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Linear dichroism of the 4f photoemission in the giant resonance of atomic europium
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The linear dichroism in the 4photoelectron spectra of atomic Eu excited at photon energies in the range of
the giant 4-4f resonance have been determined. Dramatic changes of the dichroism have been observed when
tuning the photon energy through the giant resonance. The dichroism patterns are compared to the predictions
of a model based ohS coupling which takes the interaction of the discrete resonances with the ionization
continua into account.
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I. INTRODUCTION matrix elements has been included explicitly and the theory
of the angular distribution of photoelectrops2] has been

Dichroism in the photoemission of rare earths and rareused in order to extend the theory to linear dichroism in the
earth compounds is a powerful tool for probing the magneti@ngular distribution. A similar model calculating the angular
structure of surfaces and thin filn$1,2], and references distributions of photoelectrons within a resonance has been
therein. Gadolinum(Gd) with its half filled 4f shell plays a  published[24].
key role in these studies. The Gd-4hell is well localized in
the solid state explaining the good agreement of the spectra [l. EXPERIMENTAL SETUP
with the predictions of ionic models8—6]. The atomic ap-

proach is further supported by the close similarities of the_. A thlerrr1nal a(tjom|c eurrc])plum beam was progucgd bIY a "T'
dichroism in the 4 and 4 photoelectron spectra of atomic sistively heated oven. The atoms were ionized using linearly

europium and of thin gadolinium filmg7.8]. The ical polarized undulator radiation monochromatized by a SX700
uropit 9 P typ monochromator at the BW3 beamline of the DORIS storage
dichroism pattern$9] could be verified in all photoelectron

spectra when the fine-structure components of thard 4d fing in Hamburg(Germany. The 4f photoelectrons were

multiplets were resolved. In agreement with the theoreticafjet(aCted with a scienta SES200 electron analyzer set at the
P ' 9 magic angle with respect to the electric-field vector of the

predictions the d|chrp|sm n the nonresongrﬁt photoelec- ndulator radiation. The individual bandwidths of the spectra
tron spectra of atomic Eu vanishes when integrated over agre given in the figure captions. All bandwidths have been

fine structure components of the 4nultiplet. For photon determined by fitting Gaussian lines to the spectra and by

energies close to ato”.“c resonances this.sum rule is expect e-gas calibration measurements. For unpolarized atoms
to break down. The dichroism observed in the photoabsorp,[—he photoelectron spectra are proportional to the tofal 4

tion of solid Gd in the photon-energy range of the glantphotoionization cross section. The Eu atoms were aligned

4d-4f resonance is a clear evidence for this breakdpl@h ; : . . . . i
In order to get a deeper understanding for this effect wq(grrilze Q;ed ?gsgftlc?)le?nr]n p|r18r\]/é|;h a::)nea:lr?glr?ygsrlzy)gao
12

studied the linear alignment dichroistbAD) and the linear AfT 3 ..
o X . 4f"6s6p °Ps), transition at a wavelength of 466.2 nm.
magnetic dichroisr{LMDAD) in the Eu 4 photoelectron The laser beam propagated antiparallel to the ionizing syn-

specira excited by ph_otons in the energy range of the glarJ:throtron radiation. For a more detailed description of the
resonance. The experimental results are compared to the pr

dictions of a model based on Fanos description of atomicg Xperimental setup see Ref§, 14
resonance$ll] and the description of the angular distribu-
tion of photoelectrons withil.S coupling[12]. Our theoret-
ical approach is similar to the model by Starke and cowork-
ers [13] describing the magnetic circular dichroism in the It is well established that final-state configuration interac-
photoelectron spectra of solid Gd excited in the giant resotions can influence the photoelectron spectra of the rare-earth
nance, but the Fano-type energy dependence of the dipofaetals significantly15,16]. In the Eu 4 photoionization the
415652 'F,  final states strongly overlap with states of
the configurations # 5d 5s and 4f®5d?. This leads to a
*Electronic address: Joachim.Schulz@maxlab.lu.se; present adomplicated Eu 4 photoelectron spectrum displaying more
dress: MAX-lab, Box 118, 221 00 Lund, Sweden. than the seven lines predicted by th&-coupling model
TPresent address: SSRL, 2575 Sand Hill Road, MS 69, Menl¢17].
Park CA 94025. Figure 1 shows the Eufdphotoelectron spectrum taken at
*Present address: BESSY GmbH, Albert-Einstein-Strasse 1% photon energy of 49 eV. This spectrum corroborates the
12489 Berlin, Germany. spectrum presented in R¢fl7] but reveals additional lines

