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Section A: Electronic structure of diamond nanowires

Effective mass theory

Approximate analytical forms for the electronic states of a diamond nanowire
can be obtained using effective mass theory (EMT) [1]. Consider the diamond
crystal Hamiltonian Ĥ0 which has been solved as

Ĥ0φn,~k = En(~k)φn,~k, (1)

for the energies of the nth conduction band En(~k) corresponding to the Bloch

wavefunctions φn,~k = ei
~k·~run,~k(~r), where un,~k(~r) is some lattice periodic func-

tion. We desire to solve the Schrödinger equation

[Ĥ0 + U(~r)]Ψ(~r) = EΨ(~r), (2)

where U(~r) is the confining potential of the nanowire (aligned along the ẑ axis)
given by

U(x, y, z) =

{
0, if 0 < x, y < w and 0 < z < L;

∞, otherwise.
(3)

To do so, we expand the wavefunction Ψ(~r) into the basis of Bloch states,

Ψ(~r) =
∑
n,~k

Fn(~k)φn,~k(~r),

where Fn(~k) is the Fourier transform of some envelope function Fn(~r). E and
Fn(~r) can be solved at the nanowire conduction band minimum through three
assumptions:

1. U(~r) is slowly varying with respect to the lattice spacing.
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Figure 1: The six equivalent conduction band minima states of bulk diamond are
projected on to the nanowire k-space. This is visualized through six dispersion
relations, dubbed valleys, represented by ellipsoidal energy iso-contours due to
diamond’s anisotropic effective mass tensor. For a wire with its axis parallel
to the (100) direction, a single iso-contour is positioned at each face of the
rectangular prism.

2. Fn(~k) is only significant well within the first Brillouin zone (that is, for

|~k| � π
a ).

3. The dispersion relationship near the conduction band minimum (termed

a valley) can be approximated using the effective mass tensor,
←→
m∗, of the

bulk crystal

Ec(~k) ≈ Ec +
~2

2
~k ·
←→
m∗ · ~k, (4)

where Ec is the energy of the conduction band minimum.

By satisfying these requirements a position space representation for Fn(~k) near
the conduction band minimum can be obtained by solving[

− ~2

2
~∇ ·
←→
m∗ · ~∇+ Ec + U(~r)

]
Fn(~r) = EnFn(~r). (5)

Bulk diamond possesses an fcc reciprocal lattice with six equivalent valleys
located between the Γ and X points. For a nanowire aligned along the (100)
axis, these valleys are projected onto each face of the rectangular prism and may
be enumerated as i = 1, . . . , 6. This is depicted in Figure 1, where the valleys
are represented by ellipsoidal energy iso-contours in k-space due to diamond’s
anisotropic mass tensor. The envelope function for each valley can be solved
using Equation (5), yielding eigenstate solutions for Equation 2 given by

ψn,i(~r) = Fn,i(~r)e
i ~Ki·~ru0,i(~r), (6)

where ~Ki is the bulk reciprocal vector for the valley in question.
Explicitly solving Equation (5) for the nanowire confining potential yields

the envelope function

Fn,i =

√
8Vc
w2L

sin
(nxπx

w

)
sin
(nyπx

w

)
sin
(nzπz

L

)
, (7)
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where n = (nx, ny, nz), Vc is the volume of the diamond unit cell, and we
have used the normalization condition 〈ψn,i|ψn,j〉 = δij . The corresponding
eigenenergies for a wire along the (100) axis are

Ei=1,2
n =

~2π2

2

(
n2x

m⊥w2
+

n2y
m⊥w2

+
n2z

m‖L2

)
, (8)

for valleys 1 and 2,

Ei=3,4
n =

~2π2

2

(
n2x

m‖w2
+

n2y
m⊥w2

+
n2z

m⊥L2

)
, (9)

for valleys 3 and 4, and

Ei=5,6
n =

~2π2

2

(
n2x

m⊥w2
+

n2y
m‖w2

+
n2z

m⊥L2

)
, (10)

for valleys 5 and 6. Solutions for wires aligned along other axes can be obtained
through rotations of the effective mass tensor.

