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Experimental band structure of semimetal bismuth
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Angle-resolved photoemission measured from the Bi~111! surface with synchrotron radiation between 7.5
and 100 eV exhibit strong features associated with valence-band states ofp and s symmetry and electronic
surface states. The valence-band dispersions ofp ands states have been measured along the symmetry line
GLT of the Brillouin zone, which is mapped out by recording normal emission at 300 K and below 20 K, and
by discussing the photoemission results in terms of the direct-transition model. The experimental bulk elec-
tronic structure is compared with the results of band-structure calculations, obtained by a pseudopotential
approach~Golin! and a relativistic augmented-plane-wave~Ferreira! method. Finally, two narrow nondispers-
ing peaks observed in the low-temperature photoemission spectra at binding energies 0.40 and 2.95 eV are
assigned to surface~or resonance! states.@S0163-1829~97!07835-1#
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I. INTRODUCTION

The electronic properties of Bi, like those of the group
semimetals, such as As and Sb, have been for a long time
center of interest of many theoretical and experimental
vestigations. Bismuth is a prototype semimetal: its struct
is noncubic and rather complicated; however, the pack
density is comparable to that in metals.

Its interesting properties derive from the fact that a sm
effective number of carriers makes the charge transport
Fermi surface is small and rather simple, relaxation times
long, and quantum effects relatively large. Most theoreti
studies have concentrated on the carriers themselves, e
studying the g factor of electrons1 or their dispersion
curves.2,3 Detailed band-structure calculations were need
in order to study the effective masses,4 the g factors,5,6 the
optical properties,7 and the pressure effects.8 A first tight-
binding calculation made by Mase9 correctly predicted the
locations and symmetries of the carriers. Then, small
important regions of the Brillouin zone~BZ! near the sym-
metry pointsT and L, where the carriers are located, we
studied by Abrikosov and Falkovski10 and Falkovskii and
Razina11 with the same formalism.

In addition, the electronic band structure of bismuth h
been studied by means of an empirical pseudopoten
model ~EPM! by Golin,12 who obtained a good qualitativ
agreement with the effective masses of the carriers, an
quantitative agreement with the optical data. A relativis
augmented-plane-wave~APW! calculation made by
Ferreira13 introduced the relativistic corrections~mass veloc-
ity, Darwin, and spin orbit!, which in the case of bismuth ar
quite large. The results for Bi compare well to those of
~Ref. 14! and Sb ~Refs. 15–17! obtained by Falicov and
co-workers, and scale regularly in the sequence As-Sb
forming a monotonic pattern. The only difference is the
fect of the spin-orbit coupling over the Fermi surface, whi
560163-1829/97/56~11!/6620~7!/$10.00
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in Bi becomes very different from that of Sb and As: in B
there is a crossover of bands along theGT direction, and a
change of shape of the bands near the Fermi level (EF).

X-ray photoelectron spectra of the valence bands of cr
talline and amorphous bismuth have been measured18 and
compared with band-structure calculations; the values
binding energies of the valences ~10.36 and 11.54 eV! andp
~1.30 and 3.45 eV! electrons and the average splitting b
tweens andp bands~approximately 8.6 eV! have also been
determined. The last value is comparable to the averages-p
splitting in free atoms, which is about 9.7 eV. The bindin
energies of 5d3/2 and 5d5/2 core states are reported at 26.9
and 23.90 eV, respectively.

Theoretical band-structure calculations show indeed
well-separateds-like bands (L6 ,L6), several eV below the
Fermi level (EF) ~between 9 and 13 eV! and three upper
p-like bands (L6 ,L45,L6) near EF ~Refs. 9–15, and 17!
~down to 2.85 eV!.

