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Magnetic circular dichroism in photoemission by linear polarized light
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For light in a general state of polarization incident in a general direction on a ferromagnetic(@0bjic
surface, magnetic dichroism and spin polarization in valence-band photoemission normal to the surface are
investigated analytically and numerically, taking into account the optical response of the solid in the classical
Fresnel approximation. Evaluation of relativistic dipole matrix elements leads to explicit expressions which
reveal details of the underlying physical mechanisms and provide general semiquantitative results. Using a
fully relativistic Green function method, numerical results have been obtained for @0Niwith magneti-
zation perpendicular and parallel to the surface. For perpendicular magnetization and linearly polarized light
with the electric field vector rotated out of the incidence plane, the optical response leads to substantial
magnetic dichroism, the spectral shape of which is the same as in the case of circular polarization of the
incident light.[S0163-182€07)08117-4

I. INTRODUCTION Our analytical expressions and numerical results show that
this may strongly influence MD. A drastic effect is found for
In recent years, the power of photoemission for studyingoerpendicular magnetization anléhearly polarized light
magnetic properties of surfaces and ultrathin films has beewith the electric-field vector rotated out of the incidence
greatly enhanced by virtue of magnetic dichroiéD), an  Plane: While there is no MD in the external-field approxima-
asymmetry in the spin-averagédot spin-resolved photo- t@on, the th?cal response leads, via a circularly polarized
current upon reversal of the magnetization direction. Mpfield part inside the solid, to a substantial MD, the spectral
essentially arises from an interplay between the spin-orbigh@pe of which is the same as in the caseiular polar-
coupling(SOO and exchange interaction in the initial state. ization of the incident light. The usual classification of MD
It occurs quite generally if the geometry of surface, magne

into “circular” (MCD) and “linear” (MLD) according to

L s o .~ _the polarization of the incident radiation thus becomes less
tization directionM, photon incidence, and electron emission meaningful.
directions is such that in_the nonmag_netic Iimit '_[he photo-  Tpis paper is organized as follows. In Sec. Il we analyti-
electrons hf‘VE a spin-orbit-induced spin polarization compog,ly derive expressions for the intensity, its asymmetry upon
nent alongM. Since brief surveys of the development of MD magnetization reversgdMD), and the spin polarization of
and ample references to the original literature are containeghotoelectrons emitted normally from cubi@0l1) surfaces
in four recent articles;#it may suffice here to mention these with perpendicular and with in-plane magnetization by gen-
articles dealing with MD in angle-resolved valence banderally polarized light. In Sec. Ill we present corresponding
photoemission. An overview of theoretical approaches andumerical results, obtained by a relativistic Green function
results has been given in Ref. 1, and analytical results for &ethod, for N{001) for various light polarizations.
variety of geometries were presented in Ref. 2. Joint experi-
mental and theoretical MD investigations were performed on
perpendicularly magnetized Ni films using normally incident
circularly polarized light and on in-plane magnetized Co  Analytical calculations of magnetic dichroism and spin
films usingp-polarized light! polarization in photoemission have proved useful for reveal-

All of the above-mentioned theoretical work focused oning details of the underlying physical mechanisms and for
MD produced by normally incident circularly polarized light obtaining qualitative predictions for specific surface and pho-
and by off-normally incidens- and p-polarized light. The toemission geometriesin the following, we first outline the
electric field inside the solid was approximated by the exterextension of this approach to general light polarization and to
nal field, which is valid for the first two cases of light polar- the inclusion of the optical response of the solid. Subse-
ization and still meaningful forp-polarized light. In the quently, we present explicit expressions for photoemission
present work, we analytically and numerically investigatenormal to cubic(001) surfaces with perpendicular and with
MD in valence-band photoemission by light in a generalin-plane magnetization.
state of polarization incident at general polar and azimuthal
angles. As one might expect and as our results confirm quan-
titatively, it is essential to take into account the modification
of the radiation field by the optical response of the solid. A Within a fully relativistic one-step theory of photoemis-
microscopic theory of the optical response being beyond theion from semi-infinite crystalline magnetic systems, the
scope of this work, we approximate the internal radiationdensity matrix for the photocurrent at the detector is approxi-
field by the classical field as described by Fresnel's formulasnated by a golden-rule fornneglecting hole lifetime ef-

