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Sum rules and spectral patterns of dichroism in inner-shell photoelectron spectra
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A theoretical description of dichroism in the photoelectron spectra of atoms polarized in different directions
is presented. It is based on the general expression for the photoelectron angular distribution wtieh in
approximation. We show that, for photon energies far above threshold, the spectral distribution of dichroism in
the photoelectron spectrum in most cases does not depend on the photoionization dynamics; for at8ms with
symmetry, simple spectral patterns are obtained. Useful sum rules are given for the dichroism integrated over
groups of photoelectron multiplet lines. Recent experimental data on magnetic dichroism and linear dichroism
in the nonresonant inner-shell spectra of Cp(&hel), Eu (4f shel), and Fe (® shel) are analyzed. An
outlook is given on the dichroism in the region of autoionization resonah8&650-294{9)10808-4

PACS numbsg(s): 32.80.Fb, 32.80.Hd

I. INTRODUCTION for the heavy lanthanides. In order to provide a firm basis for
the analysis of experimental spectra, we extend an earlier
Circular and linear dichroism in the photoelectron angulamwork [15] on the angular distribution of photoelectrons from
distribution of free polarized atoms yield detailed informa- polarized atoms by introducing the nonrelativisti€ J cou-
tion on the structure of atoms and their interaction with thepling approximation. Further simplification is achieved by
electromagnetic field. In principle, dichroism measurementgsing the single-configuration approximation. Special em-
can lead to the realization of a so-called “complete™ experi-phasis is placed on general patterns and sum rules.
ment, i.e., the determination of all photoionization ampli-  pjchroism in the photoelectron spectra of polarized atoms
tudes[1,2]. The pioneering experiment in the vacuum ultra-iq the intensity difference for two different orientations either
violet (vuv) has been performed on laser-polarized Yb with ¢ the photon polarization or of the target atom polarization.
an Arl lamp[3]. Progress on the way to a complete experi-c,n entionally dichroism is related to changes in the light

vn\)i(tar?tshﬁihrre(;regr?yra? dﬁggofffge%{g;sigm'?npir:]%tg;?snﬁzeﬁt'Orﬂ)olarization for one and the same state of the target polariza-
y ' tion ([16], and references thergirFollowing the experiment

photoelectron spectra is a very promising tool for the ; . . .
element-specific determination of magnetic properties fromOf Baumgarteret al. [17], dichroism due to the difference in

thin films and multilayers. Since the inner-shell photoioniza-the target polarizatiorifor one and the same light polariza-

tion in solids is strongly influenced by local interactions, 10N has also been investigated. In this paper we consider

atomic models can be successfully used in many cases as°g!y dichroism due to changes of the target atom polariza-
first step for a qualitative understanding of the dichroismtion: ) )
spectra of atoms bound to a surf4§é—12, and references In the following we discuss a number of commonly per-
therein. formed dichroism measurements, namely circular magnetic
The vuv photoelectron spectra of open-shell atoms geneglichroism(CMD), linear magnetic dichroism in the angular
ally display a pronounced multiplet structure which is well distribution (LMDAD ), and linear dichroismLD). CMD
described by SJ coupled final ionic state€n the LSJcou- and LMDAD are measured with circularly and linearly po-
pling approximation, the state of an atom is described by théarized ionizing radiation, respectively, for two mutually an-
quantum numberkSJ where the total angular momentum tiparallel directions of the atomic polarization. Only the ori-
is coupled with the total spi to the total angular momen- €entation of the targetbut not the alignmentcontributes to
tum J). TheLSJ approximation is very well fulfilled for the the magnetic dichroisifiL0]. On the other hand, LD is mea-
3p shell of the &l transition metal atomgl 3,14 and the 4 sured with linearly polarized light for mutually perpendicular
shell of the rare earth atoni8] because of the very strong directions of the atomic polarization.
exchange interaction of the inner vacancy and the open In general, both the alignment and the orientation of the
3d/4f shell, respectively. The spin-orbit splitting, which is target atom contribute to LD. Usually, however, the contri-
much smaller than the exchange splitting, leads to multiplepution of atomic orientation is negligible due to either the
fine structure. SimilarlyL.SJ coupling is a reasonable first €xperimental geometry10] or the method used to polarize
approximation for the description of thesand 3 spectra of ~ the target atoms; for example, atoms prepared by optical
the 3d transition metal atoms and the 45s, 5p spectra of ~PUMping with linearly polarized laser radiation are aligned
the rare earth atoms; however, deviations become significant

11t should not be confused with dichroism due to a change in the
*Present address: Hamburger Synchrotronstrahlungs-Labdinear polarization of the ionizing radiation, which is also abbrevi-
HASYLAB at DESY, Notkestr. 85, D-22603 Hamburg, Germany. ated as LD in the literaturgl6].
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T Laser radiation —— netic energy and orbital and total angular momeritandj,
‘ , respectively. The final ionic state is characterized by the total
ﬁ /n angular momentund; and other quantum numbess . The
e e process can thus be written as
o A aodot y—[adi+slj1d. M
CcMD LMDAD LAD(cos) LAD(sin)

In Eqg. (1) J denotes the total angular momentum of the final
system (ion-electron). The possible values dfare deter-
mined by the dipole selection rules.

FIG. 1. Possible experimental geometries for the measurement The cross section of this photoionization process is given
of different types of dichroism. The vectér of the atomic orien- DY the general theory of the angular distribution of photo-
tation (left panel$ is pointing into the direction of the photon spin. €lectrons from polarized atoms for arbitrarily polarized light

[1,2,15,19 and can be presented in the fofib]
but not oriented. It is assumed here that the experimental -
conditions are chosen in a way that only alignment contrib- - 31
utes to LD. To avoid any confusion we refer to this kind of aq ~ (3% k%@y PrgoBicie P @
dichroism as linear alignment dichroistbAD). Note that ) o
we use the terms CMD and LAD both for angle-resolved angvhere » is the frequency of the ionizing photon amdde-
angle-integrated experiments. notes the fine-structure constant; the notatidy=(2J,

For illustration, Fig. 1 displays possible geometries for the+1)2 has been introduced for brevity. The statistical ten-
measurement of CMD, LMDAD, and LAD with synchrotron sors (state multipolel py o with rank k,=0,1, ..., 2, de-
radiation, where the polarized atoms are prepared by laseicribe the atomic polarization of the initial state in the coor-
pumping. The vectoA of the atomic orientatioleft panel3  dinate system wittz axis along the polarization axis of the
is pointing in the direction of the photon spin for circularly target atom. The geometrical factors
polarized laser radiation. For linearly polarized laser radia-
tipn (right panels the a>_<is,_5\ of the atomic aIignmenF i_s Fiegk => 47-,{Yk0( Oa,62)® Yi( O, de) i g
directed along the electric-field vector of the laser radiation. 7 a, v

circutarly polarized ———————————— lingarly polarized

Synchrotron radiation

The anglen between the polarization vectors of the laser and v ( ) 3)
the synchrotron radiation can be varied by means of an op- Pi,a,\P1:P2,Ps

tical polarizer. The variation of allows the measurement of
a number of independent LAD quantities. The two leadin

quantities LAQOcos and LAD(sin), where the notation indi- .
cates a cos/sin dependence on the angje 18] can, for laboratory frame, and the polarization state of the photon

example, be determined as indicated in Figright panel$. Wh'Ch is characterized by the statistical tenqug;cqy which,
It should be noted that the conclusions obtained in this papdP turn, depend on the Stokes parametpisp,,ps. The
are, in most cases, independent of the specific experimentgnsorial product of spherical harmonics in E8) is given
geometry. by

The paper is organized in the following way. First we
incorporate the nonrelativistic approximati@®ec. 11 A and, {Yko( Oa.¢a) ® Vi Oe ’¢E)}kyqy
in a second step, the single-configuration approximation
(Sec. 11 B into the general theory of the angular distribution =2, (KoUo,ka[kya,) Yi,q,(0as da) Yig( Oe, de), (4)
of photoelectrons from polarized atoms. The results obtained dod

in this way imply very general properties of the dichroism in . -
nonresonant photoelectron spectra, which are presented Y}ﬁher? .«Oqo’kq|kqu).'s a Cleb.sch-Go.rdan coeff!C|ent. The
coefﬁmentsBkOkky, which contain the dipole amplitudes, de-

Sec. lll. In Sec. IV a number of recently published nonreso-
nant dichroism experiments on free metal atoms are analyze¥$fibe the dynamics of the photoionization process; they are
with respect to our theoretical results; an experiment in théiven by[15]

region of autoionization resonances is also briefly discussed.

