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ABSTRACT We propose an optical technique to load neutral
atoms in quantum adsorption states of a dielectric surface. Con-
sidering a realistic atom—surface potential well, we show that
free cold lithium atoms approaching a LiF surface may be trans-
ferred to a surface bound state of the first excited atomic state.
We also discuss schemes to populate adsorption energy levels of
the atomic electronic ground state, and we find that spontaneous
mechanisms transfer more than 90% of the excited adsorbed
atoms into vibrational levels of the fundamental adsorption po-
tential. The lifetime of the resulting two-dimensional waveguide
is calculated, considering the adatoms’ interaction with the crys-
tal phonons.

PACS 34.50.Dy; 68.43.-h; 68.35.Ja; 32.80.Pj

1 Introduction

The study of atoms close to solid surfaces has
gained renewed interest with the recent progress in cold-atom
manipulations such as, for example, atom optics close to sur-
faces [1] and nanotechnology [2], where the techniques to
grow new devices on substrates have come to submicron reso-
lution [3], requiring then a good understanding of the inherent
atom-surface interactions. A better knowledge is therefore
needed of both the long- and the short-range parts of these
interactions, as well as of the surface-induced electric and
magnetic perturbations which limit the stability of cold or
ultra-cold atomic clouds close to surfaces.

Since the end of the 1970s, light-atom scattering by clean
surfaces has been a valuable tool to derive information on the
atom—surface potential. Through the analysis of the angular
spectrum this technique allows the determination of the sur-
face bound states [4], but with limited precision [5].

More recently, the ability of manipulating neutral atoms
in the proximity of surfaces has established cold atoms as
atool for such up-to-date applications as atom chips and quan-
tum computation [6] as well as a probe very sensitive to the
surface-induced perturbations [7]. Various potentials near the
surface, such as the optical [8] and magnetic ones [9], have
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already been considered to trap atoms at distances to the sur-
face of the order of a few microns. The intrinsic atom—surface
potential may be explored as a natural 1D trap for atoms (2D
matter wave guide). This waveguide is much deeper than the
artificial ones [8, 9] mentioned before, meaning higher mode
spacing and thus easier monomode operation of the guide.
More basically, atoms trapped in a well-defined vibrational
level of the atom—surface potential well would give informa-
tion on the fundamental short- and long-range (particularly
the van der Waals Cj coefficient) interactions between atoms
and surfaces [10].

In the present work we theoretically study the photoas-
sociation of cold atoms with a dielectric surface as a way
to achieve high-resolution spectroscopy of the surface bound
levels as well as to control the loading of a surface trap: bound
levels of the surface potential well are selectively populated
(selective quantum adsorption) through the interaction of cold
atoms with resonant lasers. The resulting 2D gas may be pre-
pared in the excited or in the ground atomic state through
spontaneous or stimulated emission (two-color process). In
our previous studies [10], we had considered a very shallow
(1073 eV) surface well in order to study only the long-range
atom—surface bound levels. Here we make calculations for re-
alistic parameters of the interaction between lithium atoms
and a crystalline dielectric surface of lithium fluoride, four
orders of magnitude deeper than the potential considered in
Ref. [10]. As very precise results for this system depend on a
good knowledge of the potential parameters (short-range am-
plitude, interaction range, van der Waals coefficient) that are
not available in the literature, our goal here is to find an insight
into the general behavior of this mechanism of laser-induced
quantum adsorption in a realistic surface potential, to guide
our experimental choice of a practical system.

2 Adsorption potential

The interaction potential between a neutral atom
and a crystalline surface is periodic along the surface and may
thus be expanded in a 2D Fourier series:

V) = Vo) + Y Vo @)k, (1
G#0

where r is the position vector of the atom, G is a 2D reciprocal
lattice vector, R = (x, y) is the r component parallel to the sur-
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face and z is the distance along the normal to the surface. Vj (2)
is the surface-averaged potential. The effects of the corruga-
tion on the eigenstates of this 1D laterally averaged potential
can be determined by considering the other terms of the ex-
pansion (for G # 0) as perturbations relative to the ‘main’
term Vj. This periodic correction plays an essential role in ex-
periments of diffractive scattering of light atoms by crystalline
surfaces [4] and of quantum transportation such as Bloch os-
cillations [11]. However, in this work, we restrict ourselves to
the first term of the interaction potential in Eq. (1) [12], be-
cause our aim is to find an insight into the quantum kinematics
of the atomic center-of-mass to populate the 1D adsorption
potential. The atom—surface interaction at long range is the
van der Waals attraction, scaling as —1/z3. At short range the
interaction is due to the Pauli repulsion and can be modeled
by an exponentially decaying term [13]. Considering the quite
large uncertainty still allowed by the actual state of knowledge
of the interactions in these systems, we assume that a good
semi-quantitative insight can be obtained through the analyt-
ical study of the Morse potential [14]:

Vo(2) = A(exp(—2az) — 2 exp(—az)) . 2)

Further experimental investigation should provide the data
necessary to numerically improve the treatment of a more
realistic potential. The values of the amplitude and range pa-
rameters, respectively A and « in Eq. (2), are taken so that the
Morse potential and the physical adsorption potential have the
same depth and width, deduced from values of the adsorption
energy E, and of the C; coefficient occasionally available in
the literature for the Li—LiF system we study here. Such a sys-
tem has been chosen because: (i) the number of levels of the
adsorption potential is lower for light atoms, (ii) alkali atoms
are known to be easily manipulated by lasers [15] and (iii)
crystalline surfaces have low and regular roughness and very
low electrical conductivity [16].

However, due to the lack of quantitative information about
the Li-LiF system in the literature, we used semi-empirical
rules as in Ref. [19] to adapt available data to our specific
problem. These rules are given by

n?—1
G =R
1 n?—1
R

and 3

E,= @)

with «g and r the atomic static polarizability and radius, re-
spectively, n the refractive index of the transparent dielec-
tric and K a proportionality constant. The (n2 —1)/(n*+1)
term expresses the attenuation of the van der Waals force
in comparison with a metallic surface (perfect mirror). The
interaction potential parameters for the Li-LiF system are
therefore estimated as follows: for the Li electronic ground
state (251/2), we extrapolated the C3 coefficient for a per-
fectly conducting wall (Cgr"‘fff‘l = 1.52a.u.) [17] to a LiF sur-
face (n“F = 1.4) through Eq. (3). In the same way, we adapted
data of the adsorption energy E, of the Cs—sapphire system
(E;f‘g’;hlre =0.5eV [18], nPhire — 1 76) to the Li-LiF one,
using the semi-empirical rules of Egs. (3) and (4), with the

radii of the Cs and Li atoms rcg = 3.33 Aand i =2.05 A [20]
and the polarizabilities g, cs = 400 aj and oo, 1; = 164 a3 [21].
These semi-empirical rules were also used to determine the
C; and E, values for the electronic excited state 2 Py, of the
Li-LiF system (of; ; = 1304 [21]). We have thus obtained
CyT; =0.5au. and ELF, = 0.60 eV for the ground state and
CLF. =0.4au.and EXF, =0.47 eV for the excited state. The
parameters of the Morse potential in Eq. (2) are therefore
A=E,anda =1.98 A~' (2.24 A1) for the ground (excited)
electronic state.

3 Photoassociation process

We solve the Schrodinger equation for the Morse
potential of Eq. (2) and the parameters detailed above. We ob-
tain 23 bound levels in the Li ground electronic state 2.5,
and 18 in the first excited electronic state 2 Py/>. The smallest
energy spacing between two vibrational levels of an elec-
tronic state (between v = 21 and v = 22 of the ground state)
is &~ 374 GHz (1.55 meV), corresponding to a temperature of
~ 36 K that is much higher than the temperature of the cold
atomic source, a magneto-optical trap (MOT), considered in
our calculations. This should allow one to populate and detect
even the highest bound levels of the excited state with a very
good resolution and ultimately to load atoms into this surface
waveguide in a well-defined adsorption level.

