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Spin-exchange narrowing of the atomic ground-state resonances
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At the most fundamental level, the performance of atomic sensors is limited by quantum decoherence. The
problem of decoherence has been addressed at low magnetic fields with atomic samples, where the limiting factor
of the coherence lifetime arises from spin-exchange collisions. In this paper, we demonstrate the complex role
of the collisions in the relaxation of quantum states of alkali-metal atoms. The detailed understanding of the
collision role allows us to reduce the ground-state relaxation in stronger magnetic fields (tens μT). Reduction
of the relaxation rate enables improvement of the performance of atomic sensors. In particular, enhancement of
the sensitivity of optical magnetometers in the detection of stronger magnetic fields may be obtained. Reduced
transverse relaxation also enables increasing quantum-information storage time in atomic vapor.
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Introduction. Some of the most sensitive measurements of
physical quantities (e.g., time, frequency, magnetic field, etc.)
utilize resonant interaction of light with atoms [1]. Recent
progress in atomic sensors has been achieved through an
improved understanding of the relaxation processes in such
systems. In atomic vapors, the dominant relaxation, limiting
the precision of measurements and the storage time of quantum
information, is often determined by spin-exchange collisions
(SECs). The SEC relaxation was extensively studied, both
experimentally [2,3] and theoretically [4–6], in low magnetic
fields. These studies resulted in the discovery of the so-called
spin-exchange relaxation-free (SERF) regime, where the SEC
relaxation is eliminated. Operation in the SERF regime enables
observation of narrow optical resonances (hertz range) in
high-density atomic vapors (1013–1014 atoms/cm3) [7,8],
where the SEC rate exceeds the observed transverse relaxation
rate by several orders of magnitude [9]. Recently, the same
regime was demonstrated at low-density samples contained in
alkene-coated vapor cells [10].

Narrowing of optical resonances in the SERF regime
can be interpreted in generic terms of SEC-mediated coher-
ence transfer between two ground-state hyperfine manifolds
[11–13]. Efficiency of the transfer is subject to a resonance
condition, which links the difference between relevant coher-
ence frequencies and coherence relaxation rate [12]. If the size
of the mismatch between coherence frequencies is comparable
to the SEC relaxation rate, rapid SECs average out coherence
precession with different Larmor frequencies, leading to a
prolonged oscillation at the averaged frequency [4]. This
manifests as the merging of respective spectral components
in the detected signal [4] and reduction of their effective
width. In alkali-metal atoms, where the Landé factors of two
ground-state hyperfine states are nearly opposite, the nonzero
magnetic field results in the departure from the resonance
condition, leading to the advent of the SEC relaxation. This
is the reason for the limitation of the SERF-magnetometer
detection range to ultralow magnetic fields only [7].

In this paper, we identify a spin-exchange narrowing
mechanism that works in magnetic fields up to tens of μT.
It is based on SEC-driven coherence transfer between pairs
of ground-state Zeeman sublevels within the same hyperfine

manifold. Key to the observation is the implementation of
indirect optical pumping [14]. In such a scheme, circularly
polarized light (the pump) depletes a given hyperfine ground
state, fully populating the other state, which is optically probed
by a weak, linearly polarized light (probe). This hinders optical
resonances from power broadening, but more importantly
eliminates any relaxation arising from repopulation of the
other hyperfine state (elimination of hyperfine relaxation).
With our investigations, we find that the influence of SECs on
the coherence relaxation varies considerably with the magnetic
field, leading to the appearance of several regimes of SEC
relaxation. Additionally, it is shown that at stronger magnetic
field, where the resonance condition is not fulfilled due to
the nonlinear Zeeman (NLZ) effect, the efficient coherence
transfer may be reestablished by the employment of a tensor
light shift. This results in the narrowing of the observed optical
resonances and, in turn, may enhance the operation of atomic
sensors, e.g., optical magnetometers. Our measurements are
performed in a low-density atomic sample, i.e., the population
distribution among the Zeeman sublevels is not governed by
spin temperature. The experimental investigations are based on
radio-frequency (rf) spectroscopy (see Ref. [16] and references
therein), in which an rf scan yields the frequencies, relaxation,
and amplitudes of the ground-state Zeeman coherences [17].
The setup, in which the measurements are performed, is shown
in Fig. 1.

