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Detection of spin coherence in cold atoms via Faraday rotation fluctuations
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We report noninvasive detection of spin coherence in a collection of Raman-driven cold atoms using dispersive
Faraday rotation fluctuation measurements, which opens possibilities of probing spin correlations in quantum
gases and other similar systems. We demonstrate five orders of magnitude enhancement of the measured signal
strength as compared to traditional spin noise spectroscopy with thermal atoms in equilibrium. Our observations
are in good agreement with the comprehensive theoretical modeling of the driven atoms at various temperatures.
The extracted spin relaxation rate of cold rubidium atoms with atom number density ∼10 9/cm3 is of the order
of 3 × 10 3 s−1 at 150 μK, two orders of magnitude less than 3 × 10 5 s−1 of that of a thermal atomic vapor
with atom number density ∼10 12/cm3 at 373 K.
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I. INTRODUCTION

The prospects of noninvasive measurement schemes have
found increasing research interest in recent decades to de-
tect equilibrium and nonequilibrium properties of microscopic
and mesoscopic quantum system [1,2]. Modern scientific
disciplines, in particular, quantum information science [3],
quantum sensing [4], and metrology [5] can take advantage of
the direct applications of these nondestructive measurements.
Optical measurements employing dispersive light-matter in-
teractions such as detection of the Faraday or Kerr rotation
using an off-resonant probe light are examples of such
measurements that disturb the measured samples minimally.
Nondestructive optical Faraday and Kerr rotation measure-
ments have been proposed and applied to a broad range of
systems, including the readout of a single electron’s spin state
in a semiconductor quantum dot [6–8] and the quantum gas
microscope [9–13] for site-resolved imaging of single isolated
atoms in an optical lattice.

In the absence of finite magnetization along the light propa-
gation direction, dynamical magnetic properties of the sample
can be found from the temporal fluctuations of dispersive
Faraday rotation. Such Faraday rotation noises have been
extensively studied within the spin noise spectroscopy (SNS)
[14–16] technique to detect the intrinsic spin dynamics in
atomic vapors [17–20], semiconductor heterostructures [21],
quantum dots [22,23], spin-exchange collisions [24,25], and
exciton-polaritons [26,27]. SNS is also applied for precision
magnetometry by using a spectral resolution of the spin noise
(SN) signals from thermal atomic vapors [17,18] or semicon-
ductors [28].
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However, Faraday rotation fluctuation signals have not
been detected in ultracold atoms and quantum gases, where
direct measurement of spin fluctuations is predicted to be
extremely useful in understanding quantum phases [29–32]
and precision magnetometry [33,34]. Moreover, cold atomic
systems are ideal test beds for demonstrating quantum effects
due to their ultralow temperatures [35].

In this paper, we focus on detecting spin coherence in cold
atoms using Faraday-rotation fluctuation measurements. We
theoretically develop and experimentally realize this measure-
ment method to demonstrate an enhancement of the signal
strength as much as 105 in thermal atoms using coherent
Raman drive, which allows us to detect spin coherence in
ultracold atoms.

II. THEORETICAL MODELING

A pair of phase-coherent Raman radiation fields derived
from an external cavity diode laser (ECDL) interacts with a
�-type three-level system (3LS) formed by two ground states
|1〉, |2〉 and one excited state |3〉 as depicted in Fig. 1(a) and its
inset. The frequency, intensity, and polarization of the Raman
fields are controlled using acousto-optic modulators (AOMs)
and wave plates.

The semiclassical interaction Hamiltonian of the 3LS with
the Raman fields can be written as [36]

H
h̄

= (�23 − �13)μ†μ − �13σ
†σ − �13(σ + σ †)

−�23(μ + μ†), (1)

where we define the dipole transition operators of the 3LS
by σ † = |1〉〈3|, μ† = |2〉〈3|, ν† = |1〉〈2|. Here, �13 and �23

are the resonant Rabi angular frequency of the Raman field 1
(R1) and Raman field 2 (R2), respectively. For simplicity, we
have assumed �13 and �23 to be real valued. The detunings
of the Raman fields from the related optical transitions are
�13 = ωs1 − ω3 + ω1, �23 = ωs2 − ω3 + ω2, where ωs1(ωs2)
is the angular frequency of the Raman field 1(2) and ωi is
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FIG. 1. The schematic of the experimental setup and the relevant energy levels of the rubidium (Rb) atoms presented in this paper.
(a) depicts the arrangements of the Raman beams (red), probe beam (blue), magnetic coils, and detection setup. The blue dashed rectangle
shows the Rb atoms in presence of different environments, which is investigated in this paper: (c) thermal 87Rb atoms (with neon buffer gas)
in a quartz cell in presence of homogeneous magnetic fields, and (d) in situ magneto-optically trapped (MOT) 85Rb atoms inside an ultrahigh
vacuum glass cell in presence of inhomogeneous trapping magnetic fields. The faint beams in (d) are the cooling and repumper laser radiation
fields used to capture the 85Rb atoms in a MOT. Here the red arrows and blue circular arrows represent the direction of the laser beams and their
polarizations. The red blob at the center of the glass cell represents the cold 85Rb atomic cloud. HWP: half-wave plate, QWP: quarter-wave
plate, L1, L2, L3 lenses, NPBS nonpolarizing beam splitter, PBS: polarizing beam splitter. (b) The relevant electronic energy level diagram of
87Rb atom [37] and the probe and Raman laser frequencies for the vapor cell measurements. (e) represents the electronic (dipole) transition
lines for 85Rb atom [38] and the frequencies of the cooling and repumper, Raman, and the probe beams. I is the nuclear spin, F (F ′) represents
the ground (excited) hyperfine levels, and γ is the linewidth of the F ′−levels of the respective atoms. (a) Inset: Energy level diagram used for
coherent coupling between the Zeeman states (|1〉 and |2〉) within a ground F−level. �i3, �i3, and ωsi (i = 1,2) are the optical detuning, Rabi
frequency, and frequencies of the two Raman fields. γ is the excited state (|3〉, a Zeeman state in F ′−level) linewidth, and γ ′ is the relaxation
rate of spin coherence between the states |1〉 and |2〉. The Raman resonance condition is satisfied when the frequency difference between the
Raman fields coincides with the frequency difference between the states |1〉 and |2〉 (i.e., ωs1 − ωs2 = 2πνL), where νL is the Larmor frequency

that of state |i〉 (i = 1, 2, 3). The symbols s1, s2 denote the
polarizations (linear or circular) of the two Raman fields.

