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A microwave induced superposition of the 405,/ and 40P, /; states of a Cs atom has been investigated in detail.
Ultralong-range charge migration which spans a region more than 200nm has been discovered. As far as we
know, this is the first time to discover charge migration in such a long range. This leads to a large dipole moment
which oscillates periodically. The present discovery may stimulate new applications such as quantum simulation
of many body physics dominated by periodic interactions. In addition, we find an interesting phenomenon that
Cs atoms in the superposition of 405,/ and 40P, /5 have a much larger blockade radius than those of Cs (4051 /2)

or Cs (40P, /) atoms.
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Light induced electron density redistribution has
fundamental importance in various processes of
physics, chemistry and biology. The redistribution of
electron density may lead to the phenomena of charge
transfer[l:?l or charge migration.*~° Charge migra-
tion in molecules typically means ultrafast electron
dynamics in a superposition of more than one elec-
tronic states. Extensive investigations of laser con-
trol of charge migration®=8! have been preformed due
to its important potential applications. For recent
surveys in literature on charge migration, one can
see Ref.[9]. In particular, attosecond charge migra-
tion in HCCIt has been observed experimentally,!®!
which serves as a milestone in the research field of
ultrafast charge migration. Charge migration may oc-
cur only when more than one electronic states are
populated. Consequently, nuclear motions will in-
duce decoherence,['9=12] typically in about 10fs. A
method to fight with decoherence was proposed very
recently.['3] Alternatively we can decrease the influ-
ence of decoherence of charge migration using systems
which naturally have long coherence time. Accord-
ingly charge migration in atoms will have much longer
coherence time than in molecules. In particular, the
coherence time of a Rydberg atom!'*~16 reaches mi-
croseconds (ps). Ultralong-range charge migration in
a Rydberg atom and the associated extremely large
dipole moment is expected to offer a good model sys-
tem for quantum simulation and manipulation.

Rydberg atoms are highly excited atoms with
larger sizes, greater transition dipole moments, and
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stronger interactions.'” Accordingly, ultracold Ryd-
berg atoms have emerged as a competitive platform
for various applications.'8~21 Rydberg levels can be
tuned to Forster resonance by weak electric fields, re-
sulting in strong dipole-dipole interactions and block-
ade effects.?224] The Rydberg blockade effect has
been employed to study quantum logic gates,!!
single-photon sources,' transistors,?”) and quan-
tum simulation. Large polarizability makes Rydberg
atoms quite sensitive to external electric fields. There-
fore, Rydberg atoms have also been used for precision
measurements of external fields.[2:26] In particular,
Rydberg atoms have been widely used for quantum
simulation of condensed phase dynamics dominated
by dipole interactions, 2”28l Coulomb interactions, "]
strong coupling regime,l*? and so on.':32 In this
work, we discover ultralong-range charge migration
in a Cs Rydberg atom and the resultant fascinating
properties. Our results turn out to enhance the com-
petitiveness of Rydberg atoms for state-of-the-art ap-
plications.

Specifically, we investigate charge migration in
the superposition of the 40S;,, and 40P/, states
of a Cs atom. Preparation of an initial superposi-
tion state [Y(t' = 0)) = 5[4081/2) + J5€?[40P /)
can be carried out by more than one labs in the
world with the experimental techniques detailed in
the Supplementary Information. The initial state
[(# = 0)) will propagate freely, leading to the
time-dependent state |¢(¢')) and the electron density
p(r,t") = (W(E)|6(r — )| (t")). The electron density
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p(r,t') turns out to oscillate around its average value
(p(r))7 periodically with a period T = 2T = 15.7ps.
We only need to focus on the migrating part of the
density Ap(r,t") = p(r,t")—(p(r)). For convenience,
we define the starting time ¢t = 0 for observing elec-
tron density as t = t' — g. Then, Ap(r,t) will have
largest amplitude at ¢ = 0. Large amplitude charge
migration mainly occurs along the polarization of the
field, which is defined as the z-axis. Consequently it
is convenient to focus on the one-dimensional reduced
density Ap(z,t) along z-axis, which can be obtained
by integrating Ap(z,y, z,t) over x and y. Accordingly
the propagation of Ap(z,t) is shown in Fig. 1 for one
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Fig. 1. The migrating part of the one-dimensional re-

duced electron density Ap(z,t) in units of aal.