contain the direction of the atomic polarizatiof,( ¢,) and
Yhe direction of the photoelectron emissiof, (¢¢) in the

~Atomic units are used throughout this paper unless other-BkOkk =3J, > (—1)"H k1233570111017 0[KO)
wise indicated. i TKTIRRE

, _ Jo 1 J
[l. ANGULAR DISTRIBUTION OF PHOTOELECTRONS i 33 3 )
FROM POLARIZED ATOMS IN THE NONRELATIVISTIC o ETRVE A R TR Jo 1 J
APPROXIMATION J ko k, K

A. General treatment X (ard 1j:3|D]lagdo)(ady,1"j " [ Dl agdo)*.

We consider the photoionization process in the dipole ap- (5)

proximation where the atom in the initial state is character-
ized by a well-defined total angular momentdgand other  The standard notation for the Wignej &nd 9 coefficients
guantum numbers. The emitted photoelectron has a ki- is used. The  multichannel dipole amplitudes
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(a4Js,1;:J|D[lagdo) contain the incoming-wave-normalized coupling approximation each dipole amplitude appearing in
wave function, corresponding to an asymptotic channel wittEq. (5) can be presented as a combination of the reduced

quantum numberg;, Js, I, j, J. dipole amplitudes for correspondings states according to
The differential cross section ER) can be written in an ]
equivalent but more conventional forf5]: (aiL1St31,1j:J|IDl oL 0Sodo)
L J S
do 9 33.3.5 Jo+Sp+L+1f
o _2 =JJoJd —1)dotSottr1]
a0~ 2, 1+k; Aieg0Brgkic, Fregkk, (6) 0 fJLES (=1) [JO Lo 1]
whereo is the angle-integrated photoionization cross section Le 1L
of an unpolarized atom: x{S i S DiLsdss, (10)
47w Je ) J

o= 3(2~]—+12 (@1J5,1j: 3D aedo)| . (7
0 wherelL Sy and L{S; are the orbital angular momenta and
spins of the initial atomic and final ionic states, respectively;

Ay0=Pr0/Poo are the reduced statistical tensors of the |n|-§ss0 is a Kronecker symbol and

tial state The summation in E@6) is performed over all

possible setskpkk,) except(000. The generalized anisot- _ 1.
ropy coefficientsBy i are related to the coefficienB Dius=({arLsSy.12:LS|D]aoloSo) (1)
of Eq. (5) by is the multichannel dipole matrix element in th& approxi-
mation with the asymptotic channels characterized by the
-3 Bkokk 8 guantum numberas,L¢,S;,l,L,S. The dipole operator does
'Bkokk "7 Bogo | ® ot operate on spin variables, therefo®s S,. In general
the matrix element in Eq(11l) depends on the initial and
The monopole coefficierBggg is given by final spinsSy, S; due to, for example, exchange interaction or
through the parentage. It follows from thg¢ Symbol in Eq.
Booo:‘/gz [(agd; 1j:3]D] agdo) 2. (9) (10) that in theLSJ coupling approximation, the photoion-

ization transitions are possible only if the spins satisfy the

L . triangle ruleS;+Sy+ =0

From Eqs.(7)—(9) it is clear that the coefficients,, ki, COT- After the substitution of Eq.10) into Eq.(5), the summa-

respond to the coefficient8y kk, normalized to the Cross  tion over the angular momenjaj’, J, J', appearing in Eq.

sectiono. (5) can be performed analytically by making use of standard
An analysis of the general expressidf) shows that expressions of angular-momentum the¢®2]. The result

variation of the direction of the atomic polarization affects can be cast into the form

only those spherical harmonid‘skoqo( 0., ¢a) with k>0 in

the geometrical factolfkokk7 [Egs. (3) and (4)]. All other Bkokkf

factors remain unchanged. Therefore, any dichrdigma dif-

3j(3):]f2( _ 1)Jf+Lf—So—l/2+ko

ference of cross sections for two directions of the atomic % 2 f(éxf)?z( 1 ><f+x[Sf St Xf]
polarization is described by terms witk,>0. Furthermore, XXX Ly Ly Jy
only terms proportional todd statistical tensorsl,g,.450, - - - L 3
contribute to the CMD and LMDAD, i.e., magnetic dichro- S S Xi| (ko k Kk o S Jo
ism is determined by the atomic orientation. On the other ><| . H 7’ Lo S Jo
hand, only terms proportional teven statistical tensors SoSo )X X X . x Kk
Ao, Agg, ... contribute to LAD, i.e., the linear alignment di- o A0
chroism is determined by the atomic alignment. T ,

We will now rewrite Eq.(5) in the nonrelativistic approxi- X E (—D'LL"TI"(101"0[kO)
mation. We assume that both initial and final atomic states L
are well described in the SJ coupling approximation, i.e., Lo, 1 L Ly I L
the spin-orbit effects are neglected except for the fine- «{Lly 1 L Le I’ L'YDy<D*
structure splitting. Besides, we suppose that the wave func- 0 f ILSp=1"L sy
tion of the photoelectron does not depend ohherefore, the Xo k, X X¢ kX
dynamics of the process does not depend on the values of the (12)

total angular momentd,Jq,Js,j. It should, however, be

noted that this assumption does not hold in the region ofAn equivalent expression in tHeS J approximation was ob-
autoionizing resonances; an example will be considered itained by Cherepkoet al. [23,2]; however, in Eq(12) we
Sec. IV B. Deviations from this approximation have alsohave kept the multielectron matrix elements in th® ap-
been reported for excitation energies above, but close tproximation while Cherepkoet al. reduce them to single-
threshold 20,21. In the present paper, except for Sec. IV B, electron matrix elements.

we assume that the photon energy is chosen to be sufficiently The monopole coefficienBy, related to the angle-
far above threshold that such effects are excluded. IhL&& integrated cross sectian is obtained from Eq(12):
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monopole coefficienByq, for atoms withS symmetry can be

— 232 _ 1\ 30t 12 [ 1yxg2
Boog=v3JoJi(=1)7" Ex: (=% obtained either from Eq.13) or from Egs.(14) and (15):

LO LO X SO SO X Sf Sf X (2‘]f + 1)

X’ 3 ] S L L 3 BOOO ‘/§(2L +l) 23f+1)2 |D|lSO| (16)
So S Jo) [ & i Le Js

L Xx For atoms withS symmetry, the cross sectian displays a
x> (-1'LL’ L Lo statistical behavior with respect to the fine structlyef the
L’ photoion.

L L X .

X Lo Ly 1 DiLs,Dirs, - (13 B. Single-configuration approximation

In many cases the theoretical description is further sim-
Equation(13), together with Eqs(7) and(9), are equivalent plified by using the single-configuration approximation. We
to Egs.(7) and (8) of Ref. [24] and describe the atomic assume that the initial atomic state is well described by a
photoionization cross section in the case of fine-structure resingle electronic configuration, and, furthermore, take into
solved atomic and ionic states. From Ef3) it can be seen account only that final ionic configuration, which results
that, in general, the cross sectiondoes not reduce to the from the initial atomic configuration by removing a single
sum of absolute squares of the amplitudes but depends on tegectron from the bound orbitalyl,. Besides, we suppose
interference between ionization channels with different totathat the single-electron wave functions in the initial and final
orbital momental [25]. Furthermore, the cross sectiean  states, including the continuum electron wave function are
displays a nonstatistical behavior with respect to the finendependent of the many-electron couplifguantum num-

structureJ; of the residual ion. bersLy, S, Li, S, L, S); for example, they may be
. solutions of the configuration-averaged Hartree-Fadk)
Atoms with S symmetry equations. Within the above approximations the many-