An off-resonant, linearly polarized probe laser field gen-
erated from another ECDL propagating along the x direction
dispersively detects the temporal fluctuations of the popula-
tion between the Zeeman states within a ground hyperfine
level of rubidium atoms. The measured instantaneous Faraday
rotation of the probe field is proportional to instantaneous
population difference between consecutive Zeeman states.
Therefore, the autocorrelation of the Faraday rotation signal
can be represented by a two-time correlation 〈ρ̃†

21(t )ρ̃21(0)〉
of density matrix coherence (ρ̃21) between these states in the
laboratory frame. We write the power spectrum by taking the
Fourier transform of such a correlation,

P(ω) = 1

2π

∫ ∞

−∞
dt eiωt 〈ρ̃†

21(t )ρ̃21(0)〉, (2)

where the expectation is performed over equilibrium thermal
noise. We clarify that the experimentally measured power
spectrum of the probe laser’s Faraday rotation fluctuations is

proportional to P(ω), and the proportionality constant (with
a unit) depends on the atom-probe laser coupling parameters
(e.g., probe intensity, probe detuning, oscillator strength, and
so on). This proportionality constant between the driven and
nondriven case remains the same for all measurements and
depends only on the atom-probe laser scattering cross section.
In the experiments, we have explicitly measured this cross
section and can consistently compare the nondriven and co-
herently driven cases using P(ω).

In the absence of driving (� = 0) by the Raman fields, the
intrinsic SN power spectrum for the spontaneous fluctuations
of the population in equilibrium is given by (see Appendix B)

P(ω)|�=0 = N2

2π

γ21

γ 2
21 + (ω − ω2 + ω1)2

, (3)

where γi j is the relaxation rate of the spin coherence between
states i to j of the atoms and N2 is the number of atoms
in the observation region. P(ω)|�=0 is a Lorentzian centered
around ω = (ω2 − ω1) =: 2πνL and with a full width at half
maximum (FWHM) of 2γ21.
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In the presence of the Raman fields, the atoms are driven
out of equilibrium and the population of the Zeeman states
starts to oscillate coherently with increasing �13 and �23. For
strong driving, the intrinsic fluctuations (related to equilib-
rium noise) form a broad background in the measured power
spectrum. Therefore, we ignore the equilibrium noise in lead-
ing order to obtain a simple expression for the power spectrum

of the strongly driven atoms at steady state (see Appendix B),

P(ω) = δ(ω + ωs2 − ωs1)|ρ21|2, (4)

where ρ̃21(t ) = ρ21 ei(ωs2 −ωs1 )t . We can find a relatively sim-
ple formula for ρ21 by choosing �13 = �23 = � [39], γ13 =
γ23 = γ , γ12 = γ21 = γ ′, and �23 = 0,�13 = �:

ρ21 = − γ�2((γ ′ + i�)(2γ + i�) + 4�2)

γ (γ ′2 + �2)(2γ 2 + �2) + (2γ γ ′(3γ ′ + 4γ ) + (γ ′ + 2γ )�2)�2 + 4(3γ ′ + 2γ )�4
. (5)

P(ω) in Eq. (4) shows a delta peak at ω = ωs1 − ωs2 =: 2πδ12

[40], whose strength |ρ21|2 in Eq. (5) grows rapidly with
increasing � before saturating at large �.

III. ENHANCEMENT OF SIGNAL STRENGTH USING
RAMAN DRIVING

We start by demonstrating the signal-strength enhancement
with the Raman driving as compared to the intrinsic SN sig-
nal (i.e., � = 0) in the thermal atomic vapor. A vapor cell
containing 87Rb atoms and neon buffer gas is placed in a
uniform magnetic field (along ẑ) produced by a Helmholtz
coil as shown in Fig. 1(c). We select the three states as
|F = 2, mF = −1〉 ≡ |1〉, |F = 2, mF = 0〉 ≡ |2〉, and |F ′ =
3, mF ′ = 0〉 ≡ |3〉 [see Fig. 1(b) and Fig. 1(a), inset]. We align
the Raman fields with a small angle ∼3◦ with respect to the x
axis to prevent them from falling on the photo detector.

The probe laser field is detuned by −4γ [41] from the
5S1/2, F = 2 → 5P3/2, F ′ = 3 (D2) transition of 87Rb as
depicted in Fig. 1(b). The measured P(ω)|�=0 is presented
in Fig. 2(a), which shows the Lorentzian FWHM of ∼2π ×
150 kHz for 87Rb atoms in thermal equilibrium at T = 388 K.
The Faraday rotation is an angle having unit of rad. Since
we have performed a polarimetric measurement on a balanced
photo detector with an output in volts, the power spectral den-
sity has a unit of V2/Hz [24,42]. The data acquisition time for
this measurement is 98 s. The details of the instrumentation as
well as the detection scheme using the polarimetric technique
and the swept-frequency spectrum analyser used can be found
in Refs. [18,43].

In the presence of the Raman fields (� 
= 0), we observe
an enhancement of P(ω), as shown in Fig. 2(b) [44]. The peak
height is maximum when � = 0 (i.e., δ12 = νL) and it de-
creases with increasing |�|. The envelope of the narrow peaks
with varying δ12, as shown in Fig. 2(b), has a Lorentzian-like
form when � < γ . But it switches to a Gaussian-like shape
for larger �. For the experiments performed in this work, the
�/γ has always been less than 1, therefore we explored the
Lorentzian-like regime.