In the following, we use charge to represent neg-
ative charge contributed by electron distribution.
Charge migration along z-axis can be clearly identi-
fied in Fig.1. In the beginning stage, more density
is accumulated in the region of z < 0. Consequently
there is charge migration from z < 0 to z > 0, namely
along the positive direction of z-axis. At t = % the
density Ap(z,t) is exactly zero for all z. Therefore,
the density distribution at ¢ = % is just the average
one (p(z))y. The charge keeps migrating from z < 0
to z > 0 until ¢t = % Then more density is accumu-
lated in the region of z > 0. Consequently, the di-
rection of charge migration changes for the next half
period. The charge is migrating from z > 0 to 2 < 0
for % <t<T.

On closer inspection of Ap(z,t), the maximum am-
plitudes of the density oscillation are located around
£1700ag. Many small oscillations of Ap(z,t) can be
found along z, due to the oscillation nature of Ry-
dberg wavefunctions. More details of the oscillation
characteristics can be unraveled by a two-dimensional
representation of Ap(r,t). Accordingly the complete
information of Ap(r,t) is provided in the Supple-
mentary Information in terms of the cylindrical co-
ordinates. Charge migration is noticeable in the re-
gion —2500ag < z < 2500ag, which spans more than
200nm. The order of magnitude for the migration

speed can be estimated to be 2 x 200nm/15.72ps =
25km/s, while the corresponding order of magnitude
for the case of HCCIT is 2 x 0.25 nm/1.85 fs =~
270 km/s.[>33] The latter is one order of magnitude
larger, because the kinetic energy of valence electrons
are much larger than that of Rydberg electrons.
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Fig. 2. The electron flux F.(z,t) along z-axis in units of
1
ps~ 1.

A more convenient tool to study charge migra-
tion is the electron flux density or flux.[3*=36 For
one-dimensional charge migration, the electron flux
F.(2,t) along z-axis is sufficient.['?! The electron flux
F,(z,t) can be obtained either by integrating the flux
density in each plane perpendicular to z-axis or from
the continuity equation. The corresponding electron
flux F.(z,t) is shown in Fig. 2 for one period T. Posi-
tive (or negative) values of F.(z,t) means charge mi-
gration along the positive (or negative) direction of
z-axis. Apparently there is unidirectional charge mi-
gration along the positive direction of z-axis for the
first half period 0 < t < % The electron flux reaches
its maximum at ¢t = % and then decreases to zero at
t = % The direction of charge migration changes to
the negative direction of z-axis for the next half pe-
riod % <t < T. For any given time ¢ # 0, %,T, the
electron flux F.(z,t) has its maximum amplitudes at
z = 0. This is just because all the electron density mi-
grating from z < 0 to z > 0 or the reverse must pass
the position z = 0. This fact leads to a natural way
of evaluating the total migrating charge AQ,,, which
migrates between the two regions z < 0 and z > 0.
The total migrating charge AQ,, can be obtained by
integrating F.(z,t) at z = 0 for the first half period.
More intuitively, an equivalently way to obtain AQ,,
is to compare Ap(z,t) at different times in the z < 0
or z > 0 regions. In the Supplementary Information,
four equivalent calculations all lead to the migrating
charge AQ,, = —0.35e. The total migrating charge
AQ),, is similar to the value of the corresponding mi-
grating charge in molecules.!'2:37]

The amplitude and range of charge migration are
directly related to the value of the system dipole mo-
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ment. The present superposition of the 40S;/, and
40P, /o states leads to an extremely large dipole mo-
ment even when the external field is exactly zero. At
the time ¢ = 0, the dipole moment is 1305.7 Debye.
The dipole moment changes to —1305.7 Debye at t =
%. When all the external fields are switched off, the
system dipole moment oscillates between 1305.7 and
—1305.7 Debye. This leads to large dipole-dipole in-
teractions between two such atoms. It is worth not-
ing that the dipole-dipole interaction has a distance
dependence of %. However, the Van der Waals in-
teraction between two normal Rydberg atoms has a
distance dependence of %. Consequently the interac-
tion between two Rydberg atoms which are both in the
present superposition of the 4057/, and 40P, /5 states
will be much larger than the interaction between two
408, /2 (or 40P, /3) Rydberg atoms, provided that the
distance is long enough. For example, if the distance
between two Cs atoms is 5 um (which corresponds to
typical Rydberg blockade radius), the maximum in-
teraction is as large as 4.1 MHz for the present su-
perposition states. The interaction for two Cs 405 /o
atoms at the same distance is only 0.04 MHz, and even
smaller for the case of 40P; /5. This implies an ever
larger blockade radius if we want to prepare ensembles
of Rydberg atoms in the present superposition state
rather than in the 405, /5 (or 40P, ) state.