The coefficientss, *, given by Eq.(12) can be consid- €lectron dipole amplitudeB, s can be reduced to the one-

erably simplified for cases where the orbital angular momenﬁleatr)On d|p;]ole arr}plltugg% gjsllng the Racah algebra, as
tum vanishes in the initial staté_{=0). This case includes, as been shown eisew

in 5part7icular, atoms with semisillegggsubshells, such as Cr D, s=G(LS)D|K, (17)
3d°4s’S; [26,13,27 and Eu 4'6s°°S;), [28,29,4; these
examples_ will be discussed in Sec. IV. After the subst@tution D,=(el|d|ngl o) =i ~1gidi|D|. (18)
of Lo=0 into Eq.(12) we haveL=L'=1, and performing
the sum ovexg,x¢,x we obtain Here G(LS) is a factor which contains the angular-
momentum coupling as well as the fractional parentage co-
BS.. =cS(J —1)'f1" (101" 0[KkO efficients; it depends on the shell structure of the target atom.
kokky (Jo f)z (=D [K0) D, is a complex dipole amplitude of a single-electron transi-
tion from a bound orbitahgyl, to the continuumel. The
Ly 101 reduction(17) leads to a conventional model of photoioniza-
XLy 1" 19Ds DI*,1 , (14) tion with three dynamical parameters: two absolute values of
ke k K, 0 % the dipole amplitude®, and a corresponding phase differ-

ence. The overlap integrdd takes into account, as a first
approximation, the relaxation of the atomic cokejs unity
in the frozen-core approximation. According to the approxi-
P mations introduced abové& is independent of the atomic
CEO(JO'Jf):SSOJfZ(_1)k°+Lf+Jf Tom 2 and ionic orbital angular momenta and spins. The general
conclusions drawn in the following do not depend on the
St St ke[St St ko (15) overlap integral that will be omitted in the following expres-
Lf Lf So SO % ’ sions.
As a consequence of the reduction equatibr, the sum-
The superscripS here and below refers to atoms wih ~mation overL,L" in Eq. (12) can be performed analytically,
symmetry (,=0). As an important result, the coefficients and the coefficient8, \ can be further reduced to a prod-
(14) are written as a product df) an angular-momentum uct of two factors:
coupling factorCEO(Jo,Jf), Eq. (15), which determines the
dependence on the total angular momehta; in the initial BkOkkyz Cro(L1:St ’Jf)bkokky. (19
atomic and final ionic states, afid) a dynamical part includ- - )
ing the dipole matrix elements, which doest depend on The coefficientsCy (L+,S;,Jr) contain all many-electron
these quantum numbers and is thus constant for each multighgular-momentum coupling coefficients and are obtained
let in the final ionic state. We want to stress that Etd)  from Eq. (12) and the coupling factor&(LS) in Eq. (17);
contains the full multichannel dipole amplitudes which in- examples will be given below. The dependence on the angu-
clude various kinds of many-electron correlations. Thelar momental¢,S;,J; of the photoion is completely sepa-

where
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rated from the dynamics of the photoionization process; th&ec. Il A [Egs. (14) and (15)] once the symmetries of the

latter is determined by the one-electron parameters multiplets in the photoelectron spectrum are known. For the
sake of completeness we also consider the description in the
lo 11 single-configuration approximation here.
b => (—~1)71"(10)70[k0){ 1o I 1 }D,D¥ For Lo=0, the reduction equatiofl7) of the dipole ma-
Kokky ™ = ' ° i trix elements become
I

ko k Kk,
(20)
. . . . D, s=QD,é,, dss, 22
A triangle rule in the 9 symbol requiresk,<2Il, which 1= QD16 955, 22
implies that, within our approximations, no dichroism can be

measured in the emission of arelectron {o=0). ThiS CON-  yhere Q is a factor depending, in general, on the initial
straint is also very helptul in other cases; for gx_ample, N theytomic configuration; its explicit form is not relevant for the
emission of ap electron only the lowest statistical tensors ¢ ther discussion. Inserting E€22) into Eq. (14) immedi-

Ao, Az contribute to dichroism within our approxima- ey jeads to the product form E€L9) with coupling coef-
tions. The neglect of higher terms was introdueedhocin ficientsCy (Lt ,S,Jr)
0 b ’ 1

a number of previous publicatiof&6,13,27; in the present

treatment, it is a consequence of the approximations made

(this result was obtained in RgR2]). CS(L. S J)=02CS (I~ 38 . - 23
It follows from Egs.(8) and (19) that the generalized (LS I =Q7Ci(Jo. I A1t @3

anisotropy paramete;@Kokky can also be written in a product

form? the coefficients:fo(Jo,Jf) on the right side are given by Eq.
3 Cko(Lf ,Sf ,Jf) bkokky (21) (15)
Brokk, = Co(Lr 537 Bogg "

2. Atoms with BD,F, ... symmetry

In the energy range far from resonances the dipole ampli- In the general case,=0 the product form Eq(19) can
tudesD, (and thus the factorbkokky) are slowly varying be obtained in a way similar to that followed above. The

functions of the photoelectron energy. Therefore, the parandiscussion will be split to cover two practically important
etersby . can be considered as approximately constan€ases((i) ionization of a closed subshélivhich applies, for
over the range of a multiplet or even of several neighboring?X@mPlIe, to the @ shell of the 31 transition metal atoms and

multiplets. An important consequence of this is that, withinth€ 4d shell of the rare earth atomand(ii) ionization of an
the given approximations, the relative strength of dichroisn?P€n subsheltfor example, the 8 shell of the 3 transition

in the photoelectron spectrum is independent of the dynamMetal atoms or the #shell of the rare earth atoms

ics of the photoionization process, and is in fact determined First we consider photoionization of an mnetﬁl(‘)sed sub-
by the angular-momentum  coupling  coefficients shellngl, of an atom that has only one open sfi@llin the
Cy,(L1,St,J5). One has to keep in mind, however, that ac-initial state:
cording to Egqs(2) and(19) the absolute scaleand also the

overall sign, of the dichroism spectrum are both determined

by the dynamical coefficienhkokky by the magnitude of the

atomic polarizationAy o, and by the particular geometry —(Nglg) 2ot V=L (@)t ¢l, (24
represented by the geometrical factﬁr,sokky. Furthermore,
the relative contribution from terms with differekt (i.e.,
from higher state multipoles of the target atoto the di-
chroism spectrum still depends on the dynamics of photoion
ization. This can be seen from E{.9) where the coupling
coefficientkao(Lf ,S¢,J;) depend on the rankg.

In the following sections the coe1‘ficien(§k0 are derived
for a number of practically important cases. Atoms with van- Dis=(— 1)q+l+L+Lf|‘_f|“_“Sf§61
ishing orbital angular momentumL{=0) are considered
shortly before turning to the general cdsg=0.

...(n0|0)2(2lo+1)...('ﬁT)q_|_ y

where the dots indicate closed subshells common to initial
and final atomic/ionic configurations. Within the approxima-
tions discussed abov&ec. |1 B), the reduction equatiofl7)

of the dipole matrix elements in this case reads

Lo Ly
|

lo
1 L ] D) dss; (25

X{%sto}[
1. Atoms with S symmetry

The dichroism in the photoelectron spectra of atoms with
S symmetry can be described within the general frame ofvhere{3S:Sy} is a 3j symbol that is unity if the triangle

condition §f+§o+ §=o is fulfilled and vanishes otherwise.
By inserting Eq.(25) into Eq. (12), the summation over
°The product form of a particulas coefficient, which determines L, L', Xo, X; can now be performed; the final result is of
the magnetic dichroism, was obtained for atoms wigk 3 in [5]. the form of Eqgs.(19) and(20) with coupling factors
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Cﬁl(;nsectl_f St ,Jf)=333§52§?j$£? A. Sum rules
Here we consider the integration of the dichroism in the
Tt xt a2 Jo Jo ko photoelectron spectrum over the energy range of one or more

X; (=1)%o X o 1y X final ionic multiplets. Summation of the dynamical coeffi-

cients[Eq. (12)] over the fine structure levelk of a final-
y Ji Ly S 2 Jo S Lol? ?tatezrgultipleﬂ_fsf can easily be performed using the rela-

S 3 xJ (L lo x lon [22]
o SESE Xe| L
(26) S (—1yhrstad? ~0486,0. (3D
3 Ly Ly Jy f

The summation ovex in Eq. (26) runs over not more than

two argumentsl;*+ 1. Since the reduced anisotropy coeffi- hich ai ¢ tional ,

CieﬂtSbkokky [Eq. (20)], in general, contain a maximum of Whic gives(after additional summation oveg,X; ,X)
three terms, it is clear from Eq19) that every dynamical
coefficientBkOkk7 consists of not more than six terms; this
means a considerable simplification for practical purposes in
comparison with the general formulation of the parameters
Bi,kk, [Ed. (12)], which contains orders of magnitudes more « Jo Jo ko
terms. For the generalized anisotropy parametécs (8)], Lo Lo So
the monopole coefficierBqyg is needed; it is given by

2 By, =3358 *(— 1) ot oL S5}
f

x > (—=1)'LL'T1’(10)"0[KkO)

B V3OS, S
. 2 L L 1
3 lo o L | Ly LO L1
. X
X2 180 S Lo Jop 2 ID)J? 27 Lok
io [ ko k Kk,
S Ly Iy .
><DILSODM_ISO- (32)

in agreement with Eq(10.1) of Ref.[32].
The second case of general interest concerns photoioniza-
tion of an inner open subsheipl, of an atom with all other 1. Atoms with S symmetry

subshells closed:
For Ly,=0, the triangle rulek,<2L, for the 6 and 9

(29) symbols in Eq.(32) implies thatky=0. Since dichroism is
related to terms wittk,>0, we immediately arrive at the

following sum rule for atoms witt8 symmetry:

Sum rule 1 In the nonrelativistic approximation, the di-

roism in the photoelectron spectra of atoms with zero or-

bital angular momentum in the initial state strictly vanishes

for each final ionic multiplet characterized Hy; and S

CRre=qliSals 25 2(18LoSof 11§ "L eSHCR™, when being integrated over the fine structdre

(29) This is, in fact, a very general result since it is based on
the expressiori12) valid if the spin-orbit interaction is neg-

where the quantities in parenthesis are the coefficients digiPle. All kinds of many-electron correlations, e.g., con-
fractional parentage andﬁlosed is given by Eq.(26). The figuration interaction can be included in the calculations of
0

- . the dipole amplitudes; the sum rule remains valid.
monopole coefficienBog, reads in complete analogy The sum rule 1 has a simple physical explanation. It is
U clear from the vector model &fS J coupling that summation
Bope"=aLaSoL  2S 2(13LoSef 18 LS 2B, over J; is equivalent to the integration over all spin direc-

(30 tions§f of the photoion. Taking into account that the spin of
the photoelectron is not detected and that the dipole interac-

c+(Nolg)% -+ y—- (ol )9 L+~ +el.

In close similarity to Eq(25) the dipole amplitudes can be
reduced to the one-electron amplitudes. In this case one O%h
tains the coupling factor@ko:

with BGs*given by Eq.(27). tion is spin independent, it can be concluded that the spin
orientation cannot influence the process and that the spin can
I1l. IMPLICATIONS FOR THE DICHROISM in fact be disregarded. Therefore, the dichroism can only be

IN PHOTOELECTRON SPECTRA connected with the polarization of the initial orbital angular

momentumL,, which vanishes in the case considered; con-
In the present section general conclusions on the spectrgbquently, there is no dichroism.
dependence of dichroism will be drawn solely from the  Since the fine-structure splitting is reflected in the kinetic
analysis of the angular-momentum coupling factGis in-  energyE,;, of the photoelectron, the sum rule can also be
troduced in the previous section. formulated as
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do do late the circular dichroism integrated over an absorption
aal-"\aal- =0, (33 edge, i.e., along thphotonenergy axis, to ground-state mag-
A A’ netic moments. Thole and van der Lag8b,36 have also
. _ . o considered the integration of dichroism over the photoelec-
whereA andA" correspond to two arbitrary directions of the tron spectrum. Their arguments concerning the ionization of
atomic polarization, and the integration is performed over thg|gsed subshellf{35], first section and36] Eq. (2)], how-
energy range of the photoelectron lines corresponding to agver, are based on a single-electron picture and are therefore

ionic multipletLy, S;. not valid for open-shell atoms in cases when intershell cou-
_ pling is strong. Our sum rule 1 for atoms wigisymmetry
2. Atoms with BD,F,... symmetry has been derived under very general assumptions; Thole and

Equation(32) shows that, for atoms with,>0, the sum Vvan der Laan do not go beyond the single-configuration ap-
EJkaokky is generally nonzero fok,>0; therefore, the di- Proximation.

chroism integrated over the fine structure of a single photo- S

electron multiplet line does not vanish. However, another B- Spectral patterns of dichroism in photoelectron spectra

approximate sum rule is valid in this case for the ionization \while in Sec. Il A the dichroism was analyzed with re-

of a closed subshell in the single-configuration approximaspect to integration over the kinetic energy of the photoelec-

tion (see Sec. Il B Performing the summation ovéfin EQ.  tron, in this section the kinetic-energy dependence is consid-

(26), we obtain ered. Our aim is to establish typical patterns common to the

spectra of different atoms and for different types of nonreso-
DkO(Lf):JE Cﬁ'gsed nant photoionization processes.
f

1. Atoms with S symmetry

_a3a-40 22 ko+Ls+d [
=3J5Sp “LFSf(— 1)korttdoTSotlo In considering atoms wit!s symmetry it is necessary to
Jo Jo kol[Lo Lo kol . study the explicit dependence of the coupling fact@t%0
{3S:So}, [Eqg. (15)] on the total angular momentudy ; this depen-
Lo Lo Sojllo lo L¢

dence is determined by aj Gymbol, which has a simple
(39 structure since it contains two pairs of identical coefficients.
. . - The factors(:fO reduce to a polynomial of the degre&y2in
where thefine-structure mtegrateduantltlesDk0 have been J; since the relevantj6symbol can be expressed [22]
introduced, which are convenient for further discussion. As
an important consequence, the dependence of the coefficients (s, s k,
Dy, on theorbital angular momenturi; is formally equiva- [Lf L J

lent to the dependence of the coefﬁcieﬁl;E0 [Eq. (15] on

the total angular momentund; . It follows immediately that
another(but less generakum rule holds in the present case.
To be more specific, since we assumed that the ionic and
photoelectron orbitals do not dependlon, one can perform
the summation of the coefficien®,  [Eqg. (34)] over L;

using an expression similar to E¢31). The result again
vanishes fork,>0, which gives the following sum rule for
atoms withP,D,F,... symmetry.

Sum rule 2In the nonrelativistic single-configuration ap- .. . . . .
proximation(see Sec. Il B the dichroisrr? in the ignization oFf) Since the variable is quadratic iny, each root of\/ko(x) IS _
aninner closed subsheditrictly vanishes separately for both related to two values ai;; however, one of these values is
the high-spin 6= S+ 1) and low-spin §=S,— %) parts aIw_ays negative and thus not meaningful. The other value of
of the photoelectron spectrum associated with the vacanc#ﬂ lies within the allowed intervallL¢—Sy,....Li+S;. The
(nolg) ~* when being integrated over the term structure offine-structure components are arranged in a redalssend-
the final ionic state corresponding to different angular moJng or descendingway on the energy axis due to the Lande
mentaL; . mteryql rulg. Novy, since the degrég of the polynomials

The separate validity for the high-spin and the low-spinVk, is identical with the rank of the statistical tensotg o,
spectrum follows since the coefficierig, [Eq. (34)] do not  we obtain the following result:
depend on the final ionic spi . This sum rule can also be _ Spectral patterns of dichroism for atoms with S symmetry
expressed in the integral from of E@3) if the integration is The contribution of each specific statistical tensmgoo of
performed over the somewhat larger energy range due to tbe atomic polarization to the dichroism in a photoelectron
electrostatic and exchange splittings. Both sum rules 1 and fne corresponding to a photoion multiplet of definite sym-
should also provide a helpful consistency check for practicaimetry Ly, S; shows a characteristic pattern as a function of
calculations. the fine structurel;. In particular, the number of zeros of

The sum rules in this paper should not be confused withdichroism within each photoelectron line is given by the rank
those obtained by Thole and co-worké83,34], which re-  k, of the respective statistical tensor.

] :(_ 1)Lf+Sf+Jf+k0

(2S—ko)! (2Li—ko)!  |¥2
(2S+ Ko+ 1)! (2L, + Ko+ 1)!

XV (%), (395
whereV, (x) is a polynomial of the degreg in the variable

x=J¢(Js+1)—L(Ls+1)—S(Ss+1). (36)
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LMDAD / CMD LAD of higher momentsAsg, Asg,..., compared to that of the
dominating multipole 4,5, depends on the dynamics of
151 ko g photoionization, as well as on the experimental geometry. As
@ /\ A’\ experiments shoyl 3,28,29, the contribution of higher mul-
Jp= /K 0 Ll | tipoles can be neglected in many cases. For photoionization
0 T ] | of a p electron there are no contributions from multipoles
\/ 1=6 ko=2 with ko>2, as has been noted earlier. In general, in order to
2 45 8 observe the influence of higher state multipoles one should
‘= (i) choose a special geometry with the detector set at a mini-
= 8 mum of the angular distribution of the leading multipoles
E m - 4 A\ ko=4 [42] and (ii) perform fing-strgcture resolvec_j measurements
= 0 : since the higher-order dichroism patterns display more lobes
& Y 0 N o~ (see Fig. 2 and therefore are leveled more strongly than the
E o] k=3 \U V leading ones if the instrumental bandpass is larger than the
= 4 fine-structure splitting.
S Following these considerations, the dominating contribu-
s 3 2 tion to LMDAD and CMD is most often well described by
A\ A\ ky=6 the coupling coefficienté:f. The spectrum on the top of the
0 o A m R left-hand side of Fig. 2 therefore shows the typical pattern of
™ g \I/ magnetic dichroisniLMDAD / CMD ) with two characteris-
ky=5 W tic lobes of opposite sign and one central node.
= 2 Similar considerations apply to the LAD related to the
even statistical tensotd,q,.A49,... . Thespectral patterns of
Energy the order 2, 4, 6 are depicted on the right-hand side of Fig. 2.

