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Solid-state single-photon emitters are attractive for realization of integrated quantum systems
due to their experimental convenience and scalability. Unfortunately, however, their complex meso-
scopic environments cause photons from different emitters to be spectrally distinguishable. Here
we demonstrate spectral alignment of two solid-state single-photon emitters by utilizing the strain
gradient. Multiple germanium vacancy (GeV) color centers in diamond are created in fabricated di-
amond microcantilevers using focused ion beam implantation. The strain response of the electronic
energy levels of the GeV is measured by inducing an electrically controlled strain in the device.
Leveraging the large strain gradient, we tune two GeVs in the spot to emit at the same optical
wavelength. Simultaneous resonant excitation of two spectrally aligned GeVs is demonstrated using
a narrow linewidth laser. This strain gradient tuning can be used to realize spectrally identical
quantum emitters for on-chip integrated quantum systems.

Stable single-photon emitters [1, 2] are essential com-
ponents of quantum electrodynamics experiments [3–
7] and optical quantum technologies [8–12]. Fluores-
cent color centers in diamond [13], as well as other
atom-like emitters in solids [14–16], have emerged as
a promising platform due to their outstanding optical
properties and compatibility with integrated photonic
approaches. Among these, inversion-symmetric emitters
such as the silicon vacancy (SiV) [4–6, 17, 18] and ger-
manium vacancy (GeV) [3, 19–21] in diamond stand out
owing to their desirable optical properties such as narrow
linewidth and low spectral diffusion. However, the com-
plex mesoscopic environments of diamond color centers
lead to spectral inhomogeneities between different emit-
ters [1], which is a problem for many applications that
rely on spectrally identical emitters.

A variety of tuning mechanisms have been used to over-
come the spectral differences among solid-state emitters,
including temperature [22–24], electromagnetic field [25–
27], and stresses/strain [28–31]. Local control of spectral
properties of inversion-symmetric emitters [32, 33] is par-
ticularly challenging since they are not sensitive to ap-
plied electrical fields, to the first order. Mechanical strain
in nanostructures provides efficient and local tuning for
these emitters, and has recently been used to control the
emission spectrum of SiV centers embedded in microfab-
ricated electromechanical systems [34, 35]. In this work,
we demonstrate that strong strain gradients that exist
in microcantilevers can be used to spectrally align quan-
tum emitters, with high spatial resolution. This could
be an efficient technique for overcoming inhomogeneous
distribution of emitters and improving the properties of
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quantum networks [5, 8].

A diamond microcantilever device (Fig. 1(a)) is uti-
lized to characterize the response of the energy levels of
the GeV to applied strain and achieve a tuning of over
100 GHz in the emission spectrum. By leveraging both
the large strain response of the GeV and large spatial
gradient of the strain field in the device (Fig. 1(b)), we
demonstrate the ability to spectrally align two GeV cen-
ters, implanted within a 50 nm spot.

The device is fabricated in a bulk diamond sample with
the top surface normal to the [001] crystal direction and
the long axis of the cantilever along the [110] direction
(Fig. 1(a)). The microcantilever pattern is realized by
electron-beam lithography and then transferred into the
diamond via angled ion beam etching [36]. The result
is a suspended structure with a characteristic triangu-
lar cross sectional profile. GeV centers are introduced
deterministically into the fabricated diamond cantilevers
using focused ion beam implantation (200 keV 74Ge2+)
followed by annealing. The lateral accuracy of the im-
plantation is better than 50 nm. The resulting depth
predicted by a Stopping and Range of Ions in Matter
(SRIM) simulation [37] of the implanted ions is 75 nm
with a straggle of 12 nm. The electrodes are finally fab-
ricated by electron-beam lithography and lift-off.