Experimental realization of the system is feasible.
Here we design an experiment to prepare the super-
position state employing well-developed techniques for
Rydberg atom, see the Supplementary Information for
more details. Ultracold cesium atoms can be first
trapped in a magneto-optical trap (MOT) then loaded
into a tightly focused optical tweeze to prepare a sin-
gle atom. The MOT temperature can be decreased
to a few uK. The Rydberg 405, /2(m; = 1/2)) state
will be prepared from the [6S1,5(F = 4,mp = 4))
state with a two-photon scheme using an 852 nm laser
with the o polarization and a 510 nm laser with the
o~ polarization via the [6P;)5(F' = 5,mp = 5)) in-
termediate state. To prepare the state of interest, a
63.6 GHz microwave field will be employed to couple
the 405, /5 and 40P, /5 states. The microwave field is
linearly polarized along z-axis so that the quantum
number m; = 1/2 is unchanged during the transi-
tion. When the microwave field is switched off, the
population of the 40S;,, and 40P, states will be
cos?y and sin?y, respectively. Thus the initial super-
position state for charge migration is [¢(t' =0)) =
cosy [40S; /o) +sinvye™ [40P; /o) with a phase difference
d undetermined. Here m; = 1/2 is omitted. The rela-
tive error of v is only a few percent, mainly due to the
time for switching on/off of the microwave field. How-
ever, the error of v will only lead to a different initial
state which gives the same charge migration except
for a different amplitude.

A linearly polarized microwave field induced par-
tial transition between two Rydberg states can lead
to ultralong-range charge migration. As far as we
know, this is the first time to discover charge migra-
tion through a region exceeding 200 nm. In addition,
it is straight forward to increase the range of charge
migration to micrometers, e.g., by preparing a super-
position of the 805} /5 and 80P /5 states instead of the
present superposition of the 40S; /o and 40P /5 states.
The phenomenon of charge migration may be exper-
imentally confirmed in terms of high-contrast time-
domain Ramsey interferometry.2:38/ The extremely
large dipole moments mediated by ultralong-range
charge migration result in large dipole-dipole interac-
tions between atoms in the same superposition state.
The large dipole-dipole interactions may be exper-
imentally detected.?31] Compared to Cs Rydberg
atoms of the 405/, or 40P/, the interactions be-
tween atoms in the superposition of 405} /o and 40P /o
states are about two orders of magnitude larger for
distances of typical Rydberg blockade radius. Conse-
quently there exists an even larger blockade radius
than typical Rydberg blockade radius. This even
larger blockade radius may be measured based on the
well-developed experimental techniques for the Ryd-
berg blockade effect. For an ensemble of atoms pre-
pared by the same microwave field, all the dipole mo-
ments will oscillate concertedly. If they are loaded
in a one-dimensional lattice, the interactions will be
periodic. This opens the door to a new type of quan-
tum simulation, for a system dominated by periodic
interactions.
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Supplementary Information: Microwave-Induced Ultralong-Range Charge
Migration in a Rydberg Atom
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I. PROPAGATION OF THE ELECTRON DENSITY

The Rydberg state 4051, means a state with principle quantum number n = 40, quantum numbers for
orbital angular momentum ! = 0 and total angular momentum J = 1/2, respectively. Through this work we
focus on Cs Rydberg atoms. The two involved states 405/, and 40P/, with the same z-component of .J
(my =1/2) will be written as [4051 1) and [40P1 1), respectively. By solving the time-dependent Schrédinger
equation we obtain the time propagation of the initial state [1)(t' = 0)) = cosy [40S] 2) + sinye® [40P; ) as

[p(t)) = cos'ye_iE‘mSl/?t//h 4051 1) + sinweié_iE“Pl/?t//h [40P1 1), (1)

1
27 27

where Fyos,,, and Eyop, ,, are the eigenenergies of the two egenstates [405 11 )y and |40P% El ), respectively. In
the representation of electron position r’ and electron spin &', the wavefunction is ¥(x', &', t') = (¥/, &'|¥(t')).
The eigenfunctions of the two involved states can be factorized as

<I‘/7 f/|405%7
(r',€'[40P:

PRI

(€.0',¢),
(&,0,¢).

) = Raos, ,, ()Xo

Nl

1
2

[N

2
) = Raop, ,,(r")x1 )

Nl

1
2

N

Here Rus, ,, (r) and Raop, /o (r) are the corresponding radial wavefunctions. The radial wavefunction R, ;(r) is
obtained by the Alkali Rydberg Calculator (ARC) package codes as detailed in ref [1]. The effective one-electron
137555 as implemented in the ARC codes. Consequently
the effective potential and the radial wavefunctions depend on the quantum number J. Accordingly the radial
probability densities P(r) = r2R2,;(r) of the 405 /5 and 40P, /5 states are shown in Fig. S1.

