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We demonstrate an absolute magnetometer based on quantum beats in the ground state of nitrogen-

vacancy centers in diamond. We show that, by eliminating the dependence of spin evolution on the zero-

field splitting D, the magnetometer is immune to temperature fluctuation and strain inhomogeneity. We

apply this technique to measure low-frequency magnetic field noise by using a single nitrogen-vacancy

center located within 500 nm of the surface of an isotopically pure (99.99% 12C) diamond. The photon-

shot-noise limited sensitivity achieves 38 nT=
ffiffiffiffiffiffi
Hz

p
for 4.45 s acquisition time, a factor of

ffiffiffi
2

p
better than

the implementation which uses only two spin levels. For long acquisition times (> 10 s), we realize up to

a factor of 15 improvement in magnetic sensitivity, which demonstrates the robustness of our technique

against thermal drifts. Applying our technique to nitrogen-vacancy center ensembles, we eliminate

dephasing from longitudinal strain inhomogeneity, resulting in a factor of 2.3 improvement in sensitivity.

DOI: 10.1103/PhysRevLett.110.130802 PACS numbers: 07.55.Jg, 76.30.Mi

Negatively charged nitrogen-vacancy (NV) centers in
diamond have become an attractive candidate for solid-
state magnetometry with high sensitivity and nanoscale
resolution [1–4], due to their long coherence time [5] and
near-atomic size. The principle of NV-based magnetome-
try is detection of the Zeeman shift of the ground-state spin
levels. Usually, two spin levels are utilized, and the pres-
ence of a magnetic field induces a phase shift in the spin
coherence which can be detected optically [6]. This
scheme works well for ac (kilohertz-megahertz) magneto-
metry [5] and relatively low-sensitivity dc field measure-
ments [2,4,7–10]. Sensors based on this technique are
being developed for applications ranging from neuro-
science [10,11], cellular biology [4,12], superconductivity
[13], and nanoscale magnetic resonance imaging [14].

Recently, it was discovered that the zero-field splitting
of the NV center ground state is temperature [15] and strain
dependent [16]. Consequently, a magnetometer using two
spin levels is subject to temperature fluctuation and strain
inhomogeneity (if using an NV ensemble). This limits the
magnetometer sensitivity [15,17] (for example, tempera-
ture fluctuations of 0:01 �C lead to fluctuations in the
magnetometer reading of �30 nT) and also has implica-
tions for quantum information processing [18].

In this Letter, we overcome these issues by exploiting
the full spin-1 nature of the NV center [1,19–23] to observe
quantum beats [24,25] in the ground state with a beat
frequency given only by the external magnetic field and
fundamental constants. We experimentally examined the
properties of the quantum-beats scheme, based on the
theoretical proposal of Ref. [1], and achieved dramatic

improvement of the low-frequency sensitivity. We use a
single tone microwave field, which transfers all the popu-
lation into a ‘‘bright’’ superposition of thems ¼ �1 levels.
This technique enables measurement of weak magnetic
fields at the nanometer scale over a broad range of
frequencies.
Quantum beating is a phenomenon of the time evolution

of a coherent superposition of nondegenerate energy eigen-
states at a frequency determined by their energy splitting. It
has wide applications in atomic spectroscopy [26,27] and
vapor-cell magnetometry [28]. The phenomenon is closely
related to coherent population trapping, which has been
demonstrated in many different systems including quan-
tum dots [29,30], superconducting phase qubits [31], and
NV centers [19,32].
Our quantum-beats magnetometer utilizes a linearly

polarized microwave field with frequency f and transverse
amplitude BMW (perpendicular to the NV axis) interacting
with the S ¼ 1 NV ground state [Fig. 1(a)]. The
Hamiltonian describing this interaction is

H=h ¼ �þj1ih1j þ ��j � 1ih�1j ��R0 cosð2�ftÞðj1ih0j
þ j0ih1j þ j � 1ih0j þ j0ih�1jÞ; (1)

where �R0 ¼ ge�BBMW=
ffiffiffi
2

p
is the undressed Rabi fre-

quency, �B ¼ 13:996 GHz=T is the Bohr magneton, ge ¼
2:003 is the NV electron g factor, h is Planck’s constant,
and �� is the transition frequency between j0i and j � 1i.
Here jmsi denotes the ground state with spin projection
Sz ¼ ms. From Eq. (1), we see that the microwave field
drives transitions only between j0i and a certain
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superposition of j � 1i, called the bright state, jBi ¼
ðj1i þ j � 1iÞ= ffiffiffi

2
p

. The orthogonal superposition jDi ¼
ðj1i � j � 1iÞ= ffiffiffi

2
p

does not interact with the microwave
field and is therefore called the dark state. If �R0 � jf�
��j, then Eq. (1) describes the Rabi oscillation between j0i
and jBi, and the precession between jBi and jDi due to the
difference of �� can be ignored (see Supplemental
Material [33]).

