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We report the observation of  atomic sublevel coherence from a quasi-twodimensional region o f  atomic Na vapor near a glass 
surface. The ground state coherences are excited with a circularly polarized laser beam and detected with a linearly polarized 
probe beam that is incident on the interface under  conditions of  total internal reflection. The coherences of  the atoms that are 
within the evanescent wave lead to selective absorption and phase shifts o f  the reflected beam which can be measured by a 
polarization-selective detection. 

1. Introduction 

High resolution optical spectroscopy of  atoms near 
an interface has received considerable interest re- 
cently [ 1 ]. In these experiments, the modification of 
the reflectivity of a glass-atomic gas interface due to 
the presence of electronic transitions is utilized to 
obtain spectroscopic information on the atomic me- 
dium. Selective reflection experiments usually dis- 
play spectral features with sub-Doppler resolution, 
indicating that different velocity-classes contribute 
differently to the signal. These experiments can 
therefore yield information on the kinetic behavior 
of atoms near the interface. Theoretical analyses of 
the situation [2 ] indicated that the connection be- 
tween the optical polarization excited in the atomic 
medium near an interface and the optical field are 
nonlocal; the internal state of the atom depends 
therefore on the external degrees of freedom, such as 
the position and velocity. 

The high sensitivity of these optical methods makes 
them also an attractive tool for the measurement of  
other quantities, e.g. for magnetic resonance spec- 
troscopy. In a recent example, Lukac and Hahn [ 3 ] 

have shown that it is possible to obtain selective 
spectroscopic information on the magnetic reso- 
nance transitions of quadrupolar nuclei near the sur- 
face of a single crystal. They analyzed the reflected 
light from the sample, using a Stark modulation 
technique. The reflectivity of the crystal surface could 
be changed by applying a radio frequency field at the 
magnetic resonance transition. By scanning the ra- 
dio frequency, the magnetic resonance spectrum 
could be recorded. 

However, not only the optical resonances are in- 
fluenced by the presence of the interface, but also 
sublevel transitions, such as magnetic resonance 
transitions [ 4 ]. These authors demonstrated that the 
magnetic resonance spectrum of  a gaseous sample 
depends in general on the geometry of  the container 
and developed a theory of the interactions respon- 
sible for the observed frequency shifts. While the ex- 
periments described in ref. [4] were performed on 
volume samples, no experiments using local meth- 
ods have been described that investigate modifica- 
tions of the magnetic resonance transitions by the 
presence of  the interface. 

In this letter we present an alternative possibility 
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to obtain spectroscopic information on the Zeeman 
transitions of  atoms located near a glass-gas inter- 
face. The method uses an optical pump field to ex- 
cite the atomic resonances and a second optical field 
as a probe to observe the resonances excited in the 
atoms near the interface. By applying the technique 
to an interface glass-atomic gas, we demonstrate the 
high sensitivity of the method which should have a 
wide range of applications to other systems as well. 

2. Theory 

In order to calculate the signal expected in a re- 
flection experiment, we model the atomic medium 
as a J =  1/2 ,--* J ' =  I / 2  optical transition (see fig. 1 ). 
The procedure for the calculation is as follows: we 
first determine the eigen-polarizations and the cor- 
responding wavevectors of  a homogeneous plane 
wave travelling through the atomic medium. We ex- 
pand then the incident and reflected fields in terms 
of s- and p-polarization and the transmitted field in 
terms of the eigenpolarizations. The expansion coef- 
ficients can then be calculated from the condition that 
the field components parallel to the interface be con- 
tinuous. Only the results of  the calculation are sum- 
marized here; details will be published elsewhere [ 5 ]. 

To calculate the propagation of light in the atomic 

, 1 , ½ m z  = ~  m z  = -  

m z = ½  m z - -  - ½  

Fig. 1. J= 1/2 .o j ,= 1/2 model system used to calculate the re- 
flectivity from the interface. The dots represent the given ground 
state orientation, the arrows the right and left circularly polari- 
zation components of the optical probe beam coupling to tr+ and 
a_ transitions and thereby monitoring the ground state 
populations. 

medium, we assume that the population of the ex- 
cited state can be neglected; experimentally, this is 
achieved by the relatively low laser intensity of  our 
cw laser and by the addition of buffer gas that leads 
to a pressure broadening of  the optical transition of 
the atoms. On the other hand we assume that the sys- 
tem is optically pumped so that the ground state sub- 
levels are unequally populated and/or  the coher- 
ences between them are nonzero. Experimentally, this 
optical pumping is achieved with a polarized laser 
beam while a second, weaker test field is used to 
monitor the state of the atomic system. For this cal- 
culation, we take the orientation of the atomic ground 
state as given and assume that the effect of the probe 
beam on the system can be neglected. 