LAD is usually dominated by the contribution of the atomic
alignment.A,o and is therefore described by the coupling
coefficientscg. The typical spectral pattern of LAD is given

state. For the solid line, a Gaussian broadening of arbitrary widtipy the spectrum on the top of the right-hand side of Fig. 2. It

(decreasing withk,) was assumed in order to stress the specificShOWS three lobes of alternating sign and two nodes. The
character of the respective pattern. polynomial and the roots of second order are

FIG. 2. Spectral patterns of magnetic dichroigitMDAD/
CMD) and linear alignment dichroisnLAD) for atoms with S
symmetry in thelL SJ coupling approximation for &F final ionic

This result is independent of any specific experimental Vo(X) = 6x2+6X—8S;L¢(Si+1)(Ls+1), (39
geometry. It is rather general since it is based only on the
nonrelativistic approximation which has led to EG5). In
particular, the appearance of spectral patterns is independent
of the specific symmetr{;, S; of a photoelectron line, of

roots: Ji={L¢(L¢+1)+S(Ss+1)—%

4 19121
the number of fine-structure components, and of the relative ELLL DSUSH+ D431 -2 (40
contribution of the partial photoionization amplitudes and
their phase difference. The LAD pattern, as well as the sum rules, are valid both for

For illustration we consider first LMDAD and CMD. LAD(cos and LAD(sin).
These are related to the odd statistical tensors
Ai0,A30,A450,--., and thecorresponding spectral patterns of 2. Atoms with PD,F, ... symmetry
the order 1, 3, 5 are depicted on the left-hand side of Fig. 2.

For Fig. 2 h h =1 Li=S= . g
or Fig. 2 we have chose8y=3, L1=S;=3, but due to ofer from the simple patterns shown in Fig. 2. In Sec. Il1A2

their general nature, the patterns are similar for any oth . :
quant%m numbers. The hpeight of the bars. which )allre arve found that the dependence of the fine-structure integrated

ranged on the energy axis according to the Lairderval _dichroism of ato_ms with-o>0 on the angular mome”‘“_m
. . 7 ; is formally equivalent to the dependence of dichroism of

rule, is given by the value of the coeﬁmer@fo(z,\]f) 0 atoms with L,=0 on the momentumJ;. Unfortunately,

Eqg. (15 and, therefore, reflects the polynomialg at the  there is no such simple rule as the Larideerval rule for

In the general casky>0 the dichroism spectra may dif-

discrete positiond;=0,1, . .. ,6. For thelominating contri- multiplets with differentL; of one ionic configuration. For
bution from the atomic orientatiorkg=1), the polynomial atoms with P,D,F,... symmetry the complete multiplet
and the root are given by structure must be known in order to make any statement on
the shape of dichroism in the photoelectron spectrum. In
Vi(X)=—2x, (37 general, the simple spectral patterns shown in the panels on

the top of Fig. 2 may be expected to show up for atoms with
root: Ji=[L¢(Li+1)+S(S+1)+3]¥2-%. (38  P,D,F,... symmetry only if the photoelectron lines with dif-
ferent angular momentumn; and fixed spirS; are arranged
The solid line is obtained from the bar spectrum by assumin@n the energy axis in a reguldascending or descending
a Gaussian broadening; the width was chosen arbitrarily imanner. An example will be considered in the following sec-
order to pronounce the respective pattern. The contributiotion.
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IV. EXPERIMENTAL EXAMPLES 2500 T T T
. . . . Cr 3p"1 o
In this section we examine the results of recent experi- “e (k-0
ments[13,28,37,26 and compare them with the theoretical 2000 1 hv =76 eV o » (k=0
results presented above. In all of these experiments, free at- § RS * .
oms in an atomic beam were prepared in an oriented or g 1500 1 . O °. N .
aligned ground state by optical pumping with circularly or ‘5. R oo
linearly polarized laser radiation, respectively. The atoms po- § 1000 . | l |
larized in this way were then ionized with linearly polarized SE> S 8 8 8 .
synchrotron radiation, counterpropagating the laser radiation. = g5, & Pspo TP Por2 °.
The photoelectrons were analyzed with a 180° cylindrical escsees®” .,
mirror analyzer with the spectrometer axis set parallel to the 0 . . '.....

polarization vector of the undulator radiation. This setup in
principle allows one to determine all the different types of
dichroism displayed in Fig. 1.

o

A. Nonresonant photoionization far above threshold

Nonresonant B photoelectron spectra of free Cr atoms
[13] and 4f photoelectron spectra of Eu atorf23,29, dis-
playing a marked magnetic dichroism, have been obtained . IM-1d)
recently; this work stimulated our interest in the inner-shell — LSJ model
photoionization of polarized atoms far above the correspond- -600 ¢
ing thresholds, in energy regions where no autoionization 600 | + , =
resonances are expected to occur. Both Cr and Eu are key o IN-I(L) LAD
elements because of their half-filleci@s and 4 shells, — LSJmodel (ko=2)
respectively. According to Hund’s rules, Cr and Eu have 300 | 0
maximum spins ofS,=3 and 3, respectively. In both cases
the orbital momentum vanishes in the ground staig=0)
and, therefore, Cr and Eu belong to the class of atoms vith
symmetry. The B and 4f spectra of Cr and Eu, respectively,
will be considered in the following two sections before turn-
ing to the controversely discusse@ 3pectrum of Fe. 300 f

-300

LMDAD [Acounts]

doc

ot z

LAD [Acounts]

1. The3p shell of Cr s . .
47.5 47.0 46.5 46.0

Dichroism in the ® photoionization of Cr atoms has been
extensively studied in recent yedi®7,13,2§. In the single- Binding energy [eV]
configuration approximation, thep3photoionization of Cr is ‘
described by FIG. 3. Top part, photoelectron intensity in the®3d°4s’S;,

+y—3p°3d°4s 8P5); 75 o5+ €l main line, recorded at a photon en-
ergy of 76 eV without laser; center part, difference of two spectra
(42) with mutually antiparallel atomic orientatioLMDAD ); bottom
part, difference of two spectra with mutually perpendicular atomic
8 o 6 o alignment(LAD). The experimental data were taken from R&8].
The °P (binding energy 47 e)/and °P (binding energy>60  the solid curves—) in the center and bottom parts are based on
eV) components are separated by more than 10 eV in thge| symodel and were generated from the fine-structure resolved
photoelectron spectruiii4]; the large exchange splitting is par spectrum as described in the text.
due to the strong coupling of thep3core hole to the half-
filled 3d shell. Here only the high-spiflow-binding energy  of the fine-structure components are very close to the statis-
range will be considered. tical ratios of 3:4:5 expected in puteSJ coupling.

The high-spin part of the photoelectron spectrum is dis- The data points in the center panel of Fig. 3 give the
played in the top part of Fig. 3. The spectrum was measurefinear magnetic dichroism LMDAD as defined in Fig. 1, i.e.,
with the laser turned off and represents the photoionizationhe difference of two photoelectron spectra taken with mutu-
cross sectionr [Eq. (7)]. It was taken at a photon energy of ally antiparallel orientations of the atoms. The data points in
ho=76¢eV, i.e. 30 eV above the lowest ionization threshold.the lower panel of Fig. 3 give the linear alignment dichroism
The three lines reflect the fine-structure splitti?iayzj,z,g,z LAD, i.e., the difference of two spectra for parallel and per-
of the 3p hole state. Since the fine-structure splitting of lesspendicular alignment of the atoms with respect to the polar-
than 1 eV is small compared to the exchange splitting ofization axis of the vuv radiatiofit corresponds to LAD(cos)
more than 10 eV, the CrB ! spectrum provides a very as defined in Fig. 1 The solid curves in the center and
good example for thé&SJ coupling approximation. Indeed, bottom parts of Fig. 3 are based on 1h8J coupling model
the fine-structure splitting within théP line can be well and were generated in the following way. Within the model
described by the Landiaterval rule; the relative intensities introduced in Sec. Il A the relative strength of LMDAD and

Cr 3p%3d°4s'S;+ y—[3p®3d°4s®®P+¢s,d]"P.
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LAD in the different fine-structure componenis is deter- Eu 4f76s?8S,,+ y—[4f%6s®> 'F+ed,g]®P. (43)
mined by the coupling coefficien8} andC3, respectively,
given by Eq.(15): In the final ionic state, the #4intrashell interaction amounts
to 10 eV, while the spin-orbit interaction is about 160 meV
LMDAD, 1(1)—1(])=C3(3,Jy), [29]. Therefore, thd.SJ coupling approximation can be ex-
pected to hold well for the description of the Edi photo-
LAD, 1(I)—1(L)=C(3Jy). (42 ~ 'onization.

