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Dynamical decoupling of a single-electron spin at room temperature
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Here we report the increase of the coherence time T, of a single-electron spin at room temperature by using
dynamical decoupling. We show that the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence can prolong the
T, of a single nitrogen-vacancy center in diamond up to 2.44 ms compared to the Hahn echo measurement
where T, = 400 us. Moreover, by performing spin-locking experiments we demonstrate that with CPMG the
maximum possible 7 is reached. On the other hand, we do not observe a strong increase of the coherence time
in nanodiamonds, possibly due to the short spin-lattice relaxation time 77 = 100 us (compared to 7', = 5.93 ms
in bulk). An application for detecting low magnetic fields is demonstrated, where we show that the sensitivity

using the CPMG method is improved by about a factor of 2 compared to the Hahn echo method.
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The negatively charged nitrogen-vacancy (NV™) centers
in diamond (later denoted as NV) are one of the most
promising quantum bits (qubits) for a scalable solid-state
quantum computer. Single NVs can be addressed optically
even at room temperature,’-> and the first quantum registers
containing several qubits have been demonstrated.>> One of
the main advantages of the NV centers is their long coherence
time 7', at room temperature, reaching almost 2 ms in ultrapure
isotopically enriched 'C diamond,® permitting the detection

of weak magnetic fields’® reaching a sensitivity of 4;—;7.6

Recently, a wide field approach has been demonstrated to have

sensitivity of 20\'}—%, where an ensemble of NVs are used as
z

sensors.’”

It is of crucial importance to develop new methods for
increasing the coherence time of NV in an environment that
is not ultrapure. We will consider the terms decoherence and
dephasing interchanegable, although this is not strictly correct
(see, for example, Ref. 10). In this Rapid Communication
we demonstrate that 7> of an NV center in a bulk diamond
can be increased by a factor of 6 using the Carr-Purcell-
Meiboom-Gill (CPMG) pulse sequence. The CPMG sequence
is widely used in the NMR community'"!? and was recently
rediscovered in the context of quantum computing theory'?
and experiment,'*!> and has been proposed as a method for
increasing the sensitivity of NV-based magnetometers.'®!?
Although common in the field of NMR, this sequence has
not found wide application in electron spin resonance (ESR),
as relatively few reports are known (e.g., Refs. 18 and 19).

The NV center consists of a substitutional nitrogen atom
and a neighboring carbon vacancy [Fig. 1(a)]. The system has a
triplet ground state, as described by the following Hamiltonian
h=1):

H = [0, + 0.(D]S. + D[S + 1SS+ D] + Hup. (1)

where w; = g.upBo is the Larmor frequency, w.(t) =
getp B.(t) represents the magnetic field fluctuations in the
environment which cause decoherence, g, is the g factor of
the § = 1 NV electron spin, up is the Bohr magneton, By
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PACS number(s): 76.30.Mi, 61.72.jn, 76.60.Lz, 76.70.Hb

is the applied constant magnetic field, D = 2.88 GHz is the
zero-field splitting, and Hyp is the hyperfine interaction to
the nitrogen nucleus, which may be ignored in the present
context. A small magnetic field By =~ 15 G is aligned along the
NV quantization axis (defined by the D,z axis in the rotating
frame) in order to split the m; = %1 levels. Aligning the field
is important since 7, depends on the orientation of By, where
the maximum is reached for By parallel to the NV axis.?*?!

The magnetic field at the NV center can be written as B(t) =
By + B.(t), where its mean value and its standard deviation
are (B) = By and B'(t) = ¥ (B?) — BZ, respectively. If the
fluctuation rate of B.(¢) is f. = 1/t., it has been recently
shown?? that in the case of a slow fluctuation limit and for
all 7 [1/t.g.upB’(t) > 1], B(t) can be expanded as a Taylor
series:

N
1d*B
BO=2 tar
k=0

N
t—t)'=) at =10, ()
fo k=0

where each a; represents a different dephasing channel.

We consider the Hahn echo pulse sequence depicted in
Fig. 2(b) and its effect on Eq. (2). A laser pulse with wavelength
A =532 nm and 2 pus duration is used to polarize the NV
into the m; = O state [Fig. 2(a)] and read out the population
difference between m, = 0 and m, = 1 states [Fig. 1(b)].'
A microwave (MW) 5r/2 pulse resonant with the my =0 —
mg = +1 transition is applied along the y axis in the rotating
frame. The NV is transformed into the superposition state
)y =1/ V2(10) + 1)) or equivalently, the effect of the MW
pulse is to transfer the equilibrium spin magnetization M from
z to the x axis in the rotating frame. Inhomogeneities [a¢ in
Eq. (2)] and quasistatic fluctuations B(¢) due to the '3C
spin bath in the surroundings of NV cause the decay of |i/)
with decay function (for long t) e™/*>, a process known as
free induction decay (FID). The evolution of the system is
described by the Hamiltonian H.yo = w(?)S; and the evolution
operator Ueyo = e~ [ Hoardt  The application of a 7 pulse at
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FIG. 1. (Color online) (a) Schematic view of the NV center in
diamond. (b) Energy-level scheme of NV. A green laser excites the
NV to 3E, from which it can fall back to 3A or undergo intersystem
crossing to a metastable state ! A. From there it decays to the m, = 0
ground state, thus polarizing the electron spin.