The true eigenstates of the nanowire must be commensurate with the D4h

symmetry of the wire. A symmetry respecting basis can be constructed through
linear combinations of the single valley EMT solutions presented in Equation (6)
which agree with the irreducible representations ofD4h [2]. Standard application
of the projection operators yields the following. For the eigenspace spanned by
{ψn,1, ψn,2}, the symmetry respecting basis for the n = (1, 1, 1) conduction band
minima states is

|A1g,1〉 =
1√
2

(ψn,1 + ψn,2),

|A2u〉 =
1√
2

(−ψn,1 + ψn,2),

while for the eigenspace spanned by {ψn,i}6i=3,

|A1g,2〉 =
1

2
(ψn,3 + ψn,4 + ψn,5 + ψn,6),

|B1g〉 =
1

2
(−ψn,3 − ψn,4 + ψn,5 + ψn,6),

|Eu,1〉 =
1√
2

(−ψn,5 + ψn,6),

|Eu,2〉 =
1√
2

(−ψn,3 + ψn,4).

For L >> w, the two-fold degenerate states |A1g〉 and |A2u〉 are significantly
higher in energy than the four-fold degenerate states.

Stark effect

Implementation of STIRAP requires energetically distinguishing the two NV
centers in the nanowire. This is achieved through application of a potential
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difference Φ between each end of the length L wire. The corresponding Hamil-
tonian is given by

ĤStark =
eΦ

L
z. (11)

Note that the Hamiltonian (11) transforms as z and therefore has A2u symmetry.
Consulting the D4h product table [2], non-zero coupling only occurs between
the conduction band eigenstates with A2u and A1g symmetry. For L > w, these
are not the states of the conduction band minimum. Further calculations of
the perturbing matrix elements reveal that the Stark effect induces only kHz
splitting of the |A2u〉 and |A1g,1〉 states for wires with ∼ µm dimensions and
applied voltages of approximately 1 V. Hence, we conclude that the Stark effect
does not present any impediment to the implementation of STIRAP.

Section B: Spin-orbit coupling in diamond nanowires

In this section we investigate spin-orbit interactions within the nanowire con-
duction band minima states. Consider a nanowire confining potential aligned
along the ẑ axis as defined in Equation (3). The spin-orbit Hamiltonian reads
as

ĤSO = α(~∇V × ~p) · ~s, (12)

where α is the coupling constant and V = Vb + U is the full nanowire poten-
tial; the sum of the bulk electrostatic potential experienced by the conduction
electrons, Vb, and the wire confining potential, U . Consider the symmetries of
the angular momentum components of ĤSO. In D4h, (L̂x, L̂y) transforms as Eg
and L̂z as A2g. By the Wigner-Eckert theorem [2], these symmetries allow for
many possible first and second-order couplings between the lowest energy valley
states and their excitations. A level scheme of these couplings is visualized in
Figure 2. Note that we assume that L >> w and therefore do not consider
the |A1g,1〉 and |A2u〉 states and their excitations (as they are much higher in
energy).

Figure 2 indicates that a full analytical model of spin-orbit coupling is highly
complicated due to the sheer number of possible interactions. Not only this, but
evaluation of any analytical expression would require extensive ab-initio data for
the nanowire conduction band. Consequently, as we currently lack such data, we
will instead apply the closure approximation [3] to produce an effective model
of spin-orbit coupling to second order.

We shall treat the spin-orbit Hamiltonian as a perturbation to Ĥ0 + U and
work in the four-fold degenerate symmetry states of the nanowire conduction
band minima. We therefore separate the ĤSO into its first and second-order
contributions as

ĤSO = Ĥ(1)
SO + Ĥ(2)

SO. (13)

Firstly, we note that by the Wigner-Eckart theorem [2] the only non-zero first-

order coupling occurs between the Eu states via the L̂z component of Ĥ(1)
SO.

That is,

Ĥ(1)
SO = λ

(1)
‖ L̂z ŝz.

This interaction lifts the degeneracy of the Eu states, forming Eu− and Eu+
states. These correspond with alignment and anti-alignment of the electron spin

4



Figure 2: The allowed second-order spin-orbit couplings between the four-fold
degenerate conduction band minima states and their excitations. The large
number of possible couplings results in a severely complicated system, requiring
extensive ab-initio data to completely model. As a result, we resort to the
closure approximation to derive an effective model for spin-orbit coupling.
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with its orbital angular momentum along the nanowire axis. This coupling,

which we denote as having magnitude λ
(1)
‖ , is well quantized in the z-axis.

