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Quantum metrology' uses tools from quantum information science to
improve measurement signal-to-noise ratios. The challenge is to
increase sensitivity while reducing susceptibility to noise, tasks that
are often in conflict. Lock-in measurement is a detection scheme
designed to overcome this difficulty by spectrally separating signal
from noise. Here we report on the implementation of a quantum ana-
logue to the classical lock-in amplifier. All the lock-in operations—
modulation, detection and mixing—are performed through the
application of non-commuting quantum operators to the electronic
spin state of a single, trapped Sr* ion. We significantly increase its
sensitivity to external fields while extending phase coherence by three
orders of magnitude, to more than one second. Using this technique,
we measure frequency shifts with a sensitivity of 0.42 HzHz ™'/
(corresponding to a magnetic field measurement sensitivity of
15 pTHz_”z), obtaining an uncertainty of less than 10mHz
(350fT) after 3,720 seconds of averaging. These sensitivities are
limited by quantum projection noise and improve on other single-
spin probe technologies™ by two orders of magnitude. Our reported
sensitivity is sufficient for the measurement of parity non-
conservation®, as well as the detection of the magnetic field of a single
electronic spin one micrometre from an ion detector with nano-
metre resolution. As a first application, we perform light shift spec-
troscopy of a narrow optical quadrupole transition. Finally, we
emphasize that the quantum lock-in technique is generic and can
potentially enhance the sensitivity of any quantum sensor.
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* |Interferometric measurements - > high energy
resolution

 Small -> good spatial resolution

e.g. LIGO, 87Rb magnetometry, Bell measurements
of the “ether”’,...

In this paper, they will use the spin of a valence
electron as their Q. probe.
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Figure 1 | Measurement scheme. a, Level diagram of a **Sr™ ion. The probe
spin states are |1) = |5s1/2, /= 1/2, My = +1/2) and ||) = |5s1/2, ] = 1/2,
M;= —1/2). An external magnetic field splits the two levels by a frequency of
fo=5.72 MHz. Spin rotations are performed using an oscillating magnetic field.
Initialization to | ) is done by optical pumping. Spin detection is performed by
shelving the |1) state to the metastable level |D) = |4ds,, | = 5/2, M; = +3/2),
with a narrow-linewidth (<100-Hz), 674-nm laser, followed by state-selective
fluorescence at 422 nm. The 1,092-nm and 1,033-nm lasers are used as repump
lasers. b, The quantum lock-in measurement pulse scheme. The ion is
initialized to (|7) 4]))/Vv/2 by a /2 pulse. While the measured signal is
modulated, the superposition is also modulated, in phase with the signal, by a
train of N 7 pulses, 7., apart. The total relative phase, ¢jocin, 0f the ion
superposition, (| |) +e“wein|1)) /1/2,accumulated during the lock-in sequence
is measured by scanning the phase of a final /2 pulse, ¢,y followed by spin
detection and a fit of the data to Py =1/24 (A /2)cos(¢yf — Prockein)- € Fringe
contrast, A, versus half lock-in modulation period, 7,,, in the absence of any
modulated signal. Data corresponding to N = 1,9 and 17 m pulses are shown
using blue stars, green rectangles and red circles, respectively. We observe
contrast drops as Tamm approaches 2.5, 5 and 10 ms corresponding to magnetic
field noise components at 200, 100 and 50 Hz, respectively. d, Probability of
finding the ion in the |]) state versus ¢, Fringe plots for 7., = 3.6 ms (left)
and 5 ms (right), made with lock-in sequences of N =17 = pulses, are shown.
The solid line is a best fit to Py =1/2 —(A/2)cos(¢). The fitted A values are
shown in ¢ at the locations indicated by the two black arrows. The inverted sign
of the second fringe can be understood in terms of equation (4).
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b, Fringe contrast, A, versus number of 7 pulses, N, at a lock-in modulation
frequency of f,, = 312.5 Hz; error bars are 95% confidence intervals. The red
line is an exponential decay fit to the data yielding a 1/e coherence decay time of
1.4(2)s. ¢, Lock-in sensitivity (solid blue line) versus the lock-in sequence
duration, 7, calculated from a using equation (3). The dashed red line is the

standard quantum limit on sensitivity (achieved when A = 1). A best sensitivity
of 0.78 HzHz ™~ "* (28 pT Hz ™ /) is observed at T'= 120 ms. This sensitivity is
only a factor of 1.5 greater than the standard quantum limit. The sensitivity

diverges whenever A (shown in a) crosses zero. d, Exponential decay fit (solid
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diverges whenever A (shown in a) crosses zero. d, Exponential decay fit (solid
blue curve) shown in b, translated to sensitivity using equation (3), as in ¢. The
shaded region is a 95% confidence interval for the curve. The dashed red line
shows the standard quantum limit on the lock-in sensitivity. The solid blue
circles are calculated sensitivities of the measured fringe contrast points in

b, with 95% confidence intervals. A best sensitivity of 0.42(3) Hz Hz 172
(15(1)pT Hz ') is obtained at the minimum of the solid blue curve

(T = 624 ms). A similarvalue of 0.4(1) Hz Hz 2 (13(3) pTHz 12) is observed
at T'= 560 ms.
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Figure 4 | Light shift spectroscopy. Light shift of |{) induced by the 674-nm
laser, as a function of laser frequency detuning, 4. At each 4 value, a lock-in
sequence of N = 39 1t pulses with a lock-in period of 27,,,,, = 200 ps is applied
while the 674-nm laser is amplitude-modulated at the same frequency. a, Every
column is a lock-in fringe scan for a particular value of 4. For each column, the
lock-in signal, ¢jociin, is the shift of the fringe minimum from zero. b, Fringe
contrast, A (blue filled circles), versus 4. Red filled circles show A in the absence
of laser light. We observe a reduction in contrast due to shelving of the | ) state
to the metastable level | D) whenever the laser approaches resonance. ¢, Lock-in
signal, o in (blue filled circles), versus 4. The red filled circles show o i, in
the absence of laser light. Light shifts are seen to have dispersive resonance.
Both b and ¢ show two sidebands, separated by 5 kHz from the transition
carrier, generated by the fast amplitude modulation of the laser.
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