time t inverts the sign of H, resulting in a “refocusing”
of the spin coherence at time 2t. Strictly speaking, the
contribution of gy in the dephasing is completely removed,
whereas the contribution from high-order terms is suppressed
via!7:22

a; = (1 —275ay. (3)

The final /2 pulse is used to transfer the coherence into
the population difference, which is read out optically. With
longer 7, the effects on the phase coherence of low-frequency
fluctuations in the environment become more pronounced.
Such effects can be mitigated significantly with the application
of a CPMG pulse sequence'? [Fig. 2(c)] in which a series of
m pulses are applied at times (2n + 1)r for n = 0,1, ... ,N,
yielding multiple echoes at times (2n + 2)7. The lower index
in the rotation angle of the MW pulse represents the phase of
the MW, where 0° implies the alignment of the MW magnetic
fields B, || y and 90° B, || x. Shifting the phase of the & pulse
train by 90° is important for suppressing errors in the pulse
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FIG. 2. (Color online) Pulse sequences used in the experiments.
The curved lines represent the applied ac magnetic field. (a) Optical
polarization and readout of the NV electron spin, (b) Hahn echo,
(c) CPMG, and (d) spin locking (see text for more details).
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length.!?> Experimentally we realized this by splitting the MW
using a 90° hybrid (minicircuits zx10Q-2-34-5+4) into two
channels. A MW switch (minicircuits ZASWA-2-SODR) for
each channel was used for creating the MW pulses.

The quantum phase accumulated by the NV spin A¢ is
proportional to the time integral of the magnetic field B(¢) from
Eq. (2). If m pulses are applied at the instants #;,, . . . ,fy, the
effect of the pulse sequence on the phase shift will be

A¢:ge;jg (/Ol_/2++(—l)m/ )B([)dt

The effect of an arbitrary sequence of pulses on the jth term
in the Taylor expansion is then

(fo =2 =0 [D ) dr
o t/ dt '

ajr—>aj

For a CPMG sequence, the time of application of the jth pulse
in an n pulse sequence is t; = %, where j € {1,2,...,n}.
For 1 pulse (Hahn echo), the effect on the kth Taylor term is
given in Eq. (3), and in general, for 2, 3, and n pulses, we have

1 k+1 k+1
2akr—> akm[z—Z(?’) +4 ],

1 k+1 k+1 k+1
3ok a2 = 23) T + 25 - 61,

1 n
nag — akW[2+ (=@t

n—1

+2) (=1/@2j + DL

j=1

If ax < 1/t (z being the interpulse distance), the influence
of a; on the coherence is eliminated. In the limit of 7 — 0O
we arrive at the spin-locking regime [Fig. 2(d)] where the
system does not evolve freely, but it is constantly driven by
the MW field. In this case the spin magnetization is “locked”
to the x axis in the rotating frame and it decays with time
constant 77, determined by the noise spectral density J(wy),
where w; = gupBi/h is the Rabi frequency with B; the
MW magnetic field. For very high MW power w; ~ o, Ti,
approaches the spin-lattice relaxation time 7 proportional
to J(wg). Since the decoherence channels do not influence
the transverse magnetization anymore (the system does not
evolve freely), T, can be considered as the upper limit for 7,
measured by any multiple pulse (decoupling) sequence, if the
same MW power is used.

The data from the decoupling experiments are plotted in
Fig. 3. The diamond sample used for these measurements
has been chemical vapor deposition (CVD) grown (element
6) with natural '>C abundance (about 1%) and low nitrogen
impurity concentration (below 1 ppb). According to theoretical
calculations the Hahn echo decays as ¢~@%/72° 23 which
was fitted to the data. From the fit we obtain 7, = 400 us,
which is in very good agreement with the value predicted
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FIG. 3. (Color online) Hahn echo decay (inset, 7, =

04+0.16 ms), CPMG (circles, TS™C =24440.44 ms),
spin locking (triangles, T), =2.47 +0.27 ms), and spin-lattice
relaxation (squares, 77 = 5.93 £ 0.7 ms). The solid curves are fits
to the data (see text).

