PRL 118, 197201 (2017)

PHYSICAL REVIEW LETTERS

week ending
12 MAY 2017

Double-Quantum Spin-Relaxation Limits to Coherence
of Near-Surface Nitrogen-Vacancy Centers
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We probe the relaxation dynamics of the full three-level spin system of near-surface nitrogen-vacancy
(NV) centers in diamond to define a 7| relaxation time that sets the 7, < 27 coherence limit of the NV’s
subset qubit superpositions. We find that double-quantum spin relaxation via electric field noise dominates
T, of near-surface NVs at low applied magnetic fields. Furthermore, we differentiate 1/f* spectra of
electric and magnetic field noise using a novel noise-spectroscopy technique, with broad applications in
probing surface-induced decoherence at material interfaces.
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Nitrogen-vacancy (NV) centers in diamond excel as
room-temperature quantum sensors and quantum bits,
where long-lived spin coherence and population are critical
to a NV’s functionality in these roles. In particular, the
coherent control of near-surface NVs has been used to
detect few to single electronic spins [1] and nuclear spins
[2-4], and to perform nanoscale magnetic resonance
imaging [1,5-7]. The placement of these NVs just nano-
meters from the diamond surface is vital to strongly couple
to external degrees of freedom [8] and achieve nanoscale
spatial resolution in imaging [9]. However, our under-
standing of surface-related noise and its effect on coherence
is an incomplete puzzle that remains a grand challenge [ 10—
15] for NV-based sensing. In a broader context, developing
a sensor of surface noise on the nanoscale is useful to the
study of a variety of quantum technologies, such as trapped
ions [16,17], mechanical resonators [18], and supercon-
ducting circuits [19,20], whose performance is limited by
pervasive surface-related decoherence and dissipation.

The NV spin levels that display long coherence reside in
the orbital ground state, a three-level spin S =1 system
[21]. Any two of the levels may constitute a qubit for
coherent quantum sensing and, although the sensor’s
functionality resides in the coherence of the two-level
qubit [22,23], this functionality is compromised by the
coupling of all three levels to the environment. For a two-
level system, coherence time T, is known to be ultimately
limited by spin relaxation time 7'; as T, < 27 [24,25], and
much attention has been paid to this theoretical 7'; limit for
NVs [26,27]. However, for NVs in bulk diamond a
saturating 7, = 0.53(2)T; has been reported [26], and
for shallow NVs, those within ~25 nm of the surface, the
discrepancy is more striking with 7, <0.17¢ [12,13].
These prior results suggest a decoherence channel beyond
the accounted for spin relaxation and dephasing.

The NV qutrit is rendered a powerful and versatile sensor
by the different frequency scales and selection rules of its
spin transitions. For precisely the same reasons—the
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double-edged sword of sensitivity—the NV is also highly
susceptible to environmental noise of various origins. The
NV has both single-quantum (SQ, Am, = +1) and double-
quantum (DQ, Am, = +2) transitions [28] tunable in the
MHz to GHz frequency range, as shown in Fig. 1(a). This
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FIG. 1. (a) Surface-noise spectroscopy with the triplet ground
state of a shallow NV center. The double-quantum relaxation
channel (orange, y) is sensitive to electric field noise, and the
single-quantum channel (blue, ) is sensitive to magnetic field
noise. An applied dc magnetic field tunes the DQ transition
frequency w./2x. (b),(c) Measurement sequences to extract the
relaxation rates Q and y. The spin is initialized into population (b)
po =1 or(c) p_; = 1 by a green laser pulse and, for p_; =1, a
microwave 7 _; pulse. After a dark time 7, any of the three spin
state populations p; can be read out by a choice of 7 +; pulse
before photoluminescence detection, giving signal S; ;. (d) Pop-
ulation decay data with three-level relaxation model fits as
solid lines.
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full capacity of probing noise has not yet been utilized, in
particular, concerning the direct relaxation rate between the
mg = =£1 states of the qutrit, which we will refer to as DQ
relaxometry. Here, we measure both SQ and DQ relaxation
rates of the three-level system and find that shallow NVs
exhibit particularly fast DQ relaxation, accounting for
decoherence that has not been directly observed before.
We then use multipulse dynamical decoupling to show that
T, of the my; = 0, —1 qubit can exceed a properly defined
T, at low magnetic fields (<40 G), where DQ relaxation
dominates decoherence. At higher fields, dephasing domi-
nates T,. Furthermore, because the DQ relaxation channel
is a magnetic-dipole-forbidden transition, it can be used to
selectively probe electric fields [29] and strain [30-32]. We
combine SQ dephasing spectroscopy at high magnetic
fields [12,13,33] with spectroscopic DQ relaxometry to
quantitatively map the spectral character of noise sources
responsible for decoherence of near-surface N'Vs, and this
technique enables us to distinguish electric and magnetic
contributions to the noise spectrum.