Ill. HIGH-RESOLUTION 4 f PHOTOELECTRON
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TABLE |. Assignment and binding energi¢is eV) of the lines
3 1 observed in the Eu #photoelectron spectrum presented in Fig. 1
_1'\ T\. compared to Ew energy levels published in Rf18].
[ |
= 7 4 (' I This work Optical dat418]
2 9 i
5 . pom ol No. Assignment Eg Eg J Assignment
g | b=l : \ +0.02
~— [ ]
7 1‘21110--\ ol ‘55!'-\ ! \."\ | '\ 1 g 1057 1058 6
g 13 i h R LI 1052 4  4%(7F)5d® 7P
1 [ 4
= . 4% /'I.\-:'T u ‘.‘,-I \.i " \-,_ \-_ 2 1050 1048 3  #(F)5d? P,
\ [] | -
I AR S 1048 5
r"j 3 1045 1047 7
—— 4 ("Fs) 10.38 1037 5
97 98 99 100 101 102 103 104 105 106 107 108 5 10.34 1036 5  #5('F)5d? °P;
binding energy (eV) 6 10.31 1030 2 #("F)5d? P,
10.29 4 4°%('F)5d°P
FIG. 1. Eu & photoelectron spectrum taken at a photon energy 7 ('F) 4
. . . Fa 10.26 10.25 4
of 49 eV. The experimental resolution has been determined to 33 6,7 29
; . 1021 3 4% 7F)5d? °P,
meV. To guide the eyes the data points have been connected by a 6,7 9
solid line. The solid bar spectrum shows the pure Eu 1021 5  4%('F)5d6s°Ps
4186s? 'F, , multiplet as expected in pureS coupling. 8 , 1019 1019 4
9 Fs 10.15 10.13 4
that have been not resolved. The bar spectrum of Fig. 1 givesl0 10.09 10.08 3
the predictions for the Euf4 6s? 7FJf multiplet obtained by 11 ("Fy) 10.06 10.08 4 45 'F)5d6s°P,
a pureLS-coupling model. The relative intensities are given 12 (;Fl) 10.00 . .
by the multiplicity of the final ionic state (B+1) and the 13 ("Fo) 994 993 3 4°('F)5d6s°Ps
relative positions are given by Larsleterval rule. The'Fg 14 990 983 3
line has been matched to the position of line 1. While the 14 9.88 2
lines 1, 7, and 9 can be clearly assigned to the final 15 9.78

state$Fg, ‘F,, and 'F5 a straightforward assignment of the
other lines is not possible. In the vicinity of the predicted . . - . : :
energy position for théF state two prominent line@No. 3 47°6s” 'Fs stateprowde; a possible explanation for the oc-
and 9 have been measured. This is a clear indication for urrence of two intense lines cIoseztc; the_ energy where the
strong interaction of thé€ F5 state with additional states of Scoupling mOdel pr_ed|cts f[hef_ﬁ 6s” 'Fs Iln_e. .
the same total angular momentuly=5. In_ conclusion of this section it can be said that details of
To shed light onto the possible configuration interaction the fine ;tructure of _the EquphotoeIgctron spectrum canno't
in Table | the experimental binding energies are compared t € e_xplalned by a smgle cc_)nf|g_urat|on model. Inspite of this,
Eu Il energy levels obtained by optical spectroscofg] studies of the linear dichroism in the nonresonant photoelec-
The first three columns give the numbers of the 15 Iinés irJf'ron spectra of this multiplet demonstrated that the character-
Fig. 1 together with their assignments and binding energie stic dlchr0|s_m patterns can be explamed by. m.odel_s based on
The very tentative assignments of tH&; states withJ; th_e L.S-coupling schem§7,9,1ﬂ. Keeping th.|s.|n mlnd' we
_5. 2.1, and 0 are set in parentheses T%e energy calibrati will develop anLS-coupling model for explaining the linear

. ) A Yichroism in the angular-resolved photoelectron spectra ex-
has been done in respect to the first Eif @s ionization

