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Quantum emitters in diamond are leading optically accessible solid-state qubits. Among these, Group
IV-vacancy defect centers have attracted great interest as coherent and stable optical interfaces to long-lived
spin states. Theory indicates that their inversion symmetry provides first-order insensitivity to stray electric
fields, a common limitation for optical coherence in any host material. Here we experimentally quantify this
electric field dependence via an external electric field applied to individual tin-vacancy (SnV) centers in
diamond. These measurements reveal that the permanent electric dipole moment and polarizability are at
least 4 orders of magnitude smaller than for the diamond nitrogen vacancy (NV) centers, representing the
first direct measurement of the inversion symmetry protection of a Group IV defect in diamond. Moreover,
we show that by modulating the electric-field-induced dipole we can use the SnV as a nanoscale probe of
local electric field noise, and we employ this technique to highlight the effect of spectral diffusion on
the SnV.

DOI: 10.1103/PhysRevLett.127.147402

Quantum emitters in diamond have emerged as leading
solid-state quantum memories. The nitrogen vacancy (NV)
center, in particular, has been used for basic quantum
network demonstrations [1,2] including on-demand entan-
glement [3]. Despite the NV’s excellent spin properties, its
optical interface is inefficient: only a small fraction of
emission occurs into the spin-correlated zero-phonon line
(ZPL) [4]. Integration into photonic nanostructures can
improve this branching ratio, but at the cost of spectral
diffusion because of the NV’s sensitivity to electric field
fluctuations, particularly strong near material interfaces
[5,6]. These challenges have sparked interest towards
inversion-symmetric group IV-vacancy quantum emitters
(SiV, GeV, SnV, and PbV), whose ZPL emission fraction
can be an order of magnitude greater than in the NV.
Additionally, these emitters showed low spectral diffusion
and lifetime-limited emission even in nanostructures [7].
Such robustness is attributed to their D3d symmetry, which
has been predicted to produce a first order insensitivity to
electric fields [8]. This property enabled the demonstration
of high QED cooperativities for cavity-coupled emitters
[9], wide spectral tuning of their emission energies [10],
and large-scale integration of defects in waveguides [11].
Despite being one of its key advantages, no measurement of
the first-order electric field insensitivity of a group IV
emitter has been reported to date. In this work, we directly
test the expected insensitivity to electric fields by inves-
tigating the Stark effect on a single SnV emitter.
We confirm the absence of a significant permanent elec-
tric dipole moment, as well as an extremely low

polarizability—orders of magnitude lower than for the
NV center. Finally, we use the electric-field-induced dipole
of the SnV defect as a nanoscale probe to estimate the
electric field noise in its vicinity.
We consider the negatively charged SnV in diamond as a

prototypical group-IV emitter. They share qualitatively
identical electronic structure consisting of four electronic
orbitals, two for the excited and two for the ground state,
connected by four optical transitions [8]. The D3d sym-
metry that gives rise to the predicted first-order insensitivity
is preserved [12–14]. Moreover, the large ground-state
orbital splitting of the SnV (850 GHz for SnV compared to
50 GHz for SiV) gives it the potential for long spin
coherence above dilution refrigerator temperatures, a key
consideration for use as a quantum memory [15,16].
The SnV emitters analyzed here are created in a CVD-

grown type IIa diamond through ion implantation. An
interdigitated electrode structure on the surface allows us to
apply an electric field aligned with the crystalline [110] axis
as depicted in Fig. 1(a) with negligible leakage current
(details in the Supplemental Material [17]). Optical char-
acterization is performed using a confocal setup, with a
sample temperature of 4 K. A spatial photoluminescence
(PL) emission map obtained with a 515 nm pump laser is
shown in Fig. 1(b), and the emission spectrum in Fig. 1(c).
The spectrum originates from an ensemble of emitters
within the optical diffraction limit, and shows the two SnV
transitions active at this temperature. We focus here on the
higher-energy emission line, which is the optical interface
to the long-lived lower ground state of the SnV [16]. To
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investigate single SnV defects, we use photoluminescence
excitation (PLE), by scanning the frequency of a narrow-
band laser across the emitter’s ZPL while detecting the
phonon sideband emission. Figure 1(d) plots the result of a
PLE measurement performed in the weak excitation
regime, from which we can extract a single-transition
linewidth of 47� 2 MHz. By fixing the excitation laser
on resonance with the transition, we perform a second-
order correlation measurement as shown in Fig. 1(e). At
low excitation power we obtain a value of gð2Þð0Þ ¼ 0.03,
confirming the single-photon nature of the emission, and an
optical T1 lifetime of 6.0� 0.5 ns corresponding to a
lifetime-limited linewidth of 27� 2 MHz. Under strong
driving, the gð2Þ measurement reveals Rabi oscillations with
a phase lifetime T2 of 4.0� 0.5 ns (40� 4 MHz).
The effect of a static electric field on the energy of an

