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Spin noise spectroscopy of rubidium atomic gas under
resonant and non-resonant conditions*
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The spin fluctuation in rubidium atom gas is studied via all-optical spin noise spectroscopy (SNS). Experimental
results show that the integrated SNS signal and its full width at half maximum (FWHM) strongly depend on the frequency
detuning of the probe light under resonant and non-resonant conditions. The total integrated SNS signal can be well fitted
with a single squared Faraday rotation spectrum and the FWHM dependence may be related to the absorption profile of the

sample.
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1. Introduction

Most experimental studies of spin dynamics rely on the
generation of a non-equilibrium spin polarization.[!! Extra en-
ergy has to be pumped into the system to create a spin po-
larization, thus leading to additional mechanisms of spin de-
phasing. Such a problem may be avoided in an all-optical spin
noise spectroscopy (SNS), which perturbs the system mini-
mally. The SNS technique uses a linearly polarized, below-
band-gap laser as the probe light to sense the Faraday rotation
(FR) of the system. The FR results from the projection of av-
erage spin polarization on the direction of light propagation,
which fluctuates even in the thermal equilibrium condition. [/

SNS measurements were first carried out in atom op-
tics by Crooker et al., who measured the spin fluctuations in
Rb and K atom vapors.?! Oestreich and co-workers applied
this technique to semiconductors and measured the spin life-
time of electrons in n-GaAs at low temperature. ! To improve
the measurement efficiency and precision, Crooker et al. used
digitizers incorporating on-board field programmable gate ar-
ray (FPGA) processors to perform fast Fourier transform in
real time with a sampling rate up to 1 GHz.’! This hardware
method enabled a much higher signal to noise ratio, leading to
more works on spin-related physics in low-dimensional semi-
conductors during the past few years. In 2012, SNS studies
were reported on quantum dot ensembles whose signal comes
from about 50 holes. %" Qestreich et al. pushed the SNS tech-
nique down to the single spin detection regime and studied
the spin relaxation dynamic of a single heavy hole localized
in a single (InGa)As quantum dot in 2014.181 In 2015, SNS
was used to study nuclear spin dynamics in n-type GaAs.[%1°!
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Another interesting experiment was performed by Roy er al.,
who used “two-color” optical spin noise spectroscopy to ex-
plore spin interactions between different spin ensembles.!'!]
In addition, Li et al. developed theoretical methods to explore
higher-order (third and fourth) cumulants of the spin noise in
the frequency domain.!'%13]

A lot of works have been done both theoretically and ex-
perimentally to understand the spin noise. Oestreich et al. did
SNS measurements under resonant as well as non-resonant
probing conditions in an inhomogeneously broadened optical
system (Rb vapor with 1 mbar of He buffer gas), and found
that the SNS signal amplitude depends not only on the co-
herence between the ground and the excited states, but also
on the ground—ground and excited—excited coherences in res-

s.l14] Crooker and

onant and qusi-resonant probing condition
co-workers studied the spin fluctuations of resident holes in
(In,Ga)As quantum dots and 4S electrons in *' K atoms respec-
tively, showing that the SNS at different frequency depends on
homogeneously and inhomogenously broadened optical bands
of the samples.!]

The above studies focused on the line shape of the SNS
signal at different frequencies, which can reveal some infor-
mation of the sample. Here, we put emphasis on the dif-
ference of the SNS signal and the spin dephasing time mea-
sured between resonant and non-resonant conditions. We use
a self-made SNS system to study the spin fluctuations at dif-
ferent frequencies in natural rubidium gas. The sample also
contains nitrogen buffer gas of 250 torr and it is a homoge-
neously broadened optical system. The SNS amplitude and its
full width at half maximum (FWHM) are measured and ana-

lyzed.
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2. Experimental setup

The basic idea of SNS is to map the stochastic fluctua-
tion in the sample onto the polarization of the laser light. Its
principle is shown in Fig. 1. A linearly polarized laser light is
transmitted through the sample, which is Rb atom gas in our
case. The atom ensemble shows stochastic spin polarization at
a given time. This results in different absorption of right (o)
and left (o) circularly polarized light, which leads to a dif-
ference of the dispersive part of the refractive indices for the
two circular light components (the Kramers—Kronig relation).

polarizer

The linearly polarized probe laser light, which is composed
of 6~ and 6™ light, acquires a rotation of its linear polariza-
tion direction due to the circular birefringence, the Faraday
effect. The variation of the Faraday rotation (FR) angle of
the probe light is measured via a balanced photodiode bridge,
which consists of a balanced photoreceiver and a polarization
beam splitter oriented at 45° to the incident laser polarization.
The output signal of the balanced photoreceiver is sent to an
FPGA-based data acquision card (DAC) and finally collected

by a computer.
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Fig. 1. (color online) Schematic of experimental setup for rubidium spin noise spectrum measurement. Random fluctuation of the FR
signal is detected by a balanced photodiode bridge and an FPGA-based DAC.