Hence, we write in the spin-orbit basis

Ĥ(1)
SO = λ

(1)
‖ (|Eu+〉〈Eu+| − |Eu−〉〈Eu−|), (14)

where

λ
(1)
‖ = 〈Eu+|Ĥ(1)

SO|Eu+〉 = −〈Eu−|Ĥ(1)
SO|Eu−〉.

To second order, the closure approximation produces the perturbative term

Ĥ(2)
SO =

1

∆E
~s ·
←→
L (2) · ~s, (15)

where ∆E is the average energy difference between the excited states and a

given valley symmetry state, and
←→
L (2) is the following matrix of operators

←→
L (2) =

 L̂2
x L̂xL̂y L̂xL̂z

L̂yL̂x L̂2
y L̂yL̂z

L̂zL̂x L̂zL̂y L̂2
z

 .
Expanding (15) out explicitly, we obtain

Ĥ(2)
SO =

1

∆E

[
L̂2
z ŝ

2
z +

1

2
(L̂2

x + L̂2
y)(ŝ2x + ŝ2y) +

1

2
(L̂2

x − L̂2
y)(ŝ2x − ŝ2y)

+
1

2
(L̂xL̂y + L̂yL̂x)(ŝxŝy + ŝy ŝx) +

1

2
(L̂xL̂y − L̂yL̂x)(ŝxŝy − ŝy ŝx)

]
=

1

∆E

[~2
4

(L̂2
x + L̂2

y + L̂2
z)Is +

i~
2

(L̂xL̂y − L̂yL̂x)ŝz

]
, (16)

where we have used the Pauli matrix anti-commutator relations and Is is the
spin identity operator.

Equation (16) has significant implications for spin-transport within nanowires
as it indicates that spin is quantized purely along the ẑ-axis. If the NV cen-
ters are co-aligned with the longitudinal direction of the nanowire (i.e., if the
nanowire is aligned along the (111) axis), then so are their spin-quantization
axes. Hence, there does not exist any transverse spin-orbit interaction during
transport with spatial STIRAP. Consequently, there exists no mechanism for
e-p scattering to mix spin projections. Thus, to second order in the closure
approximation, the nanowire confining potential does not induce any additional
spin relaxation.

Section C: Evaluation of the photoionization Rabi
frequency

In this section we first derive an expression for the photoionization Rabi fre-
quency of an NV center in a diamond nanowire. We identify an explicit depen-
dence on the bulk NV photoionization dipole moment, which we then calculate
using ab-initio techniques.
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Derivation of Rabi frequency

Recall that the states of the STIRAP Λ scheme are defined as

|1〉 = |NV−〉A|NV0〉B
|2〉 = |NV0〉A|NV0〉B |ψ〉
|3〉 = |NV0〉A|NV−〉B ,

where |ψ〉 is the state of the nanowire conduction band minimum. The pump and
Stokes lasers will be modeled as classical fields within the dipole approximation.
Hence, the Rabi frequency for the transition |1〉 → |2〉 (similarly |2〉 → |3〉) is
given by [4]

ΩP =
~dPwire · ~E0

~
, (17)

where ~dPwire is the transition dipole moment for |1〉 → |2〉 and E0 is the electric
field of the laser pulse.

We may calculate the photoionization dipole moment including Franck-
Condon effects as

~dPwire = 〈µ0(~RA)|νp(~RA)〉〈1|(−e~r)|2〉

= 〈µ0(~RA)|νp(~RA)〉〈NV−A|(−e~r)|NV0
A〉|ψ〉

= −e〈µ0(~RA)|νp(~RA)〉
∫
V

NV−A
∗
(~r − ~RA)~rNV0

A(~r − ~RA)F0(~r)u(~r)d3r,

(18)

where |µ0〉 is the vibrational ground state of |NV−〉A, |νp〉 is the pth vibrational

state of |NV0〉A, ~RA is the position of NV A and V is the volume of the wire.
Note that |NV−〉A and |NV0〉A are both highly localized wavefunctions around
~RA and u(~r) varies quickly on the period of the unit cell. However, by construc-
tion F0(~r) varies slowly over the period of a unit cell. Hence, we approximate
expression (18) by summing over all unit cells j in the nanowire as