Comparing the # photoionization of Eu with the 3

The length of the solid bars shown in both the LMDAD and photoionization of Cr is !ntgregtlng becausg these tvyo model
systems, apart from their similaritiésee the introduction of

thse LAD spgctrum 'S prOF",’”'O”a' to the coefficie@ and Sec. 1V), differ systematically in many respects. First of all,
C3, rgspectlvely; th_e position of_the bars was matc_:hed to theha final ionic symmetries are different for CER) and
experimental energies. The solid curve was obtained by ag, (7). In particular, the Cr final ionic state consists of
suming a Gaussian instrument function. The sum of the Prog,ee fine-structure components, the Eu state of seven. Fur-
files was then matched to the experimental data by multipliyarmore. in the case of Eu. the opeh ghell itself was
cation W'th. a sc_allng fzctor. hat th . q ionized, whereas in the Cr case the opehshell acts as a
From Fig. 3 it can be seen that there is good agreement, o iaor and the closeg 3hell was ionized. Therefore, the

between the measured dichroism and the model curve. 1y, ,electron spectrum of the Crp3shell is dominated by
particular, the spectra clearly display the simple patterns o he 3p-3d—intershellinteraction, whereas for thef4oniza-

LMDAD and LAD predicted by theorySec. Il B) with two/ tion of Eu, the 4 intrashell interaction is dominating. Fi-

three lobes of alternating signs and one/two zeros, r.espe?fally, the dynamics of photoionization is completely differ-

ructure | letel ved. the dichroi it f%nt for Cr and Eu at the respective photon energies. For Eu
structure is completely resolved, the dichroism patterns refef, ... 38 e\ above threshold. tgwave (. =lo+ 1) al-

:?utmhean;/riogiior:rg?:n?Igeéi?rzp;agis 'n3tthhee:je'cizrgfrgv?g::éemost exclusively determines thef ${ohotoionization cross
for tﬁe contribution of hip her state r%ulti ol Asg and section; the contribution of thd wave (- =lo=1) is only

. gnher state polesy, 50 4% [29]. For Cr, on the other hand, treewave (.) domi-
Aso, Ago, respectively, which is in accordance with our

. : nates the P photoionization cross section until far above
model[see the discussion after E@QO)]. For both LMDAD . ) )
and LAD the dichroism integrated over the three fine-threShOId’ since thel wave () is suppressed by the cen

. - . trifugal barrier and even goes through a Cooper minimum.
structure components vanishes within the experimental un- . o
The Eu photoelectron spectrum in the binding energy re-

certainties in agreement with sum rulgSec. Il A). . A . . :
The LMDAD has also been measured in the second strorﬁ'?/\rl]acs)f :glfeﬁ g]tag] gzitfndgﬁggg Ig;]f(jie 42?2\5) azteof 5&2“4'
gifr:i::gtei nOfgtSe”r(]:é gt_ ;Séa\e/zcrt]riurr?érvxgi\:]cdr:nacz?]rgf?g:z?’s] the above the 4 and also the p thresholds. At tﬁes.e”photon
g . 9 9 9 ' energies, S electrons might be excite®8]; however, reso-
The corresponding part of the photoelectron spectrum aroundant enhancement of the photoelectron spectrum sias

Ep,=49eV is not covered by Fig. 3 of the present paper, but_.. .. I : h K
by Fig. 3 of Ref[13]. This line is due to the final ionic state citations can be neglected since these resonances are wea

B 15 4 = L -~ and strongly broadend®9,40. The instrumental bandwidth
Cr3p>(3d®“D)4s°P*, where the gster|§k|nd|categ that itis was 300 meV and, therefore, the fine-structure splitting of
not the exchange partner of tf® line since the 8° shell 7 . i

% dm o the 'F multiplet of =140 meV could not be resolved; only a
recouples from®S to “D in the ionization process. At a

photon energy ofiw=103 eV the fine structure was not re- broad asymmetric emission band is present. It should be

. noted that the lifetime broadening, in contrast to the instru-
solved due to the finite bandpass of the analyzer. The LM- . : - . o
DAD displays the same shape in the* line as in the®P mental broadening, is negligible since the final ionic states

i + —
line, but with reversed sign along the energy axis. The apl—Ie below the Ed" threshold aE,=17.9eV and thus cannot

: ; decay by Auger transitions.
*
petarancefpfdf[he t;Mt[iﬁD patl?tertr_l |ndth%P_ :_me cf()(rjr_ort:o-_ The instrumental broadening, however, did not prevent
rates our Tinding that the qualitative description ot dichroiSMy, o e roism measurement in this line since the bandpass of
with Eq. (15) is independent of the ionic parentage for atoms

: L . the analyzer was still smaller than the total spread of the
with Ssymmetry(i.e., independent of the coupling of the 3 - ; L -
shell in the case of Gy but only depends on the total quan- multiplet. The linear magnetic dichroisttMDAD ) [28] and

X or ; . the linear alignment dichroistiAD) are shown in the cen-
tum nu.mberst .Sy Of the final ionic state. The dichroism ter and bottogm parts of Fig. 4. The theoretical spetddid
normalized to the partial cross selgt|mshcgulg have ap- lines) have been generated in the same way as for the Cr
proximately the same strength in the and "P* lines ac- oy e The height of the solid bars are proportional to the
cording to Eqs(14)—(16), which is in reasonable agreement xample. '9 I proporti

: - s )
with experiment([13], Fig. 3, bottom paijt The opposite L.SJ coupling coefficientLy, [Eq. (19)];
sign of the LMDAD in both lines yields the additional infor-
mation that the®P%, 5, ;,multiplet is inverted, which is in
accordance with HF calculation&3,14).

LMDAD, 1(1)—1(1)=C$(%,Jy),

(44)
LAD, I(Il)—1(L)=C5(%,3).
2. The 4f shell of Eu The relative energy positions of the bars were fixed accord-
The 4f photoionization of Eu atoms in the single- ing to Hartree-Fock calculations in intermediate coupling
configuration approximation reads [29], a common energy shift was allowed.
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' ' T (Figs. 3 and # are very similar. This similarity, which is
S00x10° 1y gf .o, o independent in particular of the number of fine-structure
T 00010t L hvodBeV  © *e (kg=0) components in the final ionic state, is WQII e>§plained py th_e
= = . general results on the spectral form of dichroism obtained in
§ 300x10% | * ’. Sec. Il B. In addition to the Eu# ! LAD(cos) depicted in
- . the lower part of Fig. 4, also the LAD(sin) as defined in Fig.
"g; 200x10% | ¢ 1 ha§ been megsured.. Th_e shapes of both ty'pes.of LAD are
L . ¢ pract|cally_|dent|ca(wh|le displaying the opposite sigas is
= ooxiot . 7 * well explained by our model.
. Fs,...0 ‘. The measurements discussed here confirm that &é
olaagese’ *erenns approximation is well justified for both thep3emission of
50000 | Cr and the 4 emission of Eu. For the Euf4 ! spectrum,
LMDAD however, deviations from putleSJ coupling have been sug-
g 25000 | (ko=1) gestgd([sz], p. 337 in order to explain deviations of the
3 relative intensities of the multiplet components from their
3 Ji=0 statistical weights. This problem is discussed in detail else-
o 0 oo I || where[29]. The present dichroism measurements on Eu do
S =6 | not give any evidence for a direct influence of intermediate
= -25000 | coupling on the dichroism, which should manifest itself as a
e IM-1¢d) significant deviation from sum rule 1. On the other hand, we
-50000 | LSJ model ] note that if(for the theoretical descriptiorthe fine-structure
‘ , , , ; , , i — components of the Eufdline are arranged on the energy axis
8000 | % : according to the Landiterval rule(but still letting the total
spread of the multiplet vajythe agreement between the ex-
@ 4000 F . perimental LMDAD and the fitted curve is poor, resulting in
§ 0 bes | || deviations up to 30%.
g | It is stressed once more that all the theoretical curves of
O -4000 - Figs. 3 and 4 have been generated without any knowledge of
< LAD the magnitude of the respective dipole matrix elements.
8000 - K1) (kg=2) Wi'thin the experi'mental uncertainties we cannot fir}d any
i} | LSJmodel 0 e_wde_nce fc_Jr the mflu_ence of the dyr_lamlcs of phot0|_on|za-
12000 tion, including relaxation, on the relative strength of dichro-

11.0 108 106 104 102 10.0 98 9.6 9.