The functions for electron spin & and the two angles (6', ¢’) are

potential includes the spin-orbit interaction term

Xo (5/7 9/7 90/) = a(gl)yoo(glv 90/)’

1
2

xi33(€.0¢) = —ﬁa@'mowxw') + \/gms’ml(ezso’).

Nl=

(3)

Here a(¢') and $(¢’) are the spin wavefunctions for the states with spin-up and spin-down, respectively. And
Yim (0, ¢') is the spherical harmonics. To simplify the notations, Ruos, , (r) and Raop, ,, (r) will be written as
Ryos(r) and Raop(r), respectively.

The expression of the system wavefunction (r’,&’,t") = (r’,&'|1(t')) can be obtained from egs. (1-3). The
corresponding electron density p(r,t’) can be obtained by evaluating the mean value of the density operator

*Electronic address: zhaojm@sxu.edu.cn



radial probability

0.0018

0.0016 40p
0.0014 | 12|
0.0012 | ;
0.001 | ;
0.0008 | ;
0.0006 | ;
0.0004 ;
— |

0
0.002

0.0018 | :
0.0016 | 4031/2—
0.0014 | .
0.0012 | .
0.001 | .
0.0008 | .
0.0006 | .
0.0004 [W\/\/\ ]
Mmmmmm\ﬂ \

500 1000 1500 2000 2500 3000 3500 4000 4500
rlag

radial probability

Figure S1: The radial probability density P(r) = r2R2,,(r).
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= cos”yRigsYgo + sin VRﬁop(gym + §Y121)

1
- \/;SinQ'ycos(é — wt")Ryos RaopYo0Y10,

Eiopy )y —Ea0s, ;5

= 27 x 63.6 GHz.

The phase difference ¢ only defines the time reference. Observing p(r,t’) starting from different time will
not change the essence of the charge migration phenomenon. For convenience we define ¢ = % as the starting
time for observing the density, namely a new time ¢t = ¢/ — %. The migrating part of the density is

where w =

1 (5)
= — \/gsin?ycos(wt)R4OSR40pY00Y10,

where (p(r)) is the average density in one period T = gzg'gm; = 15.7 ps. Apparently (p(r)); is just the sum
of the time-independent terms in Eq. (4).

Since the microwave is polarized along z-axis, the migrating part of the density Ap(r,t) has cylindrical
symmetry. It is then convenient to use the cylindrical coordinates (z,u, ¢). The relations between the cylindrical
coordinates, the spherical coordinates (7,0, @), and the cartesian coordinates (z,y, z) are

z = rcosf T = UCOSY
u = rsinf y = using (6)
p=¢ ) Z=z

The migrating part of the density Ap does not depend on ¢. Figures S2a and S2b show the details of Ap(z,u,t =
0) and Ap(z,u,t = %), respectively. The net charge migration is apparently from z < 0 to z > 0 for 0 <t < %
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Figure S2: The migrating part of the density Ap(z,u,,t) at a given time ¢ for arbitrary ¢ in the cylindrical

coordinates (z,u,¢). The unit of Ap is aa?’. Panels A and B are for t =0 and t = %, respectively.

However there are also some small regions in which the charge migrates in the opposite direction. This is a

consequence of the large number of nodes of the radial wavefunctions.
In the following we focus on the one-dimensional electron density Ap(z,t) along z-axis

Ap(z,t) =/ / Ap(r,t)daxdy = 271'/ Ap(z,u, t)udu.
oo ) 0

(7)

In the numerical calculations, we first get Ap(z, u,t) in the cylindrical coordinates. Then we obtain Ap(z,t) by
integrating Ap(z, u,t) over u. The one-dimensional densities Ap(z,t) at different times are shown in Fig. S3.

II. THE ELECTRON FLUX DENSITY AND FLUX

The flux density can be obtained as the mean value of the flux operator

3 1) = (1) | 00x — ')+ 6(x — x') 59}

= Lsin(2'y)sin(o.)t)

44/37m
X [R10sV (RaopY10) — RaorY10V Raos],

where P = —iAV is the momentum operator. In the spherical coordinates, the flux density is
j(r,t) = épjp(r,t) + €pjo(r,t) + €uj,(r, ).

Apparently we have j,(r,t) = 0. The other two components are

dRyop dRyos

dr )

. ho . .
Jr(r,t) = ry— sin(27)sin(wt)cosf[Ryos Riop

. ho. . 1 .
Jo(r,t) = - sm(?*y)sm(wt);R405R40psm0.

3
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Figure S3: The migrating part of the density Ap(z,t) at different time in units of ag*.