Our proposed magnetometer works in the weak field and
weak transverse strain regime when the transition frequen-
cies are [16]

�� � Dþ dk�z � ðge�BBz þ AjjmIÞ; (2)

where D � 2:87 GHz is the ground-state zero-field split-

ting, dk is the axial ground-state electric dipole moment, �z
is the axial electric field (crystal strain), Ajj ¼ �2:16 MHz
[34] is the parallel hyperfine coefficient, and mI is the spin
projection of the 14N nucleus (I ¼ 1). This corresponds to

the limit j ~Bj � D=ge�B � 0:1 T, jge�BBz þ AkmIj �
ðge�BB? þ A?mIÞ2=D, and jge�BBzþAkmIj�jd?�?j,
where d? and �? are the nonaxial ground-state electric
dipole moment and electric field, respectively, and A? ¼
�2:7 MHz [35] is the perpendicular hyperfine coefficient.
Note that the last condition does not set a minimum de-
tectable magnetic field, since for usual diamond samples
d?�? is in the kilohertz range, and therefore the condition
is always satisfied for at least two nuclear sublevels.

The experimental scheme, based on Ramsey interferom-
etry, is schematically shown in Fig. 1(b). A green laser
pulse initializes the NV electronic spin into j0i. A single-
tone � pulse of sufficient spectral width is then applied to
transfer the spin into jBi. After a free evolution time �, the
state becomes

jc ðtÞi ¼ ðe2�i�þ�j1i þ e2�i���j � 1iÞ= ffiffiffi
2

p

¼ e�ið�þþ��Þ�fcos½�ð�þ � ��Þ��jBi
þ i sin½�ð�þ � ��Þ��jDig: (3)

We see from Eq. (3) a population evolution between jBi
and jDiwith a beating frequency �þ � ��. Then, a second
� pulse which is phase coherent with the first � pulse
projects the population in jBi back to j0i, while the popu-
lation in jDi is trapped. A final green laser pulse induces
the normalized, ensemble-averaged fluorescence signal
Pð�Þ / f1þ Fð�Þ cos½4�ðge�BBz þ AkmIÞ��g=2, where,

for Gaussian decay, Fð�Þ / e�ð�=T	
2
Þ2 with T	

2 the dephasing
time. By monitoring Pð�Þ for fixed � � ð2nþ 1Þ=
½8ðge�BBz þ AkmIÞ�, where n is an integer [maximizing

the slope of Pð�Þ], we can measure changes in Bz. Since
Pð�Þ depends only on fundamental constants and Bz, the
quantum-beats magnetometer is immune to temperature
fluctuation and strain inhomogeneity. In principle, the
magnetometer is absolute, without the need for frequent
calibration; systematic errors, such as those due to trans-
verse strain or magnetic fields (see Supplemental Material
[33]), can be predicted from independently verified experi-
mental conditions and are at the few-nT level. The offsets
and drift are within an order of magnitude of those typi-
cally observed in vapor cell magnetometers [28,36,37].
In comparison, previous magnetometry demonstrations

[2–5] used a large bias magnetic field such that coherence
between j0i and only one of j � 1i was selectively
addressed. Broadband magnetometry was realized by
using Ramsey interferometry, which begins with a green
laser pulse used to initialize the spin into j0i, followed
by a microwave �=2 pulse which creates the state