- e _cited within the giant Eu 4 resonance in the subsequent
thresholds. The absolute uncertainties of the binding energieg tions. This model will provide a qualitative explanation

amount to 20 meV. The three columns on the right-hand sid¢,; the variations of the patterns when tuning the photon
of Table | show Eul energy levels derived from spark spec- energy through the resonance.
tra together with their total angular momentaWhere an
assignment is given in the reference it is included in the last
column. The comparison does not allow for an identification
of all the lines but it can be clearly seen that many lines
coincide within the experimental uncertainties with unas- Figure 2 shows the Euf4photoionization cross section
signed energy levels from Reff18] carrying the matching for unpolarized Eu atoms obtained by integrating over the
angular momentum. components of the # ‘F photoelectron multiplet. The data
Table | demonstrates that states of the Ed3d* ‘P, 3,  have been taken in two different runs. In the run represented
and the 4°5d? °P5 45 multiplets coincide in energy with by squares the photon energy was first scanned in steps to-
the high binding-energy states of thé®6s? 'F,.. s multip-  wards higher energies and then the direction of the scan was
let. In particular the 4°5d? °P5 line nearly coincides with reversed. The run represented by circles has been taken in a
the lines No. 4 and 5 in Fig. 1. Mixing of this state with the single run. The drift of the atomic beam source is mainly

IV. ENERGY-INTEGRATED 4 f PHOTOELECTRON
SPECTRA
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- - - T T T whereKg,, is an experimental constant. The multipole mo-
L |

H @ Experimental data
—————— J=9/2
--=-=J=72
------ J=5/2
sum

mentsAy o denote the normalized ground-state polarization.
The parameter§k0kk7 are geometric factors depending on

the polarization directions of the atoms and the ionizing ra-
diation and on the position of the detector. The parameters
Bkokk7 describe the photoionization process and contain the

reduced dipole transition-matrix elements

DJ,I,j,Jf:<Lfo‘Jf1|j:‘J||D||LOSO‘JO>1 (2

Intensity [arb. units]

wherel,, S, andJ, are the quantum numbers of tf§;,,
ground statel ¢, S, andJ; are the quantum numbers of the
final ionic states that are limited to purelyS-coupled
“ r r r r r 'Fy...¢ states] andj are the quantum numbers of the emit-
12 14 13 138 140 142 144 46 148 ted electron. The total angular momenta of the final ionic
Excitation energy [eV] state and the emitted electron are coupled to the final-state
angular momentund=>5/2,7/2,9/2. The dependence of the
matrix elements on the total angular momentum of the elec-
gonj and of the final ionic statd; can be eliminated by
recoupling the final state intoS-coupled terms:

FIG. 2. Eu & photoionization cross section in the energy range
of the giant 4l-4f resonancecircles and squargsThe data have
been obtained in two different runs. The solid curve represents th
sum of the three partial cross sectionsf’8s?2S,,
—4f%65%€l 8P, with J=5/2 (dotted curvg, 7/2 (dashed curve

9/2 (dash dot The monochromator bandwidth has been determined Le 1L
to less than 150 meV. nan o 1
ILeSidp 1j:0)=2> L83 Sr > S

responsible for the scatter of the experimental data points. LS i

In the following we will focus on the prominent asymmet- o1
ric resonance peaking at 140.3 eV and neglect the smaller 1
structures at the threshold. The giant resonance is dominated X LfI[L]Sf—[S]:J> (3
by the transitions 4°4f7 6s? 8s,,—4d° 418 6s? 8P, with 2

J=5/2,7/2,9/12. These states mainly autoionize into the A 12
(4d1%f8 F, +€l)®P, continua with J=5/2,7/2,9/2, J; ~ USing the notation.=(2L+1)°%
—0...6 andlf=2 4[19,20). In this approximatiord conser- In a previous publicatiof®] dealing with linear dichroism

’ e PP in the nonresonantf4photoemission it has been shown that

vation results in three mdgpe_nde_nt d'scfete states eagy dependence of tHigparameters on the final-state angular
coupled to a separate set of ionization continua. These threr%omenta] is solely given by the Wigner{symbol in Eq
f .