−
~dPwire

e〈µ0(~RA)|νp(~RA)〉
≈
∑
j

F0(~Rj)

∫
cell

NV−A
∗
(~r − ~RA)~rNV0

A(~r − ~RA)u(~r)d3r

= F0(~RA)

∫
cell

NV−A
∗
(~r − ~RA)~rNV0

A(~r − ~RA)u(~r)d3r,

(19)

for some position ~Rj within each unit cell j.
However, note that expression (19) is exactly

~dPwire = F0(~RA)〈µ0|νp〉~dbulk, (20)

where ~dbulk is the photoionization dipole moment of the NV center in bulk
diamond. The vibrational overlap integral can be estimated through Huang-
Rhys theory, which states that

|〈µ0|νp〉|2 = e−S
Sp

p!
, (21)
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where S is the Huang-Rhys factor. For STIRAP we are only interested in
resonant addressing and therefore p = 0.

The amplitude of a classical electric field is given by [4]

| ~E0|2 =
4P

nDcε0πr2
, (22)

for a laser power P , refractive index of diamond nD and Gaussian beam-width
of radius r. Hence, inserting expressions (20) and (22) into equation (17), the
total Rabi frequency in the STIRAP framework is given by

Ω =
√

Ω2
P + Ω2

S =
e−S/2

r~

√
8P

nDcε0π
F0(~RA)dbulk. (23)

Consequently, evaluation of the Rabi frequency requires a value for the pho-
toionization dipole moment of the bulk NV center.

Ab-initio calculations of the photoionization dipole mo-
ment for the bulk NV center

Our first-principles calculations are based on the hybrid density functional of
Heyd, Scuseria, and Ernzerhof [5]. In this approach, a fraction α of screened
Fock exchange is admixed to the short-range exchange potential described by
the generalized gradient approximation of Perdew, Burke and Ernzerhof [6].
We used the standard value α = 0.25, for which both the lattice constant
a = 3.544 Å and the band gap Eg = 5.3 eV are in very good agreement with
experimental values. We used the projector-augmented wave approach [7] with
a plane-wave energy cutoff of 400 eV. Calculations have been performed using
the program vasp [8–11]. Calculations of the negatively charged NV center have
been performed using a supercell containing 512 atomic sites (4× 4× 4 fcc cell,
volume 2.837 nm3). A sole Γ point has been used to sample the Brillouin zone.
Ionic relaxation was carried out until Hellman-Feynman forces were less than
0.005 eV/Å.

Momentum matrix element pif between e states of the NV center and the
delocalized conduction band minimum (CBM) has been calculated as follows.
pif has been calculated for both occupied spin-majority e states and each of
the 6 CBM states (via the velocity matrix element formalism as implemented
in vasp [8–11]). Subsequently, a “bare” value of p̃if was obtained as the root-
mean-square of 12 individual values. We obtained p̃if = 0.013 a.u. (atomic, or

Hartree, units). Transition dipole moment is then defined as d̃if = ep̃if/mωif ,
where ωif corresponds to the energy difference of Kohn-Sham orbitals pertain-
ing to e states and the CBM. Application of the Makov-Payne charge correction
scheme yields a total photoionization energy of ωif = 2.6 eV [12], in excellent
agreement with the experimental value of 2.6 eV [13]. Application of the Lany-
Zunger correction scheme [14] produces a value of ωif = 2.7 eV, also in close
agreement with the experimental value. Given the better agreement with exper-
iment, all calculations were performed using the value of 2.6 eV obtained using
the Makov-Payne charge correction. However, note that use of 2.7 eV instead
of 2.6 eV does not significantly alter the results of this paper. As presented in
Figure 3, we obtain a value of d̃if = 0.10 a.u.
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The “bare” values have to be corrected for the fact that actual calculations
have been performed for the negatively charged defect, and in supercell calcula-
tions the conduction band states are repelled from the defect due to Coulomb
repulsion. Once the NV center is ionized, this repulsion vanishes. Speaking
strictly, we would have to evaluate matrix elements between two multi-electron
states, described by two separate Slater determinants: the first state corre-
sponding to the negatively charged NV, the second state corresponding to the
neutral NV plus an electron in the conduction band. The correction appears
when we approximate the true matrix elements between multi-electron states
with matrix elements between single-electron Kohn-Sham states.