The ground-state spin Hamiltonian [34,35] of the NV
center indicates how magnetic, electric, and strain fields
contribute to dephasing and spin relaxation, with the
corresponding energy level diagram shown in Fig. 1(a).

d, 11
L L (82 4 82),

HNV = (hDgS + d”H”>S§ + g/lBB -S - >
(1)

where S is the spin-1 operator, & is Planck’s constant,
gug/h =28 MHz/G is the gyromagnetic ratio, Dy, =
2.87 GHz is the crystal-field splitting, dj/h =
0.35 Hz-cm/V, and d, /h = 17 Hz- cm/V are the com-
ponents of the NV’s electric dipole moment parallel and
perpendicular to its symmetry axis [36], and I and IT, are
the corresponding total effective electric field components
[34,35]. I = (E + 6) contains electric field E and scaled
strain ¢ terms. We attribute the II noise identified in our
experimental results with E electric fields, as discussed in
the Supplemental Material, Secs. F.3 and G [37].

The spin raising and lowering operators in the last term of
Eq. (1) couple the mg; = +1 states and thus serve as a route
for electric noise-induced DQ spin relaxation with a rate y
[Fig. 1(a)]. For the {|0),|—1)} qubit, the d,E, term

describes electric-field-induced energy shifts [14,35] that

contribute to the dephasing rate FEJ_ 19 The second (Zeeman)

term accounts for magnetic fields that cause additional
dephasing [9,12,57] and SQ relaxation [11,58-61] between
|0) and | & 1) with rates € 41 (€11 = Qp_; = Q, as we
verified experimentally, shown in the Supplemental Material,
Sec. C [37]). The energy splitting between the | + 1) levels,
hwy = 2gugB,, is tunable via a dc magnetic field B_,
enabling us to probe the noise spectral density that affects y
[62]. We consider the regime where dc strain, dc electric field,

and dc transverse magnetic field are small compared
to the applied B,, so the eigenstates are approximately
{10),|=1),|+ 1)} of the S, operator [35] (see
Supplemental Material, Sec. H [37]).

For the NV qutrit in Fig. 1(a), the total 7 relaxation
time that limits 7', of the qubit is built from the relaxation
rates between the three |m,) spin states. However, the
most prevalent definition of 7 in the NV literature
[11-13,27,33,58,63,64], which we label here

T(lo) = (3Q)~!, considers only Q and implicitly assumes

y = 0. To understand what limits 7, of the {|0),|—1)}
qubit the correct definition should be

1 1

==ty =3Q+y. (2)

0
T, Tg )
SQ coherence p_j initialized between the |0) and | — 1)

states will decay at a total rate 1/7, due to the sum of pure

dephasing F;_IO) and spin relaxation rates [65], so that in

the zero-dephasing limit T53™ = 2T, =2(3Q+7)"!
(see Supplemental Material, Sec. D [37]). Hence, to
evaluate the revised decoherence limit 7, < 2T, we first
used SQ and DQ relaxometry to extract Q and y, and then
used dynamical decoupling to reduce F;_m).

