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Selective reflection spectroscopy of a resonant vapor at the interface with a metallic layer
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We discuss the properties of selective reflection spectroscopy at the interface between a resonant vapor and
a complex dense medium, such as a metallic film layered on a dielectric substrate. We show that in the
approximation of a low-density vapor, the signal mixes up the absorptive and dispersive components of the
‘‘effective resonant susceptibility’’ of the vapor, with the mixture amount governed by simple laws of linear
optics. Preliminary experiments performed at the interface between Cs vapor~D2 , 852-nm line! and a silver-
coated glass window are reported, that show qualitatively the effect of the atom-surface van der Waals
interaction.
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I. INTRODUCTION

Reflection spectroscopy at the interface between a ho
geneous, nondispersive, dense material and a resonan
dium is an efficient method to probe the resonant proper
of the medium in the vicinity of the interface, at distances
the order of an optical wavelength. When the resonant
dium is a vapor, the ‘‘selective reflection’’~SR! spectros-
copy ~Fig. 1!, devised long ago@1#, is known to be an excel
lent tool, exhibiting sub-Doppler resolution@2–4#, notably
suited for studying interatomic collisions in the high-dens
regime@5#, when the gas medium is opaque to transmiss
In the last years, interest in the SR technique has been
newed by the search for local field effects@6#, collisional
studies between excited states@7#, and by its ability to probe
atom-surface interaction sensitively@8#.

In the ideal case of an interface between a transpa
dielectric medium and a dilute vapor of motionless atom
one derives, via Fresnel formulas that resonant change
the reflection coefficient relate with thereal part of the re-
fractive index of the vapor~i.e., vapor dispersion! @9#. Con-
versely, one may extrapolate from Fresnel formulas tha
the dense transparent medium~i.e., with a real index! could
be replaced by an ideal metal~i.e., with a purely imaginary
index!, the reflection signal would yield information on th
vapor absorption. However, the strong absorption of me
~infinite for an ideal metal! makes this situation nonpractica
and instead one has to consider the case when the inte
includes a metallic film sandwiched between a resonant
por and a transparent dielectric substrate. This is the topi
the present paper, in which a simple theoretical mode
presented, along with a few preliminary experimental resu

Among the motivations for such a study, one may me
tion the following. ~i! Although dispersiveline shapes have
unique advantages in the context of laser frequency sta
zation @10#, the detection of an absorption line shape c
provide a superior spectral resolution, notably in the win
~ii ! There is a special interest in the extension of SR sp
troscopy, usually limited to the probing of atomic interacti
with a transparent dielectric media, to the study of atom
interaction with a real metal surface. Indeed, this interact
is generally stronger and is more straightforwardly descri
1063-651X/2001/63~4!/046610~7!/$20.00 63 0466
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in a cavity QED context~iii ! It also offers richer possibilities
including the interaction of atoms with surface plasmons

In this paper, we first establish~Sec. II! the dependence o
the resonant SR signal in a general way, as a function of
optical properties of the interface. This is illustrated in S
III with a discussion of the respective contributions of t
vapor absorptive and dispersive components to the SR
nal, as a consequence of the specific properties of the m
film ~index and thickness!. In Sec. IV we turn to the
frequency-modulated~FM! version of SR spectroscopy, i
order to establish that the results of Sec. II can also be
plied to the sub-Doppler singularities, due to the atomic m
tion, appearing in SR spectra. In Sec. V we present preli
nary experimental results, performed in the FM mode of
spectroscopy, on a Cs vapor cell with a silver-coated w
dow. Finally ~Sec. VI!, we include in the model for the SR
signal at a metal-vapor interface the atom-surface van
Waals attraction, in order to interpret the experimental l
shapes.

