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Abstract
We report an experimental and theoretical investigation to extend lifetimes of light storages by
applying guiding magnetic fields in a room-temperature atomic vapor. The storages are based on
dynamic electromagnetically induced transparency. Retrieval efficiencies versus storage time are
experimentally measured for different strengths of the guiding magnetic fields. The measured
results show that the 1/e storage times are ∼6 μs and ∼59 μs for the guiding field B0z= 0 and
B0z= 93 mG, respectively. Physical processes causing decoherence in an atomic ensemble have
been discussed and analyzed. A theory model which is used to evaluate the decoherence caused
by fluctuations of transverse magnetic fields is developed. Based on this evaluation, the fact that
storage lifetimes can be increased by applying guiding magnetic fields is well explained.

Keywords: suppressing decoherence of spin waves, light storages, electromagnetically induced
transparency, guiding magnetic fields, room-temperature atomic vapor

(Some figures may appear in colour only in the online journal)

1. Introduction

The optical storage is an important step toward the realization
of long-distance quantum communications and quantum
information processing [1–4]. To implement this task, key
performance benchmarks of light storage such as long life-
times, high efficiencies are required. Over the past decade, a
variety of physical processes, such as electromagnetically
induced transparency (EIT) [5], spontaneous Raman emission
[3], gradient echo [6], far-off-resonant Raman interaction [7]
and others [8–11] have been developed into promised storage
schemes. Optical storages based on these schemes have been
realized in various media such as cold atomic gases [12–14],
room-temperature atomic vapors [8, 15–26] and cryogeni-
cally-cooled solid devices [9]. For the practical use of quan-
tum memories, their experimental complexity has to be
reduced. The room-temperature (warm) atomic vapor is a
simple and robust storage medium since its operation does not
need laser trapping and high vacuum or cryogenic cooling. In
room-temperature atomic vapors, EIT-based storages of

classical light pulses [15–18] and of optical quantum states
[19–26] have been successfully implemented. For suppres-
sing ground-state decoherence, vapor cells are filled with
buffer gas (or cell walls are paraffin-coated) and placed in
magnetically shields in these experiments. The storage life-
times in most of the experiments are not more than 10 μs [16–
26], the longest lifetime achieved in the off-resonant Faraday
interaction scheme [8] was up to ∼1 ms. Recently, the
experiments that the lifetimes of qubit memories are sig-
nificantly increased by applying weak guide magnetic fields
have been demonstrated in trapped single-atom system [27].
Such increases in lifetimes are attributed to that the guiding
fields suppress the influences of transverse magnetically
fluctuations on the absolute field stability [27, 28]. However,
there is not a theoretical model to well explain this effect until
now. Also, the increase in lifetime by applying a guiding
magnetic field has not been studied in light storages based on
room-temperature atomic vapors.

In this paper, we report an experimental and theoretical
investigation to extend the lifetimes of light storages by
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applying guiding magnetic fields in a room-temperature
atomic vapor. The storages are based on dynamic EIT.
Retrieval efficiencies are measured for different strengths of
the guiding magnetic fields. When no guiding magnetic field
is applied, the 1/e storage time is ∼6 μs. While, when a weak
guiding magnetic field (∼93 mG) is applied, the 1/e storage
time becomes ∼59 μs. We developed a theory to model the
decoherence process caused by fluctuations of transverse
magnetic fields. Based on this model, the reason that the
storage time can be increased by applying a large enough
guiding magnetic field is well explained.

This paper is organized as follows. In section 2, we
discuss the theory of the EIT-based light storages in multiple
Λ-systems. In section 3, we describe experimental setup,
implementation and results for the light storages. In section 4,
we discuss the reasons for suppressing decoherence of spin
waves by applying a guiding magnetic field. Finally, a brief
conclusion is given in section 5.

2. EIT-based light storage in multiple Λ-systems

The involved levels of 85Rb atoms are shown in figure 1,
where = =a S F5 , 21/2 , = =b S F5 , 31/2 , =e

′ =P F5 , 31/2 . The strong vertical-linearly- (V-) polarized
controlling light field and the weak horizontal-linearly- (H-)
polarized signal light field are respectively tuned to the tran-
sitions ↔a e and ↔b e with a blue detuning Δ. The
quantum axis is defined along the z-direction, which is the
same as the propagating directions of the two light beams. In
this case, the H-polarized signal light field can be divided into
the right α =(helicity 1) and left α = −( 1) circular polariza-
tion components, which drive ↔ = +b m e m m, , 1b e b

and ↔ = −b m e m m, , 1b e b transitions, respectively,
and the V-polarized controlling light field also is divided
into the right and left circular components, which
drive ↔ = +a m e m m, , 1a e a and ↔ ∣ =a m e m, ,a e

− 〉m 1a transitions, respectively. The H-polarized signal field

can be represented as
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two unit vectors in the H/V basis, ε ε= ⃗z t z t( , ) ( , )H H
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amplitude of the signal field. Due to optical pumping by the
strong controlling light, most of the atoms will be prepared in
every Zeeman sublevel b m, b with an equal probability