The experimental setup consists of a homebuilt, room-
temperature confocal microscope with a 532-nm excitation
laser and single-photon counters to collect sideband photo-
luminescence (PL) [66]. A single-crystal diamond film was
epitaxially grown using isotopically purified methane
(99.99% '>C) to minimize NV decoherence due to '3C
nuclear spins [67]. The sample contains NVs at a mean
depth of 7 nm, formed via 4-keV nitrogen implantation
[10,68] (see Supplemental Material, Sec. A [37]). A
microwave stripline was used for coherent |0) <> |+ 1)
spin rotations, namely, spin inversion 7, ., pulses [69].

The rates Q and y can be experimentally determined by
measuring the decay of each diagonal element of the
density matrix through pulsed optically detected magnetic
resonance [63]. The population dynamics of the {|m,)} are
given by three differential equations with the solutions
[37,58,64]

po(z) = % + (/)0(0) - %) e 3% (3)
pri(7) = % + %AP(O)e_(Q“y)T —% <p0(0) — ;) o3
(4)

where 7 is the time between initialization and readout, p,,

are the |m,) state populations, and the initial conditions are
p0(0) and Ap(0) = [p,1(0) —p_;(0)] (see Supplemental
Material, Sec. B [37]). We note that a green laser pulse only
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polarizes the spin to py(0) < 0.80 [70], but the remaining
mixed population only reduces the PL contrast of the
measurement.

We performed two sets of experiments using two sets of
pulse sequences [Figs. 1(b), 1(c)] that directly probe the
spin populations under initial conditions p;(0) = 1. The
final z,; pulse before PL readout determines which
population p;(z) is probed, yielding a relaxation signal
S; (7). Figure 1(b) shows a standard method to measure

T(l0> = (3Q)~! [63], and applying this sequence to Egs. (3)
and (4) gives a fit function [37]

Fy(7) = So(t) = So—1(z) = re™>¥ (5)

where parameter r is PL contrast. The second set of
sequences [Fig. 1(c)] initialize Ap(0) # 0 and measure
p+1(7), and data are fit to [37]

Fy(7) = S_1-1(7) = S_y 11 (7) = re” @207 (6)

Figure 1(d) shows data for a shallow NV, labeled A1, taken
at 6.6 G and fitted to Egs. (5) (blue circles data) and (6)
(gray squares data), revealing a slow SQ rate Q=
0.115(4) kHz and faster DQ rate y = 1.11(5) kHz.

Hence, the traditional relaxation time T(IO) =2.90(3) ms
overestimates by 4x the full 7| = 0.69(7) ms from Eq. (2),
due to significant DQ relaxation.

The complete 7| enables evaluation of the limit
T, <2T;, for which we used a CPMG pulse sequence
to dynamically decouple the NV from its environment,
leading to a reduced pure dephasing rate Fi,_lo). Figure 2
shows Hahn echo and CPMG-N measurements for two
shallow NVs, where N is the number of x,, pulses [71]. The
coherence time T, = T»(N) is extracted from a stretched-
exponential fit exp [—(7/T,)"] to data C(T), where C(T) is
phase coherence mapped onto spin population after a total
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FIG.2. Enhancement of SQ coherence time using CPMG-N for
shallow NVs under conditions of (a) large y at wy,/27 =
37.1 MHz and (b) small y at w,/2z = 1376 MHz. Data shown
are Hahn echo (green diamonds) and CPMG-N (gray squares),
where N is the number of 7 pulses, and solid lines are fits to
exp [-(T/T,)"]. Dashed red lines are reference plots of
exp (=T/T,) using the measured T, = (3Q +y)~".

precession time 7. Figure 2(a) shows that for sufficiently
large N =512, and at wy,/27=37.1 MHz, T,
saturates at 1.2(3)7, in clear contrast to the incomplete

comparison 7, = 0.14(1)T50) (additional data in Supple-
mental Material, Table IT and Sec. E [37]). At a much larger
w4 /27x = 1376 MHz [Fig. 2(b)], T,(N = 1024) saturates
at only 0.52(7)T,, while T, and T, both increase. The
explanation for these changes at higher w,; lies in the
frequency dependence of y, as we discuss next.