II. OPTICAL PROPERTIES OF A STRATIFIED
INTERFACE AND SR SPECTROSCOPY

In SR spectroscopy, one measures the reflected inten
at the~plane! interface of a plane waveE0(v) ~circular fre-
quencyv! incident from a dense medium to a resonant va
@see Fig. 1~a!#. The field transmitted in the dilute medium
drives a macroscopic atomic polarization, that is a source
the reradiated field, which propagates back in the dense
dium along the same direction as the nonresonant refle
field @11#. Hence, the detected reflection coefficientR(v) is
given by

R~v!5uENR1Eres~v!u2/uE0u2, ~1!

with E0 the incident field andEres(v) andENR the complex
amplitudes of the resonant and nonresonant contribution
the reflection, respectively. The SR signal is the reson
change DR(v) in the reflection coefficientR(v)5R0
1DR(v). The standard hypothesis of adilute medium im-
plies uEres(v)u!uENRu @12#. This means that the SR signa
given by
©2001 The American Physical Society10-1
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M. CHEVROLLIER et al. PHYSICAL REVIEW E 63 046610
DR~v!52 Re@~ENR!* Eres~v!#/uE0u2, ~2!

is the homodyne beat between the nonresonant reflection
the resonantly reradiated field.

Such a description is extremely general.~For the sake of
simplicity, in the following we exclude all problems relate
to the birefringence of the media.! It satisfactorily describes
the reflection spectroscopy at a resonant vapor interface
any dense medium, that can be simple~a homogeneous
transparent dielectric medium!, more complex@an absorbing
medium~dielectric or metallic!#, or have a longitudinal inho-
mogeneity ~stratified medium or coated window, suitabl
e.g., for a plasmon excitation!. In this description,ENR and
Eres(v) are evaluated at the place of detection, i.e., at
incidence face of the structure. If the dense medium is
mogeneousENR is naturally derived from the Fresnel formu
las for reflection, andEres(v) is obtained fromEres

vap(v), the
reflected field on the vapor side, through Fresnel formula
transmission. BothENR andEres(v) can be obtained throug
successive boundary conditions when the interface is m
complex. Hence, for a given structure, one essentially ha
evaluate the resonant microscopic dipole polarization, wh
is the source forEres

vap(v).
In the calculation of this microscopic polarization, thedi-

lute vaporassumption~implying a low optical density! per-
mits the major simplification that the driving field for th
atomic vapor is unaffected by the resonance, and con
solely of the refracted field. Also, the refracted field in t
vapor is simply a plane wave~or the evanescent wave in
duced by a plane wave in the dense medium! whatever the
internal complexity of the dense medium may be. Hence,on
the vapor side, the problem is completely identical to the on
encountered at the interface between a vapor and a tran
ent dielectric material.

In spite of this simplification, a remaining difficulty
which is a major feature of SR spectroscopy, is that, in g
eral, the vapor response to the reflected field cannot be

FIG. 1. ~a! Principal scheme of selective reflection spectrosco
at a vapor interface; in the generalized approach, the nonreso
medium can exhibit inhomogeneities through ann(z) dependence.
~b! Specific case of a sandwiched metallic film.
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scribed by a local index model: due to the combined effe
of the thermal motion and of atom-surface collisions whi
phase-interrupt the atom-field interaction, the vapor respo
is nonlocal in the sense that the induced polarization is n
proportional to the local electromagnetic field, but integra
the whole history of the atom-field interaction@3#. Actually,
within the first-order approximation in the vapor density,
has been shown that an ‘‘effective susceptibility’’@13# can
provide a simple description of the resonant change in
reflectivity at the interface. This effective vapor susceptib
ity x (x!1) is derived using the conditions of field continu
ity at the interface, and is given by

x52
2ikh

«0Ev
E

0

1`

p~z!exp~2ihkz!dz, ~3!

with the related effective complex refractive index th
given by

nv511x/2. ~4!

In Eq. ~3!, Ev is the driving-field amplitude in the vapor
p(z) the local amplitude of the macroscopic dipole polariz
tion induced byEv , k is the modulus of the wave vector, an
h depends on the incidence angle~h5cosu, with u the
angle—real or imaginary—of the field refracted in the va
por, h51 for the normal incidence case!. Note that in gen-
eral, p(z) requires both a velocity integration and a spat
integration over atomic trajectories to account for the tra
sient effects in the atomic response. Also,p(z) can include
saturation@14# and the influence of surface effects@15#.