In order to calculate the effect of  the ground state 
orientation on the optical probe beam, we write the 
optical field as a homogeneous plane wave with fre- 
quency to whose wavevector is parallel to the z-di- 
rection (i.e. the quantization axis). The two-level 
ground state system can then be described by a mag- 
netization vector m = ( m x ,  my, mz)=  (P12-1-f121, 
- i  (P12--P21),/022--/911 ) where p represents the den- 
sity operator of the system. Due to the presence of 
the magnetization in the sample, the atomic medium 
becomes anisotropic; and electromagnetic field 
propagating through it experiences a dielectric sus- 
ceptibility tensor 

1 imz - imy 
Z=Xo - i m z  1 i 

\ i m y _ i m x T X J  ' 
(1) 

where Zo represents the susceptibility of  the unpo- 
larized medium (i.e. m = 0 ) .  In the atomic vapors of  
interest here, with densities of  the order of 101 ~ c m -  3 
the susceptibility)Co is of  the order of  10- 5. For most 
purposes it is therefore possible to neglect all but the 
lowest order terms in Xo. For a wavelength parallel 
to the z-axis, the (slowly varying) amplitudes of  the 
E-fields of  the eigenpolarizations are 

1 +Zo(1 + i  mXmT~' ) 
Ex m~-_my~ 
Ey =Eo +i  1 +Xo (2) 
E~ _+ - 2m~ / ' 

Xo( + m~ - irny) 
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where Eo describes the overall field amplitude. The 
length of the corresponding wave vectors is 

, k~, ± ~ ico(l +Xo ~ - m - ~ ) .  (3) 

In the limit Xo--,0, the two eigenpolarizations cor- 
responding to the two different signs obviously be- 
come left and right circular polarization and the 
wavevectors become equal. The susceptibility of  the 
medium and therefore its index of refraction de- 
pends therefore on the direction of propagation of 
the field as well as on its polarization; in the limit 
considered here, the complex index of refraction is 
determined only by the magnetization component 
parallel to the wavevector, as it is usually assumed 
[6,7]. As can be seen from eq. (2),  the optical field 
in the polarized medium is in general not transverse, 
but has also a longitudinal component; the laser beam 
is therefore in general displaced by a propagation 
through a polarized atomic medium. 

Using these results on the propagation of the field 
in the atomic medium, we can now analyze the sit- 
uation near the interface. The relevant fields are 
shown schematically in fig. 2: the shaded area rep- 
resents the isotropic medium with refractive index 
n t from which a harmonic plane wave with wave- 
vector kl is incident on the interface under an angle 
0i. The positive y-axis points into the atomic me- 
dium and the z-axis is parallel to the interface and 
ihe plane of incidence. I f  the angle of  incidence is 
near the critical angle 0~ for total internal reflection, 

Fig. 2. Schematic summary of the optical fields involved in the 
experiment: incident, transmitted and reflected waves. 

the wavevector of the transmitted wave is approxi- 
mately parallel to the z-direction. As pointed out 
above, the index of refraction of the atomic medium 
depends in general on the direction of the wave- 
vector; however, for the situation of interest here, the 
angle between the wavevector and the z-axis is so 
small that we can write the index of refraction of the 
atomic medium as 

n2+ = l + X o  ( I T - m z ) / 2 ,  (4) 

where the opposite signs refer to the two eigenpo- 
larizations. We can now calculate the angle between 
the wavevector of  the transmitted wave and the in- 
terface normal in the usual way as 

0 ,±=s in - ' {n ,  sin(Oi)/[l+(Xo(l+m=))/2]}. (5) 

In the regime of total internal reflection, where the 
argument of  the sin - ~ function exceeds 1, the angle 
becomes imaginary, indicating that the transmitted 
wave is exponentially damped in the direction of the 
surface normal (y in our coordinate system). The 
amplitude of the reflected wave can now be calcu- 
lated from the condition that the field components 
parallel to the surface be continuous at the bound- 
ary. Since the amplitude as well as the wavevector of  
the transmitted field depend on the magnetization in 
the atomic medium, the reflected beam contains in- 
formation about the state of the atomic system. 

Different experimental setups for the measure- 
ment of this information are possible. As an example 
we calculate the signal for the case that p-polarized 
light is incident on the interface and the reflected light 
is analyzed at + 45 °; the difference between the two 
signals is then 

2n~ AS=Io~Im[cos(Ot+ ) - c o s ( 0 t _  )] , (6) 
1 

where Io represents the probe beam intensity. Since 
the experiment is performed in the vicinity of  total 
internal reflection, it is useful to introduce the vari- 
able 6i = 0i-0c as the difference between the angle of  
incidence 0i and the critical angle 0c. 