The GeV is a point defect in diamond consisting of one
germanium atom positioned halfway between two adja-
cent missing carbon atoms. It is geometrically identical
to the SiV center in diamond, and has the same D3d sym-
metry. As a result, group theoretic arguments predict a
qualitatively similar electronic structure for both defects
[32]. The excited and ground states of the GeV are sepa-
rated by about 602 nm in wavelength, and this transition
is called the zero phonon line (ZPL). Spin-orbit coupling
splits the ground (excited) state into two branches (Fig.
1(c) Inset). To resolve individual transitions, we measure
the photoluminescence spectrum of GeV centers excited
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FIG. 1. Multiple solid-state emitters spectrally tuned
by strain gradient. (a) Schematic of a diamond microcan-
tilever. Voltage applied between the top and bottom elec-
trodes produces an electrostatic force on the cantilever, gen-
erating strain. Multiple GeVs at a single site can be simulta-
neously accessed optically by a probe laser. Inset: scanning
electron microscope image of a diamond microcantilever. (b)
Illustration of spectral alignment of two emitters with the
strain gradient. Emission spectra of the two emitters are ini-
tially different (left), and are brought in resonance by strain
gradient in the deflected cantilever (right). (c) Photolumines-
cence spectrum of a GeV measured at 50 K. Inset: Electronic
level structure of the GeV center. g and e represent ground
and excited state manifolds. The A-D peaks in spectrum cor-
respond to the A-D transitions between the electronic energy
levels. (d) Time dependent spectra of one emission line of
a single GeV center in a diamond microcantilever. Photon
counts are shown in arbitrary units.

by a 532 nm laser at temperature of 50 K which ensures
that all energy levels are sufficiently populated. Four
emission lines in the spectrum, marked A-D in Fig. 1(c),
are identified as corresponding transitions between the
excited and ground states. The C line, the transition be-
tween the lower excited state and the lower ground state,
has the highest photon counts, and is the most useful for

quantum optics experiments. According to a Lorentzian
fit, the center wavelengths of the emission lines A-D
are at 600.837(8) nm, 601.091(2) nm, 602.2020(4) nm,
and 602.456(3) nm, indicating a ground to excited state
energy gap of 601.647 nm, ground state splitting of
212 GHz, and excited state splitting of 1138 GHz. These
splittings include the effect of pre-strain in the fabri-
cated nanostructure. The inversion symmetry of the GeV
makes it robust against external electric field fluctuations
to first order, resulting in a relatively stable optical tran-
sition. The measured spectra show very little frequency
variation over tens of minutes despite the occasional spec-
tral jumps (Fig. 1(d)), possibly due to strain or second
order effects of electric field fluctuations in the local en-
vironment.

Finite element simulations [38] are used to evaluate the
amount of strain induced at the location of the GeVs, in
response to the applied voltage. We express the strain
with respect to the local coordinates of the GeV center
(Fig. 2(a) Inset). The major axis of the GeV (the line
joining the two missing carbon atoms), named the Z axis,
has four possible orientations along the four equivalent
〈111〉 diamond crystal directions. The four orientations
are grouped into two classes depending on the relative di-
rection to the cantilever – transverse GeVs with their ma-
jor axis lying in the transverse cross section plane (Fig.
2(b)), and longitudinal GeVs with their major axis lying
in the longitudinal cross section plane (Fig. 2(c)). The
two classes show qualitatively different strain responses.
Fig. 2(a) shows the relation between the cantilever and lo-
cal coordinate systems for the transverse GeV. For trans-
verse GeVs, the diagonal elements of the strain tensor are
shown in Fig. 2(b); the shear elements are at least one
order of magnitude smaller and thus have negligible con-
tribution to the overall strain response. Since the max-
imum strain in the cantilever is along the x̄ direction in
the cantilever coordinate system, the strain component
εZZ for transverse GeVs is small relative to the diago-
nal strains εXX and εYY. Longitudinal GeVs are rotated
by 90◦ with respect to transverse GeVs, so that their Y
axis is aligned with the ȳ axis of the cantilever instead.
Most of the strain for longitudinal GeVs is in the εZZ
component.