II. ANALYTICAL INVESTIGATION

A. Method
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fects, as has been described in detail in Ref. 2. This form 2cosIE
involves matrix elements of the electron-photon interaction El= = (2a)
Hep=E’-r (in the electric dipole approximatiorbetween cos + /e’ —sin’ 9
relativistic initial and final states, wher@’ is the electric ,

L T . 2n’cosdE
vector of the radiation field inside the solid, assumed as spa- Ej= , (2b)
tially constant. €' cosd+ e’ —sinfd

While in previous worke” was simply taken as the ex- \yhereE, and E, are the amplitudes of the components of

ternal fieldE, we now approximate it macroscopically ac- the external fieldE parallel and perpendicular to the plane of
cording to classical electrodynamiogf., e.g., Ref. % incidence, respectively. These two amplitudes characterize
Strictly speaking, the magneto-optical response of the solighe light polarization: s-polarized light is described by
should then be described by &3 dielectric tensor. In the (E|.E.)=(0,1) andp-polarized light by E,E,)=(1,0).
following, we neglect, however, its off-diagonal terms and g, circularly polarized light, there is a phase shift bf
assume the diagonal terms as equal, becéasan ab initio betw th q ts ofE. i £ E
calculation is beyond the scope of this paper @odinter- _e 1ie_n/ ﬁei\ an t'p lcolmpcinenf. ot ",e'l’ €. Lf)l'
esting new effects arise already in this approximation. We_( ,=1)/y2. A particularly interesting special case of lin-

: . ; rly polarized light, which for short we refer to as
thus represent the optical response by a dielectric ConStaﬁgpolarized light, is characterized by E(E.)

€', which is in general complex and related to the refractive™ 1+1)/\2. F Eq(2) it i hat incid q
indexn’ by n’= e’ wheren’ has positive real par{in the =(1x _) - mrom q'( ) 't_ IS evi entt _at Incidens- an
n- p-polarized light remain so inside the solid, whereas for gen-

following, quantities associated with the radiation field i ; ; i . : :
side the solid are indicated by a prijm@he internal polar eral linear polarized light and for circular polarized light the
) internal field becomes elliptically polarized.

angle of incidencea)’ is related to the external orfgacuum

sidg 9 by Snell's law, _ -
B. Results for perpendicular magnetization

sind’ =sind/n’, (1a) First we consider the casd along the surface normal
(see, for example, Ref.)3In normal emission electronic
states can be classified with respect to four one-dimensional
cosy’ =—\e'—sind/n’. (I representationd; andA; (for details see Ref.)2Note that

the surface normal remains a fourfold rotational axis of the

Becausee’ is in general complex, these expressions andattice.

' are also complex. The amplitudes of the internal electric For the pair of initial states withg symmetry we obtain

field are given by Fresnel's formulas as the intensity

l=1sind’ [Z|EfI2(IM{ 12+ M T 712+ ([EL [P+ |cosd’ 2 E{ [P (M| 72+ M| 7)2)
—21Im(cosd E(E[ )(IM{>* [2=[M[>"}3), )
and the component d® normal to the surface
1 H ’ - = ! ’ ’ - -
Pog={-[lsind”[2[E{ %ML 12 MU 1)+ ([ELI?+|cosd” PIEf )M 2= [M{E™ 1)

—21Im(cosy’ E[E[)(IM{P" 7|2+ [M[>~")}3)], (4)

where the dipole matrix elementd(5s) are defined as in [N the intensity expression, E¢R), reversal of the mag-
Ref. 2. We recall that=1,5 indicates the spatial symmetry netization leaves the first two terms unchanged and reverses
A' of the relevant initial state part. The labalsainds’ dis-  the sign of the third term. Magnetic dichroism therefore oc-
tinguish two pairs of initial and final states, respectively,curs if Im(cos)’EjE[") is nonzero. This first requires that
with the partners in each pair belonging to the one-both components oE’ be nonzero. Herg-polarized light
dimensional irreducible representatiohg andAg , the ba-  (E| =0) ands-polarized light € =0) therefore produce no
sis functions of which are connected by the time-reversaMD. If both component& andE, of the external field are
operation. If the magnetization is reversed(’s*) in the  nonzero, Im(co§'E(E") is generally nonzero due to the
above expressions is replaced b5~ The spin po- dielectric constant, as can be seen from @. In particular,
larization component®e, and Pg, are also nonzero. Since linearly polarized light withE rotated by a general angle out
for the present case of perpendicular magnetization they aef the incidence planes(p-polarized lighy thus produces
not related to magnetic dichroism, their rather lengthy ex-MD. If the optical response is ignored, i.eg=1,
pressions are not shown here. cosy =cosd is real and the internal field components equal
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the external oneg andE, . A phase shift between the latter
is therefore required to obtain MD. This is especially the
case for circular polarized lightvith phase shift ofti), but
not for sp-polarized light.

