1840119
https://doi.org/10.1063/1.1840119
https://doi.org/10.1063/1.1840119
https://doi.org/10.1063/1.1840119
https://doi.org/10.1088/0022-3727/30/12/016
https://doi.org/10.1088/0022-3727/30/12/016
https://doi.org/10.1088/0022-3727/30/12/016
https://doi.org/10.1088/0022-3727/30/12/016
https://doi.org/10.1016/j.diamond.2006.02.005
https://doi.org/10.1016/j.diamond.2006.02.005
https://doi.org/10.1016/j.diamond.2006.02.005
https://doi.org/10.1016/j.diamond.2006.02.005
https://doi.org/10.1038/nmat2420
https://doi.org/10.1038/nmat2420
https://doi.org/10.1038/nmat2420
https://doi.org/10.1038/nmat2420
https://doi.org/10.1021/nl300350r
https://doi.org/10.1021/nl300350r
https://doi.org/10.1021/nl300350r
https://doi.org/10.1021/nl300350r
https://doi.org/10.1016/j.diamond.2015.10.022
https://doi.org/10.1016/j.diamond.2015.10.022
https://doi.org/10.1016/j.diamond.2015.10.022
https://doi.org/10.1016/j.diamond.2015.10.022



