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Spin-noise spectroscopy under resonant optical probing conditions: Coherent and nonlinear effects
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Highly sensitive Faraday rotation spectroscopy is used to measure the fluctuating magnetization noise of
noninteracting rubidium atoms under resonant and nonresonant optical probing conditions. The spin-noise
frequency spectra, in conjunction with the probe light detuning with respect to the D, transition, reveal clear
signatures of coherent coupling of the participating electronic levels. The results are explained by extended Bloch
equations, including homogeneous and inhomogeneous broadening mechanisms. Our measurements further
indicate that spin noise originating from excited states is governed at high intensities by collective effects.
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I. INTRODUCTION

The concept of spin noise was first put forward by Bloch [1]
as the incomplete stochastic cancellation of up and down spins
in the case of a nuclear spin system. This nuclear spin noise
was later experimentally verified by Sleator et al. [2]. Like
nuclear spins, the total spin of a classical gas of unpolarized
atoms also fluctuates around a zero mean polarization. This
atomic spin noise can be mapped onto the intensity of a
probe laser due to dichroic bleaching of the relevant optical
transitions [3-6]. Ultimatively, Aleksandrov and Zapasskii
demonstrated that the spin noise of an alkali gas can also
be recorded in a perturbation-free manner by off-resonant
Faraday rotation [7]. For sufficient detuning from the probed
optical resonance, the off-resonant probing [8] even establishes
a quantum nondemolition measurement of the atomic spin [9]
and has been the basis of several light-matter and matter-matter
entanglement experiments [10-12]. The relative noise signal
is large in small-spin ensembles [13], which makes spin-noise
spectroscopy especially interesting for studying spin dynamics
in semiconductor nanostructures [14,15]. In semiconductors,
optical excitations can fundamentally change the observed
electron spin dynamics such that only spin-noise spectroscopy
employing below-band-gap light enables access to the intrinsic
spin dynamics in these systems [16]. Correspondingly, exper-
imental and theoretical studies of spin-noise spectroscopy in
the case of atom as well as semiconductor physics usually
focus onto the off-resonant probing regime and the weak
scattering limit [17,18]. However, in the case of a strong
inhomogeneously broadened optical transition, as present in
an ensemble of self-ensembled semiconductor quantum dots,
donor bound carriers, and a hot gas of atoms, a significant
fraction of the contributing spins is inevitably resonantly
probed by spin-noise spectroscopy [19,20].

In the following, we present an experimental and theoretical
assessment of spin noise under resonant as well as off-resonant
probing conditions to reveal effects that accompany spin noise-
spectroscopy under resonant excitation. We chose a classical
rubidium gas as the sample system, and the transmitted laser
light acts simultaneously as both probing and pumping beam.
The experiments reveal pronounced nonlinear behavior at
the optical resonance [21-23]. The observations are well
reproduced by extended Bloch equations where the coherent
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coupling of the involved atomic states is crucial to explain the
experimental results. Experiments and calculations reveal that
the observed spin noise under resonant probing differs quali-
tatively depending on whether the probed optical transition is
dominantly inhomogeneously or homogeneously broadened.
In the case of an inhomogeneous broadening, we encounter
significant spin-noise contributions from excited states. The
complex experimental results can only partly be reproduced by
a single-particle Bloch analysis, which indicates the presence
of a many-body effect such as nonlinear self-rotation and
polarization selective absorption of the probe light.