The strain terms εZZ and εXX + εYY shift the energy
levels of the GeV, while the εXX − εYY term mixes the
two orbital branches within both the ground and excited
manifolds [33]. The strain tuning of the spectrum of sin-
gle transverse and longitudinal GeV centers are experi-
mentally characterized in Figs. 2(d) and (e) respectively.
The spectral lines, which have a linewidth of about 1 GHz
as discussed later, are tuned by several tens of linewidths.
For the transverse GeV, with the maximum voltage of
250 V applied to the cantilever electrodes, the D line
shows the largest shift of −144 GHz, while the bright
C line shifts by 26 GHz. The maximum voltage that can
be applied to the device is limited by the leakage current.
For the longitudinal GeV, the C line shifts by −86 GHz
for the maximum applied voltage of 200 V. The D line
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FIG. 2. Strain profiles of the diamond microcantilever and strain tuning of GeV centers. (a) Illustrations of the cantilever
and the molecular structure of the GeV and their corresponding coordinate systems. x̄ȳz̄ is the coordinate system of the
cantilever device, and XYZ is the coordinate system of the GeV. Ge, C, and V represent germanium, carbon, and vacancy.
(b),(c) Simulated profiles of diagonal strain components for the transverse (b) and longitudinal (c) GeV centers with highest
symmetric axis Z lying in the triangular transverse cross section, and the Z axis of GeV is indicated by the arrows. εXX, εYY,
and εZZ are diagonal strain components in the GeV coordinate system. The cantilevers are 20µm, 1.28µm, and 0.83µm in
length, width, and height. The longitudinal cross sections are x̄z̄-planes at ȳ = 0, and the transverse cross sections are ȳz̄-planes
at x̄ = 2.5µm. (d),(e) Tuning of the spectral peaks of the transverse (d) and longitudinal (e) GeV with voltage applied to
the electrodes on the microcantilever. The theoretical model (blue lines) is a fit to the experimental measurements (red dots).
Only the A,B,C lines were observed experimentally for the longitudinal GeV center.

was not observed clearly for this GeV, due to low fluo-
rescence intensity.

When the applied voltage is ramped up, the resulting
increase of the splitting between A and B (equivalently,
C and D) lines implies the corresponding increase in the
energy splitting in the ground state manifold. Similar
observations for A and C (B and D) lines indicate the
increasing splitting in the excited state manifold. Fun-
damentally, strain affects the electronic energy levels of
the GeV by deforming the orbital states. The strain in-
teraction modifies the electronic levels of the GeV in ad-
dition to the spin-orbit and Jahn-Teller interactions [32–
35]. By diagonalizing the Hamiltonian of orbital states
of the GeV center [39], we obtain the electronic energy

levels given by

Eg,e± = αg,e ±

√(
λSO g,e

2

)2

+ β2
g,e + γ2g,e (1)

where λSOg,e are the spin-orbit coupling strengths; g and
e indicate ground and excited states, respectively. α, β,
and γ describe the response of the GeV electronic ground
or excited states to strain, which are given by

αg,e = t⊥g,e(εXX + εYY) + t‖g,eεZZ (2)

βg,e = dg,e(εXX − εYY) + fg,eεZX (3)

γg,e = −2 dg,eεXY + fg,eεYZ (4)

where εij are the components of the strain tensor given
in the GeV center coordinate system shown in Figs.
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2(a) and S1. t⊥, t‖, d and f are the four strain sus-
ceptibility parameters describing the strain response of
the GeV orbital states. The shift of the C line un-
der strain is given by ∆νC = Ee,− − Eg,−. In the
limit of small strain, i.e. β, γ � λSO, the shift of the
C line is ∆νC ≈ (t‖e − t‖g)εZZ + (t⊥e − t⊥g)(εXX + εYY).
For large strains, the ground (excited) splitting terms√
λ2SO/4 + d2(εXX − εYY)2 also shift the C line signifi-

cantly. The theoretical model is consistent with the ex-
perimental measurements with fitted strain susceptibili-
ties (Figs. 2(d) and (e)).