Angle-resolved ultraviolet photoemission spec
~ARUPS! from the Bi~0001! surface have also been me
sured by diebowitzet al.,19 with an instrumental resolution
that allowed them to determine the occupied band struc
with an accuracy of about 1 eV. The spectra only show
two broad features associated with valence bands ofp sym-
metry, which were assigned to one-dimensional density
states. The semimetals As, Sb, and Bi all have theA7 ~ar-
senic! crystal structure.12,20 The unit cell is rhombohedra
and contains two atoms. Having an even number of cond
tion electrons per primitive cell, they come very close
being insulators, but there is a slight band overlap leading
a very small number of carriers. Figure 1 shows the positi
of the atoms in the structure: the trigonal axis is along
~111! direction. We can think of theA7 structure as being
made by the proper stacking of the~111!-type atomic planes,
in such a way that every six planes the structure repe
itself. It can be obtained from the simple cubic structure w
6620 © 1997 The American Physical Society
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56 6621EXPERIMENTAL BAND STRUCTURE OF SEMIMETAL BISMUTH
one atom at each lattice site by applying two independ
distortions: a shear and an internal displacement of the
oms. The shear is along one body diagonal and transfo
the unit cube into a rhombohedron. The diagonal retains
threefold symmetry and becomes the trigonal axis of theA7
structure. The main crystal structure parameters of bism
at 4.2 K are the following:a0 ~lattice parameter! 56.3081 Å;
a ~rhombohedral angle! 557°198, andu ~internal displace-
ment parameter! 50.234 07.

The electronic level occupation in Bi is 5d106s26p3: the
5d10 bands are occupied so that many-body problems in
row partially filled bands are of no account and only 6s2 and
6p3states contribute to the occupied valence bands.

Because of partial filling of bands the electronic prop
ties are those of a metal, but because of the smallness o
overlap a very small number of carriers~about 1025 per
atom! contribute to the conductivity. These low carrier de
sities explain why the pentavalent metals do not follow so
typical predictions of the free-electron theory. Small pock
of carriers imply little Fermi surface area and hence a sm
density of levels at the Fermi energy.21,22

FIG. 1. Crystal structure of rhombohedral bismuth and its B
louin zone showing points and lines of symmetry.
nt
t-
s
e

th

r-

-
the

-
e
s
ll

The objective of this paper is to determine the experim
tal bulk electronic structure of Bi by using angle-resolv
photoemission spectroscopy~ARPES! coupled with synchro-
tron radiation and to compare the results with band-struc
calculations, assuming strict momentum and energy con
vation in the excitation process. Since we are mainly wo
ing in normal emission our results will be restricted
present to theGT direction of the BZ~see Fig. 1!.

The experimental methods are described in Sec. II and
results and discussion of the bulk and surface electro
structure of Bi~111! are presented in Sec. III.

II. EXPERIMENT

The photoemission spectra~PES! were measured at th
‘‘Laboratoire pour l’Utilisation du Rayonnement Electro
magnétique’’ at the Universite´ de Paris-Sud~Orsay!.

The monochromatized storage-ring radiation from eithe
toroidal-grating or a normal-incidence monochroma
served as a light source. The measurements were perfor
with the light beam set at an angle of incidence of 67°38.
The resolved electron distribution curves were recorded
using a spherical photoelectron spectrometer with an ang
acceptance of60.7°. The spectra were obtained at norm
incidence for photon energies between 7.5 and 100 eV w
an overall energy resolution smaller than 250 meV for ph
ton energies below 40 eV, and ranging from 250 to 400 m
for photon energy between 40 and 100 eV. Photoemiss
spectra were in general measured at low temperatureT
<20 K!, except for the spectra between 7.5 and 28 e
which were taken at 300 K.

The Bi~111! samples were single crystal cleaved at lo
temperature in order to obtain mirrorlike surfaces eitherin
situ for photon energy between 60 and 100 eV, or in air pr
to mounting in the vacuum chamber for photon energy
tween 37.5 and 57.5 eV. In the latter case the samples w
subsequently cleaned by cycles of argon sputtering~300 V!
and annealing~150 °C!. The surface cleanliness was the
checked by Auger spectroscopy and its crystallinity and o
entation by low-energy electron diffraction~LEED!. A very
intense diffraction pattern with sixfold symmetry was o
served in LEED. In Bi the~111! surface does not reconstruc
and the analysis is, therefore, simplified. The results repo
in this work were mainly obtained using the second pro
dure for the sample preparation. The measurements betw
37.5 and 100 eV were performed at low temperature in or
to minimize the phonon-assisted contributions to the pho
emission spectra, because of the low Debye temperatur
Bi ~120 K!.21 The low-temperature measurements were
tained with the use of a He-flow cryostat working at variab
temperatures below 450 K, with a base pressure in the ch
ber in the low 10210-mbar range.