The surface well may be loaded with Li atoms from a MOT
built very close to a dielectric window [22], and having an en-
ergy corresponding to the temperature of 142 pK. The scheme
to load bound levels of the electronic states is illustrated in
Fig. 1. A free atom in a level | /) with energy E (and well-
defined momentum p = +/2mE = hk, where m is the mass
of the atom and k is the de Broglie wavenumber) absorbs
a laser photon of frequency w; and goes to a high bound
level |v') of the first excited electronic state of the atom. This

v'=17
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FIGURE 1 (a) Photoassociation scheme for cold Li atoms and a LiF sur-

face. 251 /2- and 2 Py j>-asymptotic surface potentials are shown, together with
the incoming free wave function and vibrational wave functions. (b) Energy
levels and detunings involved in the Raman process (see text)
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is a photoassociation (PA) process between the surface and
the atom:

surface +Li(2S1/2) + hw, —> (surface)Li* .

The absorption is followed by spontaneous decay, either
into the continuum or into discrete bound levels v of the
ground state (asymptote 257,2). Alternatively, a second laser
may transfer the atoms to specific ground bound levels
through a Raman process, thus allowing a selective pop-
ulation of these levels (see Fig. 1b). The efficiency of the
overall scheme is determined by the photoassociation rate
and by the emission transition probabilities of the excited
adatoms.

We treat the free incident level as a level of a quasi-
continuum [23]. In this approach, the PA rate to a bound level
v’ has the form

ROy 1 ) hA,
(v)ZEQSAD I'w)exp|——]) . )

kg T

where hA| is the difference between the energy of the laser
photons and the energy of the bound level v’ (above the
ground state continuum threshold, see detail in Fig. 1a), o is
the atomic density, assumed to be constant, S is the section
of the laser beam irradiating the cold-atom sample, I” is the
photodissociation rate, i.e. the stimulated rate at which the ex-
cited bound level decays back to the free ground level, and
the thermal de Broglie wavelength is Ap = (27h*/1ksT) 12
Using results of Ref. [23] the photodissociation rate is given
by I'(v') = (d*(v')&%/2h%vy) L, where L is the dimension of
the 1D box of normalization of the incident free wavefunc-
tion (L > k~'). & is the amplitude of the electric field, vy =
(2h A{/m)'/? the velocity of the atoms in the free level reso-
nant with the PA laser. d is the dipole matrix element, d> = d82

gy, with the Franck-Condon (FC) factors gy = |(v' | f))
10° -
o
% 107 .
10 —
l/./.
9 10 T 12 13 14 15 16 17 18
a Excited level (v')
0,6+ IA
0,5 o o -
I \I
04 Excited level (v') o
F 1
£ 03] I DR
k] 8 -0 16 \
8 o2l —e A
8 1 L
4 1
0,1 J/ 1 ; (\)
0,0 Am L3N LN L S L5 ez RIA SN0
0 2 4 6 8 1 12 14 16 18 20 22
b Fundamental level (v)

FIGURE 2 Frank—Condon factors calculated for transitions between sur-
face bound states v’ of the 2 P; ,2-asymptotic excited electronic level and (a)
the free incident state (energy E); (b) surface bound states v of the 257 ;-
asymptotic ground electronic level. In (a) this factor is reduced by more than
six orders of magnitude for the deepest levels (v < 11)

and dj the electronic transition moment, assuming its asymp-
totic value for z — oo. For the transition 25/, —> 2P,
dy = 1.987 x 1072° Cm. The amplitude of the normalized free
wavefunction scales as L~!/2, so that the photodissociation
rate I is independent of L.

In Fig. 2a we plot the FC factors for transitions from a free
level with an asymptotic energy E = 6.3 neV to the highest
surface bound levels of the electronic 2Py, state. As the PA
rate is proportional to the FC factor, it shows the same qual-
itative behavior, so that the maximum PA rate is obtained
for the highest bound level v' = 17 and decreases sharply
for the other levels. For typical MOT characteristics o =
10" atoms/m> and S = 3.14 x 107% m? and with a laser inten-
sity 7; = 10 W/m?, the maximum PA rate thus has the value
R(V =17) =2.3 x 108 s~!, leading to a stationary population
(under the action of the laser mechanisms of photoassociation
and photodissociation) n(v' = 17) = 1.3 x 10° adatoms.