Relaxation magnetic field dependence. Figure 2 shows the
magnetic field dependence (shown in terms of the Larmor
frequency νL [18]) of the linewidths (full width at half
maximum) of the two leading resonances of the rf spectrum
(see inset to Fig. 2). The plots reveal several different
magnetic-field regimes with distinct behavior of the widths.
For the strongest magnetic fields (νL > 600 kHz, regime I),
the widths of the resonances do not change with the field,
i.e., the transverse relaxation is magnetic-field independent
[the dashed horizontal lines in Fig. 2(a) represent measured
asymptotic values of the linewidths for the largest four
resonances, �ν∞

i,i−1]. Below 600 kHz (regime II), the width
increases until it reaches its maximum at around 300 kHz. The
broadening is much more significant for the second largest
resonance (see inset to Fig. 1), corresponding to the ρ4−3,4−3
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FIG. 1. (Color online) Geometry of the experiment. The Cs vapor
is contained within an antirelaxation-coated glass cell. A 200 μW,
circularly polarized laser light (pump) is tuned to the F = 3 →
F ′ = 2 component of the caesium D2 line (852 nm). The pump
strongly polarizes the medium (polarization of the F = 4 ground
state) along the offset magnetic field Boff via the so-called indirect
optical pumping [14]. Boff splits magnetic sublevels that are coupled
by the ŷ-polarized rf field of the amplitude Brf (double-headed arrows
in energy structure scheme). The state of the medium is detected
by analyzing the polarization state of the off-resonant probe light
that is detuned 1 GHz above the F = 4 → F ′ = 5 transition (D2
line) propagating along ŷ. The whole system is enclosed inside a
multilayer magnetic shield (not shown) with a shielding factor of
106. Boff is generated by a set of two solenoids situated inside the
shield, providing the field with relative inhomogeneity of less than
10−5 over the length of the cell [15].

coherence (see discussion below), where it scales as ν−4
L ,

than that to the ρ4−4,4−3-coherence resonance. Below 300 kHz
(regime III), the resonance widths narrow until the two reso-
nances are characterized with the same linewidth (<160 kHz,
regime IV).

To theoretically investigate the problem, density-matrix
calculations are performed. The atomic structure of caesium
is modeled by a four-level system with two ground states with
F = 3 and F = 4 and two excited states with F ′ = 2 and
F ′ = 5 (with appropriate Zeeman sublevel structure). Despite
the larger number of excited states in a real atomic structure,
the consideration of only two of the states corresponds well
to the experimental condition, where these two excited levels
are the most strongly excited due to the tuning of the pump and
probe lasers. The modeling includes optical excitation with the
pump light, coupling to the rf field, and interrogation by the
probe beam. It also considers two types of relaxation: density-
matrix independent (e.g., due to collisions with uncoated
surfaces) and density-matrix dependent (e.g., due to SEC) re-
laxation. Based on the density-matrix approach, one can show
that the signal (the angle of polarization rotation ϕ) is given by

ϕ ∝
F−1∑

j=−F

〈F j + 1 1 0|F ′ j + 1〉ρFj,F ′j+1

−
F∑

j=−F+1

〈F j − 1 1 0|F ′ j − 1〉ρFj,F ′j−1, (1)

where ρFj,F ′j ′ is the optical coherence between the |Fj 〉
ground state and the |F ′j ′〉 excited state and 〈|〉 is the
Clebsch-Gordan coefficient (the quantization axis is oriented
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FIG. 2. (Color online) (a) Observed and (b) simulated widths
of the resonances corresponding to the first two components of
the rf spectrum as a function of the offset field (expressed in
terms of the Larmor frequency). The signals were measured for
a pump power of 200 μW, probe power of 15 μW, and atomic
density of 1.1 × 1011 cm−3, and the simulations were performed for
corresponding physical conditions. The quadratic dependence (black
solid line) shows separation of the lines (quadratic component of
Zeeman effect), while the horizontal dashed lines represent measured
asymptotic (high-field) values of the highest four peaks linewidths
(�ν∞

−4,−3 = 3.5 Hz, �ν∞
−3,−2 = 8.4 Hz, �ν∞

−2,−1 = 10.9 Hz, and
�ν∞

−3,−2 = 11.3 Hz). The numbers I–IV mark four regimes with
different behavior of the relaxation rate on the magnetic field. The
two insets show rf spectra measured at high and low magnetic fields,
corresponding to split and unsplit rf spectra recorded in regimes I
and II, and III and IV, respectively. The peak on the right represents
(−4, − 3) coupling.

along the offset magnetic field). Since the optical coherence
ρFj,F ′j±1 depends on the ground-state Zeeman coherence
ρFj,Fj±1, the widths of the narrowest rf resonances are related
to the lifetime of the ground-state coherences. In this respect,
rf spectroscopy is an efficient tool in the investigations of the
transverse relaxation, in particular SEC relaxation, being an
important contribution to the relaxation.