In this approach with an ‘‘equivalent medium’’ whos
response would be local, the SR spectral features result f
the combination of two independent problems:~i! one has to
deal with the~nonresonant! optical problem of the reflection
at a complex interface, the vapor being treated as a hom
neous medium whose index isnv ~with the added peculiarity
that this index depends on the incidence angle!; and~ii ! one
has to calculate the specific resonant response of the va
in the same way as in usual SR spectroscopy. In addit
when the atom-surface interaction is neglected, one can s
that Re(x) is simply related with thedispersivepart of the
atomic response, and Im(x) with the absorptivepart of the
response. Combining the principles of homodyne detec
in SR spectroscopy@Eq. ~2!# and the concept of effective
refractive index, we now have the required background
determine the SR line shapes at a ‘‘dense medium’’ ato
vapor interface.

III. SR SPECTROSCOPY AT NORMAL INCIDENCE AT
THE INTERFACE WITH A COATED WINDOW

In the following, we concentrate on a system in which t
dense medium is a transparent dielectric medium~real index
n1! coated with a metallic thin film~thicknessd!, as shown
in Fig. 1~b!, and irradiated undernormal incidence. The
metal film, supposed to be isotropic and homogeneous
described by a scalar complex index

n25a1 ib. ~5!

y
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The dilute vapor is described by a complex effective inde

nv511dn~v!, ~6!

with dn(v)5x/2 anduxu!1; see Eq.~4!.
Replacing with Fresnel formulas, one easily finds the a

plitude reflection coefficient for a two-interface system,

r ~v!52
~nv1n2!~n22n1!1~nv2n2!~n21n1!e2f

~nv1n2!~n21n1!1~nv2n2!~n22n1!e2f ,

~7!

with

f522in2kd, ~8!
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an argument that stands for the attenuation and depha
related to the propagation inside the metal film@in Eq. ~8!,
one has takenk5v/c#. From the first-order development o
the resonant vapor contribution termdn(v), one derives that
the SR signal obeys a general expression

DR~v!52R0Re@Fdn~v!#, ~9!

with F a complex value depending on the optical propert
of the coated window~indices, film thickness, or more
generally incidence angle!, and R0 is given by ur (v)u2
for nv51:
F5
8n1n2

2e2f

~11n2!2~n2
22n1

2!12e2f~12n2
2!~n1

21n2
2!1e22f~12n2!2~n2

22n1
2!

. ~10!
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All the features of the SR spectroscopy at the metallic-coa
window can now be extrapolated from theF value. As ex-
pected, for a thick metal layer@i.e., in the limit exp(2f)
→0# the sensitivity to the vapor resonance, given
DR(v)/R0 , decreases due to the strong metal attenuat
One can even note that for anideal metallayer ~a50 and in
the limit b@1!, the behavior would remain purely dispersiv
@F'28n1 /(n1

21b2)e2f is real#, while Fresnel formulas for
a single metal-vapor interface would yield an absorption
havior ~if propagation in a metallic half-space would be po
sible!: indeed, the dielectric-metal interface introduces an
tra phase factor in the reflection. For a very thin metal la
~i.e., f→0!, the initial dispersive behavior mixes with a
absorptive component. The growth of this absorptive com
nent with the film thickness may be very rapid~like bf! if
the metal is nearly ideal. The absorption-to-dispersion
havior for intermediate thicknesses depends on the inter
used. Thus it is worthwhile to evaluate the respective con
bution of Im(x) and Re(x) in the SR signal for various situ
ations of practical interest. In Fig. 2, these contributions
absorption and dispersion@Im(F) and Re(F), respectively#
have been plotted as functions of the thickness of the m
layer in two typical cases of interfaces. As a rule,for a good
metal (b@1@a), one observes@Fig. 2~a!# that the imagi-
nary~absorptive! contribution starts to grow linearly with th
metal thickness, as stated earlier, and that the r
Im(F)/Re(F) reaches a limit. This limit, whose value com
pares with unity, can be reached asymptotically or can
attained for a finite thickness@kd;0.04 in the case of Fig
2~a!#. In all cases, the absorptive contribution can beco
more or less comparable with the real~dispersive! one, but it
never becomes dominant. Note that this regime, in which
metal film thickness is sufficient to profoundly alter the S
features, can be effectively reached in SR spectrosc
yielding a non-negligible signal, because there is still lig
transmitted through the metallic film.
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Bad metals~with b, a@1!, which are far enough from the
ideal metal behavior, can appear specifically appealing
SR spectroscopy, because the absorptive contribution can
come strongly dominant. Indeed, and as exemplified in F
2~b! for a typical case of a ‘‘bad metal,’’ one finds a pro
nounceddecreasein the nonresonant reflectivityR0 for a
specific layer thickness, associated with a vanishing con
bution of the dispersion@i.e., Re(F)→0; note, in any case
that the minimal value ofR0 is always nonzero, but forn1
51#. Hence this favorable property of imperfect metals m
be used in practical applications, when only the absorp
part of the vapor response is desirable. It essentially requ
a sufficient accuracy in the thin-film fabrication, most pro
ably a monitoring of the film deposition at the atomic leve
because of the low values required forkd. Note that once this
minimum of R0 has been reached, an increase in the la
thickness leads to a revival of the dispersive contribut
~with a sign change! that remains comparable with the a
sorption on a large range, while the overall signal decrea
@16#.

