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Abstract

We demonstrate precise control over the zero-phonon optical transition energies of individual
nitrogen-vacancy (NV) centers in diamond by applying multi-axis electric fields, via the DC Stark
effect. The Stark shifts display surprising asymmetries that we attribute to an enhancement and
rectification of the local electric field by photoionized charge traps in the diamond. Using this effect,
we tune the excited state orbitals of strained NV centers to degeneracy and vary the resulting
degenerate optical transition frequency by >10 GHz, a scale comparable to the inhomogeneous
frequency distribution. This technique will facilitate the integration of NV-center spins within

photonic networks.
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Nitrogen-vacancy (NV) centers in diamond are promising solid-state qubits for emerging
quantum technologies, due to their long spin coherence times [1] and fast manipulation rates
2], together with a level structure that allows for straightforward optical initialization and
readout of the electronic spin state [3]. Furthermore, in high-quality single-crystal diamond
at temperatures below ~25 K [4], sharp zero-phonon-line (ZPL) optical transitions facilitate
the coherent coupling between NV-center spins and photons [5, 6]. The integration of NV
centers within photonic structures [7] to route single photons and enhance the spin-photon
interaction could therefore lead to scalable applications for quantum information processing
and secure communication [8].

As solid-state ‘trapped atoms,” NV centers are sensitive to their local environment. While
this sensitivity has enabled nanoscale magnetic [9] and electric [10] metrology, it also ex-
poses individual NV centers to sample inhomogeneities, leading to a distribution of ZPL
frequencies within a diamond [11]. The ability to tune these frequencies is crucial for pho-
tonic applications, for instance to utilize the selection rules at the C3, symmetry point for
spin-photon entanglement [6] or to coherently couple distant NV centers to indistinguishable
photons. Through the DC Stark effect, applied electric fields perturb both the ground-state
spin [10, 12] and excited-state orbitals [13], providing the means to control the optical tran-
sitions.

Here we use micron-scale devices to manipulate electric fields in three dimensions, to
compensate the intrinsic local strain and electrostatic fields of individual NV centers and
achieve full control of the orbital Hamiltonian. Furthermore, by analyzing the Stark shifts
as a function of applied voltages, we infer a surprising amplification and rectification of
the local electric field, consistent with electrostatic contributions from photoionized charge
traps within the diamond host. By harnessing this reproducible effect, we can tune the
NV-center Hamiltonian to arbitrary points across a range comparable to the inhomogeneous
ZPL distribution.

The electronic structure of the negatively-charged NV center is determined by symmetry,
through its point group Cs, [11, 14]. The spin-triplet ground (GS, symmetry 3A,) and excited
states (ES, symmetry ®E), are connected by ZPL transitions around 637.2 nm (1.946 eV).
Our experiments are performed at zero magnetic field, where the spin-triplet basis states
are {|S;),|Sy),|5:)} A 532nm (2.3eV) ‘repump’ beam pulsed at ~300 kHz in a confocal

geometry maintains a spin-polarized population in |S,). Between repump cycles, we count

2



-

Rel. Frequency (GHz) G

. Rel. Frequency (GHz)

FIG. 1. (a) Simplified energy-level diagram (not to scale) showing only the |S,) levels of the NV-
center ground and excited states, with resonant excitation (red arrows) and red-shifted emission
(gray arrow) marked. (b) PLE spectrum (points) with no applied bias, marked by dashed line in
(d), with a two-Lorentzian fit (solid curve). (¢) Micrograph and photoluminescence image (center)
of device A, with electrical connections marked. (d) PLE spectra of the 6 um-deep NV center
marked by an arrow in (c) as a function of lateral bias applied symmetrically to the X (left panel)
or Y (right panel) gate pairs, with Vpc = 0V. In all PLE spectra, the origin of the relative

frequency axis is arbitrary.

photoluminescence excitation (PLE) photons emitted by the NV center into the red-shifted
phonon sideband (see Fig. 1a) after absorption from a narrow-line red laser tunable across
the ZPL transitions. As we scan the red laser frequency, we typically measure two peaks in
the PLE spectrum as shown in Fig. 1b; these correspond to spin-conserving transitions from
the GS orbital singlet |A, S.) to the two ES orbital eigenstates {|E;,S.),|Es2,S,)}. In a
crystal environment with perfect C3, symmetry and zero electric and magnetic fields these
ES orbital states would be degenerate, but the symmetry is generally broken by local crystal

strain and by nonuniform electrostatic charge distributions that generate local electric fields.