Figure 3(a) shows a strong dependence of y on frequency
f = @4 /2x for shallow NVs, with two implications: (i) T
greatly decreases at lower magnetic fields, in contrast to

Tgo), and (ii) double-quantum relaxation spectroscopy gives
new insights about noise sources affecting y. As B, tunes
w41 /27 from 1612 to 20 MHz, y increases by up to an
order of magnitude, showing a 1/f* + y, type of depend-
ence with « = 1—2. We observe the 1/f* part only for
shallow NVs, those less than about 25 nm from the surface
(see [12] and Supplemental Material, Sec. E.2 [37]), and
thus we identify its origin as surface-related electric field
noise [37]. We attribute y,, relaxation to bulk effects
[37,72]. In contrast to y, we show in Fig. 3(b) that Q is
independent of magnetic field over the studied range of
B. ~4-290 G [63]. The ratio y/Q demonstrates that the
DQ relaxation contributes substantially to the total
decoherence rate; y/Q > 1 at low B, and y/Q = | even
at higher B,. The suppression of shallow-NV decoherence
via the DQ channel at large w, ;| gives a practical reason for
magnetometry experiments to operate at B, > 100 G, and
it also explains our observation in Fig. 2: relaxation slows

down as w, increases, and dephasing takes over as the

dominant decoherence channel. FE,_]()) cannot be eliminated

completely because experimental limitations to the z pulse
duration and spacing restrict the maximum CPMG filter
frequency f.« to a few MHz. The noise spectrum that
causes dephasing, although decaying in frequency, has a
finite value at f,.., which explains why we do not reach
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FIG. 3. (a) Measured DQ relaxation rates y for three shallow

NV centers versus DQ frequency splitting f = w./2x tuned by
applied field B,. Each symbol type refers to one NV. The 1/f“-
type dependence is attributed to surface-related electric field
noise and saturation at large w., is attributed to bulk effects.
(b) Measured SQ relaxation rate Q for the same NVs.
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TABLE 1.
NV centers.

Comparison and complementarity of relaxation and dephasing for classical-noise spectroscopy with

DQ relaxation spectroscopy

SQ dephasing spectroscopy

Measurement

Filter frequency tuning
Primary noise probed
Coupling power [Hz?/Hz] S(wy) =7y
Assumption for validity

Relaxation between m, = £1 populations CPMG multipulse on NV superposition
Applied B,: w. /27 ~2gugB,/h
I, at f = [10 MHz—few GHz]

Number N and spacing T/N of 7 pulses
B, and Il at f = [10 kHz—few MHz]
S(w=aN/T)~-zInC(T)/T

gupB./h>T1,d, /h = eigenstates |m,) B, 2 100G = small y: T, < T

T, = 2T, even for large y (short 7). The T,/T, ratio is
reduced at small y because higher N is required to make

Ff[lo) < 1/T,. Future CPMG experiments at higher values
of f.x could probe the effects of higher frequency noise
sources on pure dephasing.

Finally, we identify the spectra of surface electric and
magnetic field noise over a broad frequency range by
employing a combination of SQ dephasing spectroscopy
[13,14,25,33,73,74] and DQ relaxometry. These comple-
mentary techniques are summarized in Table I and detailed
in the Supplemental Material, Sec. F [37]. SQ dephasing
spectra Sepm,(f) and DQ relaxation spectra S, (f), in units
of coupling power Hz? /Hz, were generated from measure-
ments like those presented in Figs. 2 and 3, respectively.
The two spectral densities each have distinct noise origins
(Table I), and hence “coupling power” has different mean-
ings for dephasing and relaxation. Therefore, to directly
compare Sepme (f) and S, (f) we scale each from a coupling
rate to a shared effective transverse electric field noise
power spectrum:
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FIG. 4. Measured noise spectra in terms of coupling power
(Hz?/Hz) and transverse electric field power (V> m™/Hz) for
shallow NVs Al (a),(b) and A8 (c),(d) using dephasing spec-
troscopy (left plots) and DQ relaxation spectroscopy (right plots).
Each NV data set is jointly fit to a noise model (green solid line)
of three parts: 1/f*-like electric fields (blue dashed-dotted line),
magnetic fields (red dashed line), and a minimum relaxation rate
7« due to bulk effects (horizontal dashed line).