The expression foPg,, Eq. (4), is similar in structure to
the intensity expression, but in each of the three additive *
terms the sign in front of the second matrix element is re-
versed. The first and second terms change sign upon magne-
tization reversal, whereas the third one does not. We thus
have a decomposition &g, into an exchange-related and a
spin-orbit-related part. Note that the latter contains the same
factor Im(co®/'E(E[*) as the third term in the intensity,
which gives rise to MD. This explicitly shows the intimate
connection between spin-orbit-induced photoelectron spin
polarization and MD. In the limit of vanishing magnetiza-
tion, we haveM (1s8) =M (.75~ The MD-producing term
in Eq. (3) then vanishes, as it should, bR, is nonzero if 00 =0 20 30 20 50 60 70 80 90
the imaginary part factor is nonzero. The above is in accor- ¥ °)

dance with our general criterion for the existence of D
Refs. 1 and 2 If in the nonmagnetic limit SOC produces a g5 1 Dependence of Im(c64E/E.*) [cf. Eq. (3] on the

component ofP in the direction of the magnetization, then polar angle of incidenced of sp-polarized (solid) and circularly
there is MD. polarized(dotted light with photon energies 11.8 eV, 16.8 eV, 21.2

For the pair of initial states witlh; symmetry, the ex- eV, and 40.8 eV.
pressions foit; and P;, are obtained from those in EqS)
and(4) by dropping the term involving the factor sihand
reversing the sign of the Im(-) term.P, andP, are iden-
tically zero. The above statements on MD fag initial
states remain valid. In the nonmagnetic linft;, and P,
have opposite sign, as it should for “optical orientation”
(cf., e.g., Ref. &

Without performing a complete photoemission calcula-
tion, one can obtain qualitative and semiquantative informa
tion on MD in the Fresnel-field approximation by evaluating

0.6 T T T T T T T T

11.8eV

sp polarized light may exceed the one with circular polarized
light (cf., for example/iw=40.8 eV andd>67°).

C. Results for in-plane magnetization

The rotational symmetry of the lattice about the surface
normal is now broken. Taking7l along thex axis, there is
one symmetry operation: reflection at the#) plane. Elec-
tronic states can be classified with respect to two one-

the relevant term Im(casE(E|*) in Eq. (3). In Fig. 1 we
show its dependence on the polar angle of incideticer
some typical vacuum ultraviolévuv) photon energies, with
the dielectric function values of Ni taken from Ref. 7. At

dimensional representatiorifor details see Ref.)2 In the
mainly used standard geometnyspolarized or unpolarized

light is incident in the y¥,z) plane, i.e., normal td/. As has

¥=0°, for circular polarized light this term and hence the Peen shown in detail in Ref. 2 in the external-field approxi-

MD is maximal, but there is no MD fosp-polarized light
because there is no phase shift betwd&gnand E| and
cosy’ =—1 [cf. Egs.(1) and(2)]. At grazing incidence, the

mation, there is a spin-orbit-induced spin polarization com-

ponent along\7l and consequently MD. Since this effect is
produced byE, alone, it persists, with some madification in

MD term vanishes for any incident light polarization, sincesize, for general light polarization and in the presence of

the light does not penetrate into the soli| €E] =0). MD

with sp-polarized light is sizable in the polar angle range

from about 35° to about 75°. At=45° it is by a factor of

optical response.