III. PHOTOEMISSION RESULTS AND DISCUSSION
OF THE ELECTRONIC STRUCTURE

Normal photoemission spectra measured at low temp
ture, for photon energy between 37.5 and 57.5 eV, and
and 100 eV are shown in Fig. 2. By varying the phot
energy, the electronic states along theGT symmetry line of
the bulk Brillouin zone are sampled.12,16 Two groups of fea-
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6622 56G. JEZEQUEL, J. THOMAS, AND I. POLLINI
tures are observed: a group of bands (D,D8,E), at binding
energy larger than 8 eV, which shows rather broad structu
~half-width about 2–2.5 eV!, corresponding to electron emis
sion from the valences bands, and structures (A,B,C) origi-
nating from the valencep bands, which are near the Ferm
level (EF). The mean splitting between (D,D8,E) and peaks
(A,B,C) is approximately 10 eV alongGT.

Let us notice that only structuresB, D, D8, andE exhibit

FIG. 2. Normal emission photoelectron spectra measured on
Bi~111! crystal surface at low temperature (T<20 K!. Spectra be-
tween 37.5 and 57.5 eV measure photoemission from a sur
prepared by ionic bombardment and heated, while the data betw
60 and 100 eV are due to emission from a crystal cleaved in u
vacuum at 20 K. Capital lettersA–E indicate the main photoemis
sion peaks observed at varying photon energy.
es

significant energy dispersion and can be immediately ide
fied as due to the photoemission from occupied bulk ba
of Bi. On the other hand, structuresA andC, which do not
disperse in the observed energy range, are of more diffi
interpretation, since they may be due either to nondirect tr
sitions or surface-state emission. Besides, these peaks
narrower than those due to bulk transitions. For bulk tran
tions the photoemission bandwidth is mostly generated
the momentum broadening (Dk') due to the finite mean free
path of the photoelectron.23–25

It is well known that angle-resolved photoemission,
measured here, does not uniquely determine both the en
and the perpendicular component of the crystal momen
of the electron (k'), and that some assumptions about t
unoccupied final bands are necessary in order to determ
the occupied initial bands, i.e.,Ei versuski' . In order to use
standard band mapping methods, one in general reports
dispersion of the initial-state energy versus the final-state
ergy ~see Fig. 3!. This plot is most useful in order to selec
the final-state band and know the experimental energy va
~binding energies! of the high-symmetry pointsG andT. For
example, it indicates by simple inspection that structuresB
andD originate from a photoexcitation process, whose m
trix elements connect the initialp and s states to the same
final-state band and, moreover, that pointsG and T are re-
lated to the final-state energies at 40.560.5 and 88.060.2 eV
for the G point, and 56.560.5 eV for theT point, respec-
tively. Within the free-electron model, the final-state disp
sion is described by the relation

Ef5
\2

2m*
~kf'

2Guuu!21V0 , ~1!

whereV0 is the bottom of the parabola, measured fromEF ,
andkf' (5ki') is the wave vector inside the solid.Guuu is
the reciprocal lattice vector, multiple of the smallest vec
G111 ~without umklapp process! andm* is the effective elec-
tron mass~quasielectron mass!. By taking V05212.8 eV,
corresponding to the lowest-energy value of the firsts band,
m* 50.88 m andGuuu5G333, one can calculate the final
state energy values of the pointsT and G as 56.5
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FIG. 3. Initial-state vs final-
state energy plot for the experi
mental bandsB,D,D8 along the
GTGsymmetry line. The struc-
turesB andD originate from pho-
toemission involving the same fi
nal state~free-electron parabola!.
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FIG. 4. Valence-band dispersionE(k') of Bi along theGT line. Circles, squares, triangles, and rectangles are experimental p
obtained from normal emission spectra in various experimental conditions. The left-hand scale refers to Golin’s results only. The s
characters of the band and critical points are indicated. The three uppermost bands~binding energy between 0.2 and 2.95 eV atG! are of
p-like symmetry and the two lower bands are ofs-like symmetry. Nondispersing triangles near theG point and near theT point ~binding
energy 2.95 and 0.40 eV, respectively!, indicate processes related to the sample surface.
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and 88 eV, in good agreement with the values observed
perimentally. On the other hand, if we consider the fin
band dispersion between 40 eV~point G! and 56.5 eV~point
T) for the structuresB and D strong deviations from the
free-electron behavior are found. The knowledge of
Bloch final-state dispersion is then used within the dire
transition model in order to plot the experimentalE versusk
relations. By means of final-state dispersion curveEf (kf')
one findski' (5kf'), recalling that

k f'5K f'2G' , ~2!

and also obtains a set of pointsEi (ki') by the correlated
variation of the experimental parameters\v andEi . It is, of
course, assumed thatkf5ki ~vertical transitions!, i.e., that
the crystal momentum is conserved in the photoemiss
process, if the mean free path (1/Dk') is sufficiently long.23

Equation~2! is just the definition for folding an extende
zone stateK f back into the reduced-zone scheme, i.e., re
tion ~1!.