In the insets of Fig. 2(b), we show a comparison between
the spectrum observed in the Raman-resonance condition for
�/γ = 7.6 × 10−3 (top) and that at �/γ = 0 (bottom). An
enhancement by 105 in the signal strength (|ρ21|2) has been
observed for the driven system. In the subsequent experi-
ments, we vary δ12 while keeping �23 = 0, and record a series
of spectra shown in Fig. 2(b). These series of spectra span an

envelope that is fitted by Eq. (5) (pink dashed line) with fitting
parameters �/γ = 7.6 × 10−3 and 2γ ′ = 2π × 118.6 kHz,
which gives a peak position at νL and an envelope width of
∼2π × 250 kHz. The typical data collection time for an indi-
vidual spin correlation signal shown in the inset (top panel) of
Fig. 2(b) is 1 s.

The dependence of |ρ21|2 on � can be understood by taking
the Raman resonant limit � = 0 (δ12 = νL) in Eq. (5) and we
get

|ρ21|2�=0 = γ 2�4

(γ ′γ 2 + (3γ ′ + 2γ )�2)2
, (6)

which shows that the coherence between the ground levels
grows with increasing � before saturating for higher � > γ .
To measure |ρ21|2�=0, we vary the intensities of the Raman
fields keeping � = 0. The polarization of the Raman fields are
(π1)x − (σ+

2 )x for the measurements presented in Figs. 2(b)
and Fig. 3, where the subscript 1(2) refers to R1 (R2), and
x axis is the propagation direction of the Raman fields. The
measured on-resonance peak strength |ρ21|2�=0 as a function
of �/γ is plotted in Fig. 3(a). The black triangles (blue cir-
cles) are the data corresponding to T = 373 K (393 K) of the
vapor cell. We fit these data by Eq. (6) (solid lines), keeping
only γ ′ as a free parameter. We extract the value of 2γ ′ to be
2π × (95 ± 7) kHz and 2π × (136 ± 15) kHz for 373 K and
393 K, respectively. We have separately measured the FWHM
of the intrinsic SN spectrum to be 2π × (126 ± 3) kHz and
2π × (153.7 ± 0.4) kHz for these temperatures, respectively.
We attribute these small but finite (within 25%) differences
to two competing effects of different physical origins—the
perturbation induced by the Raman driving to bring the atoms
beyond thermal equilibrium and linear response, and the sup-
pression of spin projection noise due to coherent coupling.

For a fixed �, we vary δ12 and record the envelope of
P(ω). We repeat these experiments for various values of �/γ

and fit each spectrum with a Lorentzian function. The ex-
tracted FWHMs of the envelope for various �/γ are shown
in Fig. 3(b). Black triangles (blue circles), shown in the inset,
are the extracted values of 2γ ′ after fitting the envelope with
|ρ21|2 given in Eq. (5) for T = 373 K (393 K), respectively.
The average value of 2γ ′, extracted from these measurements
are 2π × (95 ± 6) kHz and 2π × (131 ± 10) kHz for those
two temperatures, respectively. In the measurements reported
in Fig. 3(b) (inset), we notice consistent lower values of the
extracted 2γ ′ than the intrinsic measurements (� = 0), which
indicates that the spin projection noise suppression is more

043171-3



SWAR, ROY, BHAR, ROY, AND CHAUDHURI PHYSICAL REVIEW RESEARCH 3, 043171 (2021)

FIG. 2. Intrinsic spin noise (SN) spectrum (a) and Raman driven
power spectrum (b) of rubidium atomic vapor at T = 388 K. In (b),
87Rb atoms were coherently driven by a pair of Raman fields, and the
envelope of the series of spectra is fitted by Eq. (5) (pink dashed line).
The strength of the driven spectrum is enhanced by approximately
105 times in comparison to the intrinsic SN signal when the Raman
field intensity �/γ = 7.6 × 10−3 and 2γ ′ = 2π × 118.6 kHz. The
insets in the top panel show a comparison between the driven spec-
trum at Raman resonance (top) and the intrinsic spin noise spectrum
(bottom).

significant for thermal vapors than the perturbation effects
bringing the system beyond equilibrium.

We have further experimentally verified that the FWHM
of the envelope can be smaller than the intrinsic width of
the SN spectrum [indicated by arrows at the bottom-left side
of Fig. 3(b)]. We have detected as much as 15% reduction
in the width of the driven envelope than the intrinsic SN
spectrum. We have theoretically investigated the dependence
of the envelope width as a function of �/γ in Appendix B.

IV. DETECTION OF SPIN COHERENCE IN COLD ATOMS

We next implement the coherent Raman drive technique in
an in situ magneto-optically trapped (MOT) cold 85Rb atomic
cloud to extract the spin relaxation rate γ ′. The measure-

FIG. 3. On-resonance signal strength (a) and FWHM of the en-
velope of P(ω) (b) from the thermal vapor of 87Rb as a function of
�/γ . (a) The black triangles (blue circles) are the on-resonance peak
strength for temperature T = 373 K (393 K). The solid lines are the
fits by Eq. (6). (b) The black triangles (blue circles) represent the
FWHM (with a factor of 2π ) of the envelope fitted with Lorentzian
profile for T = 373 K (393 K). In the inset, the black triangles (blue
circles) show the extracted value of 2γ ′ after fitting the envelope
using Eq. (5). The black (blue) arrow indicated in the bottom-left
side represents the measured FWHM of the intrinsic SN spectrum.
The raw spectrum and its measured FWHM are indicated at the
bottom-right corner.

ments of Faraday rotation have been demonstrated in cold
atomic systems in the recent past [11,45–48]. Here, we ap-
ply the Faraday rotation technique to study spin coherence
produced by a coherent Raman excitation. Our experimental
system typically traps more than 107 atoms at a temperature of
150 ± 10 μK in a standard vapor loaded MOT with a typical
Gaussian width of ∼ 4 mm. We take sufficient care to ensure
that the center of the atomic cloud is overlapped with the zero
of the quadrupole trapping field within 30 μm [see Fig. 1(d)].
More details about the experimental system are provided in
Appendix A. Additionally, we align a pair of Raman fields
with a waist diameter of 6 mm, blue detuned by 2γ (γ =
2π × 6.1 MHz) from 5S1/2, F = 3 → 5P3/2, F ′ = 4 (D2)
transition. A collimated probe laser field along x̂ with a waist
diameter 70 μm and blue detuned by 20γ from the same tran-
sition is sent through the cold atomic cloud [see Figs. 1(a) and
1(e)]. The probe field position with respect to the cloud center
is independently measured using high precision absorption
spectroscopy and absorption imaging within a precision of 10
μm. The quadrupole magnetic field profile creating the MOT
is separately characterized using a Hall magnetometer probe,
and it is shown schematically in Fig. 4(b).