ðj0i þ j1iÞ= ffiffiffi
2

p
. After a free evolution of time �, a second

�=2 pulse is applied to project the state to j0i, which is then
read out optically. The resulting fluorescence signal is
Pð�Þ / ½1þ Fð�Þ cosð2���Þ�=2, where � ¼ j�þ � fj.
Since � depends on both D and �z [Eq. (2)], the measure-
ment suffers from the temperature dependence of D [15]
and inhomogeneity in �z if using an NV ensemble.
Our experiments demonstrate that overcoming these

constraints is critical for high-sensitivity measurement of
low-frequency magnetic fields. We used an isotopically
purified 12C sample (½12C� ¼ 99:99%) [38] to study the
temperature sensitivity of our quantum-beats magnetome-
ter. The sample has a 500-nm-thick isotopically pure layer
with ½NV� � 1011 cm�3 grown on top of a naturally abun-
dant substrate with negligible NV density. Isotopically
purified diamond samples are particularly appealing for
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FIG. 1 (color online). (a) A single-tone microwave pulse in-
teracts with all NV center ground-state sublevels. (b) Ramsey-
type magnetometry using quantum beats between jBi and jDi.
(c) Ramsey fringes using the protocol in (b). The fitted decay
envelope yields T	

2 ¼ 30ð1Þ �s. Inset: Absolute value of the

Fourier transform of the Ramsey fringes. The three peaks
correspond to the three hyperfine resonances between ms ¼
�1 levels.
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quantum information and sensing applications due to the
long spin dephasing times afforded by the nearly spinless
carbon lattice [5,18,38–41]. A homebuilt confocal micro-
scope was used in the experiment. Light from a 532 nm
laser (� 1:2 mW) illuminated the sample through an oil-
immersion objective with 1.3 numerical aperture, and the
fluorescence was collected, spectrally filtered, and detected
with an avalanche photodiode. Pump and probe durations
were 2 and 0:3 �s, respectively. A 25 �m diameter copper
wire was attached to the surface of the sample to provide
square microwave field pulses with a Rabi frequency
�20 MHz.

We performed Ramsey interferometry on NV centers by
using both the typical two-level scheme (f0; 1g basis) and
quantum-beats detection scheme (f1;�1g basis). A small
bias field (< 200 �T) was applied. The spin coherence
time T	

2 varies among NV centers in this sample, and we

chose one with relatively long T	
2 . The measured T	

2 for

f0; 1g basis and f1;�1g basis is 62(2) and 30ð1Þ �s, respec-
tively [Fig. 1(c)]. From the three hyperfine resonances we
find Bz ¼ 74:517ð18Þ �T and Ak ¼ �2:177ð3Þ MHz.

Using a thermoelectric element, we varied the tempera-
ture of the diamond sample and performed Pð�Þ measure-
ments using both the f0; 1g and f1;�1g bases. The results
are plotted in Fig. 2(a). We see a clear temperature depen-
dence in the shape of Ramsey fringes for the f0; 1g basis
which is not present in the f1;�1g basis. We fit the data
with a model containing three hyperfine levels Pð�Þ ¼P

3
i¼1 Ai cosð2��i�þ�iÞ þ b, where Ai, �i, and �i are

the amplitude, frequency, and phase of the three hyperfine
oscillations, respectively, and b is a constant. We used a
global fit in which �i ¼ �i;T0

þ ��ðTÞ, and Ai, �i;T0
, �i,

and b are fixed for all the temperatures to fit for ��ðTÞ
[Fig. 2(b)]. For the f0; 1g basis, assuming��ðTÞ ¼ �DðTÞ,
we find dD=dT ¼ �78ð4Þ kHz=�C, which is consistent
with the previous report [15]. Finally, we fixed the delay
time of the Ramsey interferometer and measured the fluo-
rescence level as the temperature was varied. As shown in
Fig. 2(c), the fluorescence level in the f0; 1g basis changed
significantly and can be well fitted with the parameters
obtained from fitting the temperature dependence of the
Ramsey curves. In comparison, the change of fluorescence
level in the f1;�1g basis is about a factor of 7 smaller [42].

Another advantage of working in the f1;�1g basis is
the improvement of the magnetometry sensitivity by a

factor of
ffiffiffi
2

p
. Consider the minimum detectable field bmin

of a Ramsey-type magnetometer limited by quantum-
projection fluctuations. It is determined by bmin ¼
�N=ð�msge�Bj@N=@�jÞ, where N ¼ cosð2���Þ is the
probability distribution difference in the two levels, � is
the spin-precession frequency in the rotating frame, �N is
the projection noise, and �ms is the magnetic quantum
number difference of the two levels. In both schemes we
measure only the probability distribution in two levels, so
we can represent the two-level system as a spin- 12 system.