The experimental valence bands of Bi, together with
dispersion curves calculated by Golin12 and the binding-
energy values at the symmetry pointsG and T given by
Ferreira13 are shown in Fig. 4, where we have effected
scaling between Golin’s calculated curves and measu
binding energies below 3 eV, so that the difference betw
theory and experiment can be estimated by sight. Since
experimental dispersion of the structureB ~secondp band! is
relatively weak, the correction of the peak position due to
relaxation of thek-conservation rule in the photoemissio
process has been neglected for this band. The structurD
~uppers band!, however, presents a stronger dispersion, a
this is used to evaluate the dispersion of the final state
tween 41 and 56.5 eV aboveEF . This allows us, in turn, to
get more experimental points for the highers band and the
secondp band~black circles in Fig. 4!.
x-
l

e
-

n

-

e

d
n

he

e

d
e-

The spectra measured in the high-energy range sho
negligible dispersion for the structure with binding energy
G of 2.95 eV. However, the dispersion of the thirdp band
can be deduced from a set of measurements carried o
low photon energy~7.5,\v,28 eV! at room temperature
~see Fig. 5!. The photoemission features present now a m
complex behavior: besides the nondispersing structureC, a
new structureC8 appears corresponding to the lowerp band,
which disperses between 2.9 eV~\v528 eV! and 2.3 eV
@~\v516 eV! ~high-symmetry pointT6

2)].
At lower energy~\v,9 eV!, where the structureB ~sec-

ond p band! shifts towards theG point, a relatively narrow
A8 structure, separated from the nondispersiveA peak by
approximately 150 meV, occurs in the vicinity of the Ferm
level. This structure has been attributed to the uppermop
band near the pointG. This result is, however, somewha
approximate because of the low instrumental resolution
measuring this binding energy. A different discourse is
quired for the nondispersive structureA ~at about 0.40 eV
below EF), which is also observed in the photon ener
range 52.5–67 eV, and is eventually assigned to surface-
emission.

In Table I we have listed the experimental binding en
gies at theG andT symmetry points and compared the me
sured bandwidths and band gaps with the theoretical ba
structure results.

Although the results by Mase9 and Ferreira13 have been
also considered in the analysis of PES data, we have, h
ever, taken as a basis for discussion the EPM band sch
calculated by Golin together with the APW calculated en
gies ~asterisks! at the symmetry pointG andT ~Fig. 4!.

Golin has employed the pseudopotential approach in
form used by Lin and Kleinman for lead salts.26 The pseudo-
potentialV is formed by a few convenient parameters, whi
can be adjusted until the resulting band structure agrees
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experiment. It consists of three distinct parts:Vloc , a local
potential that is the dominant term;Vs , an l -dependent term
that increases the energies of the levels withs-atomic char-
acter, andVso, a term representing the spin-orbit couplin
With this pseudopotential, the band structure along sym
try lines and planes of the BZ is calculated~see Fig. 2 of Ref.
12! and the effective masses of the carriers are determi
Golin’s calculation is in good quantitative agreement w
optical data7 and qualitative agreement with the effectiv

FIG. 5. Room-temperature normal photoemission spectra m
sured on the Bi~111! surface between 7.5 and 28 eV. The data w
taken on a surface prepared by ionic bombardment and annea
e-

d.

masses. In bismuth the holes are near the pointT45
2 as sug-

gested both by theory9,12 and experiment (g-factor measure-
ments!: the quadratic masses andg factors of this level (T45

2 )
are compared with experiment in Table V of Ref. 12: t
uncertainty is mainly due to momentum-matrix elements a
many-body effects. Even by varying many parameters, a
ter agreement with experimental effective masses was
found in the calculations.