4 Loading of the ground bound levels

The excited adatoms are unstable and applications
indeed require their decaying into bound levels of the elec-
tronic ground state. Spontaneous decay can drive the adatoms
either to free levels (thus contributing to the losses) or to
bound levels of the ground state. On the other hand, the trans-
fer to ground bound levels can be driven more selectively
by a two-laser (Raman) process. The time scale of the pro-
cess and its efficiency depend on the detunings § and A, (see
Fig. 1b) and on the intensities of the two lasers.

4.1 Spontaneous emission

The atom—surface potentials are relatively advanta-
geous to a spontaneous population of the ground bound levels:
because both the ground and the excited atom—surface po-
tentials go with z> and have therefore comparable spatial
extents (high overlap of the excited and ground vibrational
wavefunctions), the ratio of the bound—bound transitions over
the bound—free transitions is expected to be relatively high.
It has to be, for instance, closer to the case of heteronuclear
cold molecule formation (z~® scaling for both the ground and
the excited potentials) than to the case of homonuclear cold
molecule photoassociation (ground z~°, excited z~3). The Li
atom presents the additional favorable peculiarity that the
polarizability is slightly lower for its first excited electronic
state 2P than for its ground state [21]. Its interaction with
the surface then gives a configuration where not only are the
shapes of the excited and of the fundamental surface poten-
tials very similar, but the extent of the excited potential is
slightly smaller than the fundamental one. This favors even
more large bound-bound FC factors [24]. Figure 2b exhibits
these FC factors for transitions between bound levels of the
excited and of the ground states. The spontaneous emission
is shown to drive more than 90% of the excited photoasso-
ciated atoms (v' = 15-17) to bound levels of the electronic
ground state, although mostly in high bound levels v > 14, as
evidenced in Fig. 2b. Under spontaneous emission, the pop-
ulation of a ground bound level increases slowly, yet mono-
tonically, with time (see Fig. 3), reaching an equilibrium value
at very long times, so that the equilibrium population is in
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FIGURE 3 Evolution of the ground bound states’ (v) population under
spontaneous emission from the highest excited bound state v = 17, as a func-
tion of time

fact a priori limited only by the finite lifetime of the vibra-
tional level (see Sect. 5). The main drawbacks of forming such
ground -state adatoms through spontaneous emission from the
intermediate levels v’ are that the deepest levels are not di-
rectly reached and that the atoms are distributed among a rela-
tively large range of bound levels v of the electronic ground
state, preventing the desired selectivity of the process.

4.2 Stimulated decay

The stimulated formation of ground-state adatoms
should overcome the problem of selectivity and enable the
population of the deepest ground bound levels. In the case
of a two-laser process, the ground bound levels reach an
equilibrium population (see Fig. 4, full line and dotted line
curves for two different intensities of the second laser). How-
ever, the stimulated formation of ground-state adatoms co-
exists with the reciprocal process of photodissociation, and
our calculations of the ground bound levels populations show
that, in a continuous-wave configuration, the higher the inten-
sity of the second laser, the lower the equilibrium yields of
ground-state adatoms, though the shorter the time to reach this
equilibrium (Fig. 4). Moreover, selectivity is not completely
achieved, due to spontaneous emission still populating other,

- N
N S
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=
o
!

Number of atoms (x1000)

0 200 400 600 800
Time (us)
FIGURE 4 Evolution with time of ground level population, under a two-
laser process. Configuration of Fig. 1b, with v' =17, §=0, A, =0, I =
10 W/m?. Population of v =0, full line (dotted line): I, = 10* W/m?>
(I, =5 x 10* W/m?); population of v =22 under spontaneous emission,
dashed line (dash-dotted line): I, = 10* W/m? (I, = 5 x 10* W/m?)

non-selected, ground bound levels (dashed and dash-dotted
curves in Fig. 4).

A pulsed-laser scheme permits both higher yields and bet-
ter selectivity [23,25], and a detailed study of this two-laser
loading of the surface bound levels will be published else-
where [26].