= +p F1/(2 1)b . In this case, multiple Λ-type EIT configura-
tions are formed (figure 1). The storage and retrieval processes
for the signal fields ε+⃗ z t( , )in and ε−⃗ z t( , )in can be described by
the dark-state polariton concepts [5, 29, 30]
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2 ,Ω t( )C is the Rabi frequency of the con-
trolling field, N is total number of atoms, g is the atom-field
coupling constant, ±S z tˆ ( , ) are the spin waves which are

created by mapping ⃗ε± z t( , )in
fields into the atomic ensembles

and can be expressed as [31, 32]:
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respectively, where ρ =± −z t N( , )m m z,
( ) 1

a b
∑ ∈ a m b m, ,z N a bj z

ω−e ti ma mb, is the spin-wave operator associated with the
coherence between the Zeeman sublevels a m, a and b m, ,b

superscripts ± correspond to Zeeman coherences generated by
storing the signal fields ε+⃗ z t( , )in and ε−⃗ z t( , )in , respectively,

=N N z ld /z is the number of atoms between z and z+ dz, l is

the length of the vapor cell, ω ω ω= +m m m m m m
Bz

, ,
0

,a b a b a b
, ωm m,

0
a b

is
the frequency splitting between the hyperfine states

Figure 1. The involved levels of 85Rb atoms. ε+⃗
in and ε−⃗

in are the
right- and left-circularly-polarized signal fields, respectively. ΩC

denotes the controlling field.
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=S F5 , 21/2 and =S F5 , 31/2 , ωm m
Bz

,a b
is the Zeeman fre-

quency shift of the transition ↔a m b m, ,a b , which can
be expressed as:
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According to the dark-state polariton concepts in
equation (2), we see that the signal fields ε± z tˆ ( , )in can be

mapped onto ±S z tˆ ( , ), respectively, when the controlling
beams Ω( )C are adiabatically turned off over a very short time
interval −t t[ , ]0 0 (in the presented experiment, the time
interval is δ = − ≈−t t t 50 ns0 0 ). The initially stored Zee-
man coherences ρ ± z t( , )m m,
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0 , v t( )g is the group speed of signal

pulse. Each Zeeman coherences ρ z t( , )m m,a b
will suffer from

decoherence and experience Larmor precessions during the
storage time interval of t and will evolve into:
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where, =t 00 is assumed, f t( )m m,a b
is the decoherence factor

of the spin wave ρ z t( , )m m,a b
, which will be given in section 4.

By switching on the reading light, the stored spin waves ±S t( )
will be transferred into right-and left-circularly-polarized

retrieved light fields respectively. The retrieval efficiency
mainly depends on the optical depth [30, 33]. Since the pre-
pared atoms in Zeeman sublevel b m, b are unpolarized, the

absorption coefficients of σ±-circularly-polarized components
of the signal light are the same. Thus, the retrieval efficiencies
of σ±-components are the same, which means that the
retrieved field amplitudes of σ±-components are equal. So, the
retrieved signal field amplitudes can be written as:
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where, η (0)H is the retrieval efficiency at initial time t= t0 = 0.
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3. Experimental setup, implementation and results of
EIT-based light storages

The experimental setup is schematically shown in figure 2. A
Ti:Sapphire (MBR-110) laser beam goes through a polariza-
tion beam splitter (PBS) and then is sent to a acousto-optic
modulator (AOM1) with a fast modulation frequency of
1.717 87 GHz. The zeroth-order output of the laser from
AOM1 is used as the controlling beam. The first-order output
of the laser from AOM1 is retroreflected for a second pass
through AOM1. The first-order output of the second pass
counter-propagates with the original input laser beam, it
serves as the signal light beam. After going through the
AOM1 in the double-pass configuration, the frequency of the
signal beam is shift down by 3.435 GHz. The signal beam is
rotated by 90° with a Faraday rotator and then reflected by the
PBS. The signal and controlling beams are sent through two
acousto-optic modulators (AOM3 and AOM2) for switching
on/off them, respectively. AOM2 and AOM3 are driven by
one signal source operating at a radio-frequency of
∓200MHz, respectively. So, after AOM2 and AOM3 the
frequency difference between the signal and controlling
light beams becomes 3.035 GHz, which is equal to the
hyperfine splitting between two ground levels of 85Rb. The
detuning of the controlling (signal) beam is Δ ≈ 1.4 GHz to
the blue of the transition = ↔ ′ =S F P F5 , 2 5 , 31/2 1/2

= ↔ ′ =( )S F P F5 , 3 5 , 31/2 1/2 . A Glan laser polarizer
(GLP1) is used to combine the H-polarized signal beam and
V-polarized controlling beams. The combined beams goes
thought quartz cell along z axis. The cell is filled with pure
85Rb vapor as well as 10 Torr Ne buffer gas and heated to
∼53 °C. Its length and diameter are l= 75 mm and d = 25 mm,
respectively. At the center of the vapor cell, the signal and
controlling beams have 1/e2 diameters of 3.8 mm and 4.2 mm,
respectively. The cell is mounted inside a 150 mm long
solenoid. The guiding magnetic fields are generated by
applying currents provided by a stable source to the solenoid.
To reduce the environment magnetic field, we place the
solenoid into a magnetically shielded cylinder. The length and

clear aperture of the magnetically shielded cylinder are
∼152 mm and ∼9 mm. We use a Lakeshore-421 gauss meter
to measure the resident magnetic fields in the solenoid. When
the current is not applied to the solenoid, the measured
magnetic fields along x-, y- and z-directions are all less than
∼10 mG near its two ends, while in the middle (where cell
will be placed), the measured magnetic fields are less than
4 mG. With and without the currents being applied, the
measured average gradients of magnetic field along z-direc-
tion are about ∼0.01 mGmm−1.

