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Coherent quantum systems are a key resource for emerging quantum technology. Solid-state spin
systems are of particular importance for compact and scalable devices. However, interaction with the solid-
state host degrades the coherence properties. The negatively charged silicon vacancy center in diamond is
such an example. While spectral properties are outstanding, with optical coherence protected by the defects
symmetry, the spin coherence is susceptible to rapid orbital relaxation limiting the spin dephasing time.
A prolongation of the orbital relaxation time is therefore of utmost urgency and has been tackled by
operating at very low temperatures or by introducing large strain. However, both methods have significant
drawbacks: the former requires use of dilution refrigerators and the latter affects intrinsic symmetries. Here,
a novel method is presented to prolong the orbital relaxation with a locally modified phonon density of
states in the relevant frequency range, by restricting the diamond host to below 100 nm. Subsequently
measured coherent population trapping shows an extended spin dephasing time compared to the phonon-
limited time in a pure bulk diamond. The method works at liquid helium temperatures of few Kelvin and in

the low-strain regime.
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Color centers in diamond, in particular the negatively
charged silicon vacancy center in diamond (SiV ™), turned
out to be a promising system to realize applications that rely
on an efficient spin-photon interface and long-lived memo-
ries [1], for example, in the context of quantum commu-
nication [2]. However, such sophisticated experiments
require us to suppress the host’s strong environmental
influence on the optical and spin coherence. Here, the
group-IV defect centers stand out due to their inversion
symmetry which protects their optical transitions against
charge fluctuations from, e.g., close-by surfaces, when
integrated into nanostructures [3]. As a result, SiV~ exhibit
narrow inhomogeneous line distribution and excellent
spectral stability [4]. Because of its relatively small orbital
extension as compared to other group-IV defects, SiV~ is
highly susceptible to strain introduced by electron-phonon
interactions with the environment [5]. Ultimately this limits
the spin coherence time (7,) due to a short dephasing
time (77%) related to orbital transitions in the ground state
(GS) [6]. For temperatures below 25 K, the orbital relaxation
rate (I';) is dominated by a single acoustic phonon process,
resonant to the ground-state splitting of Agg/27 ~ 46 GHz
as a result of spin-orbit (SO) interaction [7]. Therefore,
even for high-purity, low-strain bulk diamond the orbital
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relaxation time (7')) is limited to tens of nanoseconds at
liquid helium temperature. Hence, for applications relying
on long T, it is crucial to decrease I'; such that 77 is no
longer limited by orbital relaxation but rather by intrinsic,
material related noise sources, such as dipolar coupling to
the nuclear spin bath or g-factor fluctuations. There are two
possibilities to influence I'. First, decreasing temperature 7'
reduces thermal occupation of phonon modes at relevant
frequencies Agg [1]. Experiments have been performed at
T =100 mK yielding T, = 13 us, where kgT < hlAgs.
Already at 24 K, T35 ~ 100 ns is significantly shortened
[1,8]. Second, changing the geometry or applying an
external load alters the SiV~ strain environment and hence
locally modifies the spectral coupling density. Imposing an
external force has been done by means of a nanoelectro-
mechanical system, which resulted in prolonged T of
0.25 us for a GS splitting of 467 GHz [9]. This work
presents a 7'y and 7' prolongation of SiV~ incorporated into
a geometrically confined host, namely a nanodiamond
(ND), in direct thermal contact with a cooled base substrate;
see Fig. 1. Accompanying numerical simulations give
detailed insights into the defect’s strain response.

Model.—The ground-state manifold SiV~ Hamiltonian
considered here is given by (A = 1)

© 2022 American Physical Society
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FIG. 1. Schematic of a geometrically confined SiV~ within a
ND placed on a diamond substrate. The defect’s level structure is
also depicted with its zero-phonon-line transitions A, B, C, and
D. The GS splitting Agg is a result from spin-orbit as well as
mechanical interaction with the environment, which leads to an
orbital relaxation from |2) — |1) with rate I, where, e.g., [2) =
le, 1) and |1) = e, 1) in a strain-free environment.
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where o;, and o, are orbital and spin Pauli operators,
Aso/2m = 46 GHz the spin-orbit interaction strength, and

)(ngeng = a(exx - €yy) + ﬁezx’ (2)

XE, = _2a€xy +ﬂ€yz (3)

gy

€Eg)'
are symmetry adapted linear combinations of strain field
components describing the phononic interaction [10,11].
More details on the derivation of Eq. (1) can be found in the
Supplemental Material (SM) [12].