{ndgpniggirte;eagggﬁﬁssginVbe described using the Far@;l if the photoionization process is mainly determined by
yp b e dipole transition-matrix elements

In Fig. 2 the Fano profiles for the (4°4f°'F;
8 _ . . .
+el) PJ(J—5/2,_7/2,9/2) partial cross sections are mclud_ed. Dﬁﬂm:(Lfl[L]Sf%[S]:JIID||LOSOJ0>, (4)
In agreement with the results of Hartree-Fock calculations

and the results presented by Moevetsal. [20] the energy  for direct ionization, that change slowly with the photon en-
positions of the resonances are separated by 0.8 eV. Tk@gy_

resonance energies increase with increasing total angular For excitation energies near the giant resonance this con-
momentumJ. The same holds for the partial cross sectiongition does not hold since the same final states can be
because they have been set proportional to their statisticgbached also via the excitation of discre@®4f8 8P, inter-

weight (2J+1). Summing this partial cross sections yields mediate states described by the dipole matrix elements
the total 4 ionization cross section given by the solid line.

This line, within the experimental uncertainties, describes the DI*C=(LSJ||D||LcSed0), (5)
experimental data reasonably well. The marked deviations on '
the low-energy rise are due to the neglect of intermediatand subsequent autoionizatidn.S, andJ’ =J are the quan-

states not allowed in pureS coupling. tum numbers of the intermediate state. The autoionization
leads to a coupling of the discrete intermediate states with
V. LS-COUPLING MODEL the final continuum states giving rise to nondiagonal matrix

o ) ) elements of the Hamilton operator,
The angle-resolved photoemission intensitf polarized

atoms can be described by2] Vi, = (LA[LISA[S]:J[H|LS ), (6)
| = Kexp4i 2 AkOOBkOkk Fkokk , 1) following_the common notation fdr=2 the indexd and for
T Kokk, 7 i I =4 the indexg will be used.
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An appropriate way to describe the interference between Ly | L
those different channels is given by the Fano theory. In a 1
frequently cited paper from 1961 Fano presented a theory for D. -=LS3i{ S = S}D 9
. . . . . . 300,39 fl f 3 S
calculating the interaction of a single discrete resonance with
one or more continuum statgkl]. In this work Fano showed J j J

that the resonant absorption can be easily described by intro-
ducing energy-dependent final stads; ; ¢) that are eigen-
states of the Hamiltonian containing the interactions of the
continua with the discrete state.

Since for each value o two continuum states distin-

pendence defined by

where the matrix elemeni3;, have a Fano-type energy de-

guished byl=2 and 4 have to be considered in th& Vig
. D — Dcon ’
coupling scheme, there are only two Fano states for each J,d=Yad —|V 21V, o2
resonance. The energy dependence of the excitation of state J.d .9
|¥; 1) is given by a Fano profile. The stgt# ; ,¢) is not * 44
coupled to the discrete state, and therefore the excitation is + J . Jdy (103
energy independent. The two Fano states can be represented VIVial2 41V gl Vei+1
in the form
_ —Vid
|W;ie)=aselLS) D, ¢=D5%| —mm——
' VIV d|2+|VJg|2
1 : :
+J dE [Z byiiee Lf|[L]Sf§[S]ZJ>}. Vi, et sg
N 7 5 7o | (10D
(7 V3?1V, % Vei+1
The coefficientsa; ; g andb;; | g g/ contain the matrix ele-  with
mentsV; 4 andV, 4. Under the assumption that these matrix
elements are nearly constant over the range of the giant reso- E—E,
nance, the integral in Eq7) can be calculated and the coef- =T (100
ficientsa,; g andb; ;| e—g/ are given by[21] J
disc
— |V, ViiDy
aj 1= , (8a) Q31 = o (100
VE=E)Z+(T2)? VD5
—Vig4 E-E, Inserting those matrix elements into E43) of Ref.[12]
b10E= Vol J(E-E,? 2 (8D the dynamic paramete  can be calculated.
J (E EJ) +(FJ/2) i i 0™y . 3
In the determination of the relative strength of the differ-
ent components of thef4photoelectron multiplet only the
byiqe= —Vig E—-E; (80) ratio of the dipole transition-matrix elemerids, 4/D; 4 and
SOE VIl E-Ey2+(1T,2)2 the ratio of the interaction matrix elemen¥s ,/V; 4 enter.
Therefore the fine-structure patterns of the Hupfotoelec-
a:,e=0 (8d)  tron spectra as a function of the photon energy can be pre-
J,2E ) . . . .
dicted without knowing the absolute values of these matrix
v elements. For our calculations the raB§%/D5%" has been
b; 24 E:ﬂ, (89  set equal to five based on Hartree-Fock calculations per-
SRV formed for photon energies well below the giant resonance.
lonization into theg continuum clearly prevails over ioniza-
—Vig tion into thed continuum. A similar value is expected for the
bJ,Z,g,E:—|VJ| : (8f)  ratio V,4/V, 4 of the interaction matrix elements. Autoion-
ization into g-symmetric states is much more likely than
ith autoionization intad-symmetric states. We estimated a value
wi of 9.5 for this ratio[22].
. 5 Inspite of the considerable uncertainties of these ratios the
IVl = VIVl Jr|VJ,g| ' @9 fine-structure patterns of thef4photoelectron spectra are