Equation (1) and the dependence of the optical coherence on
the Zeeman coherences show that in stronger magnetic fields,
where nonlinear Zeeman effect unequally splits magnetic
sublevels, rotation resonances are associated with specific
Zeeman coherences. In particular, in the considered case, the
strongest resonance (inset to Fig. 2) is related to the ρ4−4,4−3

coherence and the second largest coherence arises due to the
ρ4−3,4−2 coherence.
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The numerical simulations of the system fully replicate the
experimentally measured behavior [Fig. 2(b)]. In particular,
the linewidths of the simulated resonances first increase with
the magnetic field, then decrease, eventually leveling up for
higher magnetic fields. Similar to the experimental signal
[Fig. 2(a)], the dependence of the linewidth of the resonance
related to the ρ4−3,4,−2 coherence is more pronounced than that
arising from the ρ4−4,4−3 coherence. This difference originates
from the reduced SEC relaxation of the |4 − 4〉 state [19,20]
and is the indication that the linewidths of the rf resonances
are predominantly determined by SECs (except the �ν−4−3

linewidth) [21]. As this paper investigates the role of SEC
relaxation, below we exclusively concentrate on the relaxation
of the ρ4−3,4−2 coherence, extracted from the width of the
second highest resonance.

For fields larger than 600 kHz (regime I), the overlap be-
tween components of the rf spectrum is negligible (�νNLZ �
max{�ν−4,−3,�ν−3,−2, . . . ,�ν3,4}). In such a case, the SEC
contribution to the linewidth �νi,i+1 is exclusively given by
the matrix element of the SEC operator (HSE = JS1 · S2,
where Si is the electron spin operator of the atom, and J

is the coupling coefficient) between two neighboring Zeeman
sublevels |F j 〉 and |F j + 1〉 [5,6]. Since the SEC operator
does not reveal any dependence on the magnetic field,
increasing the field does not affect the linewidth of resonances
�ν∞

i,i+1. This behavior can be intuitively understood as the
collisional coherence transfer, leading to transverse relaxation;
although coherence is preserved in SEC even at stronger fields,
the coherence dephases after the collision due to the mismatch
between the rf-field frequency, determining evolution of
the rf-driven coherence (rf field in resonance with a given
magnetic transition) and the uncoupled-coherence evolution
frequency (the frequency mismatch between the rf-field fre-
quency and the free evolution frequency significantly exceeds
the transverse relaxation rate – the condition for the reso-
nance coherence transferred is not fulfilled). At lower fields
(regime II), the resonance frequencies are not well resolved,
and the eigenvectors of the system’s Hamiltonian become
superpositions of the eigenvectors |Fj 〉 [5]. Thereby, under
such conditions, the relaxation rates of various coherences
mix together and the width of a specific resonance is given by
�νi,i+1(νL) = �ν∞

i,i+1 + ∑
j 	=i fj (νL)�ν∞

j,j+1, where fi(νL)
is the magnetic-field-dependent weight of a j th contribution.
As the contributions from neighboring transitions increase
with decreasing line separation, the ν−4

L scaling of the res-
onance linewidth with the magnetic field, predicted theoreti-
cally [22], is observed. In the coherence-transfer language, this
corresponds to the situation where most of the coherences are
probed at once, and since they have different relaxation rates
and their overlap depends on the magnetic field, the resonances
have magnetic-field-dependent linewidths. It should be noted,
however, that the leading resonance still does not contribute
to the widths of other resonances as its width (3.5 Hz) is
significantly smaller than the resonance separation in this
magnetic field range (�νNLZ from 15 to 80 Hz). While at
300 kHz all but the leading resonance linewidths become
equal, reaching their maximum value, the linewidths decrease
quadratically while reducing the field (regime III). This
occurs when the contribution of the ρ4−4,4−3 coherence,
being partially immune to SEC relaxation, becomes significant

0 200 400 600 800
0

2

4

6

8

10

12

Larmor frequency (kHz)

W
id

th
(H

z)

FIG. 3. (Color online) The field dependence of the resonance
linewidth �ν−3,−2 recorded at three different atomic densities: 0.4 ×
1011 cm−3 (blue diamonds), 0.6 × 1011 cm−3 (red dots), 1.1 × 1011

cm−3 (green squares).

(overlapping between all resonances). Under such conditions,
a coherence can be transferred to the |4 − 4〉 and |4 − 3〉 states,
characterized with longer lifetime, where it is detectable. For
even weaker fields (νL < 100 kHz), there is no difference
in resonance linewidths and no significant change of width
�νi,i+1 due to the magnetic field that is observed (regime IV).
For such a field range, all of the resonances overlap and the
continuity of the coherent evolution is preserved after every
SEC. As all the coherences are probed simultaneously, there
is only one width of the observed signal mainly dominated by
the relaxation of the ρ4−4,4−3 coherence.