The DC Stark perturbation to the Hamiltonian, ]ffsmk = —f - F, describes the interaction

between the local electric field F and the electric dipole operator fi. For fixed stress, the



strain perturbation can be cast into the same form by isolating components which transform
as the irreducible representations of Cj, [14]. The combined perturbation has the form
VAlé A+ VE, OAEE + Vg, OAEy, where Opa is an orbital operator transforming as the basis state
IT'y) and

Vi, = Sa, — b

Ve, = Sk, — poF: (1)

Vg, = Sg, —nLFy
are the symmetrized field strengths, in terms of fixed strain components St,, projections of
the local electric field F;, and the reduced matrix elements of the electric dipole operator
{w, 11 }. We choose orbital basis states {|E,) , |E,)} for the ES which transform like vectors
{z,y} in the NV-center coordinate system [15], and we ignore the small (=100 MHz) spin-
spin coupling between ES spin states |S.) and {|S,),[S,)} [16]. By defining H |A,, S.) = 0,
the Hamiltonian in the {|E,, S.),|E,, S;)} basis can be written as

H = (o + A FgL+ [ B 7). (2)
V2 \ v, Ve,

where Awq is the natural transition energy including fixed perturbations of A; symmetry,
and Apy = (,uﬁ;s — ,uﬁjs), defined such that both Ay and g, are positive. The transition

energy eigenvalues take the form Fy = hv + %hé , where

hv = hwo + Apy F, (3a)

1/2
he = /2 (VEi + ng) (3)

are the longitudinal and transverse components due to fields of A; and E symmetry, re-
spectively. From Eq. (1), it is clear that a local electric field can cancel the transverse
components of intrinsic strain to restore Cs, symmetry to the system, and from Eq. (3a) we
see that an electric field F), applied along the NV-center symmetry axis shifts the energy of
both transitions by the same amount.

We first investigate these effects using device A, shown in Fig. lc, consisting of four
Ti/Pt/Au gates fabricated on the diamond surface. The sample is a 0.5 mm-thick single-
crystal diamond grown by chemical vapor deposition with <5 ppb nitrogen content (Ele-
mentSix), irradiated with 2 MeV electrons (1.2 x 10' ¢cm™2) and then annealed at 800 °C to

create NV centers. Measurements are performed in a continuous-flow cryostat operating at
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~20 K. Symmetric biases Vx and Vy applied as shown in Fig. 1c produce ‘lateral’ electric
fields Fx and Fy in the [110] and [110] crystal directions, respectively, while a common
DC bias generates fields in the [001] out-of-plane (Z) direction. The sample (X,Y, Z) and
NV-center (z,y, z) coordinate systems are uniquely related for a given NV-center projection
from the (111) family [17].

Figure 1d contains a series of PLE spectra showing the optical resonances of the NV
center marked in Fig. 1c, as a function of separate biases Vx and Vy with Vpo =0V. The
lateral biases are applied as symmetrically-pulsed square waves at 1 kHz, with PLE photons
binned according to polarity. While the response to static lateral bias is qualitatively similar,
this technique separates slow photoinduced charging effects from the dielectric response as
discussed below. Two features are evident in the data: first, we observe an unexpected
‘kink’ at zero bias, and second, the resonances cross at Vy ~ 7V, demonstrating that we
can indeed restore ('3, symmetry to the system. We explore both of these features below
with additional experiments.