Binding energy [eV]

ism in the photoelectron spectra. The overall sign of dichro-
ism, however, is determined by the dynamical parameters
bkokk7 and cannot be predicted without the knowledge of the

particular dipole matrix elements. Comparing, for example,
Figs. 3 and 4, one notes that the LMDAD has the same sign

eV without laser; center part, difference of two spectra with mutu-g.u'[hthfa LAIDb hassl.nd.leed the.dopp(t).SIIe sign in F’:[?]Ch tOf th?h
ally antiparallel atomic orientatioLMDAD ); bottom part, differ- Ichroism [obes. similar considerations concern the streng

ence of two spectra with mutually perpendicular atomic alignmentOf the dichroism normalized to the partial cross section

(LAD). The experimental data have partially been published in Ref.FO('; Eu, the normalized dichroism is 13% and for Cr it is
[28]. The solid curves—) in the center and bottom parts are 18% in the maximum of the LMDAD. A comparison of

based on thé SJmodel and were generated from the bar spectrumth€se numbers must take into account not only the different
as described in the text. magnitudes of the atomic polarization and the different frac-
tion of polarizable isotopes in the atomic bed26,28, but

The agreement between experiment and our theoreticallso the different dynamical quantitibg . . In conclusion,
model is excellent. The slight deviations for the LAD canthe dynamics of photoionization within our model exclu-
partially be attributed to a larger statistical scatter comparegively determines both the absolute scale and the overall sign
to the LMDAD. The appearance of the dichroism patternsof the dichroism in the photoelectron spectrum.
and especially the validity of the sum rule 1 can be proven
very accurately for the # photoionization of Eu. At this
point, however, the contribution of higher state multipoles , , .
has to be discussed. For Eu, even in the nonrelativistic ap- Until now the dichroism in the vuv photoelectron spec-
proximation state multipoles up to the raki<6 contribute trum of free Fe atoms has not been measured. In the present

to the dichroism. In the present case, although, for exampl ,ection it is our aim to make some qualitative predictions,
the magnitude ofd,, is half that of A, a careful investi- ased on an analysis of the photoelectron spectrum of unpo-

gation of the relevant factors has shown that the influence dftfized Fe atoms measured in the region of the dominating

higher state multipoles can be negleciéd].

In spite of the differences concerning the specific photo-
ionization processes for Cr and Esee beginning of Sec.  3in the case of Eu, the measured LMDAD is furthermore lowered
IV A2), the dichroism patterns in the photoelectron spectraby 30% because of the limited instrumental resolution.

FIG. 4. Top part, photoelectron intensity in theé’8s? %S,
+ y—4£56s? "F+ ¢l main line, recorded at a photon energy of 48

3. The3p shell of Fe
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It should be noted that the assumption of a definite total
Fe atoms 6p 6FJ angular momentuni, in the initial state is not well fulfilled
1200 - 3p_1 in a hot atomic Fe beam. At 1580 °C, the temperature nec-
essary for a vapor pressure of Famm Hg[45], only half of
the Fe atoms are in the stat®,, the other half being ther-
mally excited into the state¥D;_,. Although the dichroism
patterns are obtained for any particular fine-structure compo-
nentJ, in the initial state(if considered separatelya rigid
treatment would also have to involve possible interference
effects for the case of hot Fe atoms. At room temperature
(which is relevant for a comparison to the solid-state spectra
discussed belowthe assumption of a definitd, is valid
since 90% of the Fe atoms are in the staifg,.
In the low binding energy part of the atomic Fe 3pec-
Binding energy [eV] trum, in addition to the high-spin line8X, some low-spin
lines 4X* are also excited; the strongest multipf&e* is
FIG. 5. Photoelectron spectrum of free Fe atoms in the region ofnarked in Fig. 5. These multiplets are analogous to the re-
the 3p thresholdstaken from Ref[37]). coupled 6P* line in the Cr 3 spectrum which was dis-
i i o cussed above. Th&* line in Fig. 5 is due to a recoupling
3p~ " lines[37]; the spectrum is reproduced in Fig. 5 and hasyf the Fe 21° shell from °D to 3F in the photoionization
been taken at a photon energyfab=142 eV and an overall rocess. These lines are not the exchange partners &ithe

1400 A

1000 { hy =142V
800 -

600

Intensity [counts]

400 A

200 -

resolution ofAE=0.2eV. _ o lines; the*X lines are expected at much higher binding en-
Within the single-configuration approximation, thed 3 grgies. The calculated oscillator strength of the* multip-
photoionization of atomic Fe can be written as lets relative to that of th&X multiplets is 15%443,14]; even

the strongest of théX* multiplets ¢F*) is only half as
strong as the weakest of tifX multiplets ¢P). Therefore,
we expect that the dichroism in the low-binding energy re-

As in the case of Cr, theBspectrum of Fe is characterized 9ion of the atomic Fe @ spectrum is dominated by the con-
exchange splitting of 15 eV between tfX and X ex-  contribution of the*X* multiplets, should be weak. In par-
change partner§43,14. Figure 5 shows the low binding ticular, the gross appearance of the characteristic dichroism
energy part of the spectrum which covers the dominating®@tterns with two or three lobes in the low binding energy
high-spin X lines; the fine structure of the lowest line at r€gion of the atomic spectrum should be preserved, and the
63.5 eV assigned tF is partially resolved. The fine- dichroism integrated over that energy region should vanish.
structure splitting is smaller than 0.3 eV and, therefore, as for [N the second part of this section we address the dichroism
Cr, theL SJ approximation is very well justified for Fe. The in the 3p spectrum of Fe atoms bound to a surface. Tpe 3
5D multiplet gives rise to the next line at 65.0 eV. The broadSPectrum of Fe metdké] displays a strong main line at a
feature in the region 66—69 eV is assigned to fRemultip-  Pinding energy of 52.5 eV with a width of 3 eV, which is
let; the strong broadening is due to term-dependent Augetomewhat narrower than the total spread of 5 eV of the
decay rate$44,43,14. atomic high-spin multiplet. Taking into account the very
The relative strength of the dichroism in the atomic fe 3 Srong exchange interaction, this main line should belong
high-spin spectrum is given by the coupling coefficientsmostly to the high-spin final ionic stat47,48, with a pos-
Dy (L), defined by Eq.(34), for the lines with different ;lble cqntrlbutlon from the _recoupled low-spin satellite mul-
0 tiplet discussed above. It is remarkable that both the LM-

Fe 3p°3d°4s?°D + y—3p°3d®4s?*%P D ,F +el.
(49

orbital angular momentaf_ in the fmgl ionic state. In the DAD and the LD in this main line, measured in the
present context the most important finding from the experi-

. : . pioneering experiment of Rotkt al. [[46] Figs. 3c¢) and
mental spectrum(Fig. 5 is that thesthree multipletd. 2(b)], clearly display the characteristic dichroism patterns

=123 of the high-spin spectru® =3 are arranged in a that we also predict for the atomic case. Nevertheless, we are

regular manner on the energy axis, namely with descendingware that an interpretation of the F@ 3urface spectrum

binding energies67.5 eV, 65 eV, 63.5 e} As a CONSE~  \yithin a purely atomic model falls short of important solid-

; : Kate aspects, for example, the partially itinerant character of

Dko(Lf) on the ang.ulgr rr_10me_nturhf discussed in Sec. the 3d electrons in the condensed phase and the symmetry

1B 2, the characteristic dichroism patterns both for CMD/ preaking due to the crystal field. In the following, some ef-

4 . : 2

LMDAD (one zero and LAD (two zerog” are to be ex- fects of the solid-state environment for the dichroism are

pected in the low binding energy region of the photoelectroryiscussed.

spectrum. In addition, the sum rule 2 is expected to hold.  The occupation number of thed3shell of Fe in the bulk
ground state is not equal to the atomic value 6, but interme-
diate between 6 and [49]. Furthermore, in the final ionic

*In the nonrelativistic approximation, higher state multipoles with State the 8 occupation number is affected by screening and
ko>2 do not contribute to the emission ofpaelectron[see the relaxation effects in the innershell ionization process. At
discussion following Eq(20)]. least for integer initial configurationsd3 (atomic Co and
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3d® (atomic Nj, our model(making use of the experimental
Co and Ni 3~ multiplet structurd14,50)) predicts the per-
sistance of the characteristic dichroism patterns with two or 3000 § o°
three lobes, respectively, in the high-spin part of the spec- 2500 | X
trum. Therefore, it seems that neither the appearance of the
simple dichroism patterns nor the validity of the sum rule are
sensitive to the number ofd3electrons.