To measure P(ω) at a finite Larmor frequency in the pres-
ence of the Raman fields, we have shifted the probe laser by
900 μm from the trap center in the z direction on the x − z
plane. Also, due to the Raman fields, the cloud center shifts
in the x direction depending on the Raman fields intensity and
the detuning [see Fig. 4(b)]. In Fig. 4(a), we show a represen-
tative spectrum detected in this condition at δ12 = 2.73 MHz
for �/γ = 0.35. In the absence of the Raman fields—unlike
in the vapor case—we do not observe any detectable intrinsic
SN signal due to the fact that the total number of atoms within
the probe field is 104 times less than that of thermal vapor.

We record a series of P(ω) by varying δ12. For a fixed
value of �/γ and probe field position, we obtain a compos-
ite spectra [see Fig. 4(c)] by repeating the above procedure
and recording the peak height of each individual P(ω).

043171-4



DETECTION OF SPIN COHERENCE IN COLD ATOMS VIA … PHYSICAL REVIEW RESEARCH 3, 043171 (2021)

FIG. 4. Measurement of spin coherence in Raman-driven cold 85Rb atoms at 150 μK. (a) P(ω) recorded at δ12 = 2.73 MHz. (b) A
schematic representation of our experiment including local magnetic field profiles (yellow arrows), the position of the cold atomic cloud
(red blob), and the probe laser. (c)–(e) The recorded envelope spectra (blue open circles) for the various sets (check the text for details) of
experimental parameters.

The acquisition time for each data point is 8 s for a signal
run of the experiment. We analyze our experimental results
using the earlier modeling for thermal vapors after including
corrections due to magnetic field variations, atom density
distributions, and multilevel contributions (see Appendix C).
The asymmetric nature of the spectrum in Fig. 4(c) arises
mostly due to the magnetic field variations within the trapped
MOT cloud and the Gaussian atom density distributions of
the cloud. However, for the probe beam position |z| < 1 mm
on the x − z plane as in the case shown in Fig. 4(c), the
magnetic field orientation [θB(x)] with respect to the z axis
is the most dominating factor for the asymmetric nature of the
envelope spectrum over the Gaussian atom density distribu-
tion of the MOT. The multilevel corrections have a negligibly
small contribution in this asymmetric nature. We fit the data
in Fig. 4(c) (solid red line) with a free parameter γ ′. We get
an estimate for the value of 2γ ′ from this fitting as 2γ ′ =
2π × (1.0 ± 0.7) kHz.

We have repeated the above measurements for various z
positions of the probe laser. Another representative data is
shown in Fig. 4(d) for z = 700 μm, which gives 2γ ′ =
2π×(2.3 ± 0.7) kHz. We have also performed the experiment
in the presence of balanced Raman fields, which minimize the
shift of the cloud center as shown in Fig. 4(e). The extracted
value of 2γ ′ is 2π×(1.3 ±0.7) kHz. Our present experiment is
limited by several factors, e.g., magnetic field inhomogeneity,
off-resonant scattering, the effect of strong driving fields, and
relative frequency stability of the Raman fields, which can
significantly change the measured spin relaxation rate. At
this low temperature (150 μK), the above perturbation effects

are typically far more important than the suppression of spin
projection noise discussed earlier. Nevertheless, the observed
reduction in extracted spin relaxation rate by two orders of
magnitude as compared to the thermal atoms, which can be
attributed to the six-order lowering of the temperature that
substantially reduces thermal coupling, collisions, and transit
times.

V. DEPENDENCE OF DRIVEN POWER SPECTRUM
ON RAMAN FIELDS’ POLARIZATION

We have experimentally investigated the dependence of the
Raman-driven power spectrum on the polarization state of the
Raman fields in both thermal vapors and cold atomic clouds.

In Fig. 5(a), we show the driven power spectrum for various
combinations of the polarization state of the Raman fields
in thermal vapors. The polarization of the R1 field is linear
[(π1)x] and kept fixed. We have tuned the polarization state
of the R2 field and recorded the driven power spectrum as
shown in Fig. 5(a). The strength of the spectrum is maximum
for (π1)x − (σ+

2 )x polarization of R1 and R2 fields, which cor-
responds to the angle θ = 45◦ or 225◦ between the optic axis
of the quarter-wave plate (QWP) and the input polarization (p
polarized) of the R2 field. The Raman fields cannot drive the
atoms coherently between states |1〉 and |2〉 for polarization
combination (π1)x − (π2)x, which corresponds to θ = 90◦
or 180◦. This fact was experimentally confirmed and is pre-
sented in Fig. 5(a), which shows that we indeed coherently
drive the entire atomic sample as opposed to incoherent driv-
ing. Note that we have observed an additional maximum at
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FIG. 5. (a) The Raman-driven power spectrum with detuning δ12

for various polarization states of the R2 field in thermal vapors. The
R1 field is p polarized [(π1)x]. θ is the angle between the optic
axis of the quarter-wave plate (QWP) and the input polarization (p
polarized) of the R2 field. The angular momentum conservation of
light-matter interactions in � system is satisfied for (π1)x − (σ±

2 )x

polarization combinations of the Raman fields. These correspond to
θ = 45◦, 135◦, 225◦, where a maximum in the spectrum is observed.
The driven spectrum vanishes for (π1)x − (π2)x polarization combi-
nations (θ = 90◦ and 180◦), implying no coherent coupling between
the states |1〉 ↔ |2〉 by the Raman fields. (b) The driven spectrum
strength as a function of θ at Raman resonance condition. The solid
lines joining the data points are a guide to the eye.