If, however,M is parallel to the incidence plane, i.e., the
(x,2) plane in our notation, the role of the light polarization

about 3 smaller than for circular polarized light. For certainis more crucial. Analytical calculations lead to tligpin-
photon energies and polar angles, however, the MD witlaverageyl photoemission intensity

|:(|Ei|2+|sin19'|2|E‘i|2)(|M(ll++)|2+|M(llff)|2)+|COS§/|2|E|H2(|Mﬁ2+7)|2+|Mﬁ27+)|2)
—2 Resind’E[E[)[IM(MTIMT ) —im(M ™Mt~ M)

—2Im(sin®'E[E] )[Re(M T M) —ReM T M ")]. (5)

The spin polarization component collinear with reads
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1 H ! 4 -= ’ ’ - -
Py=T{(ELIZ+]sind’ PE[|2(IMTT 2= M~ 7|2 +[cosd[[Ef [A(IM{> 2= [M{Z~?)

—2 Resind'E| Ei*)[|m(Mf++)Mﬁl++)*)+ |m(M(f“)Mﬁl‘_)*)]
—2Im(sind’E[E] )[ReM ' IM{* )+ ReM P~ IM{|P 7)) (6)

These expressions are similar in structure to the above onesduced to the first two terms, arR®l, consists only of the

for perpendiculaM and can be discussed in an analogougwo terms involving si’ E{E| * which indicate “optical ori-

manner. Most importantly, a SOC-inducé), component entation.” We would like to emphasize th&, is nonzero

and MD occur if sify’E{E} * is nonzero. As for perpendicu- not only for circularly, but also fosp-polarized light, even

lar magnetization, both components of the electric field vecin the absence of optical response.

tor have therefore to be nonzem-polarized light €] =0)

ands-polarized light E”’=O) produce no MD. The last two IIl. NUMERICAL RESULTS FOR fct Ni (001)

terms in Eq.(6) reveal a close connection between the MD’s

for sp-polarized and for circular polarized light. Since for  In order to illustrate the above in a quantitative way, we

complexz we have ReiZ)=—Im(z) and Im({z) =Re(z),a  have performed numerical calculations using a relativistic

change of the phase of the incident light bye.g., turning one-step model Green function formalism of photoemis&ion.

sp-polarized into circular polarized lightnterchanges the Since MCD with normally incident circular polarized light

prefactors Re(siﬁ’E‘iEi*) and Im(sin?’EH’Ei*). and p_erpend|cular magne'qzanon has recently been s_tud|ed
These prefactors are shown in Fig. 2 as a function of th&Xperimentally %‘”d theoretically for a 15 monolayfét.) Ni

external incidence angled for the special case of film on Cu001),” we chose the same system for the present

sp-polarized light for several photon energies and the dielecPUrPOSe. _ _

tric function values of Ni. The imaginary parts are seen to be AS reported in Ref. 3, an appropriate model for the geo-

by far smaller than the real parts. This indicates that the maifnetrical structure of the Ni film is a tetragonal distorted fcc

contribution to the MD should be produced by the termslattice (fct) with the in-plane lattice constant of _bu!k Cu,
involving Im(M(Llr:)Mﬁlr:)*). Consequently, for circular namely, 2.55 A(compared to 2.49 A for bulk Ni Since

polarized light, the main contribution should come from thegx.perimentally no emission from the C.u substrate'v'va.s founq,
poar Re(\/l(li,i)Mﬁlii)*) In contrast to the above finding it is adequate to use for the calculations a semi-infinite Ni
1 \ .

- - . crystal(with the above fct structujenstead of a 15-layer Ni

for perpendiculaiM, the MD spectra foisp-polarized and  gjap on top of the Cu substrate. For the effective quasiparti-
circularly polarized light can therefore be expected to differgq potentialin the muffin-tin shape approximatipwe take
significantly from each other in shapeather than only by a the same as in Ref. 3. We recall that ad hoc spin-
scaling factoy. o _ _ o dependent self-energy correction is employed to reduce the

In the nonmagnetic limit, the intensity expressi@) is  gpjitting between the majority- and the minority-spin poten-
tials from the self-consistently calculated value of about 0.6
eV to an average value of 0.3 eV as observed in photoemis-
sion experiments.