In our case, a difference in binding energy is found wh
we compare the photoemission data with the calculated
ergies of the lowestp band (L6):a difference of 500 meV is
observed between the experimental points and the calc
tions in Fig. 4. By adjusting the termVso, one opens and
shifts the two levelsL6 , so that by a variation of the spin
orbit parameterl one could lower the theoretical lowestp
band (L6) and improve the agreement with the experimen
curve.

Also, the uppermostG6
1andG45

1 levels are quasidegene
ate and their binding energies are inverted with respect to
experimental points. In addition, the secondp band has a
theoretical bandwidth that is too large when compared
experiment~0.90 eV!.

Figure 4 also shows that a downward scaling of about
eV is necessary for the bands. The discrepancy is probabl
due to the Darwin and mass-velocity terms, similarly to wh
was found in the case of As and Pb.

The agreement seems to be improving, when we cons
the APW band calculation made by Ferreira:13 the uppers
band presents, in fact, the correct bandwidth, although a
ference in the band dispersion is noticed; it should also
shifted downward by about 0.6 eV at theG point ~see also
Table I!. However, for the lowests band we see that the
band center is in agreement with the experiment, altho
the overall width is too large~1.3 versus 0.6 eV!. It should,
however, be recalled that in this case the experimental c
ditions ~ionic bombardment! do not permit a high accurac
in the measurement.

Also, we observe for the lowestp band the same discrep
ancy as in Golin’s band scheme: a downward shift of ab
0.5 eV is needed to match the experimental points, but a

a-
e
g.
tructure

TABLE I. Binding energies~eV! of bismuth at high symmetry pointsG and T of the Brillouin zone.

Bandwidths and band gaps observed in photoemission are compared to Golin’s and Ferreira’s band-s
calculations.

G6
1 G6

2 G6
1 G6

1 G45
2 T6

2 T6
1 T6

2 T6
1

Golin 210.47 26.50 22.40 20.147 20.152 29.65 27.9 21.85 21.55
Ferreira 213.20 29.0 22.63 20.66 20.43 211.9 210.6 21.78 21.40
Experiment 212.8 28.1 22.9 20.6 20.25 212.2 210.3 22.30 21.50~5!

Bandwidths s band~1! s band~2! p band~1! p band~2!

Golin 0.8 1.4 0.55 1.4
Ferreira 1.3 1.6 0.85 0.75
Experiment 0.6 2.2 0.60 0.90
Gaps T6

2T6
1 G6

2G6
1 T6

2T6
1 G6

1G45
1

Golin 1.75 3.9 0.3 20.005
Ferreira 1.3 6.35 0.38 10.23
Experiment 1.9 5.25 0.85 ;0.4



th

s,

s
tr
re
rs
a
lf

e

ha

ha
a

su

y
e

ed
rd

bulk

sity

he
sion
he
ome
-
face

f the

low

ri-
mi-
a-

eri-
ion
en
n,
ea-
The

ated
was

f

f
udy
n-

s

Bi
on
e
e-
is-

uted

er-
ure
to
t

is-
Bi.

ot
en
ic

m
on

56 6625EXPERIMENTAL BAND STRUCTURE OF SEMIMETAL BISMUTH
agreement with experiment is found for the secondp band,
both for the bandwidth and the location and level order of
symmetry pointsG6

1 andG45
1 .

Let us now discuss the peaksA ~at 0.40 eV! andC ~2.95
eV!, which do not present dispersion withk' over the major
part of theGT line. In addition to bulk dispersing transition
there are two more types of peaks commonly observed
valence-band photoemission spectra: surface states and
face resonances. Both are due to additional one-elec
states near the surface of the crystal, but surface states a
definition restricted to bulk band gaps and do not dispe
with k', while surface resonances may not be in energy g
and may hybridize with bulk levels, thus having larger ha
widths.

The narrow peakA is observed in the low-temperatur
spectra between 52.5 and 66 eV, near pointT, while the peak
C is observed between 37.5 and 100 eV and is rather s
around 45 and 90 eV. This peakC is thus observed in Fig. 2
in the whole energy range and presents an oscillatory be
ior of the photoemission intensity which has its maxima
\v545 and 90 eV, where the final state reaches theG point
around 42 and 87 eV~see Fig. 3!. These oscillations of the
photoelectric cross section have been first observed for
face states on the Cu~111! surface.27 However, this peak
broadens and presents a small dispersion in the vicinity
point T, indicating bulk photoemission. In order to clarif
the nature of the peaks, new photoemission measurem
are required.