IV. SUB-DOPPLER FEATURES AND FM MODE OF SR
SPECTROSCOPY

As mentioned above~Sec. 2!, in the absence of long
range atom-surface interaction, Re(x) and Im(x) relate, re-
spectively, to the dispersive and absorptive parts of the va
response. However, for a Doppler-broadened vapor, the
responding line shapes do not exhibit the usual symmet
@antisymmetry for Re(x) and symmetry for Im(x)#, because
of a singularity in the velocity integration. Indeed, arrivin
atoms are in a steady state, and departing atoms experie
transient regime of interaction with the light field. This si
gularity is responsible for the well-known sub-Doppler fe
tures of SR spectroscopy, making the SR line shapes r
tively complex. In the FM mode of the SR technique, wh
0-3
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the relevant signal isd@DR(v)#/dv instead ofDR(v), it is
known that SR spectroscopy@4,8# exhibits simpler features
notably yielding pure Doppler-free line shapes when p
formed at an interface with a transparent medium. In t
section, we show that these results can be extended to
case of a complex interface.

Let us recall that in a two-level atom model@15#, the
effective susceptibility of the vapor satisfies:

x}NE
0

1`

dvz

W~vz!1W~2vz!

~d1kvz!1 i ~g/2!
, ~11!

with N the atomic density,W(vz) the ~normalized! distribu-
tion of thermal velocity along the normal to the interfaced
the frequency detuning relatively to the atomic resonan
and g the optical width of the transition. In Eq.~11!, the
velocity integration is only performed on two hal
Maxwellians, because of the different behavior of arrivi

FIG. 2. Re(F) and Im(F) ~solid and dotted lines, respectively
the vertical scale is on the left!, along with the value ofR0 ~dashed
line; the vertical scale is on the right! as a function of the meta
layer thickness~in l/2p units!. Calculations are for~a! n151.5 and
n250.11 i5.85 ~the typical case of Ag in the near IR range@19#!,
~b! n151.5 andn253.691 i3.94 ~the typical case of Fe in the nea
IR range@19#!. The~a! and~b! curves are significant examples of
‘‘good metal’’ film and a ‘‘bad metal’’ film, respectively, and no
significant dependence has been found on then1 value. Note that in
~b!, the resonant behavior of theF value helps to discriminate be
tween absorptive and dispersive responses, but does not corres
to a resonance in the reflection behavior, as it is due to the ne
vanishing factorR0 .
04661
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and departing atoms. Hence Re(x) comprises a symmetric
logarithmic singularity at line center~i.e., the singularity di-
verges logarithmicallyin the infinite Doppler widthapproxi-
mation! in addition to the Doppler-broadened dispersio
This is why the~FM! SR signal at a dielectric-vapor inter
face, governed byd@Re(x)#/dv, yields a pure Doppler-free
dispersive Lorentzian line shape@4#, with a suppressed Dop
pler background. In the same way, Im(x) is not a Doppler-
broadened absorption, but is actuallyhalf a Voigt profile,
located on the red side of the transition, decreasing to z
on the resonance as abruptly asg. As usual, frequency deri
vation enhances the narrow contribution, so thatd@ Im(x)#/dv
becomes a Doppler-free absorption-like line shape, symm
ric with respect to the frequency detuning. Note that, un
now, observation of this nonlocal absorptive response rela
to Im(x) or to d@ Im(x)#/dv was predicted@15# only in the
special context of high-frequency FM reflection spectro
copy @17#.