The light beam comes from a linearly polarized
Ti:sapphire continue-wave tunable laser with a spectral line
width of about 100 kHz. It is focused by a lens with 400 mm
focal length to a beam diameter of 100 um at the center of
the Rb vapor cell. The laser is swept with a tuning range of
—18 GHz to 18 GHz relative to the D2 transition (52S; )2 to
52p, /2) of Rb around 780 nm.

The FR signal is collected and analyzed via an FPGA-
based DAC with a sampling rate up to 1 GHz. The input range
of the DAC is from —0.5 V to +0.5 V, with an 8-bit resolu-
tion. An electrical band-pass filter with 0.5 MHz low cut-off
frequency is used before the high-speed DAC. An FPGA pro-
cessor does fast-Fourier transform (FFT) per 32k-points in real
time, while the DAC reads data continuously.['®! 10000 power
spectra are accumulated before the results are sent to a com-
puter. While a traditional spectrum analyzer has a data uti-
lization ratio of about 0.1%,%) our DAC board is about 50%,
which could be further improved by increasing the data trans-
mission speed between the computer and the DAC.

A uniform magnetic field is provided by a Helmholtz coil
with its direction perpendicular to the laser propagation. This
shifts the spin noise peaks away from zero frequency to the
Larmor precession frequency vy, = gugB/h (g is the Landé
factor, ug is the Bohr magneton, B is the external magnetic
field, and £ is the Plank constant). The magnetic field is al-
ternated between zero and a finite value (a few tens of Guass).

Each spectrum is typically averaged for 15 min. In order to
remove the photon shot noise and the residual electrical noise,
the background spectrum acquired at zero field is subtracted
from the spectrum at finite magnetic field. Usually a 10 G
magnetic field is applied to avoid the low-frequency noise
from the experimental environment and hyperfine splitting of
SNS under high external magnetic field. In this work, we use a
60 mm long glass cell which contains natural rubidium vapor
with isotopes 8Rb (72.15%) and 3"Rb (27.85%). The radia-
tion trapping and collision rate with the cell walls are reduced
by introducing 250 torr N; buffer gas. A furnace is used to
control the temperature of the cell, thus tuning the gas density
of the Rb gas.

3. Results and discussion

The SNS gives information about the Landé factor and
the transverse spin lifetime. The Landé factor depends on the
total angular momentum quantum number F' and is given by
gr = hvp/upB, where v, is the Larmor frequency correspond-
ing to the position of the SNS peak. Figure 2(b) depicts a
typical SNS trace from rubidium vapor. The laser is detuned
7 GHz below the D2 transition (5%S; 2 to 5°Ps /2). The spin
noise signal peaks at 4.76 MHz and 7.11 MHz correspond-
ing to random spin fluctuations that are precessing in the 10 G

transverse magnetic field. Effective g-factors gr ~ 0.339 and
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0.508 are the ground-state g-factors of the isotopes 8°Rb and
87Rb, respectively. They are well agreed with the theoreti-
cal values of gr = 1/3 and 1/2. The spin noise peak position
moves linearly with the magnetic field B, as indicated in the
inset of Fig. 2(b). The SNS traces can be well fitted by a sin-
gle Lorentz fit and the FWHM of the Lorentzian line shape
Av directly yields the transverse spin lifetime 7> = 1/Av.
The FWHM of the spin noise peaks in Fig. 2(b) amounts to
70 kHz, indicating that the transverse spin lifetime is about
14 ps, much shorter than the known Rb spin lifetime (about
100 ms!!'7)y and the transit time of the Rb atoms across the
100 um laser diameter (0.2 ms). The DAC used in the ex-
periment does FFT per 32k-points with sampling rate 1 GHz,
meaning that each trace lasts no more than 32 us, thus the

resolution of the DAC is 32 kHz. This explains why the trans-
verse spin lifetime measured by SNS is shorter than that by
the other methods. The inset of Fig. 2(b) shows that the line
width of the spin noise peak increases and the amplitude of the
signal decreases as the magnetic field B increases. However,
the integrated spin noise is constant to within 8% in differ-
ent magnetic fields. This is due to the gradual decoupling of
the electron and nuclear spins by the applied magnetic field."!
Take 87Rb for example, in Fig. 2(c), we can see that the spin
noise peaks breakup into distinct peaks at B =45 G when the
spin coherences between all allowed AF' = 0, Amp = £1 Zee-
man transitions are resolved. The schematic diagram of the
ground-state hyperfine interaction (Fig. 2(d)) and the split spin
noise peaks can be placed in one-to-one correspondence.
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Fig. 2. (color online) Spontaneous spin noise in Rb at temperature 7 = 343 K. The laser is detuned Qp; = 7 GHz from the D2
transition (5251/2 to 52P3/2, 780 nm), ensuring negligible absorption. The laser power P = 300 uW. (a) D-line transition structure of
Rb. (b) SNS in magnetic field B = 10 G. Inset: SNS traces in different magnetic field B. (c) SNS of 87Rb in magnetic field B =45 G.
(d) Schematic diagram of the ground-state hyperfine levels of 8’Rb, nuclear spin I = 3/2.