We demonstrate EIT-based light storages in the Rb vapor
cell for different solenoid currents I0, which can generate
different strengths of the guiding field Bz0. The input peak
powers of the signal and controlling beams are ∼15 μW and
∼170 mW, respectively. In each experimental circle, we first
switch on the V-polarized controlling beam and then send an
H-polarized signal pulse with a length of 500 ns to the atomic
ensemble. At the falling edge of the signal pulse, we switch
off the controlling beam over a short time interval ∼( 50 ns)
and then the signal pulse is mapped onto spin waves in the
atomic ensemble at the initial time =t 00 . After a time delay
t, we switch on the controlling beam to map the spin waves
into the retrieval optical signal. Using another Glan laser
polarizer (GLP2), we separate the H-polarized retrieval signal
from the V-polarized controlling beam. The H-polarized
retrieval signal is direct into a photodetector PD and recorded
by it, while, the V-polarized controlling beam is reflected
by GLP2.

The measured retrieval efficiencies as a function of sto-
rage time t are shown in figure 3. The black square dots in
figure 3(a) is measured results for solenoid current I0 = 0
(corresponding to Bz0 = 0), it exhibits a monotonic decreasing
with time and a 1/e storage time of ∼6.2 μs. When solenoid
currents are applied to generate the guiding fields, we observe
retrieval efficiencies versus storage time t and find obvious
increases in coherence times. The black square dots in
figures 3(b)–(d) are the measured retrieval efficiencies versus
the time t for solenoid currents I0 = 2.09 mA, 3.06 mA,
5.10 mA. The blue dashed lines in figures 3(b)–(d) are
envelopes of the measured retrieval efficiencies, which show

Figure 2. Experimental set-up. PBS: polarization beam splitter; AOM1: 1.7 GHz acousto-optic modulator; AOM2–3: 200 MHz acousto-optic
modulators; FR: Faraday rotator; GLP1–2: Glan-laser polarizers; PD: Photodetector.
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1/e storage times of ∼46 μs for figure 3(b), ∼59 μs for
figure 3(c), ∼54 μs for figure 3(d), respectively. The retrieval
efficiencies versus storage time undergo collapses and revi-
vals when the guiding magnetic fields are applied. Such

oscillation behaviors have been observed in cold atoms and
are attributed to the interferences between Zeeman coherences
[31, 32, 34]. By repeatedly inversing the direction of the
guiding magnetic fields during storages or applying a π-pulse
sequence [35] on the atoms to swap their population in two
ground levels F= 2 and F= 3, we can expect to remove the
oscillation behaviors. The storage lifetimes without the
guiding fields (figure 3(a)) are obviously less than that with
the guiding fields (figures 3(b)–(d)), the physical reason for
this are discussed in detail in the following section.

4. Theoretical model for decoherence of spin waves
and the fittings to the experimental data

Many processes may cause the decoherence of spin waves in
atomic ensembles. We divide the main factors into four
classes and discuss them in the following.

(1) Atomic motions. This effect will lead to the drift of
atoms in and out of the light beams and then cause
decoherence [4]. Considering the decoherence induced by
this effect, the spin wave evolves according to

ρ ρ= τ ω− −z t z t( , ) ( , )e e , (11)m m m m
t t

, , 0
/ i

a b a b
d ma mb

Bz
,

where τd is the lifetime limited by this decoherence. τd is
independent of the magnetic quantum number, it is the same
for each spin wave ρ z t( , )m m,a b

.

(2) Inhomogeneous Zeeman broadening induced by spatial
variations of the magnetic field Bz [34, 36]. Such
phenomenon leads to the decoherence of the spin wave
ρ z t( , )m m,a b

and make the spin wave evolve according to

ρ ρ= τ ω− −z t z t( , ) ( , )e e , (12)m m m m
t t

, , 0
/2 i

a b a b
ma mb ma mb

Bz
,

I
,

where, the lifetime limited by this decoherence is [31]

τ δ μ= ℏ + − ′( )g m m gm B l/ ( ) (13)m m Fa a b b B z,
I

a b

here, ′Bz is the spatial gradient of the magnetic field Bz.
Assuming that ′ = −B 0.008 mG mmz

1 which will be used in

the fittings in figure 3, we calculated the values of τm m,
I

a b
and

the results are shown in table 1.