cpme o~ Sepme(f) | v e S(f)
SE, g<f>—2%, SEL(f)—di/hz. (7)

Equation (7) enables us to jointly model the dephasing and
relaxation spectra (see Supplemental Material, Sec. F.3
[37]), and the results are shown in Fig. 4, where the left axis
of each plot is coupling power and the right axis is
transverse electric noise power. To fit the S7"*(f) and
S7El (f) data we assume a stationary Gauss-Markov process
for electric and magnetic field sources [74]. A double-
Lorentzian is the sum of two such processes with different
total noise power and frequency cutoffs. The fit results
show that the electric Lorentzian (blue dash-dot line) has a
lower cutoff frequency than the magnetic noise (red dashed
line): for NVA1 7, ~ 1 us and 7,, % 100 ns. For NVAS,
7,, =& 400 ns and its electric noise curve actually fits best as
1/f* with @ = 1.5. This a < 2 frequency dependence can
be constructed from a sum of many discrete Lorentzians
with a range of correlation times, as postulated for noise
from charge traps [75] or fluctuating electric dipoles [16].

Our spectroscopy results help tie together prior work
[11-14] on decoherence of near-surface NVs, which
primarily focused on magnetic noise. Kim et al. [14] gave
evidence for shallow-NV dephasing via 1/f-like E;
electric field noise by showing that (i) dephasing noise
is reduced when a high-dielectric-constant liquid is placed
on the diamond surface, and (ii) coherences of SQ and DQ
qubits exhibit a ratio that cannot be explained by purely
magnetic noise. Our addition of DQ relaxometry to the
surface-noise-spectroscopy toolbox enables us to differ-
entiate magnetic and electric noise sources, and, impor-
tantly, our two-bath model identifies the lower-frequency
noise component to be electric, in contrast to previous
experiments [12,13]. Together with previous depth-
resolved work that identified a 1/d>%*) dependence of
Sepme (f) [12,13], we suggest that electric field noise from
fluctuating electric dipole moments, such as modeled on
metal electrodes in ion traps [16,17], could explain the
observed results. Furthermore, we note that the magnitudes
of our observed Sg (f) are quantitatively consistent with
those reported in experiments on ion-trap heating rates (see
Ref. [76] and the Supplemental Material, Sec. G.1 [37]).
Looking forward, the DQ relaxation technique can be
readily combined with single-NV scanning probe
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microscopy [59,77,78] to investigate the microscopic
origins of noise from various surfaces.

In conclusion, we have highlighted the importance of
considering the coupling between all three levels of the NV
ground state for understanding NV decoherence, especially
for near-surface N'Vs. We find the double-quantum (DQ) spin
relaxation rate y to be a major, and even dominant, con-
tributor to the limit of qubit coherence time 7,. We have also
used shallow NVs to perform combined dephasing and DQ
relaxation spectroscopies of diamond surfaces and further-
more demonstrated a method to distinguish electric and
magnetic field noise. To gain more insight into diamond-
surface-related electric field noise, several experiments could
be revisited with y measured in tandem with T,. Since y
should be even larger for ultrashallow NVs at depths of
2-5 nm [2,3,79], one could sensitively probe the effects of,
for example, annealing and thermal oxidation [15,80],
plasma etching [81,82], surface termination [83—85], chemi-
cal treatments [79], temperature [ 11,63], photoinduced space
charge [86], and variations in the work function [87]. The DQ
relaxometry technique we have presented will also be a
useful asset for understanding the coupling of general spin
S > 1/2 solid-state defects to interfaces in hybrid systems.
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