An external magnetic field applied in transverse (i.e., Voigt)
geometry leads to a splitting of the linear polarized o) and
TT(ary atomic transitions in the longitudinal excitation direction.
The classical, dichroic Voigt effect can be observed if both
transitions are addressed by linear polarized light oriented
45° with respect to the magnetic field axis. A pure Faraday
rotation O of linear polarized light occurs even at zero
magnetic field if the refractive indices ny for the o* and
o~ polarization components differ due to dispersive effects
[24,25]. Spin-noise spectroscopy measures the stochastic spin
polarization of the investigated system projected along the
direction of light propagation via the Faraday effect. The
spin noise arises due to the finite spin dephasing time t, and
stochastic reorientation of the ensemble spin. A magnetic field
transverse to the direction of light propagation modulates the
spin noise with the Larmor frequency v, = h~' gy B (where
B is the magnetic field, gy is the Landé factor depending on
the total angular momentum quantum number F, and up is
the Bohr magneton) and correspondingly facilitates spin-noise
measurements in the inevitable presence of white photon shot
noise and common 1/f noise. In the case of monoexponential
spin dephasing and a single, purely homogeneously broadened
optical transition, the power spectrum of the measured Faraday
rotation noise is described by a Lorentz function centered
at the corresponding Larmor frequency and a full width at
half-maximum (FWHM) given by vewnam = (7,)~' [26].
The detected Faraday rotation angle is proportional to (i) the
degree of spin polarization and (ii) the circular birefringence
given by the real part of the refractive index of the specimen
[15]. (i) The time-averaged spin polarization vanishes at
thermal equilibrium but has a finite mean deviation. The mean
deviation of the stochastic spin polarization follows a Gaussian
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FIG. 1. (Color online) (a) D, transition (35, n— ’p, /2) for the
case of 8’Rb. The bold arrow indicates the transition that corresponds
to zero detuning in the following. Neighboring ground and excited
states are coherently coupled. (b) Experimental spin noise setup.
A liquid crystal retarder (LCR) switches the polarization analysis
between sensitivity on linear or circular birefringence, respectively
(details are found in the text).

probability distribution. (ii) The investigated optical transition
in this work is the rubidium D, 525, n =5 2p, /2 transition,
which is depicted in Fig. 1(a) for 8’Rb, including the hyperfine
splitting. In off-resonant spin-noise experiments, it usually
suffices to model the probed optical transition with a single
Lorentz oscillator. However, the complex details of the optical
transition are needed to understand spin-noise spectroscopy
under resonant or nearly resonant probing conditions. The
Faraday rotation of the linear light polarization results from
circular birefringence, that is, different refractive indices for
the two circular polarization components which compile to
linear polarized light. The corresponding dipole selection
rules for circular polarized light demand AF = 0, 1 and
Amp = £1.Figure 1(a) illustrates that resonant probing of the
D, transition evokes coherences of the S ground state as well as
the excited P states. We show in the following that the detailed
structure of the D, transition becomes evident as pronounced
nonlinearities in the spin-noise signal under resonant excitation
and as a nonsymmetric response for positive and negative
detunings, respectively. We first present the experimental
results (Sec. II) and subsequently reproduce the spin-noise
spectra by a theoretical model that is based on the calculation
of the refractive index of the atomic system by extended Bloch
equations (Sec. III).

II. EXPERIMENT

A. Experimental technique

Figure 1(b) depicts the experimental setup. Linearly polar-
ized laser light is transmitted through a rubidium vapor cell
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and acquires a stochastic Faraday rotation. The time-dependent
Faraday angle is measured by a polarization bridge consisting
of a polarizing beam splitter (PBS) and a balanced photore-
ceiver. The time-domain Faraday rotation data is analyzed via
fast Fourier transformation (FFT) spectral analysis. The light
source is an external cavity diode laser (ECDL) with a grating
for wavelength tuning in the Littrow configuration. The laser
emission is linearly polarized and has a spectral line width
of less than 20 MHz. An anamorphotic prism pair yields a
round beam shape, and an optical Faraday isolator prevents
unwanted back-reflections into the laser. The laser beam is
focused by a lens with 500 mm focal length to a beam diameter
of 240 um at the center of the probed rubidium vapor cell. The
Rayleigh range thereby corresponds to the length of the cell
of [ = 50 mm. The laser is swept with a tuning range of —7
to +13 GHz relative to the D, F =2 — F’ =3 transition
of ’Rb at around 780 nm while the absorption of the atomic
system is measured simultaneously. The spectral position of
the laser is monitored with a Fabry-Pérot interferometer. A
small magnetic field is applied transverse to the direction
of light propagation by means of a Helmholtz coil with the
light polarization exactly perpendicular to the magnetic field
axis. In this work, two different rubidium vapor cells are
investigated: cell A with enhanced 8’Rb concentration and
cell B with natural abundance. Cell A also contains helium
buffer gas at a pressure of 1 mbar. Natural rubidium comprises
the different isotopes ®Rb (72.15%) and 8’Rb (27.85%). The
cells are heated to around 350 K.