Repulsion between the NV center and conduction band states can be taken
into account via the so-called Sommerfeld factor f [15]. f quantifies the change
of the density of CBM electrons near a charged defect relative to the case if
the defect was neutral. We have evaluated f by investigating the behavior
of conduction band electrons in the presence of a negatively charged defect
using a model Hamiltonian set to reproduce the behavior of the actual defect
in diamond (the parameters in the model Hamiltonian are: the supercell lattice
constants, charge of the defect, dielectric constant, effective mass of electrons,
and the extent of the defect wave-function). For more details on the practical
calculation of the Sommerfeld factor, see [16]. We obtain the value f = 0.4,
which yields the “true” values of matrix elements pif = p̃if/

√
f = 0.21 a.u.

and dif = d̃if/
√
f = 0.16 a.u. In SI units the latter value corresponds to the

transition dipole moment dif = 0.085 e · Å.

Section D: Electron-phonon scattering rates

Surface confinement

Consider a nanowire confining potential realized through surface confinement.
The electron-phonon (e-p) scattering rate can be calculated using Fermi’s golden
rule for the perturbing Hamiltonian

Ĥep = Ξd~∇ · ~uf , (24)

where Ξd is the deformation potential and ~uf is the phonon field. Acoustic
phonon modes in nanowire structures have previously been determined through
elasticity theory [18]. Four types of modes exist, classified as dilational, flexural,
torsional and shear. However, only dilational modes possess a non-zero diver-
gence and so contribute to a non-zero e-p scattering as per Hamiltonian (24).
Scattering from optical modes as well as higher order processes are negligible
at the liquid helium temperatures considered in this work. Following elasticity
theory, the dilational modes ~ud can be derived from a scalar field χ as

~ud = ~∇χ, (25)

which satisfies the wave equation

−∇2χ = c−2l ω2χ. (26)

The precise form of χ can be determined by the normalization constraint∫
V

|~ud|2d3r = V, (27)
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Figure 3: The energy of the 3A2 ground state of the NV− center and the
2E ground state of the NV0 center (plus an ionized electron) as a function
of generalized atomic coordinates. The Franck-Condon relaxation energy upon
photoionization of the NV center is 0.10 eV, in good agreement with [17]. The
ab-initio calculations identified a Huang-Rhys factor of 1.39.

where V is the volume of the wire, as well as a suitable choice of boundary
conditions. For free-standing wires, we impose n̂ · ~∇χ = 0.

The solution to (26) can be obtained through separation of variables. For
a nanowire of length L and width w aligned along the ẑ-axis, the resulting
wavefunction is quantized by the positive integers m = (mx,my,mz) and has
the form

χm =

√
8cl
ωm

cos
(mxπ

w
x
)

cos
(myπ

w
y
)

cos
(mzπ

L
z
)
, (28)

with angular frequencies given by

ω2
m = π2c2l

(
m2
x +m2

y

w2
+
m2
z

L2

)
, (29)

where cl is the longitudinal speed of sound in diamond. The phonon field can
then be written as

~uf =
∑
m

~ud,m

(
~

2ρCV ωm

)1/2 (
âm + â†m

)
, (30)

for phonon annihilation (creation) operator âm (â†m) and ρC the density of
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diamond. The scattering Hamiltonian (24) is then calculated as

Ĥep = Ξd~∇ · ~uf = Ξd
∑
m

(
~∇ · ~ud,m

)( ~
2ρCV ωm

)1/2 (
âm + â†m

)
= Ξd

∑
m

(
∇2χm

)( ~
2ρCV ωm

)1/2 (
âm + â†m

)
=

Ξd
c2l

∑
m

ω2
mχm

(
~

2ρCV ωm

)1/2 (
âm + â†m

)
. (31)

Following Fermi’s golden rule, the scattering rate can be derived as

Γep =
2π

~2
∑
n,m

Ξ2
d|Mn,m|2

~
2ρCV ωm

nB(ωm, T )ρ(ωn − ωm), (32)

where

Mn,m =

∫
V

F ∗nχF0d3r

is the overlap integral between the electronic and phonon wavefunctions and
nB is the Bose-Einstein distribution. Finally, ρ is the density of states which is
assumed to be Lorentzian and is given by

ρ(ωn − ωm) =
γ/π

(ωn − ωm)2 + γ2
, (33)

where γ ≈ ωm/Q for Q the phonon quality factor.