In any case, the population of the surface vibrational lev-
els will evolve and, as will be shown below, the interactions
with surface phonons should transfer a significant part of the
ground-state adatoms to the deepest bound levels, thus balanc-
ing the dispersive effect of the spontaneous process.

5 Lifetime of the ground bound levels

We estimate the lifetime of the guided atoms in
their electronic ground state and in a well-defined vibrational
adsorption level. We consider the interaction of the bound
atoms with the phonons of the solid, and we neglect two mech-
anisms of loss: (i) the diffusion toward the solid bulk structure,
which is more likely to occur in glass windows [27]; (ii) the
heating effects due to electric field fluctuations [28]. Crys-
talline surfaces with alkali adatoms present very low conduc-
tivities in comparison with glass surfaces [16, 29].

We calculated the transition rates between the vibrational
levels for an adsorbed atom, considering the atom—phonon
coupling in a one-phonon model [30]. With such a coupling
the atom can undergo a transition to a free level (desorption)
or to a shallower bound level or decay to a deeper bound
level (see inset in Fig. 5). The up-transition rates are obviously
dependent on the substrate temperature and the allowed tran-
sitions are those compatible with the phonon distribution (see
results for two surface temperatures in Fig. 5). Rates of de-
sorption are substantial only for the shallowest levels and are
zero for the deepest ones, since the energy required for the
transition is greater than the Debye energy. A multi-phonon
treatment does not qualitatively change this result [30]. We
find that, at 10 K, desorption or transitions to shallower levels
are much less likely to happen than the decay to deeper lev-
els, resulting in a change of the depletion rate of many orders
of magnitude between the deepest levels and those closest to
the desorption. The resulting cascade process transfers most
of the atomic population to the deepest level of this 2D guide
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FIGURE 5 Depletion rate of the surface states for two different tempera-
tures of the substrate: 10 K (solid symbols) and 100 K (hollow symbols).
Triangles denote transitions to the continuum; squares: transitions to the
level above; circles: transitions to the level below. Inset: one-phonon escape
channels for an atom in vibrational levels v of the adsorption potential
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and may be observed at temperatures of the surface easily at-
tainable in laboratories. A simple rate-equation model using
these calculated transition rates shows that, at 10 K, the pop-
ulation of the level v = 0 reaches values around 10* atoms in
a time shorter than 10~*s.

6 Conclusion

We have proposed an optical technique to load
atoms in quantum adsorption levels of a dielectric surface.
Calculations of Franck—Condon factors between a free cold
level and an excited vibrational level show that it is possible
to achieve a great photoassociation rate to the levels closest to
dissociation. To load ground levels, the use of a second laser
(the first being the PA laser) is shown to substantially increase
the population of the deepest bound levels of the electronic
ground state, if compared with the spontaneous decay act-
ing alone. The highest yields are obtained for the two-photon
resonance § = A, = 0, where the intermediate excited level
is hardly populated, thus diminishing the amount of atoms
spontaneously decaying into the highest bound levels of the
electronic ground state. However, this spontaneous process is
not suppressed and still leads to a lack of selectivity. A pulsed-
laser configuration should severely limit the spontaneous de-
cay, by transferring the atoms into the desired bound levels
more rapidly than the spontaneous process. Anyway, at a low
surface temperature, energy exchanges with the (low-energy)
surface phonons will lead to an accumulation of atoms in the
deepest ground bound level in times as short as 10™#s.

Experimental measurements should provide quantitative
data for further investigation of this atom—surface system and
allow the refinement of the treatment of this laser technique
to charge surface quantum levels. A signature of the quantiza-
tion of the adsorption levels may be obtained by the action of
an ionization laser, while scanning the PA laser. The determin-
ation of the energy of the highest-lying bound levels should
allow the investigation of the van der Waals interaction and
particularly to determine the C3 coefficient [10]. This scheme
should be extended to the loading of a Bose—Einstein conden-
sate (BEC) in such surface levels. Further developments of
this study include the treatment of the potential periodicity in
the planes parallel to the surface, where a band structure of
the energy levels is expected [31], and applications such as
Bloch oscillations are currently being investigated [11]. One
can also expect applications in quantum computation for lo-
calized atoms in periodic surface waveguides [32].
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