The kink at zero bias reflects an asymmetry in the local electric field vector as a func-
tion of polarity, i.e., F(+V) # —F(=V). We argue that this asymmetry results from the
photoionization of charge traps in the diamond host. Even in high-quality single-crystal syn-
thetic diamonds, deep defects such as vacancy complexes and substitutional nitrogen have
important effects on the material’s electronic properties [18]. In particular, substitutional
nitrogen atoms form donor levels ~1.7-2.2 ¢V below the conduction band edge [19], and the
timescale for charge transport through these levels is very long (hours) even in nitrogen-rich
diamond at room temperature [20]. These traps are easily ionized by the 532 nm repump
beam (/100 uW) which is 4-5 orders of magnitude stronger than the red laser (=1 nW).
When voltages are applied, this leads to a long-lived non-equilibrium charge distribution in
the illuminated volume of the sample, which can either amplify or screen the local electric
field.

As a simplified one-dimensional demonstration, we present in Fig. 2a the Stark-shift re-
sponse of an NV center 13 wm below the surface of a second diamond sample irradiated and
annealed under similar conditions, but patterned with a global top gate of the transpar-
ent conductor indium-tin-oxide (device B). As the top-gate bias is stepped in a loop over
~160 min, we observe hysteresis in the response characteristic of a1 h charge-relaxation

timescales. Furthermore, by comparing the magnitudes of the Stark shifts due to biases ap-



plied laterally across an 8 pm gap (Fig. 1d) and vertically across the 0.5 mm sample thickness
(Fig. 2a), we find that, when the top-gate bias is negative, the local electric field below the
top gate appears to be amplified by roughly an order of magnitude over dielectric predic-
tions [17]; conversely, the field appears to be completely screened above a ‘threshold bias,’
where the response is flat. The response of an NV center in device A to variations of Vp¢ is
qualitatively similar [17], and both are consistent with a picture in which positive charges in
the illuminated volume below the NV center rectify the Z-component of the electric field.
We can incorporate these charging effects into a phenomenological model capturing the
essential features of our observations. As depicted in Fig. 2b, the local electric field for an
NV center between two surface gates is composed of a dielectric component roughly parallel
to the sample surface and a rectified component due to photoionized charge that is mainly

out of plane. We model this field as

where 3 accounts for geometric and dielectric factors that predict a local electric field in the
direction v in response to an applied voltage V', and & is a dimensionless vector giving the
relative strength and direction of the rectified field, assumed to scale linearly with |V|. Due
to the long charging timescale, the rectified field §|V|€ does not change when we switch
the bias polarity on millisecond timescales while the dielectric component SVv changes
sign, producing a polarity-asymmetric response. The assumption of a linear relationship
between the rectified field strength and |V| is motivated by the empirical observation that
v, proportional to F),, varies linearly with applied bias in all our measurements. This amounts
to an approximation that the spatial distribution of photoionized charge remains fixed, while
the charge density varies linearly with |V].

Figure 2¢ shows the mean (7) and difference () of the transition frequencies extracted
from fits to the PLE spectra in Fig. 1d. The NV-center symmetry axis ([111] in this case) is
uniquely determined by the sign of 7 in response to electric fields in different directions. By
substituting Eq. (4) into Egs. (3) and applying the appropriate coordinate transformation,
we obtain a model that quantitatively agrees with our observations [17], as shown by the
fits to the data in Fig. 2c. Given that this is only a simplified phenomenological description
of a complicated three-dimensional system, it matches our observations surprisingly well.

Finally, we present a control experiment in which we mitigate effects due to the 532 nm
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FIG. 2. (a) Stark shift hysteresis loop for an NV center 13 um below a transparent top gate, as a
function of top-gate voltage. Points mark the transition frequencies from a two-Lorentzian fit to a
PLE spectrum at the corresponding voltage and color-coded arrows indicate the sweep direction.
(b) Schematic of the local electric fields in a lateral geometry. Photoionized charge traps in the
illuminated volume contribute a rectified field R predominantly in the +Z7 direction, which adds
to the dielectric field E to shift the direction of the local field F. (c) DC Stark components 7 and
0 (points) extracted from fits of the PLE spectra in Fig. 1d, with a combined fit according to the
model described in the text (solid curves). (d) DC Stark components (points) and fits (solid curves)
measured both with (green squares) and without (orange circles) the 532 nm repump excitation.
Inset: Micrograph and photoluminescence image of device C, with electrical connections marked.
The 7 um-deep NV center measured in (d) is circled. In all cases, marker sizes slightly exceed

measurement uncertainties.