Taking excitation and autoionization of th¥ ; ; ¢) states

expected to be described reasonably well by our model be-
cause these patterns are not very sensitive to the exact values

into account the reduced dipole transition-matrix elementsf the above ratios as long as both values are well above
describing the photoionizatiof2) are given by

unity.
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(@) (b)
98.4 eV 137.4 eV

0y
5
g '
Rk
2 |© (d)
£
. FIG. 4. Calculated Eu # photoelectron spectra for different
final-state total angular momenda of the remaining Eti ion.
1 T T 1 T T T
95 10.0 105 1.0 95 100 105 1.0 assumption that each intermediate state is excited according

bindi ; o : ) L
inding energy [eV] to its multiplicity. This clearly is a good approximation for

FIG. 3. Eu 4 photoelectron spectra for four different excitation €Xcitation energies far away from any resonances. The lines
energies. The solid lines are least-squares fits of 15 Gaussian préf panel(d) consequently show intensities proportional to the
files with equal widths and binding energies taken from Table I. Themultiplicities of the final states. This is borne out by similar-
total resolution has been determined to 60 meV. The experimentaty of the patterns of pandt) (Fig. 4) and the 4 photoelec-

uncertainties are smaller than the size of the symbols. tron spectrum displayed in pan@) of Fig. 3.
The calculated Eu # 6s® ’S;;,—4f°65%€l BPs) 70010
VI. UNPOLARIZED ATOMS partial cross sections are included in Fig. 2. As above only

|Dg,l? has been taken into account. The partial cross section
of the 8P, final state is already enhanced close to the
%;weshold of the giant resonance, while the partial cross sec-

Figure 3 shows the Euf4photoelectron spectra taken at
four different photon energies. For the spectrum in pdagel
a photon energy of 98.4 eV well below the giant resonanc
was chosen. The pattern of the photoelectron fine structure is__. 2,9/2 >, 4
very close to that obtained at photon energies near 50 efpans the great S|m||a_r|ty of th_e calculated f_me-structure pat-
(Fig. 1 and Ref[7]). In panel(b) the photon energy was set tern |n'panel(a) of Fig. 4 with the experimental pattern
to the low-energy rise of the resonance. Here the lines beS-hOWn in panelb) of Fig. 3. Compared to the ph'otoelectron
longing to high total angular momenta are strongly enhanceﬁpeCtrum taken l_aelow the resonafpanel(a) of Fig. 3] the
in respect to the other lines. Panéts and(d) show spectra Ines correqundmg to high values of the angular momentgm
taken near the maximum and on the high-energy flank of th«g\)f the remaining ionJ; are strongly enhanced. The exper-

resonance. In both cases the shape of these spectra is ag%l _ntall_sp%ctra (tjaken at 'Ithevpesk of :Ee glant resor[axztxrgel
very similar to that outside the resonance. € in Fig. 3] and several eV above the maximipanel(d)