As a consequence of this interaction, the pure spin-orbit
eigenstates |e, 1),le, |) and le, |),le, 1) with an
energy splitting of Agg = Ago will shift in relative energies
and also undergo relaxations with rate I';; see Fig. 1. The
strain-dependent transition rate from the excited to the
ground state is calculated by Fermi’s golden rule (7" — 0):

F(l) = 2”Z(I)(ngeng,n|2 + U(EgyeEgy,n|2)5(a)n —Ags). (4)

Here n labels the various coupled system eigenfrequencies.
Local increase in 79 = (1)~ compared to bulk 7%% is
estimated by utilizing 3D FEM to solve for the mechanical
eigenfrequencies of aND coupled to a diamond substrate. The
material properties are assumed to be isotropic with mass
density p = 3515 kg m~3, Young’s modulus E = 1050 GPa,
and Poisson ratio v = 0.2 [11,16].

Although the NDs exhibit a pronounced cubo-octahedral
geometry, the numerically simulated ND is approximated
with a more symmetrical ellipsoidal geometry, whose
semiaxes are extracted from an atomic force microscope
(AFM) scan with (r,, ry, r.) = (40,50,22.5) nm; see

ND Mode

(b)
40 - ||——— Poly. Fit
‘c
3
a
5
Q

1
40 50

60 70 80
v (GHz)
0,08
log,o(T, /T, ")
(c) 45 — — e
{ » ; 1
£ - :
N
-1
_45 1 1 1 1 1 -2
-120 -80 -40 0 40 80 120
X (nm)
FIG. 2. (a) AFM scan of a ND revealing characteristic sizes of

(ry, 1y, 1;) = (40,50,22.5) nm, setting an upper size limit for all
consecutively measured ND samples. (b) Density of states (DOS)
p as a function of frequency v for the ND coupled to bulk with a
penetration depth of d = 0.017,. A polynomial fit shows a scaling
of p o« 19! for the composite system. (c) FEM simulation of the
relative local increase in orbital relaxation times compared to

bulk, 79/79%.

Fig. 2(a). The SM provides details on the NDs synthesis
and AFM measurements. Slightly immersing the ND along
z into the substrate with a penetration depth d = £r, creates
a contact area, where phonons can be exchanged with the
bulk reservoir introducing a coupling rate. Figure 2(b)
shows the simulated spectral density of states (DOS)
p(v) for the ND coupled to bulk with & = 1072, which
reveals a quasilocalized ND mode around 75 GHz.
Moreover, a polynomial fit [red dashed line in Fig. 2(b)]
shows that the DOS approximately scales with p(v) o !
rather than quadratically, which is to be expected for a
pure bulklike system, indicative of contributions from
bound surface modes [9,17]. Using the strain susceptibil-
ities a/27 = 1.3 PHz/strain, /2z = —1.7 PHz/strain in
Egs. (2) and (3) and the simulated coupled systems strain
fields ¢;;,(7), where the SiV~ high-symmetry axis is
assumed along z, Eq. (4) is evaluated at each position in
the xz plane [5]. Figure 2(c) shows the orbital lifetime ratio
79/T98, where T%® ~ 209 ns is obtained by averaging 79
over the bulk, in good agreement with the analytical
T ?‘B ~ 233 ns. Note that Fig. 2(c) only shows a close-up
of the ND in the xz plane. See SM for details on DOS
evaluation, various material parameters, and geometries.

. . . B
This configuration reaches a maximum of 79/ T(l)’ ~

120 at the center of the ND. As a rough estimate, 79

1,max
would extend the orbital lifetime at cryogenic temperatures

of T =5 K10 T yay = T 1y COth(RAGs/2kpT) &5 pis.
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FIG. 3. (a) Photoluminescence intensity / as a function wave-
length A revealing the four-line structure of a SiV~ in a ND with a
GS splitting of 72 GHz. (b) Peak heights £, determined from the
fluorescence of a resonant pulse sequence, as a function of
interpulse delay z. The solid red and blue lines show a numerical
fit to measurements and theory calculations, respectively. The
inset illustrates the extraction of peak heights with extrapolation
of stationary count rates (horizontal solid line) by the last 50 ns
count trace (dark gray area).

Measurements.—T | is measured for 15 SiV~ in different
NDs at local temperatures ranging from 4.6 up to 9.5 K.
Single-emitter characteristics such as autocorrelation mea-
surements on this sample have been performed in Ref. [18].
The NDs are coated onto a diamond substrate, selected for
high thermal conductivity. The average height of 26 nm and
lateral extension of 82 nm for the differently shaped NDs is
determined with an AFM; see SM for details. The local
temperature is evaluated by

C4D _ exp (_ hAES>, (5)
Nain kgT
where a Boltzmann distribution for the summed counts N
in A,B and C,D is assumed, reflecting relative populations.
The excited state (ES) splitting is determined from the
spectrum of an off-resonantly excited SiV~. Figure 3(a)
shows an example ND spectrum.