(3) Incoherent population transitions between Zeeman
sublevels caused by transverse magnetic field fluctuations
δ ⃗B t( )x and δ ⃗B t( )y . Such decoherence process has been
pointed out by [37], but has not been theoretically

Figure 3. Retrieval efficiencies for different guiding magnetic fields
which are generated by varying solenoid currents. The black square
dots in figures 3(a)–(d) are the measured retrieval efficiencies versus
storage time t for solenoid currents I0 = 0 mA, 2.06 mA, 3.09 mA and
5.10 mA, respectively. The red solid curves are the fittings to the
experimental data according to equations (50) and (51) together with
equations (4), (13), (37) and (45), which yield the best-fit values of
guiding magnetic field Bz0 = 0 mG for (a), Bz0 = 63 mG for (b),
Bz0 = 93 mG for (c), Bz0 = 169 mG for (d). The 1/e storage time in
figure 3(a) is 6.2 μs. The blue dashed lines in figures 3(b)–(d) are
envelopes of exponential decays, yielding the lifetimes of 46.1 μs for
figures 3(b), 59.1 μs for figure 3(c), 54 μs for figure 3(d), respectively.

Table 1. The calculated lifetimes τm m,
I

a b
for a spatial gradient of the

magnetic field ′ =B 0.008z mGmm−1.

τ2,2
I τ2,0

I τ1,3
I τ −1, 1

I τ1,1
I τ0,2

I

142 μs 284 μs 142 μs 1.8 s 284 μs 284 μs
τ −0, 2

I τ−1,1
I τ− −1, 1

I τ− −1, 3
I τ−2,0

I τ− −2, 2
I

284 μs 1.8 s 284 μs 142 μs 284 μs 142 μs
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explained in detail until now. In the following, we develop
a theoretical model to evaluate the decay of spin waves
caused by transverse magnetic field fluctuations δ ⃗B t( )x and/
or δ ⃗B t( )y .

The time-dependent Schrödinger equation is:

Φ Φℏ ∂
∂

=
t

Hi ˆ . (14)

The Hamiltonian Ĥ is given by the interaction of the
magnetic field ⃗B with atomic magnetic dipole moment μ ⃗ and
can be written as:

μ
μ

= − ⃗ ⋅ ⃗ =
⃗ ⋅ ⃗

ℏ
H B

g F B
ˆ ˆ

ˆ
, (15)F B

where μ π= ⋅ ℏ ⋅ −2 1.4 MHz GB
1 is Bohr magneton,

⃗ = ⃗ + ⃗ + ⃗B B e B e B ex x y y z z is the magnetic field, here,
δ= +B B B t( )i i i0 is the magnetic field along i-direction (i= x,

y, z) (Bi0 is the bias value and δB t( )i is the fluctuation),
= − =g g gF F Fa b

is Landé g-factor for the a or b state
(where the difference δ = +g g gF Fa b

is neglected since it is

very small), ⃗ = ⃗ + ⃗ + ⃗F F e F e F eˆ ˆ ˆ ˆx x y y z z is the operator of the
hyperfine angular momentum. In the presented experimental
system, we set = =B B 0x y0 0 and ≠B 0z0 . In the eigenbasis

of Zeeman sublevels a m, a z
= − − +( )m 2, 1,... 2a , the

Hamiltonian Ĥ can be represented as:

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥

μ

δ

δ δ

δ δ
δ δ

δ

=

−
−

−

+ −

+ −

+ −

+

H
g

B B t

B t B B t

B t B t

B t B B t

B t B

ˆ
2

4 2 ( ) 0 0 0

2 ( ) 2 6 ( ) 0 0

0 6 ( ) 0 6 ( ) 0

0 0 6 ( ) 2 2 ( )

0 0 0 2 ( ) 4

(16)a F B

z

z

z

z

( )

respectively, while, in the eigenbasis b m, b z

= − − +( )m 3, 2,... 3b , they can be represented as:

respectively, where, δ δ δ= ±±B t B t B t( ) ( ) i ( )x y denote the
transverse field noise. The wavefunctions in the F= 2 and
F= 3 subspaces can be written as

∑Φ = ω

=−

−c t a m a( )e , (18 )F

m

m
m t

a

2

2
i

a

a

a
a L

and

∑Φ = ω

=−

−c t b m b( )e , (18 )F

m

m
m t

b

3

3
i

b

b

b
b L

respectively, where ω ω δω= +L L L0 with ω μ= ℏg B /L F B z0 0

and δω μ δ= ℏg B /L F B z being the Larmor frequency induced
by the magnetic field Bz0 and the magnetic field fluctuation
δBz, respectively. Substituting equation (18) into the time-
dependent Schrödinger equation (14), we obtain

⎡⎣

⎤⎦

μ
δ

δ

ℏ
∂

∂
= − + +

× + + − +

×

ω

ω

+

+
−

− −

( )( )

( )( )

C

t

g
F m F m B t

C F m F m

B t C a

i
2

1 ( )

e 1

( ) e (19 )

m F B
a a

m
t

a a

m
t

1
i

1
i

a

a
L

a
L

and

⎡⎣

⎤⎦

μ
δ

δ

ℏ
∂

∂
= − + +

× + + − +

×

ω

ω

+

+
−

− −

( )( )

( )( )