The measured quantity in noise spectroscopy is the spectral
noise power density (i.e., the amplitude variance per fre-
quency). Subtraction of two acquired noise power spectra from
each other removes the spectral noise background, which itself
results from strong white photon shot noise and residual elec-
trical noise. Figure 2 depicts a typical spin-noise spectrum that
is acquired with cell A for the case of strong optical detuning.
The spin-noise peak at 12.8 MHz corresponds to the Larmor
frequency for an applied magnetic field of 1.8 mT (g = 1/2).
The negative peak close to zero frequency results from the
subtraction of a noise power spectrum with no magnetic field
applied, that is, a spectrum where the spin noise signal is
centered around zero frequency. The spin-noise signal centered
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FIG. 2. (Color online) Off-resonant spin-noise difference spec-
trum measured at 1.8 mT and 45 uT (terrestrial magnetic field),
respectively.
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FIG. 3. (Color online) Spin-noise power density in color coding as a function of laser detuning A (abscissa) and noise frequency v (ordinate)
for cell A (pure *’Rb). The black (upper) curve shows the absorption spectrum, and the red (lower) curve shows the integrated noise power,
neglecting spin noise at noise frequencies centered at 0 MHz. Zero detuning corresponds to the F =2 — F’ =3 transition of 8’Rb. (a),
(b) Experimental data with probe laser intensities /; = 1.8 and I, = 14.1 W/cm?. (c), (d) Calculations corresponding to the experimental data
in (a) and (b), respectively. All graphs depict spin-noise difference spectra.

at zero frequency shows twice the amplitude compared to
the modulated spin noise signal since the spin-noise power,
which would theoretically appear in the second quadrant, is
folded into the detection window; that is, for both cases the
integrated spin-noise power is the same. In the case of strongly
broadened spin-noise spectra (cell B), the available magnetic
field range is not affected by overlapping spectra. Instead,
reference spectra are acquired by switching the polarization
state of the probe light via a liquid crystal retarder (LCR).
This method is described in detail in Refs. [27] and [15]. The
extracted FWHM of the spin noise peak in Fig. 2 amounts to
vewam = 515 kHz, the corresponding spin-dephasing time of
7, = 620 ns results from the finite interaction time between
the rubidium spins and the probe laser due to the spatial
motion of the atoms, and the intrinsic spin-dephasing time
of rubidium is of the order of 100 ms [28]. Please note that the
helium buffer gas of 1 mbar (cell A) reduces the efficiency
of this time-of-flight broadening only slightly, and in cell
B a corresponding FWHM of around vewpy = 640 kHz is
measured. Nevertheless, saturation broadening in cell A is very
efficient due to the helium buffer gas [29] and the dominating
mechanism for broadening of the D, transitions changes
from inhomogeneous Doppler broadening at low probe laser

intensities to the homogeneous saturation broadening at high
probe laser intensities.