T, is measured with a tailored pulse sequence resonant
with transition C and consisting of several 200-ns-long
pulses with an increasing interpulse delay 7 [18]. The peak
heights & are extracted by summing up all counts

within each pulse and subtracting the stationary ones;
see Fig. 3(b). & is then fitted with

h(7) « 1 —exp <—Ti> (6)

1

revealing a T of (64 £3) for the SiV~ measured in
Fig. 3(b).

To compare our measured values for 7' at different T
and Agg/27 to the corresponding maximally achievable
bulk time T2, which is solely limited by electron-phonon
relaxation, an analytical expression,

hle?+(B/2)%] [ 1 2 hAgs
Ty '=— 22—+ —— | A}gcoth
(77 505 150 ) fos M g7 )

p
(7)

with

1 B -y
A2 ryy TNy -2)

is used, where E = 1050 GPa and v = 0.2; see Fig. 4(a),
dark gray line. The upper gray limit represents a bulk
limit for £ = 1143 GPa, v = 0.0691 at 7' = 3.6 K [19].
Equation (7) can be derived from Eq. (4) using a long-
wavelength approximation [17,20].

The procedure is repeated for all other 14 NDs and the
ratio T, /T? is depicted in Fig. 4(a) as a function of GS
splitting. The color of each dot shows the temperature of
the respective SiV~. See SM for absolute timescales. For a
GS splitting of 132 GHz a prolongation of the orbital
lifetime of up to 8 can be observed. The triangle, diamond,
and squared markers in Fig. 4(a) represent measured 7| in a
bulk diamond and diamond nanobeam, respectively, which
were conducted under similar experimental conditions
[6,7,9]. The above calculated T? is a conservative estima-
tion of the upper limit reachable in bulk diamond in the
presence of resonant, single-phonon-dominated orbital
relaxation. To our knowledge, experimentally measured
T, in the low-strain regime stay below or within the
theoretical limits [6,21].

Temperature-dependent measurements for the ND
highlighted with a red star at A/2z ~ 87 GHz indicate a
single-phonon orbital relaxation with I'; increasing
linearly with 7 shown by the red regression line with a
slope of 7+ 1 MHzK™" in Fig. 4(b). In comparison,
for the correspondingly calculated bulk rates, a slope of
15+ 1 MHzK™! is determined, represented by the gray
line.

In the temperature regime presented here, the orbital
relaxation dominantly impairs the electron spin coherence
by causing an additional random phase through recurring
orbital excitation and relaxation while preserving the spin
projection [22]. The resulting coherence is investigated for
the ND highlighted with a red plus in Fig. 4(a) which
exhibits a 7} = 46 + 5 ns. The sample is placed inside a
permanent magnet to split the orbital-degenerate spin states
and make them optically accessible. Because of misalign-
ment of the magnetic field with the defect’s symmetry axis
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FIG. 4. (a) Orbital lifetime extension through comparison of measured T and analytical bulk limit 7% for different GS splitting Agg

and temperatures 7. The triangle and diamond marker represent measured 7'y in bulk from Refs. [6,7]. Moreover, the squared data points
are measurements done inside a diamond nanobeam [9]. Bulk limits correspond to calculations with £ = 1050 GPa, v = 0.2 (dark gray
line) and E = 1143 GPa, v = 0.0691. (b) Temperature-dependent relaxation rate I'; at Agg/27 ~ 87 GHz for the ND highlighted with a
red star in (a) and corresponding bulk rates calculated with Eq. (7) with linear regression and standard deviation. (c) The spin states of the
ND indicated by a red plus in (a) are linked in a A-type system of transition C1 and C3, as schematically illustrated. The total optical
power P, of both fields is varied and the dark state’s full width at half maximum I’ is extracted from a double-Lorentzian fit. The red
line represents a linear regression with one standard-deviation fit error. (d) An example measurement of (c) with I'; = 5.91 &= 110 MHz
where the red line is illustrating a fit to the measured counts when sweeping the modulation frequency v across C3 while continuously
pumping C1.

and consequential spin mixing, spin-flipping transitions
become optically allowed; see SM for details.
Simultaneously driving transitions Cl1 and C3 with a
resonant laser and the sideband of an electro-optical modu-
lator forms a A-type system with the two ground-state and an
additional excited-state spin; see the schematic level struc-
ture in Fig. 4(c). Tuning the modulation frequency v to fulfill
the Raman condition creates a coherent dark state. Varying v
reveals a Lorentzian dip with its minimum at Raman

T; = 1/(al}). Since the transition dipoles are broadened
through the laser fields which ultimately broadens the dark
state’s linewidth, the coherent-population trapping (CPT)
measurement is repeated for various optical powers P, and
extrapolated to P,y = 0 by fitting a linear regression. The
extracted I'; = 5.13 = 13 MHz results in a dephasing time
of T; = 62.1 & 3 ns.