With the spectra of both transverse and longitudinal
GeVs under various strains, a fit to the above model
gives spin-orbit couplings λSO,g = 165 GHz, λSO,e =
1098 GHz, and an initial pre-strain of about 2 × 10−5

in the εXX − εYY term for the transverse GeV in Fig.
2(d). This is not surprising for color centers in fab-
ricated nanostructures with thin gold layers deposited
nearby. The strain susceptibility coefficients obtained
from the fit are t‖e − t‖g = −1.7 PHz/strain, and
t⊥e − t⊥g = −0.9 PHz/strain which are similar to that
of the SiV[34, 35]. Further by fitting the ground and
excited splitting, we estimate de = 2.8 PHz/strain and
dg = 2.2 PHz/strain. The accuracy of the estimated
strain susceptibility coefficients is limited by the strag-
gle of the implanted ion locations, as well as the large
strain gradient in the device.
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FIG. 3. Resonant excitation spectra showing the C tran-
sitions of two transverse GeV centers crossing as increasing
voltage is applied to bend the microcantilever. The spectra
are represented by a recorded trace of photon counts from the
longer-wavelength phonon side band as a narrow linewidth
laser scans its wavelength across the transitions. The spectra
are shifted by the control voltage and normalized individu-
ally. Inset: εZZ, εXX + εYY, and εXX − εYY components for
transverse GeVs at various depths z̄ at x̄ = 2.5µm, ȳ = 0.

When deflected, the microcantilever has a large strain
gradient in the z̄ direction (Fig. 3 Inset). As a result, two
GeVs separated by tens of nanometers in depth experi-
ence a significant difference in strain, and can be tuned
together spectrally with an appropriate voltage applied
to the cantilever. Interestingly, there is a neutral depth in
the cantilever such that GeVs above or below this depth
will experience tensile or compressive strain, respectively.
Hence, it is possible to tune the optical spectra of multi-
ple GeVs in opposite directions.

We experimentally demonstrate spectral alignment of
two GeVs using the strain gradient (Fig. 3), which is
controlled by the voltage applied between the electrodes
on the microcantilever and the substrate. To enhance
the resolution of the GeV spectra, we excite the GeV
transitions resonantly and count the photons emitted in
the longer-wavelength phonon side band (PSB). When
the probe laser is resonant with the GeV transitions, in-
creased photon counts from the PSB are expected. Here,
we have the C lines of two GeVs initially separated by
18.5 GHz. With increasing voltage, the C lines of the two
GeVs get closer and overlap at a control voltage of about
80 V, crossing at higher voltages. The same shift direc-
tion of the two GeVs indicates that they are most likely
in the same orientation class, i.e. transverse GeVs. From
0 V to 130 V, one GeV shifts by 52.8 GHz, while the
other one shifts by 100.6 GHz. In this way, the strain
gradient can bring GeVs of the same orientation class
into spectral overlap, even if they are initially separated
by tens of GHz.

We further investigate the extent of spectral overlap
of the two GeVs by measuring correlations between pho-
tons emitted into the PSB on resonant excitation of the
C transitions, as shown in Fig. 4. We split the col-
lected photons into two paths; the arrival of a photon
in one path triggers a timer that stops upon detection
of a photon in the other path. This measurement cor-
responds to the second-order autocorrelation function
g(2)(τ) = 〈I(t + τ)I(t)〉/〈I(t + τ)〉〈I(t)〉, where I(t) and
I(t + τ) are the intensities of PSB photon streams at
time t and a delayed time t+ τ , respectively. When the
two GeVs are spectrally distinguishable, we can only res-
onantly excite one GeV at a time. The fitted value of
g(2)(0) = 0.05 ± 0.03 indicates a single photon source
(Fig. 4(b)). Starting from the previous voltage of 80 V
for spectral overlap, we finely tune the voltage between
the cantilever electrodes to minimize the inhomogeneous
distribution of the resonant excitation spectrum of the
two GeVs (Fig. 4(a)). When the two GeVs are resonantly
excited simultaneously, the fitted g(2)(0) = 0.45 ± 0.03
(Fig. 4(c)). The g(2)(0) differs from the theoretically ex-
pected value of 0.5 for two single-photon emitters, which
could be a result of different excitation rates, different
collection efficiencies, or different decay rates for the two
GeVs.