θ = 135◦. The appearance of this maximum can be explained
in the above way by considering a � system with ground
states |F = 2, mF = −1〉 ≡ |1〉, |F = 2, mF = 0〉 ≡ |2〉, and
excited state |F ′ = 3, mF ′ = −1〉 ≡ |3〉. Such a combination
of states is allowed for the alkali atom 87Rb in our thermal
vapor experiments.

We here demonstrate the role of angular momentum con-
servation in coherent coupling through our measurements. In
Fig. 5(b), the normalized peak strength of the driven power
spectrum (|ρ21|2�=0) from thermal vapors is shown for various
angle θ . The observation in Fig. 5(b) shows the fidelity of the
coherent coupling of atoms by the Raman fields’ polarization
state. This can also be applied to control the atomic coher-
ence between ground levels. The manipulation of atomic level
coherence may find applications in quantum communications
and quantum information processing using neutral atoms.

A similar study for the polarization dependence of the
driven power spectrum in cold rubidium atoms is shown in
Fig. 6. We have fixed δ12 = 2.73 MHz to resonantly drive
the atoms located at x = 1.9 mm, and z = 900 μm where
θB ≈ 45◦. The dependence of P(ω) on the Raman fields’
polarization for cold atoms is similar to the previous case
with thermal vapors (shown in Fig. 5). While the peak signal
strength of P(ω) reduces exactly to zero at 90◦ and 180◦ as
expected, the magnitude at θ = 135◦ reaches only half of the
observed values at θ = 45◦ and 225◦ in cold atoms inside
the MOT, which is very different from the thermal vapors in
homogeneous magnetic field.

A. Raman coherence in the quantization basis

The experiments in vapor cells were performed in the
presence of a homogeneous magnetic field (defining the
quantization axis) applied along ẑ and the Raman fields prop-
agating along x̂. The probe laser propagating along the x
direction detects the x component of the atomic spins. Here

FIG. 6. The driven power spectrum strength at δ12 = 2.73 MHz
for various angles θ in cold atoms. The signal strength at θ = 135◦

is about 1/2 of that at θ = 45◦ and 225◦. The polarization sensitivity
at each δ12 carries its unique signature for atoms in the MOT, unlike
atoms in a homogeneous magnetic field. The solid lines joining the
data points are a guide to the eye.

we neglect the slight angle between the probe and the Raman
lasers, as schematically shown in the Fig. 7.

We consider the polarization state of the Raman fields
propagating along k̂ || x̂ being linear [(π1)x] and circular
[(σ+

2 )x]. In the presence of the Raman fields, the electronic
spins align along the x axis. However, due to the homogeneous
magnetic field along ẑ, the spins precess about the z axis on
the x − y plane. Since the Larmor precession rate (e.g., νL ∼
4.6 MHz) in our experiments is typically much higher than
the spin relaxation rate (1/2πT2 ∼ 0.15 MHz), the spins lie
on the x − y plane.

We further restrict our discussion for a system with ground
hyperfine level F = 1 and excited hyperfine level F ′ = 1.
In the following, we will describe the dependence of the
Raman-driven power spectrum strength on various polariza-
tion combinations of R1 and R2 fields presented in Fig. 5. Any
spin component of F or F ′ on the x − y plane can be written
as a linear superposition of all possible spin components along
ẑ, for an example [49],

|mF = 1〉x = 1

2
|mF = −1〉z + 1√

2
|mF = 0〉z + 1

2
|mF = 1〉z.

(7)
We can also decompose the polarization of the Raman fields in
terms of their electric fields in the following fashion [50,51]:

(π1)x ≡ ê1y = 1√
2

(
ê1y + iê1x√

2

)
+ 1√

2

(
ê1y − iê1x√

2

)
, (8)

FIG. 7. The diagram depicts the direction of the applied uniform
magnetic field (Bẑ), the propagation direction of probe (kprobex̂), and
Raman (kRamanx̂) lasers.
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FIG. 8. Formation of a � system in ẑ basis within the Zeeman
states for (π1)x and (σ+

2 )x combination of polarization of the Raman
fields. The generated � system is shown by black arrows.

and

(σ+
2 )x ≡ ê2z + iê2y√

2
= ê2z√

2
+ i

2

(
ê2y + iê2x√

2

)

+ i

2

(
ê2y − iê2x√

2

)
, (9)

where ê1i or ê2i is the ith component of the corresponding
electric field with i = x, y, z.

In our experiment, we fix the frequency of the R1 field [of
(π1)x polarization] on resonance to |mF = −1〉z ↔ |mF ′ =
0〉z transition, and that of the R2 field [of (σ+

2 )x polarization]
on resonance to the |mF = 0〉z ↔ |mF ′ = 0〉z transition. Ac-
cording to our decomposition in Eqs. (8) and (9), the allowed
optical transitions in the ẑ basis can be shown in Fig. 8, where
the field ê2z couples |mF = 0〉z ↔ |mF ′ = 0〉z transitions and
the field (ê1y + iê1x )/

√
2 couples |mF = −1〉z ↔ |mF ′ = 0〉z

transitions.
Figure 8 shows that a �-type 3LS is formed (indicated by

black arrows) in the ẑ basis, and a coherence is built between
the states |mF = −1〉z ↔ |mF = 0〉z. The coherence between
|mF = 0〉z and |mF = 1〉z can also be explained in a similar
fashion. This coherence in ẑ basis in turn built a coherence in
the x̂ basis via Eq. (7), and detected by the off-resonant probe
laser. This case corresponds to θ = 45◦ and 225◦ in Fig. 5.
The other maxima at θ = 135◦ can be explained by consider-
ing the (π1)x and (σ−

2 )x combination of the polarization states
of the R1 and R2 field.