atomlike transition is the well-known dc Stark effect. It
results in an energy shift of the transition which depends on
the difference Δμind between the excited and ground state
dipole moments, and can be expanded as a power series in
the electric field F [18]. Conventionally, Stark shift
measurements focus on linear and quadratic shifts, and
have been extensively used to investigate the polarizabil-
ities of atoms and molecules [19,20]. Here we consider

shifts up to the fourth order in F, giving an expected SnV
transition energy shift ΔE of

ΔE¼−ΔμindðFÞF¼−ΔμF−
1

2
ΔαF2−

1

3!
ΔβF3−

1

4!
ΔγF4:

ð1Þ

The first two terms of this equation allow us to extract the
difference between the ground and excited orbital states in
permanent dipole moment Δμ and in polarizability Δα,
while the terms Δβ and Δγ are related to the differences
in the second and third order hyperpolarizabilities of
the electronic states. Using standard perturbation theory,
the first-order Stark shift on the ith orbital is given by the
matrix element hψ ijμjψ ii, where μ is the electric dipole
operator, an odd function of position. Since the two SnV
ground (excited) state orbitals maintain even (odd) sym-
metry, these matrix elements should vanish. The second-
order correction is given by

P
j≠i½jhψ ijμjψ jij2=ðEi − EjÞ�.

The only contributions to this sum are due to the matrix
elements connecting ground and excited states, which
should contribute little due to the their large energy
separation. We thus expect both the first- and second-order
Stark shifts to be strongly suppressed in an ideal crystal.
We approximate the local electric field F acting on the

defect from the Lorentz local field approximation [21]
F ¼ Fextðϵþ 2Þ=3, where Fext is the externally applied
field, extracted from the COMSOL simulation of Fig. 1(a),
and ϵ the dielectric constant of diamond. Owing to the
charge stability of the defect and the high dielectric strength
of diamond, we can apply electric fields exceeding
200 MV=m and thereby detect even weak Stark effects.
Figure 2(a) presents the PLE measurements, revealing the
dependence of the SnV absorption spectrum on the electric
field F. Such dependence shows a nonlinear Stark shift, a
direct consequence of the absence of a permanent electric
dipole. The black dots in Fig. 2(b) indicates the frequency
shift in the transition of the SnV emitter, determined by
fitting to the PLE spectrum. For this emitter, we extract a
linear shift with a slope of 6.1 × 10−4 GHz=ðMV=mÞ,
corresponding to a difference in dipole moment of Δμ ¼
1.2� 0.2 × 10−4 D. From the same fit, we can also extract
a quadratic shift coefficient of −5.1×10−5GHz=ðMV=mÞ2,
corresponding to a polarizability difference of Δα¼
0.31�0.01Å3.
Figure 3 reports the measured Stark coefficients of 12

individual SnV centers, showing the observed change in
dipole moment as a function of the change in polarizability.
The resulting distribution of Δμ shows a mean of 0.4 ×
10−4 D and standard deviation of 3.9 × 10−4 D, compatible
with the expected absence of a permanent SnV electric
dipole. The polarizability differencesΔα are instead always
positive, with a mean and standard deviation, respectively,
of 0.23 and 0.13 Å3. The variability of these parameters
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FIG. 1. (a) Side view of the sample layout, showing two gold
electrodes and the electric field distribution simulated with
COMSOL for an external bias of 200 V. A red circle indicates
the emitter location (76 nm below the surface). (b) Confocal PL
scan of the sample, showing an ensemble of emitters in the
exposed diamond, enclosed between two electrodes. The red
circle locate the SnV emitter analyzed here. (c) Typical emission
spectrum obtained under non-resonant excitation. (d) PLE spec-
trum of the transition to the lower ground state of an SnV,
showing a linewidth of 47 MHz. (e) Second order correlation
measurement performed under weak (blue diamonds) and strong
driving (black dots).
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originates from the local environment of each emitter:
strain fields, which are also visible in the emitters’
inhomogeneous distribution [22], and residual electric
fields, known to induce linear dipole on single molecule
systems [23,24], can locally affect the orbitals of the SnVs.
Nonetheless, we measure values of Δμ and Δα that are 4
orders of magnitude smaller than those reported for the
Stark shift of NV centers [25,26]. This observation supports
the inversion symmetry protection of group IV-vacancy