C

t

g
F m F m B t

C F m F m

B t C b

i
2

1 ( )

e 1

( ) e (19 )

m F B
b b

m
t

b b

m
t

1
i

1
i

b

b
L

b
L

respectively. In the above equations, we have assumed
δ∂ ∂ →( )B t/ 0z since the varying of δBz is very small during

each experimental measurement. The transverse field
noises include δB t( )x and δB t( )y components, which may be

written as ∫δ δ ω ω ω=
−∞

∞
B t B t( ) ( ) cos dx x x x x and δ =B t( )y

∫ δ ω ω ω
−∞

∞
B t( ) cos dy y y y, respectively, where ωx y, are the

frequencies of noisy magnetic fields. According to
equation (19), we may see that the magnetic field noises
δB t( )x and/or δB t( )y will cause atomic transitions between
Zeeman sublevels. Before the optical storage, the atoms are
prepared in every Zeeman sublevel b m, b with equal
probability. At the time = =t t 00 , the optical signal is stored,

a small number of the atoms are transferred from the state
b m, b into the state a m, a = − +( )m m m m1, , 1a b b b .

If the atom is in the state a m, a at the initial time t= 0,
the first-order approximation allow us to only consider the
transitions from a m, a state to ±a m, 1a states. Thus, the

⎡

⎣

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢

⎤

⎦

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥

μ

δ

δ δ

δ δ

δ δ

δ δ

δ δ

δ

=

−
−

−

−

+ −

+ −

+ −

+ −

+ −

+

H t
g

B B t

B t B B t

B t B B t

B t B t

B t B B t

B t B B t

B t B

ˆ ( )
2

6 6 ( ) 0 0 0 0 0

6 ( ) 4 10 ( ) 0 0 0 0

0 10 ( ) 2 12 ( ) 0 0 0

0 0 12 ( ) 0 12 ( ) 0 0

0 0 0 12 ( ) 2 10 ( ) 0

0 0 0 0 10 ( ) 4 6 ( )

0 0 0 0 0 6 ( ) 6

(17)
b F B

z

z

z

z

z

z

( )
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equation (19a) can be rewrited as

⎜⎛⎝∫
∫

δ ω ω ω

δ ω ω

ω

ℏ
∂

∂
=

−

× ω

+ +

−∞

∞

−∞

∞
( )

)

( )
C t

t
G B t

B t

C t a

i
( )

( ) cos d

i ( ) cos

d ( )e , (20 )

m
m x x x x

y y y

y m
t

1

i

a

a

a
L

⎜⎛⎝∫
∫

δ ω ω ω

δ ω ω

ω

ℏ
∂

∂
=

+

× ω

− −

−∞

∞

−∞

∞

−

( )
)

( )
C t

t
G B t

B t

C t b

i
( )

( ) cos d

i ( ) cos

d ( )e , (20 )

m
m x x x x

y y y

y m
t

1

i

a

a

a
L

where, = + − +μ−
ℏG F m F m( )( 1)m

g
a a a a2a

F B and

= − + +μ+
ℏG F m F m( )( 1)m

g
a a a a2a

F B . Integrations of the
equations (20a) and (20b) over time t give the first-order
approximations, which are

⎛

⎝

⎜⎜⎜
⎞

⎠

⎟⎟⎟⎟

∫

∫

δ ω

Δω

Δω
ω

δ ω

Δω

Δω
ω

≃

∓

Δω

Δω

±
−∞

∞
±

−∞

∞
±

C t G B

t

G B

t

( ) ( )e
sin

2 d

i ( )e
sin

2 d (21)

m m x x

t
x

x
x

m y y

t
y

y
y

1
i

2

i
2

a a

x

a

y

where, Δω ω ω= −x y x y L( ) ( ) . So, at time t, the probabilities of

atom transferred from the state a m, a into the states

±a m, 1a are ±C t( )m 1
2

a
. Such population transfers are

incoherent, the reason is that the coherences

ρ = ∝± ±C t C t( ) ( ) 0m m m m1, 1a a a a , where ... denotes the

average over the distribution of the magnetic field δBx or δBy,

and δ ω δ ω= =B B( ) ( ) 0x x y y is used. The incoherent
population transfers will induce decoherence of the spin wave
ρ z t( , )m m,a b

and limit its storage lifetime. We now calculate the

lifetimes for the two following case.

(i) The lifetime for the guiding field Bz0 = 0. For Bz0 = 0,
the Larmor precession frequency ω μ δ= +( )g B B /L F B z z0

ℏ → 0 due to that the magnetic-field noise δBz is very
small and can be neglected. In this case, the
probability amplitudes ±C t( )m 1a in equation (21) can be
expressed as:

⎛

⎝

⎜⎜⎜
⎞

⎠

⎟⎟⎟⎟

∫

∫

δ ω

ω

ω
ω

δ ω

ω

ω
ω

≃

∓

ω

ω

±
−∞

∞
±

−∞

∞
±

C t G B

t

G B

t

( ) ( )e
sin

2 d

i ( )e
sin

2 d . (22)

m m x x

t
x

x
x

m y y

t
y

y
y

1
i

2

i
2

a a

x

a

y

Averaging over the distributions of magnetic field noises

δBx or δBy, we calculate the average transition probabilities

±C t( )m 1
2

a , which are

∫ ∫ δ ω δ ω= ′±
−∞

∞

−∞

∞
± ( )C t G B B( ) ( )m m x x x x1

2 2
a a

∫ ∫

ω

ω

ω

ω
ω ω

δ ω δ ω

ω

ω

ω

ω
ω ω

×

′

′
′

+ ′

×

′

′
′

ω ω

ω ω

− ′

−∞

∞

−∞

∞
±

− ′

( )