For (π1)x − (π2)x combination of R1 and R2 field polariza-
tions (θ = 90◦ and 180◦), no � system is formed in ẑ basis
within the ground hyperfine level Zeeman states. Therefore,
no amplification in the driven power spectrum has been ob-
served.

TABLE I. Dependence of Raman-driven power spectrum signal
strength on the Raman fields’ polarization combination.

Polarization of Raman fields Comments on signal strength

(π1)x − (π2)x and (σ±
1 )x − (σ∓

2 )x No amplification, intrinsic
(π1)x − (σ±

2 )x and (σ±
1 )x − (π2)x |ρ21|2

(σ±
1 )x − (σ±

2 )x 2|ρ21|2

FIG. 9. The on-resonance signal strength of the Raman driven
spectrum for (σ+

1 )x − (σ+
2 )x and (π1)x − (σ+

2 )x combination of the
Raman fields’ polarization with various driving intensities. The plots
support the results summarized in Table I.

However, it can be shown using Eq. (9) that when both the
Raman fields are σ+ polarized, a double � system is formed
within the consecutive Zeeman states in F manifolds. In this
case, the signal strength is two times stronger than the case
discussed in Fig. 8.

Table I summarizes the Raman driven signal strength for
various combinations of the Raman fields’ polarizations.

We have experimentally verified the dependence of the
on-resonance Faraday rotation fluctuation signal strength on
different polarization combinations of the Raman fields. The
experimental results are shown in Fig. 9 for completeness.

VI. CONCLUSIONS AND OUTLOOK

We demonstrate an enhancement of the Faraday rotation
fluctuation signal by five orders of magnitude in thermal
rubidium atoms driven by coherent Raman radiation fields.
Utilizing this technique, we report relatively noninvasive de-
tection of spin coherence in cold atoms. We also show in
detail the dependence of the spin coherence on Raman fields’
polarization state.

This paper can further be extended to study spin coherence
in cold atomic ensembles confined in a far-off-resonant optical
dipole trap. This would avoid the presence of an inhomoge-
neous magnetic field. Additionally, a free-falling cold atomic
cloud provides a clean system unconfined by the trapping
magnetic and quasiresonant optical fields. The measurement
of the transverse spin coherence in such a system can be
performed by applying a homogeneous magnetic field along
a preferred direction. However, the data acquisition time for
such a measurement is limited by few tens of milliseconds
and requires a high temporal resolution detection setup to
probe the signal. In the future, such a measurement can be
performed using, for example, our recently developed time-
resolved digital receiver system [43].

The detection method developed and described in this
paper can have significant applications in precision magne-
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tometry, high-resolution imaging, nonperturbative probing of
quantum phase transitions in cold atoms, and other similar
systems such as cold ions and cold molecules.
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APPENDIX

This Appendix provides details of our experimental set-up,
theoretical modeling, and data analysis methods.

APPENDIX A: DETAILS OF THE COLD ATOM
EXPERIMENTAL SETUP

In the present paper, we have reported the results from
two sets of experiments: one in a thermal atomic vapor to
develop and characterize the measurement of Faraday rota-
tion fluctuation signals from a coherently driven system and
another to perform the main study of the extraction of spin
relaxation rate from a cloud of cold 85Rb atoms. Here, we
provide details of the second setup. We magneto-optically trap
neutral 85Rb atoms inside a glass cell maintaining background
pressure less than 10−10 mbar using standard laser cooling
and trapping techniques [see Fig. 1(d) in the main text]. The
cooling beams were generated from an ECDL and frequency
stabilized to 12 MHz red detuned with respect to 5S1/2, F =
3 → 5P3/2, F ′ = 4 (D2) transitions. The repumping laser
beams were derived from another ECDL and frequency sta-
bilized to the 5S1/2, F = 2 → 5P1/2, F ′ = 3 (D1) transition
[see Fig. 1(e) in the main text]. A pair of magnetic coils in a
near-ideal anti-Helmholtz configuration produces the required
spatial magnetic field gradient. We coincided the optical and
magnetic field centers with the center of the vacuum chamber
with an accuracy of ∼ 30 μm. We use three independent de-
tection techniques: absorption imaging, fluorescence imaging,
and probe absorption for characterizing the cold atoms and
alignment of the optical fields for the experiments.

In Fig. 10, we show a typical absorption image of our cold
cloud, which gives a good measurement of the total number
and spatial distribution of the atoms. Using a separate time-of-
flight measurement, we obtain the temperature of the atomic
cloud to be ∼ 150 μK. We typically trap more than 107 atoms
with a Gaussian FWHM of ∼ 4 mm.

The probe laser field is generated from yet another ECDL,
and its frequency is monitored using a high-precision wave-
length meter (Highfinesse, WSU2) with an absolute frequency
accuracy of 1 MHz. The collimated probe beam with a Gaus-
sian waist diameter of 70 μm was sent through the atomic

FIG. 10. The absorption image of magneto-optically trapped
(MOT) cold 85Rb atomic cloud. The top and right insets show the
column density profiles (red) and fit to Gaussian (black) of the
trapped cloud.

cloud along x̂ at y = 0 and the z position of the probe beam
was varied for different sets of measurements.

The strength and orientation of the magnetic field B vary
within the atomic cloud along the probe field direction (x axis)
as shown in Fig. 11. In this configuration, the magnetic field
exists only on the x − z plane and we calculate the magnetic
field at each position using a solution of the elliptic equations
[52]. We separately measure the field components (Bx, By, Bz)
using a Hall probe magnetometer (LakeShore) for comparison
and calibration purposes. The angle θB(x) between the local
magnetic field and probe laser propagation direction is posi-
tion dependent.