Then the single-shot projection noise is �N ¼ h��zi ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hc j�2

z jc i � hc j�zjc i2
q

, where �z is the Pauli matrix

and c is the final state. As hc j�zjc i is simply the signal
N, we have �N ¼ j sinð2���Þj. Inserting this expres

N
or

m
al

iz
ed

 f
lu

or
es

ce
nc

e

T
(

C
)

21.1

21.5

0.95

1.10

0.80

30 60 90 120
Time (min)

20.7

21.1

21.5

0.95

1.10

0.80

20.7

18 19 20

1.0

1.2

N
or

m
al

iz
ed

 f
lu

or
es

ce
nc

e 21.32 o C

1.0

1.2

0.8

21.74 o C

{0,1} basis {1,-1} basis

18 19 20

0.9

1.0

1.1

N
or

m
al

iz
ed

 f
lu

or
es

ce
nc

e 21.35 o C

0.9

1.0
 o

0.8

(µs) (µs)

(a)

∆ν
 (

kH
z)

T ( C)

(b)

21.4 21.6 21.8 22

−30

−20

−10

0

{0,1} basis
{1,-1} basis

dD

dT
= 78(4) kHz / C

0.8

(c)
{0,1} basis

{1,-1} basis

FIG. 2 (color online). (a) Ramsey fringe of the f0; 1g basis (left
panel) and f1;�1g basis (right panel) for different temperatures.
(b) Zero-field splitting D dependence on temperature as mea-
sured in the f0; 1g basis (red). The f1;�1g basis is immune to
changing D (blue). (c) Fluorescence level dependence on tem-
perature for fixed delay time, 18:475 �s for the f0; 1g basis
(upper panel) and 19:720 �s for the f1;�1g basis (lower panel)
[indicated by the arrows on the � axis in (a)]. Red curves are
measured data. Dashed lines indicate the temperature change.
Solid lines are the calculated fluorescence level for the f0; 1g
basis.
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sion into the definition of bmin, we find bminð�Þ ¼
1=2��msge�BCð�Þ�, where Cð�Þ ¼ e�ð�=T	

2 Þ2 is the con-
trast decay due to Gaussian noise. For multiple measure-

ments, bmin can be improved by a factor of
ffiffiffiffiffiffiffiffiffi
T=�

p
, where T

is the total measurement time. The quantum-projection-
noise limited sensitivity for our magnetometer is thus
defined as

	minð�Þ 
 bmin

ffiffiffiffi
T

p ¼ 1

2��msge�Be
�ð�=T	

2 Þ2 ffiffiffi
�

p : (4)

The best sensitivity is achieved at � ¼ T	
2=2. Although T	

2

in the f1;�1g basis is half of that in f0; 1g basis, �ms is

twice as big, so 	min is improved by a factor of
ffiffiffi
2

p
in the

f1;�1g basis (see Supplemental Material [33]).
In our experiment, due to finite photon collection effi-

ciency and imperfect spin-state readout, we can measure
only the photon-shot-noise limited sensitivity (see

Supplemental Material [33]). However, the
ffiffiffi
2

p
improve-

ment of sensitivity in the f1;�1g basis still persists, since
the contrast of Pð�Þ curves and photon collection efficiency
are the same for the two bases. For T ¼ 5 s, the optimal
measured sensitivity for the f1;�1g basis and f0; 1g basis is
38(3) and 53ð4Þ nT= ffiffiffiffiffiffi

Hz
p

, respectively. The ratio of the two
sensitivities is 1.39(15), which is consistent with the

theoretical value of
ffiffiffi
2

p
. In comparison, the quantum-

projection-noise limited sensitivity calculated by using

Eq. (4) is 0.79 and 1:12 nT=
ffiffiffiffiffiffi
Hz

p
, respectively (we used

the conversion
ffiffi
s

p $ ffiffiffi
2

p
=

ffiffiffiffiffiffi
Hz

p
).

We used both schemes to measure the real noise in the
laboratory. Using � ¼ 14:5 �s (29 �s) for the f1;�1g
(f0; 1g) basis, we repeated the fluorescence measurement
in 1-s intervals for 50 min, now without any active tem-
perature control. As seen from Fig. 3(a), for frequencies
near 1 Hz, the noise floor measured by the f1;�1g and
f0; 1g bases is 50(1) and 61ð2Þ nT= ffiffiffiffiffiffi

Hz
p

, respectively. If we
ignore dead time from state preparation and readout, the

sensitivity is 43(1) and 56ð2Þ nT= ffiffiffiffiffiffi
Hz

p
, respectively, con-

sistent with the photon-shot-noise limit. For lower frequen-
cies, the f0; 1g basis suffers more noise which is
presumably due to laboratory temperature fluctuations.