In conclusion, the diamond nanoelectromechanical sys-
tem technique is utilized to optically characterize the
strain response of GeV color centers — an emerging sin-



5

(a) (b) (c)
One GeV Two GeVs

g(2)(0) = 0.05

g(2)(0) = 0.45

1.06 GHz

Two GeVs

Time delay τ (ns) Time delay τ (ns)

g(2
) (τ

)

g(2
) (τ

)

Ph
ot

on
 c

ou
nt

s 
(a

.u
.)

Detuning (GHz)
- 2 - 1 0 1 2

0

0.5

1.0

1.5

- 10 0 10
0.0

0.5

1.0

1.5

- 10 0 10
0.0

0.5

1.0

1.5

FIG. 4. (a) Resonant excitation spectrum of the two overlapping C transitions of the two GeV centers. (b) Second-order

autocorrelation g(2)(τ) of the PSB photons emitted from one GeV on resonant excitation when the two GeVs are tuned apart.

(c) Second-order autocorrelation g(2)(τ) of the PSB photons on resonant excitation when the two GeVs are tuned together.
The red dots in (b) and (c) are the raw data of the event counts in the second-order autocorrelation measurements. The blue
curves show the theoretical fit.

gle photon source in diamond. It provides a way to
optically image the strain in diamond nanomechanical
systems. Furthermore, strain gradient in an electrically
deflected microcantilever is used to overcome the inho-
mogeneous distribution of different GeVs which renders
them spectrally distinguishable. Importantly, our tech-
nique has spatial selectivity comparable to that of B-field
gradient method developed for diamond NV centers [40].
As the strain gradient tensor provides sufficient degrees
of freedom, advanced nanoelectromechanical devices with
multiple electrodes could be utilized to simultaneously
spectrally align multiple emitters. Furthermore, our plat-
form may enable in situ manipulation and entanglement
of multiple solid-state qubits. The ability to switch the
spectral indistinguishability of quantum emitters in the
same excitation volume can enable controllable local in-
teractions and entanglement between spin qubits, and
increase quantum memory density by having multiple
qubits at a single spot that can be individually addressed
through a single optical path. This approach can be
scaled to spectrally align emitters in multiple cantilevers
simultaneously, by adjusting the voltage on each can-
tilever appropriately.
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Vučković, “Photonic quantum technologies,” Nature
Photonics 3, 687–695 (2009).

[10] H. J. Kimble, “The quantum internet,” Nature 453,
1023–1030 (2008).

[11] Jeremy L. O’Brien, “Optical quantum computing,” Sci-
ence 318, 1567–1570 (2007).

[12] Axel Kuhn, Markus Hennrich, and Gerhard Rempe,
“Deterministic single-photon source for distributed quan-
tum networking,” Phys. Rev. Lett. 89, 067901 (2002).

[13] Igor Aharonovich and Elke Neu, “Diamond nanophoton-
ics,” Advanced Optical Materials 2, 911–928 (2014).

[14] David O. Bracher, Xingyu Zhang, and Evelyn L. Hu,
“Selective purcell enhancement of two closely linked zero-
phonon transitions of a silicon carbide color center,” Pro-
ceedings of the National Academy of Sciences 114, 4060–
4065 (2017).

[15] N. Somaschi, V. Giesz, L. De Santis, J. C. Loredo,
M. P. Almeida, G. Hornecker, S. L. Portalupi, T. Grange,
C. Antn, J. Demory, C. Gmez, I. Sagnes, N. D.
Lanzillotti-Kimura, A. Lematre, A. Auffeves, A. G.
White, L. Lanco, and P. Senellart, “Near-optimal single-
photon sources in the solid state,” Nature Photonics 10,
340 (2016).

[16] Xing Ding, Yu He, Z.-C. Duan, Niels Gregersen, M.-C.
Chen, S. Unsleber, S. Maier, Christian Schneider, Mar-
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