The Raman radiation fields for coherent driving were de-
rived from the same ECDL, which provides the cooling laser
light. Two independent AOMs were applied to produce the
Raman fields with controllable frequency difference (denoted
as δ12 in the main text). The radio frequency signal sent into

FIG. 11. The x dependence of the total magnetic field and the
angle θB(x) between the local magnetic field and the probe laser
propagation at y = 0 and z = 900 μm.
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the AOMs can be tuned using two voltage-controlled crys-
tal oscillators. The control voltage was sent using an Field
Programmable Gate Array board with a vertical resolution
of 12 bits. The long-term relative frequency jitter of δ12 was
measured to be ∼ 7 kHz (for measurement duration of 8 s).
This jitter limits our measurement precision, which we wish
to reduce to a few-Hz level using ultrastable reference sources
in our future upgrading of the experimental setup. However,
this relative frequency stability is adequate for the first sets of
measurements of the Faraday rotation fluctuation signals from
the cold atoms. The Raman fields were spatially mode cleaned
using PM fibers, expanded to a Gaussian waist diameter of
6 mm and combined in a nonpolarizing cube beam splitter
(NPBS) before sending through the cold atomic cloud. The
polarization of the Raman fields can be independently varied,
employing the combination of half-wave plates (HWPs) and
QWPs. We typically manage to obtain a polarization purity of
the Raman fields > 99%.

APPENDIX B: DETAILS OF THE THEORETICAL
MODELING

1. Intrinsic spin noise spectrum

In the absence of driving by the Raman fields (� = 0), the
rubidium atoms are in thermal equilibrium and the popula-
tions in their hyperfine ground level Zeeman states fluctuate
over time due to thermal (and quantum) fluctuations. Such
equilibrium population fluctuations generate an intrinsic SN
in the atomic vapor. When � = 0, only the lower two levels of
the 3LS participate in the equilibrium spin dynamics detected
by the probe beam. Therefore, we can derive the SN spectrum
by including a noise term in the master equations of the
density matrix elements of these levels. Thus, we write

dρ̃21

dt
= i(ω2 − ω1 + iγ21)ρ̃21 + η(t ), (B1)

where we assume the noise η(t ) to be a Gaussian white noise
with zero mean and 〈η(t ′)η(t ′′)〉 = N2γ21δ(t ′ − t ′′), where N2

is number of atoms within the measurement region. We then
get the power spectrum P(ω)|�=0 of the spontaneous spin
fluctuations as

P(ω)|�=0 = 1

2π

∫ ∞

−∞
dt eiωt 〈ρ̃†

21(t )ρ̃21(0)〉

= 1

π
Re

[∫ ∞

0
dt eiωt 〈ρ̃†

21(t )ρ̃21(0)〉
]

= N2

2π

γ21

γ 2
21 + (ω − ω2 + ω1)2

, (B2)

where ω is the spectral frequency.

2. Raman-driven power spectrum

In the presence of the Raman fields, the atoms are driven
out of thermal equilibrium. We again write phenomenological
master equations for the evolution of various components
of the density matrix of the 3LS for the Hamiltonian H
in the main text. Since the intrinsic fluctuations [related to
the equilibrium noise, e.g., η(t ) above] only form a broad
background in the measured power spectrum for a relatively

strong driving by the Raman fields, we drop these noise terms
from the following master equations to be able to extract an
analytical expression for the measured power spectrum. These
master equations are written in the rotating frame by rewriting
the elements of coherence as ρ31(t ) = ρ̃31(t )eiωs1 t , ρ32(t ) =
ρ̃32(t )eiωs2 t , ρ21(t ) = ρ̃21(t )ei(ωs1 −ωs2 )t , where ρ̃31(t ), ρ̃32(t ),
and ρ̃21(t ) are the density matrix elements in the laboratory
frame and ρi j are those in the rotated frame. We further
take the following limits for the relaxation rates, γ13 = γ23 =
γ , γ12 = γ21 = γ ′, γ31 = γ32 = 0, and γ ′ � γ , to simplify
the master equations:

dρ11

dt
= γ (1 − ρ11 − ρ22) − i�13(ρ13 − ρ31), (B3)

dρ22

dt
= γ (1 − ρ11 − ρ22) − i�23(ρ23 − ρ32), (B4)

dρ13

dt
= −(γ + i�13)ρ13 − i�23ρ12

− i�13(2ρ11 − 1 + ρ22), (B5)

dρ31

dt
= −(γ − i�13)ρ31 + i�23ρ21

+ i�13(2ρ11 − 1 + ρ22), (B6)

dρ23

dt
= −(γ + i�23)ρ23 − i�13ρ21

− i�23(2ρ22 − 1 + ρ11), (B7)

dρ32

dt
= −(γ − i�23)ρ32 + i�13ρ12

+ i�23(2ρ22 − 1 + ρ11), (B8)

dρ12

dt
= −i(�13 − �23 − iγ ′)ρ12 + i�13ρ32

− i�23ρ13, (B9)

dρ21

dt
= i(�13 − �23 + iγ ′)ρ21 − i�13ρ23

+ i�23ρ31. (B10)

We apply these equations to investigate how the Raman fields
affect the coherence ρ̃21(t ) between the ground levels. From
the above set of equations, we find ρ21(t ) at the steady state by
setting dρi j (t )/dt = 0. Since we ignore the noise terms in the
above master equations in the leading order of �13,�23, we
rewrite the power spectrum defined in the main text without
the noise averaging:

P(ω) = 1

2π

∫ ∞

−∞
dt eiωt ρ̃

†
21(t )ρ̃21(0)

= 1

2π

∫ ∞

−∞
dt ei(ω−ωs1 +ωs2 )tρ

†
21(t )ρ21(0). (B11)

When the driven atoms reach the steady state at a long time,
ρ21(t ) becomes time independent. Then we can replace ρ21(t )
and ρ21(0) by their steady-state value ρ21 to find

P(ω) = 1

2π

∫ ∞

−∞
dt ei(ω−ωs1 +ωs2 )t |ρ21|2

= δ(ω + ωs2 − ωs1 )|ρ21|2. (B12)
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In the main text, we provide a relatively simple formula
for ρ21 by choosing �13 = �23 = � and �23 = 0,�13 = �,
and that formula is employed for the driven thermal vapors.