from the theory T,"* =400 sus for decoherence caused
by fluctuations in the '3C (I = 1/2, 1% concentration) spin
bath.!” This electron-nuclear coupling results in the electron
spin envelope modulation (ESEEM) at the Larmor frequency
wc of 3C shown in Fig. 3, as described in detail by Van
Oort et al. and Childress et al.”> For the CPMG measurement
T was set to be at the maximum of the Hahn echo revivals,
thus providing a maximum signal.'® If T < 27 /wc, we also
observed oscillations in the echo train (data not shown). For the
CPMG experiment the theory predicts exponential decay with
anincrease of the decay constantas Ty "MS = (2n)**T,, where
n is the number of pulses.>* We observe that TXPMS = 2.44 ms,
which is about six times longer than 7,, whereas a factor
of 32 (n =90) is expected from the theoretical formula.
Spin-locking decay measurements reveal 77, = 2.47 ms, a
value close to the spin-lattice relaxation time 77 = 5.93 ms
in this sample. Thus we have TchMG = Ty, ~ T, meaning
that we are able to suppress the decoherence channels almost
to the limit imposed by the relaxation processes 7. Identical
experiments were performed with nanodiamonds [ND, syn-
thetic “metal bond”-type diamond powders (SYP) from Van
Moppes, average diameter 30 nm], where the CPMG technique
improves the 7, only by a factor of 2—from 2.1 pus to 4.8 us.
From spin-locking measurements we extract Tj, = 13 us,
suggesting that there is a strong source of decoherence and
relaxation in ND, which also limits 7} to 100 ws. This result
could be explained by the dense electron-spin bath surrounding
the NV in ND.*

For the magnetometry experiments a gold microstructure
was directly deposited on the diamond to provide MW and ac
magnetic fields. The latter was created by an arbitrary wave
form generator (Tektronix AWG 2041). The superposition
state |) during its free evolution accumulates a relative phase
A® which is used for the detection of small magnetic fields.'®
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The sensitivity is proportional to /7 and the collected phase
is given by

T T
ACD:/ Awdt = ge“‘*/ B(1)d1, 4)
0 hoJo

where Aw is the shift of the Larmor frequency. The = pulse
in the Hahn echo changes the sign of the collected phase and
A Pyann 18 then

T 2t
APy, = ge;B/ B(t) dit — ghﬂf B(ydi.  (5)
0 T

This measurement scheme can be used to detect an ac magnetic
field with frequency (%) and synchronized phase.” For sensing
with the CPMG pulse sequence, the frequency has to be set to
% (see Fig. 2). In this case A®cpyg for n m pulses is

ADcpmc

gelk ‘
- hB(/O B(t) dt Z

n=1,3,5,..

2n+Drt 2n+2)t
- > / B(t)dt + (—1)"[ B(t)dz),)

n=2.4.6,." 2n—Drt 2n+1)t

@2n+Dt
B(r)dt
) (2n—1)t

The detected signal is then proportional to cos(A®). The
lowest detectable magnetic field § B, is determined by
the change of the measured signal and its error, where
the steepest change in the signal is considered to maxi-
mize sensitivity. The error is given by the shot-noise lim-
itation of the collected photons. § Bnin can be calculated
by

lof
(SBmin = 8_;’,[’ (6)
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FIG. 4. (Color online) The graph represents 8 By, as a function of
the total measurement time per data point for Hahn echo and CPMG
based magnetometry. The blue line denotes fits with the shot-noise
limit § By, = % The inset shows the oscillations in the fluorescence
intensity due to the applied ac magnetic field.
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where oy, is the uncertainty in the measured data point
(determined by the standard deviation) and § S is the maximum
slope of the signal change [§S = % with AB being the
increase of the applied magnetic field and AS the change of
the fluorescence (Fig. 4, inset)]. The dependence of § By, on
oy, 18 depicted in Fig. 4, where T = 115 us was chosen for the
Hahn echo based method. For the CPMG detection scheme
n =10 and v = 27 us was used. Increasing the number of
pulses above ten did not improve the sensitivity, most likely
due to noise in the applied ac magnetic field. Nevertheless,
the application of the CPMG technique significantly reduces
8 Bmin, as can be seen in Fig. 4. The lowest value we measured
is 8 Bmin = 0.4 nT, which corresponds to the magnetic field
created by a proton at a distance about 5 nm away from the
NV.1° The fit of the shot-noise limit 8 By, = % reveals a

sensitivity k of kypany = 19.4 + 0.4 J—HL and kcpmg = 11.0 £
0.2

nT
VHz'

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 83, 081201(R) (2011)

We have demonstrated the possibility of extending the
coherence times of a single NV center in diamond via the
application of a CPMG pulse sequence. Using this, we have
managed to demonstrate improved ac magnetic field sensitivity
compared to the Hahn echo method. These results pave the
way toward the detection of single-electron spins at ambient
conditions, which has wide applications in the life sciences
and nanotechnology. Results closely related to this work have
been recently reported by de Lange et al.?’?® (where the
main dephasing source is the nitrogen electron spin bath) and
Ryan et al.?®
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