To further elucidate this effect, we analyzed the two-
sample Allan deviation [43] of the fluorescence data, as
shown in Fig. 3(b). The Allan deviation in the f0; 1g basis at
long gate time (Tgate) levels off and even begins to increase

at Tgate � 100 s, indicating that averaging the signal for a

longer period of time no longer improves estimation of a
static magnetic field. In contrast, the Allan deviation con-
tinues to decrease for the f1;�1g basis up to Tgate �
1000 s, indicating that this technique is suitable for dis-
tinguishing nT-scale static fields by using long integration
times. This stability of Allan deviation means that our
magnetometer does not require recalibration when the
environment condition changes.
Finally, we studied the effect of strain inhomogeneity on

a magnetometer employing an ensemble of NV centers.
We expect that, from Eq. (2), Pð�Þ measurement in the
f1;�1g basis is insensitive to strain inhomogeneity; how-
ever, there will be inhomogeneous broadening, and con-
sequently reduction of T	

2 , in the f0; 1g basis due to

variations in �z for each NV center in the ensemble. We
used a sample with ½12C� ¼ 99:9%, which was implanted
with 1010=cm2 14Nþ at an energy of 20 keVand annealed at
875 �C for 2 h, resulting in an NV density of�5=�m2. The
laser spot was defocused to illuminate a �2:5 �m diame-
ter region, and the optical power was increased to 30 mW
to maintain constant intensity. A bias field Bz � 28 �T
was applied along the [100] direction, such that NVs with
different orientation experience the same jBzj. For the
f1;�1g basis, we used microwave pulses with enough
spectral width to cover all three hyperfine levels. For the
f0; 1g basis, we detuned the microwave frequency and
reduced the power to selectively address the mI ¼ �1
level. The peak corresponding to the mI ¼ �1 level of
the Fourier transform of Pð�Þ is shown in Fig. 4 for both
cases. Gaussian fits revealed a full width at half maximum
� ¼ 0:09ð1Þ and 0.12(2) MHz for the f1;�1g and f0; 1g
bases, respectively. This indicates a factor of �2:7ð7Þ
increase in spin linewidth due to inhomogeneous broad-
ening in the f0; 1g basis, since for a single NV � would be
half of that of the f1;�1g basis. Accordingly, we estimate
that the longitudinal strain inhomogeneity in the detected

10−3 10−2 10−1 100
101

102

103

104

10−4

N
oi

se
(n

T
/

H
z

)

Frequency (Hz)

{0,1} basis
{1,-1} basis

A
lla

n 
de

vi
at

io
n

(n
T

)

Gate time (s)

61
50

(a) 102

101

100

100 101 102 103

(b)

{0,1} basis
{1,-1} basis

FIG. 3 (color online). (a) Measured noise spectrum using the
f0; 1g and f1;�1g bases. Dashed lines are the noise floor near
1 Hz. (b) Allan deviation of the noise.

5.4 6 6.6 0.4 1.0 1.6

       
Γ = 0.09(2) Γ = 0.12(2)

Frequency (MHz)

A
m

pl
itu

de
 (

a.
u.

)

{0,1} basis{1,-1} basis

0

0.1

0.2

0

0.5

1.0

FIG. 4 (color online). Fourier transform of Pð�Þ in both bases
for an ensemble of NV centers. Each peak corresponds to the
mI ¼ �1 level. Black curves are Gaussian fits.

PRL 110, 130802 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

29 MARCH 2013

130802-4



region is �100 kHz. The result indicates a factor of 2.3(3)
improvement of sensitivity for the quantum-beats magne-
tometer according to Eq. (4). Our result also sheds light on
other NV-ensemble applications such as quantum memo-
ries [44,45] and frequency references [46].

In summary, we have demonstrated a broadband mag-
netometer insensitive to temperature fluctuation and strain
inhomogeneity based on quantum beats in NV centers in
diamond. Although slow temperature drifts are eliminated
in ac magnetometry by using two levels, our scheme
should eliminate errors due to dynamic temperature
changes from laser and microwave pulses [18]. Also, the
new method uses a similar pulse sequence and does not
increase the complexity of the magnetometer.
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