This behavior can be explained using th&-coupling in. Fig. 3] are very similar. to t_he spectrum taken OUtSid? the
model introduced in Sec. V. For photoelectron spectra oflant resonancgpanel (@) in Fig. 3]. This is consistent with

unpolarized atoms taken at the magic angle the sum in E 'r|1e prtediﬁtlotr&s thollg T?ﬁd pe<:tause exceptthfor IT.e re%tcr)]n
(1) reduces to only one term. The cross section is proport 0>€ 0 th€ resnoid oT Ihe giant resonance he ratos of the

tional to the parameteByy,. For this parameter Eql13) partial cross sections of .th%)5/2v7/2l9/2Channels are close 10
from Ref.[12] simplifies to the statlstlcal_ratlos outside the resonance. .
In conclusion we can state that thé-coupling model
. n A presented above yields a reasonable description of the
Booo= V3L28237 2, C[Dyy[?~V3L28232C] | D2, changes of the characteristic pattern of the EupHotoelec-
v (113 tron spectra when tuning the phqton energy through the gignt
resonance. Based on this we will use this model to describe
with the characteristic pattern of the LAD in the E& ghotoelec-
tron spectra outside and in the giant resonance.

ons for the 8P7,2,9,2 channels are still very low. This ex-

X 2

(11b VII. LAD IN THE GIANT RESONANCE

stxzsf
f]‘] S

| J L

N ™

ch=> iz{
) In the photoionization of aligned atoms the photoemission
cross section depends on the angléetween the linear po-

In our caseDy;|*< 2|Dgy;l?, and therefore has been ne- larization of the ionizing radiation and the alignment direc-
glected since only the squares of the matrix elements entetion of the atoms. The difference between two photoelectron
The sum over the artificial quantum numberuns over all  spectra taken foy and »+90° is called the linear alignment
values allowed by the Wigneri6symbols[9]. dichroism (LAD,). It depends on the factomB,,, Byoo,

In panels(a)—(c) of Fig. 4 the relative intensities of the B,,,, andB,,,. Since the LAD, changes harmonically with
final-state fine-structure lines given by EGla are plotted the anglezn only two LADs are linearly independent. In this
for each of the three possible intermediate states. In gdhel paper the LARQ- and the LAD;s- are discussed. These LADs
the relative intensities of the final state are added under thare defined by
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o [(@)E=1378eV (b) E=140.3 eV o [(@)E=138eV (b)E=139 eV
~
[ * ‘. o W a
< Pos .. » <
— . x - —
. . % o .
. .‘ _. [ ] -.5 Dc>
m)| '—“-—-"j_' _._L._"_‘ < ||
- y”
S s -
1 1 1 1 1 1 1 1 1 1 1 1 1 1
LA DL N BN B BB RN RN I | TrTvrlrvrrrrrrel Q (C)E=140.59V (d)E=1469V
(c)E=143.2 eV (d) E=156.8 eV 0
Dg % | "'y e 5
<C ) ] o
— ..§ -t 2 —.-.—._.-.-.-l
P -Jﬁh J‘—.L -
a k.
< i L. 01 23 45 6 01 23 456
-
L N B B B L LA BN BELANLIN BELEL | J Jf
9.7 100 103 106 10.9 9.7 100 103 106 10.9 f
binding energy [eV] FIG. 6. LAD calculated with thd_S-coupling model for four

FIG. 5. Experimental LAD for four different excitation energies different energies within the range of the giant resonance.

in the range of the giant resonance. The total resolution has been

: : - -~ Ppatterns is for both energies more pronounced in the
determined to 160 meV. The experimental uncertainties are give AD At 143.2 eV 1(©)] the LAD patt h
by error bars that are mostly smaller than the size of the symbols. 45° - < € [panel ()] the patterns have
nearly reached their off-resonance shape.

These changes of the LAD patterns caused by the giant
resonance can be explained qualitatively by our model. Fig-
ure 6 displays the patterns obtained by inserting the energy-
dependent dynamic parametémokky into Egs.(13). Panels

Inserting Eq. (1) into these equations and neglecting (&) and(b) of this figure correspond to photon energies in the
higher multipole moments than the quadrupole monfest  fise of the resonance. A comparison of these panels shows