Figure 6 compares the photoemission spectra measur
\v557.5 eV on samples of Bi subjected to ionic bomba
ment~spectrum 1! and cleaved in vacuum~spectra 2 and 3!.
We see a reduction in the intensity of bandC for sample 2

FIG. 6. Effect produced by the surface roughness on the ph
emission featureC. Photoemission spectra measured at photon
ergy \v557.5 eV atT<20 K on the surface prepared by ion
bombardment~sample 1! or cleaved in vacuum~samples 2 and 3!
are compared. Note that spectra 1 and 2 are taken at normal e
sion ~u50!, while spectrum 3 is obtained at off-normal emissi
with u51.5°.
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cleaved in vacuum and a corresponding increase of the
feature,B with respect to theC and A structures. If we
repeat the same measurements at the emission angleu51.5°
off normal on the cleaved surface, we note that the inten
ratio is inverted, i.e., the bulk structureB is reduced in
strength with respect to the ‘‘surface’’ structures. Also, t
effect strengthens when we increase the off-normal emis
angleu. The obtained result is explained by saying that t
bombarded surface integrates the emission intensity for s
values of the polar angleu: the surface due to ionic bom
bardment is no more smooth and the consequent sur
roughness causes aki integration (Dki) at the crystal sur-
face. Any smearing ink resolution, either experimentally
~analyzer collection angle! or physically~surface roughness!,
results in a measurement that is averaged over a region o
k space.

We finally consider the sharp dispersionless structureA
observed at normal emission near pointT, at 0.40 eV below
EF . This structure, obtained in the spectra measured at
and high photon energy, does not move with\v, and is
located nearT, where band-structure calculations and va
ous experimental results agree to locate the holes in se
metal Bi. A straightforward hypothesis would assign this fe
ture to a surface state in theG45

1 -G6
1 gap, that is to band-gap

or surface emission. This possibility has been tested exp
mentally, by means of a study of this structure as a funct
of the temperature and exposition to an oxyg
atmosphere.28 In order to better characterize this emissio
the energy dispersion parallel to the surface was also m
sured and compared to the calculated energy dispersion.
good agreement between theory and experiment indic
that a correct characterization of the surface state
obtained.28

The presence of surface~and bulk! states in the range o
the binding energies~betweenEF and 4 eV! of the p-like
valence bands of Bi~111! is also confirmed by the analysis o
ARUPS measurements recently carried out in order to st
the dispersion of thep-like valence bands along and perpe
dicular to theGT direction of the BZ. These preliminary
experimental results,29 which are now being analyzed, show
four dispersing peaks~versuski) that seem to confirm the
interpretation presented here.

IV. CONCLUSIONS

Accurate valence-band dispersionE(k) along the symme-
try directionG-L-T has been determined for semimetallic
using ARPES with synchrotron radiation. At these phot
energies (7<hy<100 eV!, bulk emission features can b
described within the direct transition-model and fre
electron-like final-state dispersion above 58 eV. Some em
sion is due to dispersionless features and has been attrib
to photoemission from the surface.

Experimental valence dispersions and critical-point en
gies are also compared with EPM and APW band-struct
calculations. We have found that both calculations fail
estimate thes- and p-state bandwidth and the critical-poin
binding energies with accuracy, specially for the lowers
bands. However, the two calculations show a different d
crepancy in their description of the band structure of

o-
-
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In the EPM calculations, a downward scaling by about
eV is needed for thes bands in order to match the exper
mental curves; the width of the secondp band is overesti-
mated and, close to the Fermi level, theG6

1 andG45
1 points

are inverted. The APW calculations give results in mu
better agreement with the experiments, both for thes andp
bands. In this latter case, theG6

1 and G45
1 points are in the
e
,

3

h

right order and the bandwidths are correctly described
downward shift of about 0.5 eV for the lowestp band is,
however, required, as in the EPM calculation, in order to
the experimental curves. In conclusion, it seems that, on
grounds of the new experimental results here reported, a
ab initio band-structure calculation of the semimetallic b
muth would be of great interest and is called for.
.
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d
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*Also at: Laboratoire pour l’Utilisation du Rayonnement Electro
magnétique ~LURE!, Université Paris-Sud, F-91405 Orsay
CEDEX, France.
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