B. Spin noise in cell A

Next, we study the spin noise in cell A in dependence on
the laser detuning and the probe laser intensity. Figures 3(a)
and 3(b) depict the detected spin-noise power density in
color coding as a function of the laser detuning (abscissa)
and the noise frequency (ordinate) at probe laser intensities
of I; =1.8 and 14.1 W/cm?, respectively. The black line
depicts the corresponding absorption spectra. The intensity
plots show the difference noise spectra between applied
external magnetic fields of ~0 and 1.8 mT, respectively, i.e.,
different Larmor frequencies centered at ~0 and 12.8 MHz.
The overall absorption spectrum at low probe intensities of the
F =2 — F’ =1,2,3 transitions show a FWHM on the order
of 2 GHz where the Doppler broadening contributes by an
inhomogeneous line width of 560 MHz (calculated value). The
spin-noise power density resulting from the F =2 — F' =
1,2,3 transitions around 0-GHz detuning shows a pronounced
asymmetric dependency for positive and negative detunings.
The asymmetry of the spin-noise power spectrum decreases
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with increasing laser intensity [compare Figs. 3(a) and 3(b)]
since the F =2 — F’ = 1,2,3 transitions are simultaneously
excited at high intensities due to the stronger homogeneous
saturation broadening. We show in Sec. III that N-type
coherences are responsible for the asymmetric behavior and
the spectral shift between absorption maximum and spin noise
minimum.

C. Spin noise in cell B

Figures 4(a) and 4(b) depict absorption and spin-noise
spectra for cell B acquired with a probe laser intensity
of I; = 7.83 W/cm?. The absorption spectra are dominantly
broadened by saturation broadening. The spin-noise spectra
exhibit an additional noise signal due to the different Landé
factor of the ground state of ®Rb (gr = 1/3) compared to
87Rb. Most strikingly, the excited 5P, ¥’Rb states also
contribute to the observed spin noise at high probe intensities
and low detuning from the optical resonances. This is indicated
at the corresponding Landé g factor of gr = 2/3 in Fig. 4(b).
The excited-state gz factors of 85Rb are —1, 1/9, 7/18, and
1/2 for F' = 1,2, 3, and 4. Hence, the excited-state spin noise
of 3Rb is spread over a huge frequency interval and thus does
not interfere with the measured excited-state noise of 3’Rb.

III. THEORY

A. Bloch equations

The detected spin noise results from a circular birefringence
due to the fluctuating occupation of the degenerate mp spin
states [30]. The equilibrium occupation probability of each
S- and P-type hyperfine level F is needed to determine the
fluctuation strength and the transition probability of each
transition involved and henceforth to calculate the circular
birefringence. All necessary quantities are obtained by solving
the optical Bloch equations. The optical Bloch equations
represent the equation of motion for the density matrix p
of the investigated atomic system in the presence of a light
field [31,32]. In the following, the index i (j) denotes the
ground (excited) states. The ground states for the case of
85Rb (*7Rb) are 575, F = 2,3 (F = 1,2); the excited states
are 52P3y F' =1,2,3,4 (F' = 0,1,2,3). In the rotating-wave
approximation, the Bloch equations for the ground-state
occupancies p;; read [33]

pii = Z Yijpjj +2 Z Q;;Im{p;}
J J

g
+ Vdiffzgii’pi’i’ﬁ- 6]
‘/ i o1

Here, y;; =2m V,-zj?z(m Aeo)~ fii/(frj + fo) frr is the
spontaneous transition rate where f;; = 0.6958 denotes
the fine structure oscillator strength, the term f;; yields
the branching ratio of the hyperfine transition with

_(1/2 5/4 5/4 0
""_( 0 1/4 5/4 7/2)’

l

and v;; is the resonance frequency of the corresponding optical
transition.
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FIG. 4. (Color online) (a) Calculated and measured absorption
spectra for cell B (natural rubidium). (b) Measured spin noise spectra
of cell B with a probe laser intensity of 7, = 7.8 W/cm? for different
laser frequencies. At low detuning, spin noise of the excited 52Ps
states (gr = 2/3) becomes significant. The fit curves with the three
calculated Larmor frequencies for g = 1/3, 1/2, and 2/3 are shown
as solid lines. (c) Spin noise spectra calculated by the extended Bloch
model corresponding to the experimental data shown in (b).