Electrostatic confinement

Now consider a nanowire confining potential realized through electrostatic con-
finement with electrodes. The e-p scattering rate is therefore due to the interac-
tion between bulk phonons and confined nanowire electronic states. As above,
we proceed using Fermi’s golden rule with the Hamiltonian (24) and modify
only the phonon field. Only dilational modes contribute to scattering which can
be calculated using the scalar field χ and wave equation (26). The solution for
bulk modes is given trivially by

χk =
ω

cl
ei
~k·~r, (34)

for a continuous wavevector ~k with dispersion relation ω = cl|~k|. This produces
the phonon field

~uf (~r) =
V

(2π)3

∫
~ud,k

(
~

2ρCV ωk

)1/2 (
âk + â†k

)
d3k. (35)

The deformation potential is therefore

Ĥep = Ξd~∇ · ~u =
ΞdV

(2π)3

∫ (
~∇ · ~ud,k

)( ~
2ρCV ωk

)1/2 (
âk + â†k

)
d3k

=
ΞdV

(2π)3c2l

∫
ω2
kχk

(
~

2ρCV ωk

)1/2 (
âk + â†k

)
d3k. (36)
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Following Fermi’s golden rule, the scattering rate may be derived as

Γep =
2π

~2
∑
n

Ξ2
d

(2π)3c4l

∫
Gn(k)ω4

k

(
~

2ρCωk

)
nB(ωk, T )δ(ωn − ωk)d3k

=
1

2(2π)2
Ξ2
d

~ρCc4l

∑
n

∫
Gn(k)ω3

knB(ωk, T )δ(ωn − ωk)d3k, (37)

where we have defined the squared magnitude of the overlap integral as

Gn(k) =

∣∣∣∣∣
∫ w

0

∫ w

0

∫ L

0

F ∗n

(
cl
ωk
ei
~k·~r
)
F1dxdydz

∣∣∣∣∣
2

. (38)

Expression (37) can be simplified through converting the integral over k-space
into polar coordinates. Employing the properties of the Dirac delta distribution
leads to the final scattering rate

Γep =
1

2(2π)2
Ξ2
d

~ρCc7l

∑
n

ω5
nnB(ωn, T )

∫ π

0

∫ 2π

0

Gn

(
ωn
cl
, θ, φ

)
sin(θ)dθdφ, (39)

where the angular integrals must be evaluated numerically.

Section E: Electrostatic confinement using elec-
trodes

We propose realising a nanowire confining potential through electrostatic con-
finement in bulk diamond with nano-electrodes. To justify the feasibility of
this design and explore its electrostatic properties, simulations of the confining
potential where performed using COMSOL Multiphysics R© version 5.3. As an
example, we considered the confining potential produced by a cylindrical elec-
trode of height and radius 1 µm positioned on top of a diamond substrate 10 µm
thick. On the bottom surface of the substrate, a grounded plate electrode was
simulated by enforcing that the electric potential must vanish. We find that
a modest potential of +1 V applied to the top electrode produces a confining
potential which extends micrometers deep into the substrate. This is depicted
in Figure 4, a density plot of the electric potential within a cross-section of
the diamond lattice. As can be seen, the confining potential is approximately
shaped like a wire and localizes the electron density near the electrode. The
effective length of this wire can be tuned by modifying the applied voltage.
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Figure 4: COMSOL Multiphysics R© simulations of the electric potential pro-
duced by a cylindrical electrode on a diamond substrate. The substrate is
10 µm deep in the z direction and extends infinitely in the x and y directions.
Depicted here is a cross-section of the substrate in the x-z half-plane (y = 0)
with the electrode centered at the origin (note that the simulation has rotational
symmetry). A potential of +1 V has been applied to the electrode which has
a height and radius of 1 µm. The electrostatic potential has an approximately
wire-like geometry with a longitudinal axis extending into the substrate.
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