( )

t t

G B B

t t

e
sin

2
sin

2 d d

( )

e
sin

2
sin

2 d d . (23)

( )t
x

x

x

x
x x

m y y y y

t
y

y

y

y
y y

i
2

2

i
2

x x

a

y y

The frequency correlation for a stationary process can be
written as

δ ω δ ω ω δ ω ω⋅ ′ = − ′( ) ( )B B S a( ) ( ) , (24 )x x x x x x x

δ ω δ ω ω δ ω ω⋅ ′ = − ′( ) ( )B B S b( ) ( ) , (24 )y y y y y y y

where, ω δ ω δ ω= ⋅S B B( ) ( ) ( )x x x and ω =S ( )y

δ ω δ ω〈 ⋅ 〉B B( ) ( )y y y y are the noise power spectrums. Sub-
stituting equation (24) into equation (23), we obtain:

⎛
⎝
⎜⎜

⎞

⎠
⎟⎟⎟

∫

∫

ω
ω

ω
ω

ω
ω

ω
ω

=

+

±

±

−∞

∞

−∞

∞ ( )
( )

( )
( )

C t
G

t S
t

t

S
t

t

( )
4

( )
sin /2

/2
d

( )
sin /2

/2
d . (25)

m
m

x
x

x

x

y
y

y

y

1
2

2

2
2

2

2

2

a

a

We assume that the noise spectrum ωS ( )x and ωS ( )y in the
presented system are strong at low frequencies and small at
high frequencies. Such noise spectrums are agreement with
the feature of typical 1/f noise [38], and observed in optically
trapped atom system [39]. So, ωS ( )x y( ) will be close to zero
when its frequency goes beyond a enough large range of

Δω Δω−[ , ]. In this case, the integration range in the
equation (25) can be changed from −∞ ∞[ , ] into

Δω Δω−[ , ]. Moreover, if the time t is short enough to make

Δω ≪t 1, we have →ω

ω

( )
( )

1
t

t

sin / 2

/ 2

x

x

2

2
and →

ω

ω

( )
( )

1
t

t

sin / 2

/ 2

y

y

2

2
for

Δω ω Δω− < <x y( ) .
Thus, the probabilities of finding an atom in the states

±a m, 1a are:

⎛
⎝⎜

⎞
⎠⎟

∫

∫

ω ω

ω ω

=

+ =

Δω

Δω

Δω

Δω

±

±

−

−

±

C t
G t

S

S G t P

( )
4

( )d

( )d /2, (26)

m
m

x x

y y m

1
2

2 2

2 2

a

a

a

where ∫ ∫ω ω ω ω= =
Δω

Δω

Δω

Δω

− −
P S S( )d ( )dx x y y is the noise

power of the magnetic field δBx or δBy, it also can be
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expressed as

δ δ= =P B t B t( ) ( ) . (27)x y
2 2

As pointed out above, the population transfers from the state
a m, a to the state ±a m, 1a induced by the transverse
magnetic fields are incoherent. So, the population transfer
rates are:

= − ≃ −→ ±

± ±

R t
C

t

G tP
( )

d

d 2
. (28)m m

m m
1

1
2 2

a a

a
a

The rate equation for the population transfer from the
state a m, a to ±a m, 1a is

= +→ + → −( )
N t

t
R t R t N t

d ( )

d
( ) ( ) ( ). (29)

m
m m m m m1 1

a

a a a a a

Thus, we can obtain the time-dependence population decay
for the state a m, a , which is

= τ
−

N t N( ) (0)e (30)m m

t

a a
ma

2

2

where,

τ =
++ −( )G G P

4
, (31)m

m m
2 2a

a a

=N Np(0)ma = +( )p F1/(2 1)a is the initial population of

the state a m, a .

If an atom is in the state b m, b at the time =t t1, it
will decay with time due to equation (30). Similar to the
calculation of N t( )ma , we obtain the time-dependence

population in the state b m, b according to equation (19b),
which is

= τ
−

N t N( ) (0)e , (32)m m

t

b b
mb

2

2

where,

τ =
++ −( )G G P

4
. (33)m

m m
2 2b

b b

With

μ= ∓ ± + ℏ± ( )( )G g F m F m 1 /(2 ). (34)m B F b b b bb

The excitation number of spin wave ρ z t( , )m m,a b
is defined

as:

ρ ρ= ( )N t Np z t z t( ) ( , ) ( , ) . (35)m m
e

m m m m, ,

†

,a b a b a b

According to this definition, we have

=

=

= τ
−

N t Np C t C t

Np C t C t

N C t

( ) ( ) ( )

( ) ( )