Since actual relaxation behavior depends upon the ratio
of the separation between spectral profiles �νNLZ and the
resonance linewidths �νi,i+1, it can be tuned by changing
either the former, i.e., changing the offset magnetic field
Boff , or the latter, e.g., by adjusting the cell temperature
and hence atomic density. Figure 3 shows the linewidth
�ν−3,−2 as a function of the Larmor frequency recorded at
three different vapor densities. At each density, the low-field
linewidth is smaller than what would be predicted from the
spin-exchange rate, which proves that mechanism of coherence
transfer due to SECs at low fields is efficent. However, it
should be noted that there is some residual SEC relaxation
manifesting itself as changes of linewidths at zero magnetic
field for various temperatures. This is due to incomplete
elimination of the relaxation to the other hyperfine state
in our indirect optical-pumping scheme (the light does not
illuminate the cell completely). Additionally, the broadening
may be caused by temperature-dependent deterioration of
coating quality [23]. When the offset magnetic field increases,
in all cases, the linewidth reveal the same behavior as discussed
above, although maximum relaxation is obtained for different
magnetic field, depending on vapor density.

Frequency dependence. In parallel with the dependence
of the resonance linewidths, we also observed deviations
in peak separation from the expected quadratic dependence
on the field. Figure 4 shows the average separation of the
components of the rf spectrum as a function of the amplitude
of the offset field recorded at 1.1 × 1011 atoms/cm3 and
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FIG. 4. (Color online) Average separation of the rf resonances
as a function of the offset magnetic field (expressed in terms
of the Larmor frequency) recorded at atomic densities 1.1 × 1011

atoms/cm3 (red squares) and 2.1 × 1011 atoms/cm3 (blue dots).
The results reveal deviations from the magnetic-sublevel splittings
predicted by the Breit-Rabi equation (solid black line).

2.1 × 1011 atoms/cm3. In particular, for the same data set
as presented in Fig. 2 (red squares), for νL < 300 kHz, where
quadratic dependence of �ν−3,−2 on νL has been observed,
the separation is smaller than the value of quadratic splitting
of the resonances (solid black line). This change in the line
separation is yet another signature of the coherence-transfer
mechanism (see Ref. [4] for more details).

Narrowing resonances. Since the increased linewidth at
higher magnetic fields results from the dephasing of the
coherence due to the nonlinear Zeeman splitting exceeding
the spin-exchange rate, one would expect that compensation
of �νNLZ via, for example, a tensor light shift would result
in resonance narrowing. We have performed experiments
demonstrating the influence of the compensation of �νNLZ

with tensor light shift on linewidths in a configuration similar
to that described in Ref. [24]. Apart from the pump and probe
lasers, a third laser, detuned 2 GHz from the F = 4 → F ′ = 3
transition of the caesium D1 line (894 nm), was also used. The
observation was done with atomic density of 0.4 × 1011 cm−3

(blue dots in Fig. 3) and a magnetic field set to a value
equivalent to a Larmor frequency of 165 kHz. The particular
choice of operating conditions enabled us to demonstrate all
of the processes relevant to the cancellation of �νNLZ by a
tensor light shift. Figure 5 presents the dependence of �ν−3,−2

(green diamonds) on the power of the laser which generates
the tensor light shift. In addition to the width dependence, the
plot additionally shows the average peak separation which is
a measure of the compensation. As pointed out in Ref. [24],
implementation of the intense laser beam, generating a tensor
light shift that does not cover the total aperture of the atomic
cell, could lead to broadening of the resonances. In our
experiment, the laser beam which creates the tensor light
shift only partially covered the aperture of the cell window.
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FIG. 5. (Color online) Width (blue diamonds) of rf spectral
profile, �ν−3,−2, recorded at 165 kHz as a function of power of
the laser beam that generates tensor light shift (atomic densities
0.3 × 1011 atoms/cm3). Red squares show averaged peak separation
(nonlinear splitting of the sublevels). Solid lines are the trend lines to
guide the eye.

Thus, the narrowing effect was masked (totally in the case
of �ν−4,−3 and partially in case of �ν−3,−2) by the broad-
ening caused by the inhomogeneity of the laser field across
the cell.

Conclusions. Changes of SEC relaxation across a wide
range of magnetic fields have been discussed. Since the life-
time of the ground-state coherences limited by SEC relaxation
defines, at a fundamental level, the precision of magnetic field
measurements performed with such systems, an understanding
of the mechanisms of this relaxation-rate change with magnetic
field paves the way to a broader implementation of ultrasensi-
tive magnetic field sensors [25]. Immediate applications of the
discussed effect could be in atomic magnetometers operating
in the radio-frequency domain (e.g., nuclear magnetic reso-
nance [26], nuclear quadrupole resonance [27], etc.). How-
ever, the importance of long-lived ground-state coherences
in alkali-metal atoms extends beyond the field of nuclear
resonance. The narrow ground-state coherence lines have
been exploited in several areas of modern physics, including
fundamental physics (Lorentz invariance [28]), metrology
(clocks based on end resonances [29]), quantum-information
processing (continuous variable systems [30]), and cosmol-
ogy (search for domain walls formed by axionlike fields
[31]).
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