In the linear regime ([Zol << 1, 16il << 1), this 
expression can be simplified to 

AS~-lov/-2n~(n2-1)-3/4Re(Zo/x/~)m=. (7) 

The apparent divergence of the signal near the crit- 
ical angle, i.e. for 16il ~ 0  is absent in the exact form; 
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the linearized form is therefore invalid roughly in the 
region of 18il < Ix o I, a range which is not tested in 
our experiment. The signal is therefore directly pro- 
portional to the magnetization component parallel 
to the direction of propagation of the evanescent 
wave, to the atomic susceptibility and indirectly pro- 
portional to the square root of the deviation of the 
angle of incidence from the critical angle. Since this 
square root becomes imaginary at the critical angle, 
the dependence on the laser frequency detuning, 
which is contained in Zo in the above formula, 
changes from absorptive in the regime of total in- 
ternal reflection (8i > 0) to a dispersive behavior in 
the transmissive range (8i < 0), if the other param- 
eters remain constant. 

3. Experimental results 

For the actual experiment, we used a circularly po- 
larized pump beam to create the magnetization in 
the atomic medium. The experimental setup is sum- 
marized in fig. 3: the pump beam traverses the atomic 
medium, thereby polarizing the atoms not only in 
the vicinity of  the interface, but throughout the whole 
system. Alternatively, the angle of  incidence of the 
pump beam can also be chosen near the critical an- 
gle, in which case only the atoms near the interface 
are pumped. A magnetic field is applied perpendic- 

cwLaser ~ p  s x ~ ~  

AOM + 

Na GlaScell~ ~B~ B ~  PD1 

PDz 

Fig. 3. Schematical representation of the experimental setup. 
P=polarizer, AOM=acoustooptic modulator, rf=frequency 
synthesizer, ADC=A/D converter, 2/4=retardation plate, 
BS = polarizing beamspliner, PD = photoiode. The magnetic field 
B is applied perpendicular to the plane of the drawing. 

1 
i-q 

ular to the plane of incidence of the test beam, so 
that the magnetization generated in the sample is 
forced to precess in the plane of incidence. In fig. l, 
this precession of the magnetization corresponds to 
an oscillatory exchange of population between the 
two ground state sublevels and therefore to a mod- 
ulation of the index of refraction; the modulation 
frequency is given by the Larmor frequency. The un- 
modulated probe beam was polarized parallel to the 
plane of incidence and the polarization-selective de- 
tection measured the signal at +_ 45 °, as assumed in 
the theoretical section. 

In order to obtain the highest sensitivity, we used 
a modulation scheme described in detail elsewhere 
[8 ]. The pump beam was modulated sinusoidally 
with a frequency near the Larmor frequency of the 
spin system, thereby driving the precession of the 
magnetization in the sample. Since the signal ex- 
pected from the reflection experiments is propor- 
tional to the component of  the magnetization par- 
allel to the surface, we expect it to oscillate 
sinusoidally at the modulation frequency. It is there- 
fore possible to detect the signal via lock-in detec- 
tion, using the modulation frequency as the refer- 
ence. As shown in ref. [ 8 ], the magnetization induced 
in the sample is maximized if the modulation fre- 
quency is equal to the Larmor frequency; in general, 
it has a lorentzian dependence on the frequency dif- 
ference, with the width of the resonance line deter- 
mined by the optical pump rate and the relaxation 
rate. 

The measurements described here were performed 
on the Zeeman sublevels of the 3s 2S,/2 sodium 
ground state. The Na was contained in a glass cyl- 
inder with a prism at one end, as shown in the figure. 
The prism was heated to a temperature of some 500 
K with the cell temperature slightly lower in order to 
avoid condensation of Na droplets on the glass sur- 
face; the resulting Na number densities were of  the 
order of 1011 cm -3, as measured by a transmission 
experiment. Argon buffer gas was added to the so- 
dium vapor at a pressure of 210 hPa; the measured 
width of the pressure-broadened Dr-line was F/2n 
=4.2 GHz (fwhm). As discussed elsewhere [7], it 
is possible to describe Na under these experimental 
conditions as a J =  1/2 ~ J ' =  1/2 optical transition, 
as assumed in the theoretical section. 

A single-mode cw ring dye laser (short term line- 
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width < 500 kHz) was used as the light source. The 
laser beam was split into a circularly polarized pump 
beam (thick line in fig. 3, average intensity ~ 300 
txW/mm 2) and a linearly polarized probe beam 
(dashed line, intensity ~ 100 ktW/mm2). The pump 
laser intensity was kept low in order to avoid exces- 
sive power broadening of the magnetic resonance 
transition which occurs when the optical pump rate 
exceeds the relaxation rate due to diffusion; as a con- 
sequence of that, the difference between the pump 
beam intensity and the probe beam intensity is rel- 
atively small. The laser frequency was set on reso- 
nance at the Na-D~ line (2=589.6 nm). The mod- 
ulation of the pump beam was achieved with an 
acoustooptic modulator (AOM). 