LAD o= (7=0°)—1(5=90°), (129

LAD 45.=1(7p=45°) —1(n=—45°). (12b

for the ground state leads to that the LADy- of the J;=6 line changes its sign with in-
creasing energy while the LA of the same line remains
_ o positive. This explains the vanishing of the positive lobe for
LADO"_KeXPEAZO(_Og:BZZO_ 1.3B2021 0.5822, the LADy- and its enhancement for the LAD in panel(a)
of Fig. 5.
+1.2B24), (133 Panel(c) of Fig. 6 shows the calculated LAD patterns for

excitation energies near the maximum of the resonance. They
_ _ _ nicely reproduce the characteristic features of the experimen-
Az —0.91B 20— 0.7@B 255~ 0.5 4)). tal LAD patterns in panelb) of Fig. 5, for example the
(13b  enhanced positive lobe of th&=6 line for the LAD,-.
Finally panel(d) of Fig. 6 verifies the close similarity of the
two LAD patterns encountered for photon energies above the

. ) resonanc¢panel(d) of Fig. 5].
Figure 5 shows both LAD patterns for four different pho-

ton energies in the region of the giant resonance. Ranek
the rising flank, panelb) near the maximum and pandls
and (d) on the high-energy slope of the resonance. At the For nonresonant excitation the positive and negative lobes
highest photon energy156.8 eV} shown in paneld) the of the LAD patterns cancel out exact/§]. This sum rule
patterns of the LAR. and the LADs. are very similar. It has leads to a complete disappearance of the dichroism if the fine
been shown that this pattern with two zero crossings angtructure in the photoelectron spectra is not experimentally
vanishing integral over the whole multiplet is typical for the resolved. In the case of resonant excitation this sum rule
LAD outside the resonand®]. Experimentally this has been breaks down and dichroism can be observed in the total elec-
well established for the Euf4and Cr 3 photoelectron spec- tron yield and in the absorption spectra.
tra[9]. Figure 7 shows the LADs obtained by integrating over the
A look on panels(a) and (b) of Fig. 5 reveals dramatic Eu 4f photoelectron multiplet taken at ten different energies
changes of the LAD patterns caused by the resonance. ORside and outside the giant resonance. Since each experi-
the low-energy rise of the resonaniggnel(a)] the LAD,- menFaI data point of this f|gure is based on a complgte di-
shows no positive lobe at the high binding-energy side whilechroism measurement taking several hours, the faCiggin
this lobe is clearly enhanced in the LAD. In the maximum  Egs.(13) can vary strongly from point to point. To eliminate
of the resonance the same lobe is larger for the hAthan  this problem the normalized linear alignment dichroism
for the LAD,s- [panel (b)]. The negative lobe of the LAD (LAD) defined by

g

LAD y5-= Kexp4,n_

A. Fine-structure resolved LAD

B. Fine-structure integrated LAD
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0.08 4 T a [@E=100ev (D)E=140.5 eV
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Bty I : i , . a [oEe=1asev
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0.05 g
. 0.00 i— |
O0.05-- T 1T 1 1 T T 1
< ]
- 0104 0 1 2 3 4 5 6
0.15 J,
— —————
o 120 190 140 150 160 FIG. 8. Calculated LMDAD patterns for photon energies below,
photon energy [eV] on, and above the giant resonance.

FIG. 7. Fine-structure integrated LADs for different excitation
energies compared to the predictions of tigecoupling model. For
the LAD,- the error bars are in the same order of magnitude as th
symbols.

The orientation of the atoms is achieved by optical pump-
ing using circularly polarized laser radiation. Taking only the
first multipole moment, i.e., the orientation, of the atomic
ensemble into account the LMDAD is given by

[AD, =2 7= 02907 (149 LMDAD %A, S CHR0 (b % _pep
0 I(ﬂ:0°)+|(7]:900)’ og 1O”,JJ, 133 ( (R VAN |/J/).
J<J’ 16
 (9=45°)—1(n=—45°
LAD450=2(77 )—1(n ) (149

|(7=45%)+1(7=~45% The coefficientsc:‘l'\,/'JDJ/fD can be calculated numerically.

is displayed in this figure. In agreement with the theoreticalN contrast to the photoelectron spectra of unpolarized atoms
predictions the LAD vanishes outside the giant resonancednd the LAD the complex dipole matrix elements enter, i.e.,
but there is a marked signal for the LA and the LAD)- in their absolute values and their relative phases. This renders
the energy range of the resonance. The solid lines give th#¢ LMDAD a much more sensitive test of the theoretical
predictions of our model. The comparison of the calculatec@PProach. In our model the dipole matrix elements are given
and experimental spectra demonstrates, that within the uncer-
tainties, the model describes the characteristic features of the _

) (@) E=140.3 eV
spectra reasonably well. Close to the maximum of the reso-
nance, between 139 and 145 eV the data points follow the
theoretical curve. The greatest deviations are encountered
close to the minimum of the partial cross section at the
threshold of the resonance. The small values for the denomi-
nator in Eqs.(14) result in considerable uncertainties.