When applying the results of Sec. III, one sees that
~FM! line shape for SR spectroscopy at the interface betw
a complex dense medium and a vapor is predicted to
Doppler free, but without any definite symmetry. As turnin
to the FM mode does not alter the absorptive-to-dispers
mixture indicated by the value of the optical parameterF, the
previous discussion~in Sec. III! on the possible symmetrie
of the SR line shape fully applies. In particular, a pure
absorptive Doppler-free line shape is expected only in
special cases mentioned above, i.e., a ‘‘bad metal’’ laye
the adequate thickness, while at the interface with a g
metal, the Doppler-free spectrum should not exhibit any p
ticular symmetry.

V. EXPERIMENTAL OBSERVATIONS

The present paper was triggered by a preliminary obs
vation of SR spectra in several low-pressure Cs-vapor ce
in which one of the glass windows was coated with a th
metallic film on the internal side. The coating was obtain
by a controlled deposition of evaporated Ag. The metal fi
thickness was on the order of 10–25 nm in order to remain
the regime of partial metallic reflection~50–90%!. The ex-
periments were performed on theD2 resonance transition
~852 nm! with a laser diode. A small modulation of the in
jection current was applied to generate a frequency mod
tion with a weak amplitude, and the~FM! SR spectra were
recorded through a subsequent lock-in detection.

Typical SR spectra are presented in Figs. 3 and 4, in
case when such a coating yields a reflection coeffici
;90% @Fig. 3~b!# or ;50% ~Fig. 4! along with a reference
spectrum obtained at a simple vapor-dielectric interface@Fig.
3~a!#, in comparable conditions~window substrate, Cs pres
sure, etc!. The essential features described here are indep
dent of the experimental conditions. Within the instrumen
width of the diode laser~;30 MHz, as the diode is kept fre
running!, all spectra appear to be Doppler-free~the Doppler
width is ;200 MHz!. The line shape of the reference spe
trum is nearly dispersionlike, in spite of an observable
sidual asymmetry known to originate in the van der Wa
atom-surface attraction@8,18#. For the partially reflecting

ond
rly
0-4
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~;50%! window, no special symmetry of the line shape c
be recognized. Conversely, it is striking that for the thick
coating (R0;90%), a nearlyabsorptionlike spectrumis ob-
tained. This behavior, with nearly symmetric line shapes
very similar to the one observed on a Cs glass cell, wh
window had been accidentally coated with a metallic Cs fi
~due to a temporary temperature inversion between the
point and the window!, and whose reflectivity, although no
perfectly homogeneous on the whole interface, was alsoR0
;90%.

A more detailed experimental analysis has been restric
because of the diode laser frequency resolution, and beca
with our preliminary technology, the lifetime of the coating

FIG. 3. Experimental comparison between~FM! SR spectros-
copy at~a! a glass/Cs interface and~b! a glass/Ag/Cs-vapor inter
face, with an off-resonance reflection of 90%. The laser freque
is tuned across the CsD2 line (F54→F85$3,4,5%). The resolu-
tion is limited by the laser emission linewidth;30 MHz.

FIG. 4. FM selective reflection spectrum at a glass/Ag/Cs-va
interface, with an off-resonance reflection of 50%. The lase
tuned across the CsD2 line (F53→F85$2,3,4%).
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becomes very limited in the presence of a heated va
However, it is clear that these experimental findings~for
R0;90%! are not well described by the model of Sec. I
when applied to a ‘‘good metal.’’ Indeed, bulk Ag is a goo
metal in the near-infrared range~e.g., n250.115.85i ac-
cording to Ref.@19#!, and the film is not so thin that on
should expect major deviations from bulk Ag properties@20#.