The SNS signal can be obtained under non-resonant and
resonant conditions in atom gas. So far we have given the re-

sults of the former case, which denotes the spin dynamics of

Rb under non-resonant condition. Next, we will give the SNS
measured under resonant and quasi-resonant conditions which

can reveal additional information of the spin system.[!415] We

117203-3



Chin. Phys. B  Vol. 25, No. 11 (2016) 117203

will focus on the difference of the SNS measured under reso-
nant and non-resonant conditions in the Rb vapor. Figure 3(a)
depicts the SNS power density as a function of laser detuning.
The integrated SNS is symmetrical relative to the central fre-
quency of the absorption spectrum. Under the quasi-resonant
condition, the closer it is to the central frequency, the larger
the power intensity of SNS is. However, the power intensity
becomes smaller when the laser frequency is closer to the cen-
tral frequency under the resonant condition. At the central
frequency of the absorption spectrum, the signal of SNS ap-
proaches zero.

Spin noise
power/arb. units

Absorption

B -1 -5 0 5 10 1
Laser detuning £2/GHz

Fig. 3. (color online) Ground state spin fluctuation of 8>Rb at different
detunings of the probe laser from the D2 optical transition. The laser
power P =300 uW, T =318 K, B = 10 G. (a) Integrated SNS (black
squares) and fitting curve (red lines) as a function of the laser detuning
from the D2 transition of 33Rb. (b) The absorption spectrum of Rb.

To interpret the SNS line shape dependence on the laser
frequency, we should first get some information about the op-
tical absorption of the system. Such a property can be revealed
in its absorption spectrum, as shown in Fig. 3(b). The FWHM
of the absorption spectrum at 7 = 318 K is about 4.7 GHz,
while the calculated Doppler broadening is about 560 MHz,
meaning that the line broadening of the absorption spectrum
mainly comes from pressure-broadened by 250 torr N, and
the system is homogeneously broadened. Thus, the fluctua-
tions of the FR will be evidently correlated over the whole
spectrum and all the spins of the system are identical. The FR
spectrum of the system can be calculated by

Q-0

Q- Q7+ ()27 M

0(Q) =

where Q is the laser frequency, £y is the resonance frequency,
and 7 is the homogeneous line width of the absorption spec-
trum. The FR noise (§6%(Q)) is proportional to the square of
the FR

(86°(Q)) ~ 6%(R2). )

Therefore, a single squared FR spectrum can fit well the ex-
periment data. (!5

The measured FWHM of the noise peaks indicates the
effective transverse spin dephasing time, which is given by
T, = 1/(Av). Figure 4 shows the FWHM dependence of SNS
on the probe laser frequency in °Rb. The FWHM of 3°Rb is
almost constant when the optical absorption becomes negligi-
ble. It gets broader as the laser frequency moves closer to the
center frequency of the absorption. Lorentz fit is used to ver-
ify the experiment data and the FWHM of the fitting curve is
equal to the FWHM of the absorption spectrum (Fig. 3(b)).

In the following, we give an explanation to the depen-
dency of the FWHM of SNS on the probe laser frequency. The
transverse spin dephasing time is calculated by!8-20]

1 1 1

- * Tabsorption , (3)
where Ty is the spin relaxation due to buffer-gas collisions, the
transit time of the atoms across the light beam, and the res-
olution of the DAC. Tpsorption indicates the contribution from
absorption of photons from the probe light. The probe light is a
linear polarized beam, and a single photon has arbitrary helic-
ity, so the spin polarization of an atom is destroyed by the ab-
sorption since the absorption of a probe light photon changes
the atom’s angular momentum. The absorption spectrum has
a Lorentzian line shape in a homogeneously broadened opti-
cal system (see Fig. 3(b)). Hence, the FWHM of SNS as a
function of the laser frequency can be computed as

Y

AV=AVg+A— 55—
i@ —artr

“

where A is a parameter depending on the gas density.
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Fig. 4. (color online) The FWHM of SNS (33Rb) as a function of laser
frequency detuning. The black squares and red line indicate the experi-
mental data and the fitting curve, respectively.

4. Conclusion

The spin noise spectroscopy provides a unique opportu-
nity to study the magnetic resonance and spin dynamics of
atoms in a perturbation-free way, and some remarkable prop-
erties can be obtained by SNS under the resonant condition.
We have studied the difference of FR noise at different probe
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frequencies near the D2 transition of Rb atoms. The experi-
mental results show that the integrated SNS signal is propor-
tional to the square of FR in the homogeneously broadened
optical system. The difference of spin lifetime under different
frequencies may come from the light absorption during light
propagation in the Rb vapor. This study may help understand
the spin noise spectrum and increase its applications.
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