repump cycle. Occasional repump pulses are still required to compensate for photoionization
of the NV~ charge state due to sequential two-photon absorption, but with weak (<1 nW)
resonant light, the required repump period can be increased to several seconds [4], allowing
time to apply bias, record a complete PLE spectrum, and re-zero the bias, all between
repump pulses. Since weak spin-nonconserving optical transitions quickly polarize the NV-

center spin away from resonance in the absence of the repump cycle, we mix the spin
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population by applying a microwave magnetic field resonant with the GS spin transition.
We use another device for this purpose (device C), shown in Fig. 2d, which is fabricated on
the same diamond as our four-gate lateral device. It consists of a short-terminated waveguide
to generate microwave fields and serve as ground, and a gate that when biased produces
lateral electric fields across an 8 pm gap.

Figure 2d shows 7 and ¢ as a function of gate voltage for the NV center circled in the
inset. Once again the bias polarity is switched at 1 kHz and the PLE photons are binned
accordingly. A polarity asymmetry is clearly observed when the repump beam is present,
particularly as a kink in 7, and it is significantly reduced when the biases are applied in
the absence of the repump cycle. Fits to the data using our model [17] are shown as solid
curves, from which we find that |£]| is reduced from 0.71£0.02 with the standard repump
cycle to 0.33+£0.03 when the 532 nm beam is omitted.

Based on this understanding, we can exploit the photoinduced charge to obtain greatly
enhanced tunability in our four-gate geometry (device A). Since the rectified field points
predominantly out of plane and has strength comparable to the dielectric component, we
effectively obtain three-dimensional control of the local electric field vector. The application
of a negative reference bias Vpc as shown in Fig. 1c increases the rectified component Fy
independently of (Fx, Fy). As a demonstration of the flexibility of this technique, we present
a tuning diagram in Fig. 3 in which we use (Vx, Vy) to scan through the Cj, degeneracy
point at different settings of Vpc. Each crossing occurs at a different frequency, with the
corresponding bias point (Vy, Vy, Vpc) marked in the upper panel. Essentially, we are
compensating the transverse components (Sg,,Sg,) of the intrinsic fields and tuning the
longitudinal component of F to shift the frequency. Since the rectified field always points
along +7, we can only tune the frequency in one direction, but the effect is strong enough
to produce a >10 GHz shift in the degenerate frequency with practical applied voltages.

With this technique we can tune multiple NV centers to have the same degenerate tran-
sition frequency. The PLE spectra outlined in blue in Fig. 3 were obtained from a second
NV center in the same device at Vpe = 0V, and display (5, degeneracy at a frequency
within the tuning range of the first. If these two NV centers were in separately-controlled
devices and tuned simultaneously to degeneracy at the same frequency, they would couple
identically to indistinguishable photons.

In conclusion, we have used electric fields to tune the ZPL transitions of individual NV
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FIG. 3. Tuning diagram for the NV center marked in Fig. 1c. Degeneracy is achieved at different
frequencies by setting the applied biases (Vpc, Vx, Vy') as marked in the upper panel; in the lower
panel we show PLE spectra as a function of Vx around each of these points for fixed Vpc (Vy is
also varied to keep the ratio Vx/Vy constant). We can shift a second NV center to degeneracy
within the tuning range of the first, as shown by the PLE spectra outlined in blue (lower panel)

and the corresponding blue line (upper panel) marking the degenerate frequency.

centers in micron-scale devices size-compatible with photonic structures. Through their
DC Stark shifts, NV centers serve as nanoscale probes of their electrostatic environment,
revealing strong signatures of charge accumulation due to photoionization of deep donor
levels in the diamond. We have analyzed these effects with a phenomenological model and
used the additional fields provided by photoionization to obtain three-dimensional control
of the local electric field, in order to tune both the overall energy and orbital splitting of
the excited-state Hamiltonian. In particular, we have demonstrated how to reach the Cj,
symmetry point and then apply longitudinal perturbations to shift the degenerate photon
energy. By coupling multiple NV centers to indistinguishable photons with this technique,
photonic networks could provide a quantum bus to coherently couple distant NV centers, and

entanglement swapping protocols [8] could enable long-distance quantum key distribution.
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