As a basis for interpreting calculated normal photoemis-
sion spectra, we show in Fig. 3 the relativistic bulk band
structure of perpendicular magnetized fct(001) along
I'-A-X, with the majority and minority character of the spin
expectation value along the bands indicated by thick and thin
lines, respectively. For normally incident circularly polarized

21.22 eV light, the spin-averaged spectra foM and —M
are almost identical to those obtained for 21.1 eV photon
energy in Ref. 3, where a detailed interpretation of the peaks
in terms of direct interband transitions has been given. As a
particularly interesting finding we recall that pedkandc in

the + M spectrum reflect a spin-orbit-induced gap in the ini-
0 10 20 % 40 50 80 70 80 80 f[la] state band structur.e near0.5 e\/_, vylth the tyvo .relat|v_-
d( °) istic A; bands changing from majority to minority spin.
Since in the— M spectrum these two peaks are absent and a
new peak(d) occurs, there is a pronounced MD in this en-
FIG. 2. Dependence of the re@otted curvesand imaginary ~ €rgy rangesee Fig. &)]. For circularly polarized 21.22 eV
(solid curves parts of sird'E[E/ * [cf. Eq.(5)] on the polar angle of  light incident atd=45° in the ,z) plane, the correspond-
incidenced of sp-polarized light with photon energies 11.8 eV, ing spectra—obtained in the external-field approximation—
16.8 eV, 21.2 eV, and 40.8 eV. are seen to exhibit, with somewhat reduced intensity, the

05— Re sp-polarized |

-=—40.8eV
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FIG. 3. (a) Fully relativistic bulk band structure of fct Ni along
the A axis with magnetization along the same afi801]), calcu-
lated with a real effective potential. Bands with majofitginority)
spin expectation value are shown as thittin) solid lines. Final

state bands with mainli® spatial symmetry, shifted downwards by T30 -25 20 15 -10 -05 00

photon energy 21.22 eV, are shown as a dash-dotted(bh&pin- Energy (eV)

integrated normal photoemission spectra from fct Ni with magneti-

zation vectorM along the surface normdkolid line and with FIG. 4. Normal photoemission from perpendicularly magnetized

¢ fet Ni(001) by sp-polarized and circularly polarized 21.22 eV light
incident at polar angley=45° in the §,z) plane.(a) Spin polar-
iatlon component®,(M) and— P,(—M) normal to the surface in
e Fresnel approximatiomb) Spin-averaged intensity spectra for
+M (solid curve$ and — M (dotted curveswith the internal radia-
tion field approximated by the external field and by the Fresnel field
as indicated next to the curve$c) Corresponding asymmetry

[I(+M)=I1(=M)/[1(+M)+1(—M)], i.e., MD.

—M (dashed lines produced by circularly polarized 21.22 eV ligh
incident in the §,z) plane at polar angle§=0° and 9=45° as
indicated. In the calculations the above potential was augmented 5,
a uniform imaginary part describing the finite hole lifetime, and the!
internal radiation field was approximated by the external figdyl.
Asymmetries[ | (+M)—1(—M)]/[I(+M)+1(—M)] correspond-
ing to the two pairs of spectra in pan@l), i.e., MD.

same peaks. In addition, there is a small pegk due to a
transition from a mainlyA! initial state by thez component I(+M) andI(— M) spectra exhibit the same peaks as those
of the electric field. for circularly polarized light, although somewhat less pro-
In Fig. 4 we show the influence of changing to linearly nounced. This similarity manifests itself more clearly in the
polarized light and of including the optical response in theasymmetry spectrgdpanel (c) of Fig. 4]. In fact, the
Fresnel approximation. For circularly polarized light, the op-sp-light spectrum has the same shape as the circular-light
tical response is seen to hardly affect the intensity spectrapectrum and is simply reduced by a factor of 3. This is
Consequently, asymmetry anfd spectra are also almost readily understood from Eq3): the last term, which is re-
identical. The spin polarization componé?y in the magne-  sponsible for MD, consists of a matrix element part, which
tization direction clearly reflects the majority- and minority- determines the spectral shape, and the light-dependent part
spin character of the initial states. However, there is a SUbI'm(cosﬂ’EH E!*). As we already found in Fig. 1, the latter is,
stantial difference betweeR (M) and P,(— M) which is  for 9=45°, reduced by a factor of 3 f&p-polarized light
due to SOC. We recall that SOC by its¢if the nonmag- compared to circularly polarized light. The above similarity
netic limit) already produces a finitd®,. For linearly implies thatsp-polarized light is capable of yielding the
sp-polarized light in the external-field approximation, the in- same physical information as circularly polarized light.
tensity spectra for-M and —M coincide; i.e., there is no ~ To demonstrate typical effects for systems with in-plane
MD asymmetry, in accordance with our above analytical re-magnetization, we have chosen the same fctOOl) as
sults. In the Fresnel approximation, however, there appearsabove, but withVl in the surface plane along thxeaxis® We
substantial MD. As is seen in panéb) of Fig. 4, the can thus compare directly with the above perpendicular-
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30 -25 20 -15 -10 -05 00 energieg11.8 eV and 16.8 e) while of course different in
: ~ - - - ] shape, exhibit the same relations between the various light
() polarization cases. In particular, the influence of the optical
] response is very similar, which is plausible from the values
00 e N/ T TN of the dielectric function: 0.621.54, 0.51+1.27, and
0.1 ¢ "} — spFresnel ] 0.60+0.84 for hv=11.8 eV, 16.8 eV, and 21.2 eV, respec-
02} . . R cir(l: Fresnel 4 tively.