Furthermore, the magnetic moment per atom of Fe metal
in the ground state is 23, which is significantly less than
one would expect from &D ground state of the ionic Fe 500 |
cores, even if the contribution of the orbital angular momen-
tum is neglected because of orbital quenching. Here we note

3500  Cr 3p-4s excitations —— I(ID
FIRNFs YN I(J_)

2000
1500

Intensity [counts]

1000

that within our model, neither the appearance of the dichro- 1200 ¢ LAD
ism patterns nor the validity of the sum rule depend on the 800 o KDL |
values of the initial and final ionic spir§; and Sf. . 2 —— LSJ model
From the above we conclude that a qualitative under- 3 400} 1
standing of the dichroism in the solid-state Fe [@hotoelec- _%
tron spectra is possible within the atomicSJ coupling a 0 M
: " <
model. Our approach is very similar to that of Bagus and - 200 |
Mallow [48] and Kachelet al. [47] who described the spin- i
polarized solid Fe B photoelectron spectra. On the other 800 |
hand, a description within a one-electron picture meets cer- L L L L .
tain difficulties. In a one-electron picture, thep-3d ex- 390 392 394 396 398 400 402
change interaction is modeled by a spin-dependenffi¢ld Photon energy [eV]

Van der Laar{52] calculated the LMDAD and LD in the Fe
3p spectrum in a one-electron model; intermediate coupling FIG. 6. Upper part, partial Cr@ * photoionization cross sec-
was assumed and the exchange interaction was modeled byien in the region of the B— 4s inner-shell resonances for parallel
spin field ofH,=1.3 eV, being approximately as large as the(®) and perpendiculare alignment of the atoms relative to the
spin-orbit splitting of the P core hole of/(3p)=0.95eV.  polarization vector of the vuv radiation. Lower part, linear align-
The result[52], Fig. 9 deviates from experiment; it displays ment dichroism(LAD) given by the difference of the two curves
two zeros instead of one for the LMDAD, arfdur zero shown above. The experimental data were taken from PR&.
instead of two for the LD. The solid curve(—) is based on th& SJ model and was gener-
A single-electron model was also used by CherepkO\Pted from the bar spectrum as described in the text.
et al.[53,10 in order to explain the dichroism in the Fg 3
spectrum. In Refl10] the LAD in the solid Fe  main line  values in the final (iorelectron) state. Therefore, the sum-
was approximated by four Lorentzian profiles correspondingnation overJJ’ in Eq. (5) is no longer valid, but the reso-
to the fine-structure components of thes3 core hole. In nance approximatiod=J’ has to be considered.
Ref.[53] the LMDAD in the solid Fe  main was approxi- A good example is provided by thep3-4s inner-shell
mated line by six profiles corresponding to the fine-structureexcitations of aligned Cr atoms in the photon energy region
components of the3,, 1,,core hole. The contribution of the of 39-40 eV. The measuredd3?! partial photoionization
3p1» component, although masked by the contribution of thecross sectiohi26], shown in the upper part of Fig. 6, displays
3ps, component, still leads to a second zero in the theoretthree separated resonances which are assigned tpthel8
ical LMDAD spectrum at a binding energy of 54.7 é\63],  states Cr®°(3d®°S;,)4s? 'P; with J=2,3,4. The two
Fig. 3), which is not reproduced by experimgdit,53. As  curves in the upper part of Fig. 6 correspond to parallel/
was noted above, withi.SJ coupling, the low-spin ex- perpendicular alignment of the atoms with respect to the po-
change partner lies at much higher binding energies leavingrization vector of the vuv radiation. A strong dichroism is
only one zero for the LMDAD in the strong main line due to indeed observed, although the fine structure in the final ionic
the high-spin component. state Cr$°3d*4s®Dy, _gpWas not resolved. More gener-
ally, it can be concluded that in order to observe a dichroism
in the case oL SJ coupling, it is necessary to discriminate
o ) ) . between either the open or the closed fine-structure channels.
It is instructive to contrast the_res_ults _obta_lned abovr_a with  The difference spectrum in the lower part of Fig. 6 gives
the case of near threshold excitation, i.e., in the region ofye | AD. The most important result is that the spectral pat-
autoionization resonanc¢g6,54. For photon energies near (gm of LAD also shows up in the partial cross section, i.e.,
threshold, resonances Wlth. ngl-deflned total momentlm o, thephotonenergy axiswhile up to this point onlyelec-
can be excited, effectively filtering out one of the possible {4 energy spectra have been consideré particular, the
LAD integrated over the B—4s resonances is accurately
zero. In order to theoretically describe the dichroism in reso-
%In contrast, the inner magnetic field induced by the valence elechant cross sections, we substitute Erf) into Eq. (5), per-
trons at the Fe cores gives rise to a splitting of the order of 1 meform the summations overj’,J;, insertJ=J', L,=0, and
according to Mssbauer spectr@51], p. 163. finally obtain

B. Resonantly enhanced photoionization near threshold
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By :3"85134(_1)k7+J+Lf+SO in Fig. 6, which has been generated from the solid bar spec-
0™y trum [determined in turn by Eq@47)] in the same way as
S, 1 J before, describes the LAD pattern very well. This is because,
L for the experimental geometry used for the LAD measure-
X{zsfso}{ S, J J] S 1 J ments displayed in Fig. 6, the conditi&r 2 in fact implies
ko k, Kk k=0 [[41], Eq.(2.33 and[18], Egs.(15) and(16)]. In con-
trast to the dichroism in the photoelectron spectrum,(Ed).
x> 11710, 0[k0) k 11 D,;s D predicts even the absolute sign of the dichroism in the dif-
T ' Le |17 1SSy ferent fine-structure components of an autoionizing multip-
let. Finally, it should be noted that the appearance of the
magnetic dichroism patterntwo lobes in an angle-
integrating CMD measurement is to be expected as well.

(46)

From a triangular rule for the j6symbols in Eq.(46), it

generally follows tha_t only r_nultipoleg up to<2 in the pho- V. CONCLUSION

toelectron angular distribution contribute. Analogous to Eg.

(19), the dependence of tr# . parameter$Eq. (46)] on We have shown that, in the nonrelativistic approximation
Y

the total angular momentudhis completely separated from @nd for photon energies far above threshold, the generalized
the dipole amplitudes. However, in contrast to Eb9), in anisotropy coefficients, which determine the angular distri-
the present case the angular-momentum coupling coefficienftion of photoelectrons emitted from polarized atoms can
depend, in addition to the rarl of the statistical tensors, P€ presenrt]eddln a p(rjoduct forn;]; one ?f the flactors completelﬁ/

raiem | contains the dependence on the total angular momenta of the
also onk, andk. Therefore, the dichroism in the resonance P 9

photoionization cross section in general will be different!@rget atom and the final ion. As a consequence, the spectral
from the simple patterns obtained in Sec. Il B. distribution of dichroism turns out to have general properties

As an important consequence of the resonance approxfS 2 function _of th_e photoelectron energy, Chara_teristic to
mation, there is no sum rule analogous to sum rule 1 given i§2ch type of dichroismiCMD, LMDAD, and LAD). Simple
Sec. Il A in the present case; the sum of Bg,, param- dichroism patterns are obtained which are practically inde-

1 oKK,y

i L endent of the photoionization dynamics and of the final-
eters[Eq. (46)], over the fine structuré of the autoionizing gtate multiplicityp ‘onizatl y : !
multiplet does not vanish because the interference terms wit Two sum rules are derived which characterize the dichro-

, o . .
J' #J are missing. Only if the interference terms do not COMigm integrated over the energy interval of one or several final

Fnbute fpr other reasons, sugh as for example, In an angl%mc multiplets. The sum rules may be convenient for testing
Integrating geometryabsorption or EIEC.”O”/ lon yield ex- the consistency of theoretical calculations or the validity of
periment$, an analogous sum rule is valid. The mterferencethe approximations made.
inJ _vanishes if only terms WitHK:.O contribute to the di- For illustration we have analyzed the LMDAD and the
Cth'Sm’ as (?an be seen from ‘"%‘t”ang'.e rule for.thesﬁn- _ LAD in the 3p and 4f photoionization of atomic Cr and Eu,
bol in Eq. (5); for k=0, Eq.(46) is considerably simplified: respectively. The experimental data are very well described
N Sp+I+1 by the characteristic patterns obtained here. A qualitative
Biyok, = Fcgk Ko 7S (= 1) analysis was performed forp3photoionization of Fe atoms
on a solid surface; we have presented arguments that the
X {15y} S So ko E IDil2 (47) observed dichroism patterns are strongly influenced by intra-
2 1 1 J4 s atomic effects.
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