Discussion.—The results in Fig. 4(a) suggest an inverse
correlation between T /T# and ND size. On the one hand,

resonance, as shown in Fig. 4(d). The dark state’s linewidth
I'; is extracted from the full width at half maximum of a
double-Lorentzian fit. FromI'; the dephasing time 77 can be
calculated by using the half width at half maximum

reducing the size shifts the NDs mechanical eigenfreque-
nices to higher energies [20], which also enhances the
respective mode’s strain field [7,11]. As aresult, a SiV~ can
couple to these fields, which increases its GS splitting.
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Consequential, thermally excited phonons from the sur-
rounding ND or bulk are exponentially less likely
populated, thus reducing I';. On the other hand, smaller
SiV~ host geometries exhibit reduced contact areas
between ND and substrate which then suppresses the
coupling to the bulk phonon bath, hence also reducing
I'). See SM for further simulations with a different
geometry, contact areas, and ground-state splittings.
Geometrical decoupling becomes apparent when looking
at NDs with Agg /27 ~ 70 GHz in Fig. 4(a). The similar GS
splittings indicate comparable ND geometries. However,
the ND with a maximal temperature of 7 = 9.5 K exhibits
the largest orbital lifetime ratio of T /T% ~ 6. This might
reveal a preferential orientation of the ND, whose contact
area with the substrate is smallest and thus also isolated
best. As a result, the phonon exchange with the substrate is
reduced, which reduces I'; and increases temperature.

The discrepancy between simulated orbital lifetime
ratios and the ones which are determined from measure-
ments is attributed to an unfavorable interplay of different
mechanisms, leading to nontrivial coupling rates to the
bulk. These broaden the ND resonances and bring their
local phononic spectral densities closer to the one of bulk
which limit the maximally achievable T,/T%. Firstly,
although the NDs sizes are measured to be smaller than
the simulated one, a contact area largely exceeding the one
used in the simulations strongly enhances phonon
exchange with the bulk. Secondly, the mechanical imped-
ances of the ND and the diamond base substrate are similar,
allowing for a high phonon transmission, which also
increases coupling to the substrate.

Further validation of a modified phonon density of states
can be concluded from the different temperature depend-
encies in '} inside the ND and bulk, respectively, which is
proportional to the phonon spectral density; see Eq. (7).

In addition, the extrapolated dephasing time exceeds the
theoretical phononically limited 7" = 27% ~ 36 ns for
bulk diamond by roughly a factor of 2 at the NDs respective
Ags/27~ 62 GHz and T =~ 8 K [22]. However, the CPT
shows that 75 is not reaching its phononic limit at
2T, ~ 92 ns. The mismatch can be attributed to several
factors. First, local fluctuations of laser driving strength and
spectral diffusion over the course of several minutes during
the measurement alter the additional energy splitting from
ac-Stark shifts thereby translating onto a shift of the Raman
condition, which effectively broadens the line width.
Second, loss of spin coherence due to surface effects or
impurities.

Outlook.—The experimental results presented in this
work show that the SiV~ orbital lifetime is extended up
to a factor of 8 when incorporated into a small, tailored
diamond host as compared to a SiV~ in bulk diamond.
Consequently, the spin dephasing time is prolonged as
validated by measuring the power-dependent Raman-
resonance line width in CPT. In order to suppress the

orbital relaxation further, nanomanipulation techniques
utilizing an AFM can be used to rotate the NDs, thereby
decreasing the contact area which leads to a more optimal
isolation [18,23]. Moreover, using an engineered substrate
material, e.g., a phononic crystal, to suppress phonons in
the relevant spectral range reduces the impedance matching
between the former and the ND, which yields a better
isolated host [16].

Extending 7| to the predicted 5 us opens up the
possibility to coherently control the SiV~ spin without
relying on a dilution refrigerator. Decoupling from thermal
phonons was shown for temperatures below 500 mK [1],
where T is no longer limited by single-phonon processes.

Major impact arises from the NDs integration capabil-
ities into integrated photonics and broadband antenna
structures, where photonic and phononic properties can
be merged to achieve coherent spin-photon control [24,25].
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