02
01

Asymmetry

M ||[100] de  ®] IV. CONCLUSION
21.22 eV '

Our analytical and numerical study of valence-band pho-
toemission normal to a ferromagnetic surface demonstrates
. that—for light in a general state of polarization incident in a
general direction—magnetic dichroism and spin polarization
of the photocurrent can be strongly affected by the optical
response of the solid. In particuldmearly polarized light
with the electric-field vector rotated out of the incidence
plane thus leads—via a circularly polarized field part inside
the solid—to a substantial MD, the spectral shape of which is
the same as in the case dfcular polarization of the inci-

/ dent light. In addition to its intrinsic interest, this finding has
spexternal /- a practical implication: Measurements, which are tradition-

il el ally performed using the circularly polarized light of a syn-
chrotron facility, can now(for selected photon energies
equivalently be carried out in the local laboratory using lin-
early polarized light.

For surfaces other than(001), our findings for
sp-polarized light and the influence of optical response es-
sentially remain valid, but there are some maodifications,
which are associated with special spin-orbit-induced spin po-
larization effects. For example, at twofold rotation symmetry

circ Fresnel
g

sp Fresnel

Intensity (arb. units)

circ external -

0.75 o
-30 -25 20 -15 -10 -05 0.0 surfaceglike cubic (110 with perpendicular magnetization,

Energy (eV) s-polarized light can already produce MD. For

sp-polarized light, this MD combines with the one found in
FIG. 5. As in Fig. 4, but with magnetization parallel to the the present work.
surface(along [100], the x axis) and with Py (instead ofP,) in We recall that we have approximated the internal radia-
panel(a). tion field by the classical Fresnel field with the additional
simplification of replacing the dielectric tensor by a scalar,
magnetization results. Differences to actually existing in-thus neglecting magneto-optic effects. Further calculations,
plane-magnetized fct films or fcc [0I01) are rather minor. in which the optical response was treated in the hydrody-
The spin-averaged photoemission intensity spectra in pan&amic modelcf. Ref. 10 (i.e., with an additional longitudi-
(b) of Fig. 5 are seen to be broadly similar to those fornal electric field component inside the crygtgbroduced,
perpendiculatM in Fig. 4, but there are significant differ- NOWeVer, only very minor changes in our results at vuv pho-
ences. Most notablysp-polarized light produces MD al- ton energies, which are We:-II above the plagmon energies of
ready in the external-field approximation, with fairly little Met@ls. The extent to which magneto-optic effects might
modification by the optical response. The latter also holds fofM0dify our results still remains to be investigated.
circularly polarized light. In contrast to the perpendicular
M case, the asymmetry spectra fp-polarized and circu-
larly polarized light[panel(c) of Fig. 4] are now essentially This work has been supported by the Bundesministerium
different from each other, as has already been anticipateflir Bildung, Wissenschaft, Forschung und Technologie,
from our analytical result, Eq5). Contract No. 05621PGA. We are indebted to G. Marx and G.
Spectra from analogous calculations for different photonSchahense(Mainz) for pointing us tosp-polarized light.
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