centers, showing that the exceptional electric field insensi-
tivity arises both from the limited permanent electric dipole
as well as a low polarizability. At the same time, each
emitter exhibits a Stark shift of at least 1 GHz, which
corresponds to a tuning range more than 37 times larger
than their natural linewidth, without any noticeable quench-
ing of emission intensity. Electric fields can thus be used for
the spectral tuning of the transition frequency of group IV
color centers without noticeable degradation of optical
properties.
The lack of a permanent dipole and low polarizability,

however, is not adequate to describe the Stark shifts at high
fields (> 100 MV=m)where higher-order corrections (hyper-
polarization) become significant. The observed dependence
including these contributions is well reproduced by a
fourth-order description (solid red line), showing a fit to
Equation (1). The third and fourth order coefficients
are, respectively, −5.5�0.3×10−8GHz=ðMV=mÞ3 and
−2.2� 0.2 × 10−10 GHz=ðMV=mÞ4, whose total contribu-
tion to the observed spectral trajectory is up to 25%. These
higher-order effects, linked to higher-order moments of the
optical transition [18], have been observed in systems such
asmolecules [27] and hydrogenlike atoms,where only even-
order terms are present due to their symmetry [28]. This
study shows that centrosymmetric defects in diamond such
as the SnV enable the observation and control of hyper-
polarization effects solid state systems.
To extend the analysis above, we also investigate the

effect of the applied electric field on the emitter linewidth.
We fit the PLE measurements of Fig. 2(a) to a pseudo-Voigt
profile, and extract the SnV linewidth as shown by the
black dots in Fig. 2(c). In these measurements the laser scan
across the transition in 2.5 s, thus they include all dephasing
and spectral diffusion effects happening up to that time-
scale. Without an external field, the emitter shows a narrow
linewidth of 49� 7 MHz, which is a factor of 1.7 above the
lifetime limit of 27 MHz. For higher fields, however, a
considerable broadening occurs regardless of polarity,
increasing the linewidth up to 150 MHz. We attribute this
behavior to the increased sensitivity of the SnV center to
charge noise in its surroundings. A higher value of a static
external field Fdc will induce a higher dipole on the defect,
thus a same field fluctuation will shift the optical transition
further. We assume here a root mean square electric
field noise at the defect location having a fixed magni-
tude Fr:m:s ≪ Fdc. By replacing F ¼ Fdc þ Fr:m:s in
Equation (1), we see that Fr:m:s will produce a root mean
square line shift of σG ¼ ΔμindðFdcÞFr:m:s. This results in a
Voigt absorption line shape on the emitter, which can be
related to the constituent Lorentzian and Gaussian width as
ΓV ¼ ðΓL=2Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΓL=2Þ2 þ Γ2

G

p
[29]. We identify here ΓL

as the homogeneous linewidth of the SnV emitter, while
ΓG ¼ 2

ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
σG describes the stochastic Stark shift due to

Fr:m:s. The expected SnV linewidth can then be modeled as
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FIG. 2. (a) PLE spectra as a function of the local electric field at
the defect. (b) Shift of the center position of the transition (black
dots). The dashed and solid red lines show a fit to a second and a
fourth order polynomial, respectively. The inset is a close up of
the shift for small applied fields, where the behavior is quadratic.
(c) Linewidth of the emitter showing a broadening of the
transition.
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FIG. 3. Experimental values of the change in dipole moment
(Δμ) versus the change in polarizability (Δα) for different SnV
centers. The average polarizability is 0.23 Å3, while the average
dipole moment is 0.4 × 10−4 D.
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Γ ¼ ΓL
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where ΔμindðFdcÞ can be deduced from the Stark shift
analysis of the previous section. We fit this equation to the
measured linewidth values as shown in the red line of
Fig. 2(c), from which we extract an average field fluc-
tuation of Fr:m:s ¼ 2.4� 0.2 MV=m as well as a minimum
linewidth of ΓL ¼ 60� 4 MHz. Although this measured
Fr:m:s is over 4 orders of magnitude greater than reports for
InGaAs QD devices [30], the SnV emitters still show
linewidths close to the lifetime limit, highlighting again
their insensitivity to the charge environment. We note
moreover that for Fdc ¼ 0 the extracted field fluctuation
Fr:m:s produces an average Stark shift much smaller than
the natural linewidth of the SnV, thus the residual broad-
ening above the lifetime limit should not be associated with
electric field noise.
We also investigated short-time SnVoptical dynamics by