Here, we give a more general formula when �23 
= 0, which
is our experimental condition for the driven rubidium cold
atoms:

ρ21 = γ�2(�̃(2iγ + �̃) − 4�2 + (−2γ + i�̃)γ ′)
γ
(
�̃2

(
2γ 2 + �2

23 + �2
13

) + 2�2�̃2 + 8�4
) + �2(8γ 2 + (�23 + �13)2 + 12�2)γ ′ + γ γ ′2(2γ 2 + �2

23 + �2
13 + 6�2

) ,

(B13)

where �̃ = �23 − �13. The power spectrum in Eq. (B12)
gives a delta peak (broadened in our experiment by relative
frequency jitter of the two Raman fields derived from two
independent AOMs) at ω = ωs1 − ωs2 , whose strength is de-
termined by |ρ21|2 given in Eq. (B13). The strength of the
peak is maximum at �13 = 0 when �23 = 0, and the peak
height falls with increasing |�13| as shown in Fig. 12. For
�23 = 0, the envelope of the sharp delta peaks with changing
�13 has a Lorentzian-like shape when � < γ but it changes
to a Gaussian-like form for larger �. In the inset of Fig. 12,
we further show the dependence of the envelope width of the
driven power spectrum as a function of the (scaled) driving
Rabi frequency �/γ . As intuitively expected, the envelope
width falls with decreasing driving Rabi frequency, which
we have also measured experimentally in thermal vapor [see
Fig. 3(b)]. For �23 
= 0, the peak height is maximum around
�13 = �23.

APPENDIX C: DETAILS OF THE DATA ANALYSIS
PROCEDURE

For a homogeneous magnetic field as in the thermal vapor
measurements, the Faraday rotation fluctuations signal (both
the intrinsic and the Raman driven) is centered around a single

FIG. 12. The envelope |ρ21|2 of the Raman driven power spec-
trum (in arb. units) from rubidium atomic vapor with the Raman
beam detuning �13 at relatively low driving Rabi frequency �/γ =
5 × 10−3 and temperature. T = 393 K where �23 = 0. The inset
shows the dependence of the envelope width (with a factor of 2π )
of the driven power spectrum as a function of the (scaled) driving
Rabi frequency �/γ .

Larmor frequency νL (= gF μBB/h, where gF is the Landé g
factor of the hyperfine F -levels, μB is the Bohr magneton,
and h is the Planck’s constant), determined by the magnetic
field strength B. However, for the cold atoms inside a MOT,
the Larmor frequency νL(x) varies over space along x̂. There-
fore, the Zeeman splittings of the ground hyperfine levels are
determined by the magnitude of the local magnetic field and
the Raman resonance condition is also position-dependent,
i.e., δ12(x) = νL(x). In our numerical modeling, we take this
position-dependent local magnetic field into account to calcu-
late the strength of the Faraday rotation fluctuations signal at
different frequency.

Moreover, the orientation [θB(x)] of the local magnetic
field also varies along x̂ inside the MOT. The SN signal
strength at νL(x) also gets modified by a factor sin2θB(x)
[16]. We have experimentally verified this correction factor by
performing a separate calibration measurement of the intrinsic
SN spectrum in thermal atoms.

The atom density distribution within the MOT detected
by the probe laser is not uniform, which is evident from
the absorption image in Fig. 10. We incorporate this density
distribution in the modeling of the SN signal strength [∝ n(x),
where n(x) is the number density of atoms at position x] from
the MOT [17,53]. Note that n(x) can be measured precisely
using absorption imaging.

Another minor correction to the SN signal strength can
be from the definition of the quantization axis, which also
varies along x-direction on the x − z plane. Since the local
magnetic field alters over space, the coupling of the Raman
fields with the atoms in the MOT also depends on the x
position. Such correction can be incorporated in our mod-
eling by an x-dependent Rabi frequency defined as �(x) =
�(1 − sin2 θB(x)/2).

So far, we have discussed the Raman-driven spin coherence
between the ground states involving a single � system formed
by states |i〉, where i = 1, 2, and 3, as described in the paper.
Ideally, in cold atom experiments, six � systems are involved
in giving rise to the driven power spectrum generated from
F = 3 and F ′ = 4 hyperfine levels of 85Rb. However, the value
of the Landé g factor is different for those two hyperfine levels,
resulting in a dissimilar contribution in building the signal
strength from the individual � system through the optical
detuning of the Raman fields.

Incorporating the above factors and corrections, we get
strength |ρ21(x)|2 of the Faraday rotation fluctuation signals
from the atoms at position x inside the MOT:

|ρ21(x)|2 = |ρ21(�(x))|2n(x) sin2 θB(x). (C1)
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For a fixed position x within the MOT, we consider the
contributions of all six � systems and add them up to get the
total driven spectrum strength. The six � systems contribute
differently via the optical detuning �23(n) of the Raman fields
from the excited state, i.e.,

�23(n) = 2γ + (3 − n)(gF ′ − gF )μBB(x)/h, (C2)

where n runs from 1 to 6 and gF ′ is the Landé g fac-
tor of the excited level. We fix the detuning �23(n) =

2γ for n = 3 in our experiment as described in the main
text.

In Figs. 4(c)–4(e) of the main text, we present some plots
for the Faraday rotation fluctuations signals as a function of
δ12 from a driven cold rubidium cloud. We have fitted the
experimental data using Eq. (C1) along with ρ21(�(x)) from
Eq. (B13), where � is replaced by �(x) and we employ �23

from Eq. (C2). The only free parameter in this fitting is the
relaxation rate γ ′ of the hyperfine ground-level Zeeman states,
and all other parameters are measured in our experiments.
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