(0)e ( )

m m
e

m m

m m

m

t

m

,
2 2

2 2

2

a b a b

a b

a
ma b

2

2

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

=

=

τ τ

τ

− +

−

N

N

(0)e

(0)e , (36)

m

t

m m
e

t

1 1

,

b
mb ma

a b
ma mb
II

2
2 2

,

2

where, N (0)m m
e

,a b
is the initial excitation number of the spin

wave ρ z t( , )m m,a b
, which equals to N (0)mb ,

τ
τ τ

τ τ
=

+
. (37)m m

m m

m m

,
II

2 2a b

a b

a b

According to the equations (35) and (36), we may obtain the

time-dependent ρ z t( , )m m,a b
, which is:

ρ ρ= τ− ( )z t z t( , ) ( , )e (38)m m m m
t

, , 0
/2

a b a b
ma mb

2
,

II 2

For the presented experimental setup, the evaluated average
fluctuations of magnetic fields are

δ δ≈ ≈B B 5 mGx y
2 2

. Substituting these data

into the equation (27) to obtain the noise power P, we can
calculate τma and τmb based on equations (31) and (33),

respectively, and then we can calculate τm m,
II

a b
based on

equation (37). The calculated lifetimes for different Zeeman
coherences are shown in table 2, the results show that the
lifetimes are in the range from ∼32 μs to ∼48 μs.

(ii) The lifetime for a large enough guiding field Bz0.
Assuming that the atom is initially prepared in the state
a m, a and neglecting the Larmor frequency induced by

δBz, we may write the probability amplitudes ±C t( )m 1a at
time t as:

⎜⎛⎝

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎞

⎠

⎟⎟⎟⎟⎟

∫

∫

ω

ω ω

ω ω
ω ω

ω ω

ω ω
ω

=

×

−

−
+

×

−

−

±

±

−∞

∞

−∞

∞

C t
G

t S

t

t
S

t

t

( )
4

( )

sin
( )

2
( )

2

d ( )

sin
( )

2
( )

2

d . (39)

m
m

x

x L

x L
x y

y L

y L
y

1
2

2

2

2

2

2

2

a

a

0

0

0

0

If the guiding field Bz0 is enough strong to make ≫ Δω
μ

ℏ
Bz g0 2

x y

F B

,
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(i.e., ω Δω≫ /2L x y,0 , where Δωx y, is full width at half
maximum of the noise power spectrum ωS ( )x y, ), the
degeneracy of Zeeman sublevels will be obviously lifted
and the dominant components of the magnetic fields noise
δBx y, will be far off-resonance with the transitions between

Zeeman sublevels a m, a and ±a m, 1a . In this case, after
a long time t, the transition probabilities between Zeeman
sublevels will be very small and the first-order approximation

in equation (39) is still applicable to calculating ±C t( )m 1
2

a
.

For the long time t, the identity →
π→∞

−
−( )lima

a x x

a x x

sin ( )

( )

2
0

0
2

δ −x x( )0 , implies that

π ω=±

±

C t
G

S t( )
4

( ) . (40)m
m

L1
2

2

a

a

0

So, the population transfer rates are:

π ω
= − ≃ −→ ±

± ±

R t
C

t

G S
( )

d

d

( )

2
. (41)m m

m m L
1

1
2 2

a a

a
a 0

According to the above expression, we obtain the time-
dependence population decay for the state a m, a , which is

= τ
−

N t N( ) (0)e (42)m m

t

a a
ma
II

where,

τ
π ω

=
++ −( )G G S

2

( )
. (43)m

m m L

II

2 2a

a a 0

Similar to the calculation of N t( )ma , we can calculate N t( )mb if

the atoms are initially prepared in the state b m, b (i.e.,
=N (0) 1mb ), which is

= τ
−

N t N( ) (0)e (44)m m

t

b b
mb
II

where,

τ
π ω

=
++ −( )G G S

2

( )
. (45)m

m m L

II

2 2b

b b 0

For the enough strong applied guiding magnetic field Bz0, ωL0

will be very large and thus ω( )S L0 will be close to zero. In

this case, τ → ∞m m( )
II

a b
, which means that decoherence caused

by the magnetic field noises can be suppressed.

(4) Dephasing induced by the fluctuation δB t( )z . The
magnetic field fluctuation δBz will cause a Larmor
precession with a frequency δω μ δ= ℏB g /L B z F and then
the SW ρm m,a b

will acquire a random phase
φ δω= +δ m m t( )m m

B
L a b,a b

z . This random phase will induce
a degradation of the retrieval efficiency with time. We
explain such degradation based on the expression of the
retrieval efficiency η t( )H (equation (10)). In the expanding
expression, the terms

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥

ω ω

ω ω

ω ω

μ
δ

∝ − +

+ +

= − −

×
ℏ

′ + ′ − −

δ

δ

′ ′

′ ′ ′ ′

′ ′

)( )
( )

( ( )

( )

C

t

t

g
m m m m B t

exp i

i

exp i

i , (46)

m m m m m m
B

m m
B

m m
B

m m
B

m m
B

m m
B

B F
a b a b z

, , , , ,

, ,

, ,

a b a b a b
z

a b
z

a b

z

a b
z

a b
z

a b

z

a

0

0

0 0

(where ≠ ′m ma a or ′ ≠m mb b) involve in a random phase
induced by δBz. Averaging over the distribution of δBz gives:

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢
⎤⎦

∫

ω ω

δ δ
μ

δ

∝ − −

×
ℏ

′

+ ′ − −

′ ′ ′ ′( )
( ) ( ) (

)

C t

B p B
g

m

m m m B t

exp i

d exp i

. (47)

m m m m m m
B

m m
B

z z
B F

a

b a b z

, , , , ,a b a b a b
z

a b

z

a

0 0

We now assume that the magnetic field δBz is a Gaussian
distribution, i.e.,

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟δ

π Δ
δ
Δ

= −( )p B
B

B

B

1
exp . (48)z

z

z

z

2

2

Where Δ δ=B B2z z
2

is the width of the field

distribution, δB t( )z
2

is the average fluctuation of

magnetic field along z-direction. In this case, the average
terms ′ ′Cm m m m, , ,a b a b becomes

⎡
⎣⎢

⎤
⎦⎥

⎛
⎝
⎜⎜

⎛
⎝⎜

⎞
⎠⎟

⎞
⎠
⎟⎟

ω ω

μ
Δ

∝ − −

× −
ℏ

′ + ′ − −

′ ′ ′ ′( )
( )

C t

g
m m m m B t

exp i

exp
2

, (49)

m m m m m m
B

m m
B

B F
a b a b z

, , , , ,

2

a b a b a b
z

a b

z

a

0 0

which shows a Gaussian decay with time. Due to such
decoherence, the retrieval efficiency η t( )H will degrade with
time. In the fitting of retrieval efficiency to experimental data,

Table 2. The calculated lifetimes τm m,
II

a b
for the case of Bz0 = 0 and δ δ≈ ≈B Bx y

2 2
5 mG.

τ2,2
II τ2,0

II τ1,3
II τ −1, 1

II τ1,1
II τ0,2

II τ0,0
II

43.0 μs 36.2 μs 48.2 μs 34.0 μs 34.0 μs 36.2 μs 32.1 μs
τ −0, 2

II τ−1,1
II τ− −1, 1

II τ− −1, 3
II τ−2,0

II τ− −2, 2
II —

36.2 μs 34.0 μs 34.0 μs 48.2 μs 36.2 μs 43.0 μs —
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we take into account such decoherence by averaging over the
Gaussian distribution of the magnetic field δBz. The used
formula is

∫ ∑

∑

∑

∑

η
η

δ

δ

=

× +

× +

× +

×

α
β α

ω
α

β α

ω
α

β α

ω
α

β α

ω

−∞

∞

=−
=

=

− −

=−
=

=−

− −

=−
=−

=

− −

=−
=−

=−

− −

( )

( )

t
R

p B R

R

R

R

B

( )
(0)

4

e

e

e

e d . (50)

H
H

z

m

m

f t t

m

m

f t t

m

m

f t t

m

m

f t t
z

4
2

2

, 1
2

( ) i

1

2

, 1
2

( ) i

2

2

, 1
2

( ) i

2

1

, 1
2

( ) i
2

a

a

ma mb ma mb
Bz

a

a

ma mb ma mb
Bz

a

a

ma mb ma mb
Bz

a

a

ma mb ma mb
Bz

, ,

, ,

, ,

, ,

According to the above theoretical analysis (1), (2) and (3),
we can write:

= τ τ τ− − − −( )e e (51)f t t t t( ) /2 /2 /2ma mb ma mb mamb d, ,
I 2

,
II 2

Based on equations (50) and (51) together with equations (4),
(13) and (37), (45), we give the fittings (the red lines) to the
experimental data in figure 3(a) (figures 3(b)–(d)). The best-fit
values are τ μ= 150 sd , ′ = −B 0.008 mG mmz

1,

δ δ= =B t B t( ) ( ) 5 mGx y
2 2

, Δ =B 3 mGz for

figures 3(a)–(d), Bz0 = 0 for figure 3(a), =B 63 mGz0 ,

τ → ∞m m,
II

a b
for figure 3(b), =B 93 mGz0 , τ → ∞m m,

II
a b

for

figure 3(c), and =B 169 mGz0 , τ → ∞m m,
II

a b
for figure 3(d).

Figure 3(a) shows a quite discrepancy between the experi-
mental data and the model for zero bias field, we attribute the
main reason to the imperfect way of modeling the
decoherence.

5. Conclusion

In conclusion, we experimentally observed that lifetime of
optical storage can be extended from ∼6 μs to ∼59 μs by
applying a guiding magnetic field in a warm atomic vapor. A
theory model is developed to evaluate the incoherent popu-
lation transitions induced by fluctuations of transverse mag-
netic fields δB t( )x and δB t( )y . Based on this evaluation, we
explain why lifetimes of light storages can be extended by
applying a guiding magnetic field. The developed theory
model will help people to understand the fact that the popu-
lation of atoms prepared in a Zeeman sublevel will fast decay
if quantum-axis direction is not fixed. We hope that the
measured dependence of the lifetimes on the applied guiding
magnetic fields can help people to easily achieve a longer
storage lifetime in various memory systems based on warm
vapor, for example, room-temperature fiber-integrated optical
memory [40], and then find applications in quantum
information.
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