The resonant Rabi frequency for linear polarized light with
intensity [; = ceoEg /2 and light frequency w;; reads

QUZM"J'EO:l e? L&f”,.
Y 2h 2 mha)ijcso 8i

Here, Ej is the electric-field amplitude of the probe laser light
and p;; is the transition dipole moment. Relaxation toward the
thermal equilibrium by diffusion of atoms in and out of the
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excitation area is accounted by the diffusion rate ygir = 7 -

VrwnM, Which is extracted from the off-resonant noise spectra

and amounts to & x 515kHz for cell A and # x 640kHz for

cell B. The occupation probability of the valence electron in the

corresponding ground state scales with the degeneracy g; =

2i + 1, and ¢;;- is the two-dimensional permutation tensor.
The excited state occupancies are given by

B == _vijpij + 2 QijIm{py)l. 2

The coherences between ground and excited states are given
by the off-diagonal elements of the density matrix and have to
be included to correctly model the experimental findings, such
as the asymmetric shape of the spin-noise spectrum versus
detuning:

. 1 . .
pij = (-5(%/‘ +vs) — lAij) pij +iS2;(pj; — pii)

+i Z Qijipjy +i Z Q1 i - 3)

Jli—jl=%1 i'i'—j==1

Here, the additional relaxation rate yp describes the quenching
of the excited states after collisions with buffer gas atoms.
For 1-mbar helium gas pressure (cell A), yp is extrapolated
to 2m x 18 MHz from the data presented in Ref. [34]. The
detuning is given by A;; = w;i; — @' with o' = w;(1 —u/c)
for atoms with velocity u, laser frequency w;, and resonance
frequencies w;; = 2m v;; [35].

Note that in Egs. (3) the ground-ground coherences (p;;’)
and the excited-state coherences (p;;) are included, and
hence the dynamics of these coherences must be carefully
considered:

Giir =1 E [8ji+1,00i — 8 i+1,00i1piir

j
+i Z[Qijpi/j = Qyjpjil, 4)
J

) 1 .
Pjj = : 3 <Z[Vu + Vij’]) —ypti Z[Sj,i:tl,OAiil,Oj

—8jr.i41,00i+1,0 j’]}pjj/ +i Z[Qijpij’ — Qi pjil,
@)

where §; ;11,0 ensures the AF = 0, £ 1 selection rules.

The steady state of this system of differential equations is
solved numerically in terms of @’. The Doppler broadening is
included by convolution of the respective quantity of interest
with the velocity distribution f(u) = (v2mii)~ e~ @/D*/2 of
atoms with the velocity u and an average velocity i =
kT /m for a given temperature 7. Note that every density
matrix element p is a function of u.

B. Absorption spectrum

The absorption spectrum is calculated from the sys-
tem’s susceptibility x(w’) including all o(y- and e -type
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T o2 3 )
Ve X gp,-jao), ©6)

ij,Amp=0,+1 2

transitions:

N DA
x(w) = coEq
with n, being the rubidium atom density. The Doppler
broadening is included by convolution of x(w’) with the
velocity distribution f(u). The absorption coefficient « is

calculated by x (') = Im{/1 + x(«')}.

C. Spin-noise spectrum

Calculating the spin-noise spectrum is not as straightfor-
ward as the absorption spectrum since each hyperfine split
optical transition F' — F’ needs to be weighted with the mean
square spin imbalance (m%) (i.e., the actual spin noise), and
the spin noise of the distinct hyperfine levels F appears at the
corresponding Larmor frequency vi, = grupg B/ h in the noise
spectrum. Correspondingly, we model the complete spin-noise
spectrum as a sum of Lorentz functions [36] for all states. The
ground-state spin relaxation rates increase at zero detuning due
to optical pumping by

2
Ui =2 vaitr + 3 Z)/ijlojj + Z viieii V- (D
F i

The noise amplitude is given by
U; = « P, sin(df;)e <. (8)

Here o = 20 V/W is the amplification factor of the balanced
receiver, P; is the laser power, and k, is the wave vector. The
Faraday noise angle is calculated by [37]