fast sweeps of the PLE excitation laser at a rate of
20 GHz=s, scanning across the SnV transition in 1.3 ms.
At each bias value, the PLE scans are repeated multiple
times to produce temporal series as in Figs. 4(a) and 4(b).
These measurements reveal a narrow and stable transition
at zero bias field [Fig. 4(a)], while an increasingly strong
spectral diffusion appears with larger electric fields
[Fig. 4(b)]. The mean of the PLE linewidths from individ-
ual high-speed scans as a function of the electric field is
shown by the black dots in Fig. 4(c). In contrast to the
observations of Fig. 2(c), the linewidth measured at this
timescale is consistent with a zero-bias value of 45 MHz: it
does not significantly depend on the applied field. The
broadening effect can instead be reproduced from the
standard deviation of the peak positions in a temporal
series, as seen in the blue diamonds in Fig. 4(c). These data
confirm our attribution of the SnV linewidth broadening to
the electric-field dependent SnV dipole moment ΔμindðFÞ,
which is responsible for the stochastic Stark shift observed
in Fig. 4(b). Moreover, we can confirm that this effect
happens at a timescale slower than 1.3 ms. We attribute the
spectral diffusion described here, and commonly observed
on diamond color centers [31,32], to light-induced charge
instabilities of lattice defects [33]. The measured value of
Fr:m:s ¼ 2.4 MV=m corresponds to the electric field from a
single charge 12 nm away. This distance is much smaller
than the mean separation between nitrogen and boron
impurities in the diamond substrate, which for a defect
density of< 5 ppb is expected to be> 100 nm. It is instead
likely related to lattice defects due to the Sn implantation
[34]. Future work should study further the origin and
timescale of charge noise on different color centers,
including the role of ion implantation and nanofabrication.
To further investigate the residual broadening above the

lifetime limit, we measure the linewidth shown by the
emitter at smaller timescales. The results, obtained under

zero bias, are shown in Fig. 4(d). We see no clear
dependence on the laser scan time over the tested range,
which span from 140 μs to 2.3 s. Overall, the observed
linewidth is consistently a factor of 1.7 above the lifetime
limit. The residual broadening originates from processes
occurring above 7 kHz. Unfortunately, this timescale is not
accessible here due to the limited detected count rate.
However, having confirmed that the diffusion due to the
stochastic Stark shifts happens at a slower rate, we can
exclude charge noise as a significant contributor to broad-
ening. The power broadening induced by the probe laser is
also negligible, so the deviation from the lifetime limited
linewidth is likely due to residual interaction with the
acoustic phonon bath [13,35].
The techniques used here proved very useful to under-

stand the effect of charge noise on SnVs. As an additional
example, we observed a linewidth narrowing effect on
some SnV emitters at intermediate field values, detailed in
Sec. 4 of the Supplemental Material [17]. We attribute this
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FIG. 4. Panel (a) and (b) show the SnV transition repeatedly
probed over 1.3 ms, for an electric field of 0 MV=m and
250 MV=m respectively. (c) Black dots: Lorentzian linewidth
observed in an individual scan, averaged over 200 repetitions.
Blue diamonds: expected Voigt linewidth by combining the
Lorentzian linewidth from a single scan and the Gaussian
broadening from the standard deviation of the peak positions
over the 200 repetitions. (d) Single-scan linewidth measured at
0 MV=m as a function of the laser scan time across the transition
(black dots). The red dashed line shows the lifetime limited value.
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to the suppression of spectral diffusion from the sweep-out
of charge traps, which is commonly observed in other
systems such as self-assembled quantum dots [36] and
silicon carbide defects [37]. Second, we performed electric
field-resolved spectroscopy on the 645 nm emission line,
commonly observed in Sn-implanted diamond. As detailed
in section 5 of the Supplemental Material [17], this reveals
a linear Stark shift, indicating a permanent dipole moment
that is not consistent with the SnV’s inversion symmetry.
In conclusion, our measurements confirm the expected

first-order insensitivity to electric fields and reveal sup-
pressed second order effects on the SnV, which we
quantified by the Δμ and Δα parameters reported in
Fig. 3. Additionally, we use the emitter’s linewidth to
probe the local electric field noise by modulating its electric
dipole, showing that spectral diffusion does not signifi-
cantly contribute to the SnV residual broadening. We
expect this technique to be broadly useful for characterizing
local electric noise, from studies on quantum emitters [38]
to cold atom systems [39] and superconducting qubits [40].
Our experiments also demonstrated the first Stark-shift
control of a group IV-vacancy color center emission.
Despite not offering the same tuning range as strain fields
[10], this Stark shifting enables precise and easy-to-imple-
ment spectral tuning of group-IV centers. It is moreover
compatible with high-speed modulation, as demanded in
proposals for photon-photon logic gates [41,42]. Combined
with large-scale integration of color centers on photonic
circuits [11], it opens the path to scalable control of
quantum memories in spin-photon quantum information
processing systems.
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