It should be noted that the data in Fig. 7 still contain the i 8§
angular resolution of the emitted electrons. To estimate the &
dichroism without angular resolution the factngOkky in

Eq. (1) have to be integrated over the whole solid angle. For
symmetry reasons these integrals vanish forFaRl(I)Ikky with (b) E=156.8 eV

k#0. In this case the LAR- vanishes and the LAP is [ 1 .
proportional to the dynamic paramet®gy,. Since this pa- e = RRags—
rameter is the major contribution to the pattern of the l,AD g §
in Fig. 7 the normalized linear dichroism in absorption spec- L L
troscopy should have a similar energy dependence.

(I

VIIl. LMDAD IN THE GIANT RESONANCE 7F0 TETE e TF

3 4 5 6

LMDAD

LMDAD

The linear magnetic dichroism in the angular distribution —
(LMDAD) in the Eu 4 photoelectron spectra is given by the 94 96
difference of the spectra of atoms laser oriented parallel and binding energy (eV)
antiparallel to the propagation direction of the undulator ra-
diation,

T T T T T 1T "1
9.8 10.0 102 104 106 108 110 11.2

FIG. 9. Experimental LMDAD patterns for photon energies on
and above the giant resonance. The total resolution has been deter-
LMDAD =1(1T1T)—1(T]). (15 mined to 160 meV.
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by Egs.(10). As above we assume that the dipole matrixeters entering the model. Furthermore in this range, transi-
cont

elementsD %" andDS%" and the interaction matrix elements tions to intermediate states that are not taken into account by
V;q andV; 4 are constant throughout the giant resonancethe model contribute significantly.

For the ratioD$%7D %" andV; 4/V; 4 we assume the same

values as above. By inserting the dipole matrix elements ob- IX. CONCLUSIONS

tained from Egs.(10) into Eg. (16) the LMDAD patterns
displayed in Fig. 8 were calculated. For energies below th%x
giant resonancgpanel(a)] and for energies above the reso-
nance[panel(c)] we get the same pattern except for a factor
of (—1) which is caused by the phase changembyf the
matrix elementD, , when tuning through the resonance.
Both patterns show a positive and a negative lobe and a ze
crossing in agreement with the predictions for the LMDAD
patterns in nonresonant photoelectron spef@iaNear the
maximum of the resonan¢panel(b) of Fig. 8] the LMDAD
deviates markedly from this pattern displaying only one
broad negative lobe.

The linear dichroism in the Euf4photoelectron spectra
cited within the giant d-4f resonance deviates markedly
from the dichroism in the nonresonant spectra. The dramatic
changes of the dichroism patterns when tuning the photon
energy through the resonance are described qualitatively by a
Fano-type model based drs coupling. In agreement with
tHe predictions of this model the dichroism in the resonance
does not disappear, when the photoelectron spectra are inte-
grated over all multiplet components. The corresponding
sum rule for nonresonant photoemission breaks down within
the resonance. For a quantitative description of the photo-

. . . electron spectra and the dichroism the model has to be ex-
The experimental LMDAD patterns obtained on the MaXI“tended in order to take the configuration interaction into ac-

mum Qf the giant resonance and abqve the resonance affnt which clearly manifests itself in the high-resolution
given in the upper and lower part of Fig. 9. Within the un- gpotoelectron spectrum

certainties there is a fair agreement between the experiment
and theoretical patterns. The LMDAD for photon energies
below the giant resonand@] agrees well with the pattern
calculated for a photon energy of 100 ¢®3]. In the range The authors want to thank the Deutsche Forschungsge-
of the onset of the resonance the calculated and experimentaleinschaft for financial support and the HASYLAB staff for
patterns differ considerably, but this is not a surprise since&ontinuous assistance. Thanks are also due to M. Dickow
this range is very sensitive to the exact values of the paramand E. Heinecke for their help during the measurements.
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