The electron flux along z-axis F, can be obtained by

(z,t) / / (r,t) - é.dxdy

dR
sm(2'y sin(wt) / / cos?0 Ry 107 (11)
T dr
dR 1
— COSQGRALOPTA;OS + ;Sin29R4osR40p]d$dy.

In principle we can carry out the above two-fold integration to get F,(z,t). However there is an alternative way
to get the flux F,(z,t) according to the one-dimensional continuity equation

OF,(z,1) n Op(z,t)
0z ot
Accordingly the flux F,(z,t) can be evaluated by

Fo(ot) = 7/2 %j’t)dz/. (13)

Since we already have Ap(z,t) at hand, the electron flux F,(z,t) is obtained by Eq. (13).

=0. (12)

— 00

III. THE DIPOLE MOMENT AND THE MIGRATING CHARGE

The dipole moment of the system can be obtained by evaluating the mean value of the dipole operator

p(t) = — (P(t)]er|i (1)) - (14)
The only nonzero component of p(t) is
+oo
pe(t) = wle)lezlo(0) = —¢ [ 2Ap(e. i (15)

By numerical integration of eq.(15) we obtain p,(t) = pl***cos(wt) with pu7*** = 513.7 eag = 1305.7 Debye.
4



The total migrating charge AQ,, can be obtained in terms of either the flux F.(z,t) or the density Ap(z,t).
The following four equivalent expressions all get the total charge which migrates from z < 0 to z > 0 (or the
reverse) in a half period Z:

AQu = —6/2 F(z=0,¢)dt
0
T
= e/ F,(z=0,t)dt
2 0 T
e [ [8p(et=0) - Ap(ait = )l

“+oo
= —e/ [Ap(z,t = %) — Ap(z,t =0)]dz
0

= —0.35e.

IV. DETAILS FOR FEASIBLE EXPERIMENTAL REALIZATION

For the experiment, cesium atoms will be trapped in a magneto-optical trap (MOT) with a temperature of
about 100 pK using laser cooling and trap technique. The MOT temperature can be further decreased to a few
#K by an optical molasses and evaporation cooling technique. The ultracold Cs atoms are then loaded into a
tightly focused optical tweeze to prepare a single atom and then optically pumped to the [65; /2 (F = 4, mp = 4))
Zeeman level with a circularly polarized laser. Rydberg excitation of the [40S,5(m; = 1/2)) state can be
realized with a two-photon scheme as shown in Fig. S4a. Firstly a 852 nm laser with the o™ polarization
drives the (65, /2(F = 4,mp = 4)) to [6Ps/5(F' = 5,mp = 5)) transition. Then a 510 nm laser with the o~
polarization excites the |6P3/o(F' = 5, mp = 5)) state to the [40S;/5(my = 1/2)) state.

40P,

ZIE Microwave Microwave
408, v
6P

: | : 852 nm .
65y, a b

MOT + Optical molasses+ OT —
852nm optical pumping | I

Two-photon Rydberg excitation
Microwave field n/4 pulse VWWWVWNM

510 nm

Figure S4: The scheme for the preparation of the initial state |¢)(¢' = 0)). a. Two-photon excitation to the
Rydberg state 405} /o and partial transition from 405, /5 to 40P/, by a microwave pulse. b. The experimental
setup. The cesium atoms are first trapped in a MOT (not shown in here), then loaded into a optical tweeze

(OT). c. The time sequence for loading and cooling, optical pumping, Rydberg excitation, and microwave
transition.

After that, a linearly polarized (z-polarization) 63.6-GHz microwave field can be applied to couple the
4051 1) and [40P; 1) states, which produces a superposition state of 4051 1) and [40P; 1). The interaction
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between the microwave and a Cs atom is —u™ - E, where uT is the transition dipole moment and E is the
amplitude of the microwave field. Since the field is z-polarized, we only need the z-component uT, which
is -1305.2 Debye. By selecting appropriate microwave pulse parameters, the initial state can be prepared as
[t = 0)) = cosy 4051 1) + sinye® [40P; 1). The details of the experimental setup and the time sequence of
the applied external fields are shown in Figs. S4b and S4c, respectively. For the experimental condition with
a field strength of 1.0 mV/cm and a pulse duration of 0.38 us, v = 7 is reached which corresponds to equal
population of the 405, ,, and 40P, /5 states. This can be verified by the state-selective field ionization technique.
The phase difference ¢ can not be determined. However the information we obtained is sufficient to unravel the
essence of charge migration. Note the phenomenon of ultralong-range charge migration is more or less robust

for different parameters § and ~.
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