In order to observe the magnetic resonance tran- 
sition, we scanned the modulation frequency over 
the Larmor frequency, keeping the strength of the 
magnetic field at 86 ~tT, corresponding to a Larmor 
frequency of 594 kHz. The result is shown in fig. 4: 
A well-defined resonance appears at the Larrnor fre- 
quency, with a width of 60 kHz (fwhh). This width 
is clearly larger than the corresponding width of 19 
kHz obtained in transmission experiments. The dif- 
ference may be due to power broadening or to life- 
time effects, especially the diffusion of atoms out of 
the laser beam. A more detailed analysis of the cen- 
ter frequency and the line shape is not possible with 
the data currently available; the shoulders in the res- 
onance line as well as the details of the baseline are 

400 500 600 760 860 
modulation frequency (kHz) 

Fig. 4. Experimental spectrum obtained by scanning the modu- 
lation frequency. Experimental parameters: scan time 2 s; B = 86 
~tT; pump beam intensity 0.3 mW/mm2; test beam intensity 0.1 
mW/mmL 

not reproducible and are therefore interpreted as 
noise. Clearly, more experiments are needed to study 
the dependence of the magnetic resonance signal on, 
e.g., the laser intensity and laser detuning and the 
angle of incidence of  the test beam. 

The signal shown in fig. 4 was obtained in a single 
scan with a scan time of ~ 2 s and has a signal to noise 
ratio of ~ 40. This clearly demonstrates that the ex- 
perimental setup described here is suitable for the 
measurement of atomic sublevel coherence in a quasi- 
twodimensional system. Under the experimental 
conditions used here, the sensitive volume has the 
approximate dimensions 1 mm X 1 mm X 1 ~tm; with 
the atomic density given above, the number of atoms 
in this volume is therefore of the order of 105. This 
number shows not only the high sensitivity of the 
method, but also indicates that the system is indeed 
quasi-twodimensional: the average distance between 
atoms is ~ 2 lam, larger than the thickness of the sen- 
sitive volume. 

4. Conclusion 

The experiment described here demonstrates that 
it is possible to perform spectroscopy of atomic sub- 
level transitions on atoms in an evanescent wave. The 
method used here utilizes a laser beam to polarize 
the atoms and a second laser beam for optical de- 
tection of the magnetization generated in the sam- 
ple. The detection process is based on the modifi- 
cation of the reflectivity of the glass-gas interface due 
to the presence of the atomic polarization, thereby 
modifying the reflected beam. This reflectivity change 
depends on the polarization of the probe beam so 
that it is possible to perform sensitive difference ex- 
periments via polarization-selective detection of the 
reflected beam. 

In contrast to earlier experiments [ 3 ], the method 
described here requires no time-dependent electric 
or magnetic fields apart from the laser beam. Only 
a static magnetic field is applied perpendicular to the 
plane of incidence of the test beam in order to make 
the Zeeman sublevels non-degenerate. The presence 
of this magnetic field is primarily an experimental 
convenience, not a necessity: the experiment could 
equally well be performed in the absence of a mag- 
netic field, in which case the magnetic resonance 
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would be observed at zero modula t ion  frequency, in 
close analogy to the Hanle  effect. 

The exper iment  descr ibed here used a probe  beam 
whose polar iza t ion  was parallel  to the plane o f  in- 
cidence and the polar izat ion-select ive  detect ion 
measured the difference between the intensi t ies  of  
light with polar iza t ion  at + 45 °. Other  geometr ies  
yield addi t ional  in format ion  about  the a tomic  me- 
dium, especially different  magnet iza t ion  compo-  
nents. Exper iments  with different  exper imenta l  set- 
ups are current ly being prepared.  

Not  only the p r o b e  beam,  but  also the pump  beam 
can be appl ied  differently: e.g. it  is possible to op- 
t ically pump  the a tomic  med ium with the angle o f  
incidence o f  the pump beam also near  the cri t ical  an- 
gle. In such a geometry,  only the a toms  that  stay 
within the evanescent  wave for a longer period,  i.e. 
those a toms that  have a small  ve loc i ty -component  
perpendicular  to the surface should be excited. In 
addi t ion ,  the dependence  on the var ious  parameters ,  
such as optical  detuning,  angle of  incidence,  opt ical  
pump  rate etc. could be investigated.  Of  special in- 
terest will be s imilar  exper iments  on the surface o f  
solid materials,  where such exper iments  might  be 
useful for the s tudy o f  adso rp t i on /deso rp t i on  
processes. 
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