FIG. 5. Theoretical~FM! SR line shapes when the van d
Waals long-range interaction is included. The dimensionless par
eter A(A52C3k3/g) characterizes the strength of the van d
Waals redshift~in previous experiments on the CsD2 line at a
dielectric interface, one foundA<0.2!. A50 solid ~line! 0.1
~dashed line!, and 0.5~dotted line!. The spectra in~a!, ~b!, and~c!
correspond to interfaces such that~a! Im(F)/Re(F)→` ~e.g., a metal
film with suppressed dispersion!, ~b! Im(F)/Re(F)51, and ~c!
Im(F)/Re(F)50.5, respectively. TheA50.1 and 0.5 line-shape am
plitudes are scaled relative to the normalizedA50 spectrum.
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VI. INFLUENCE OF THE ATOM-SURFACE
INTERACTION

As already mentioned, when describing the refere
spectrum~the glass-vapor interface!, the long-range atom
surface interaction~van der Waals attraction! is known to
distort the SR line shapes@8#, through a spatially dependen
shift of the atomic resonance. In the case of a simple in
face between a transparent dielectric window and a va
the ~FM! SR line shapes have already been calculated w
an atom-surface interaction taken into account, and an ex
sive numeric evaluation ofd@Re(x)#/dv has been given in
the case of a nonretarded van der Waals atom-sur
interaction, that shifts the atomic resonance with az23

dependence@15#.
In the case of a more complex interface, an evaluation

Im(x) andd@ Im(x)#/dv is required along with the evaluatio
of Re(x). According to the general considerations above, o
may even expect, for those special windows whose coa
suppresses the dispersion, to observe Im(x) or d@ Im(x)#/dv
directly. Figure 5~a! provides the line shapes ofd@ Im(x)#/dv
in a range of perturbative van der Waals attraction~i.e., a van
der Waals shift smaller than the optical width atl/2p! typi-
cal of an alkali resonance line@8#, and Figs. 5~b! and 5~c!
exemplify the expected SR line shapes for various other
terfaces. A remarkable point is that the asymmetric beha
induced by the presence of the metal film combines with
asymmetry in the van der Waals–distorted resonance.
induces the possibility of accidentally yielding a nearly sy
metric, absorptionlike, Doppler-free reflection line shape,
predicted for a relatively wide range of parameters~film re-
fractive indexn2 , strength of the van der Waals interactio
etc!. Note that these nearly symmetric line shapes are
dicted even when the Im(x) contribution is not at all domi-
nant relative to Re(x). These general predictions seem su
cient to interpret, in a qualitative manner, the experimen
results obtained with highly reflecting metal films~Sec. V!.
A more quantitative analysis is limited by the inhomogen
ities of the metallic film coating~possibly leading to an av
eraging of various line shapes!, and by the possible depen
u

,

s
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er
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dence of the effective strength of the van der Wa
interaction with the coating thickness.

VII. CONCLUSION

In conclusion, we have shown that for SR spectroscop
a vapor interface, replacing the usual transparent dielec
window with some kind of a coated window permits one
explore a variety of line shapes, due to the addition o
variable contribution of the imaginary part Im(x) of the ‘‘ef-
fective susceptibility’’ of the vapor. In our preliminary ex
periments at the interface with a ‘‘good metal’’ film, we hav
obtained nearly symmetric line shapes, that are unexpe
in the absence of a surface interaction. This shows that
atom-surface interaction, usually responsible for pertur
tions on the line shapes, has dramatic effects on the
shapes, and imposes stronger modifications than when
window is made of a pure dielectric medium. One may in
that the sensitivity to the atom-surface interaction is ev
larger. In the experiments reported here, the oversimpli
technology to coat the window, and the low spectral reso
tion, have prevented us from quantitatively estimating
strength of the van der Waals attraction, and to compar
with the predictions for ametallic surface. In future devel-
opments, it seems technologically conceivable to prep
hard-coated windows which would yield a nearly null dispe
sive response of the vapor. More generally, the FM vers
of SR spectroscopy should allow one to measure the at
surface van der Waals interaction for an atom in the vicin
of surfaces of a particular interest, for example metal~thin
film!, structured layer waveguide, etc. The accuracy sho
be as good as the one currently obtained at the interface
a transparent medium, once a single off-resonant meas
ment on the window has provided the Re(F)/Im(F) value.
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