2 Al’li 2
do? = (k1=

2
~—\ 2
B <80Eo3) ( % Re{pij}*pi. ©)

The sum of Lorentz functions is finally convoluted with the
velocity distribution to include Doppler broadening and is valid
for uncorrelated atoms [38]. In Eq. (9), u;;/3 is the dipole
matrix element for each o% transition, which is calculated
separately for every hyperfine transition. The corresponding
expressions for the excited states are obtained by interchanging
i and j in Egs. (7)—(9). The excited-state spin relaxation
rates are calculated by I'; = 2[yqifr + % Zi()/ij + 0jivi)l-
Further, a factor of 2 is included in the calculation of the
noise power of the excited states to account for stimulated
emission.

D. Results and comparison with experimental data

Calculated absorption and spin-noise spectra are depicted
in Figs. 3(c) and 3(d) and Figs. 4(a) and 4(c). The calculated
absorption spectra reproduce qualitatively, and to a large ex-
tent quantitatively, all different broadening mechanisms. The
saturation-broadened absorption spectra show a non-negligible
deviation in the width of the corresponding transitions between
theory and experiment. This discrepancy results from the probe
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laser beam waist, which varies in the experiment over the
cell length with a factor of V2. However, this inaccuracy
in the calculations is negligible since the spin noise at the
focus point is weighted stronger than the spin noise at the
cell endings. Indeed, the calculated and measured spin-noise
spectra for cell A (pure 3Rb, Fig. 3) are in excellent agreement.
Please note that there is no free parameter in the calculations
to adjust the absolute noise power values. In particular, the
asymmetric behavior around the F =2 — F’ = 1,2,3 transi-
tion is remarkably well reproduced for the two different noise
spectra. This asymmetry decreases in the calculations as well
as in the experiment for higher probe light intensities due to
additional homogeneous broadening. The ratio between laser
intensity and spin-noise signal stays constant due to the larger
homogeneous broadening and increasing spin-relaxation rates
for stronger laser light fields.

In the case of cell B (Rb with natural abundance), the
spin noise arising from the excited 52P3/2 87Rb states is
qualitatively well reproduced [Figs. 4(b) and 4(c)]. The
excited-state noise corresponds to noise frequencies around
15 MHz denoted by gr =2/3. We note, however, one
significant discrepancy between the experimental and the-
oretical results concerning the strength of the excited-state
spin noise. The enhanced excited-state spin noise measured
at detunings close to the optical resonance and high probe
laser intensities is not recovered by the single-particle Bloch
analysis. This discrepancy indicates a signature of a collective
effect such as nonlinear self-rotation [21] and polarization
selective absorption of the probe light while traversing the
rubidium gas cell. These many-body effects are beyond the
scope of the single-particle model discussed in this paper
and only appear at significant occupation of the excited
state.
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IV. CONCLUSION

We have performed spin-noise spectroscopy on a classical
rubidium gas under resonant and nonresonant probing con-
ditions. The experimental results are modeled by extended
Bloch equations, which inherently include the populations
and coherences between all participating states. Our careful
analysis shows that the coherences between ground and excited
states, and also ground-ground and excited-excited coher-
ences, play crucial roles in spin-noise spectroscopy at resonant
and quasiresonant probing conditions. This is contrary to
the case of off-resonant probing, where coherences play no
significant role. We identify a characteristic asymmetric spin-
noise signal with respect to detuning, which arises due to the
coherent coupling of the atomic levels under nearly resonant
probing conditions. The theoretical results are in very good
qualitative, and to a large extent quantitative, agreement with
our experimental findings. However, a significant deviation
is observed for the specific case of excited-state spin noise
for nearly resonant probing conditions. Interestingly, this
discrepancy may indicate the appearance of collective effects,
which are not covered by single-particle extended Bloch
equations. We expect that these and similar effects also play
important roles in spin-noise experiments with self-assembled
semiconductor quantum dots or donor atoms.
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