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Dichroism in the 3p Photoionization of Polarized Cr Atoms
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The 3p photoionization of polarized Cr atoms was investigated by means of photoelectron spec-
troscopy with linearly polarized vacuum ultraviolet undulator radiation. Fhephotoelectron spectra
depend strongly on the polarization of the Cr ground state. Linear dichroism and linear magnetic dichro-
ism in the angular distribution were observed using either linearly or circularly polarized laser radiation
to polarize the ground state of the Cr atoms. Both effects provide striking confirmation of the general
theory of photoionization from polarized atoms and elucidate recent results on magnetic thin films.
[S0031-9007(97)03268-7]

PACS numbers: 32.80.Fb, 32.80.Hd

Because of their basic and practical importance thehe photoionization process by providing both the rela-
magnetic properties of multilayer systems and of ultrative amplitudes and phases of the outgoing photoelectron
thin films on ferromagnetic substrates are currently thevaves [15,16].
focus of many experimental and theoretical investiga- The LD and LMDAD in the direcBp photoionization
tions [1,2]. Core photoelectron spectroscopy, exploitingof aligned and oriented Cr atoms were investigated for
linear or circular magnetic dichroism yields detailed andphoton energies of 76 and 103 eV using highly polarized
site-specific information. The pioneering experiments odaser and undulator radiation on the U1l-TGM6 beam
the 2p shell of Fe [3] were quickly followed by a se- line at BESSY (Berlin). The Cr atoms, produced by a
ries of energy, angle, and spin resolved photoelectronesistively heated furnace, were aligned or oriented by
studies using linearly or circularly polarized synchrotronlaser pumping one of the C3d34s’S; — 3d°4p’P;3,
radiation [4—7]. Thin layers of Cr or Mn on ferromag- transitions with linearly, or circularly, polarized laser
netic substrates, or sandwiched between magnetic layemsdiation. The counterpropagating laser and undulator
are especially fascinating because their properties vargeams interact with the Cr atoms in the source volume
between antiferromagnetic and ferromagnetic and theiof a 180 cylindrical mirror analyzer (CMA). The kinetic
half-filled 3d shells can provide large magnetic momentsenergy of the photoelectrons emitted at angles close to the
[1,8,9]. The models proposed for the interpretation ofmagic angle(@cma = 54.7°) relative to the polarization
the spectra had to cope with the complexities producedxis of the undulator radiation was analyzed with an
by the interplay of the intraatomic and interatomic in- energy resolution of 0.8% of the pass energy. More
teractions ([10,11] and references therein). The strongdetails can be found in Refs. [14,17].
3p-3d coupling makes this especially difficult for thg The linear dichroism is defined as the difference
photoelectron spectra of tii-transition metals. Corre- between two photoelectron spectra recorded for two
sponding experiments on free aligned, or oriented, atomgerpendicular directions of the atomic alignmesy,
open up the possibility to disentangle the atomic and th@roduced by linear polarized laser light either parallel
solid state effects. Previoly photoelectron spectra of or perpendicular to the polarization axis of the VUV
the 3d-transition metal atoms have only been observedeam: LD= I(||) — I(L). This effect is independent
for unpolarized atoms [12,13]. Now we have succeededf the experimental geometry and can also be observed
in determining the linear dichroism and the linear mag-with an angle-integrating electron spectrometer. The
netic dichroism in the3p photoelectron spectra of laser linear magnetic dichroism in the angular distribution is
aligned/oriented ground state Cr atoms combining intensdefined as the difference between two spectra recorded
laser and vacuum ultraviolet (VUV) undulator radiation. for two atomic orientationsd;y of the opposite sign,
Atomic Cr is a key element of th8d-transition metal produced alternately by right and left circular polarized
series because of the strong many-electron effects exhilaser radiation: LMDAD= I({) — I(}). In contrastto LD
ited in the core level spectra. The half-fill8d and4s  this effect can be observed only in angle-resolved spectra.
shells make Cr amenable to a description with moderriror comparison with other experiments and theoretical
many-body theories [14]. The linear dichroism (LD) andresults it is useful to normalize the LD and the LMDAD
the linear magnetic dichroism in the angular distributionto the cross section and polarization of the atoms and the
(LMDAD) of the photoelectrons give detailed insight in undulator radiation, which leads to the following relations
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for the asymmetry parametefs p and BLmpap: radiation (fw = 76 eV). The Cr atoms were prepared
in aligned ground states by pumping with laser radiation
BLpAnP = I(”)_—I(L) (1)  polarized linearly parallel or perpendicular to the undulator
1) + 21(1) radiation. The three fine structure componéms, 7/25/2
_ 1M — 1) at binding energies 46.32(5), 46.69(5), and 47.01(5) eV
BrupapAioP = m+ 10" (2) are well separated. The solid lines are superpositions of

) ] ) three Gaussians and a parabolic background. The FWHM
Ajo and Ay are the orientation and the alignment of o 0.3 eV of the Gaussians is due to the bandpass of the
the atomic ground state andl is the degree of linear glectron spectrometer and monochromator. The amplitude
polarization of the undulator radiation. The asymmetryof 5| three lines depends strongly on the direction of the
parameters are dynamical parameters that are directlyyomic alignment. The dichroism obtained by calculating
connected with the complex dipole transition amplltudes.the differencel (]|) — 7(L) is presented in the center part
The 3p photoelectron spectrum of unpolarized Cr f Fig. 1 whereas the normalized LD, calculated from the
atoms experimental spectra including the background, is given in
the lower part of Fig. 1.
Cr 1 3p°3d%4s7s3 + fiw — The asi,:)ymmetryg parameterg,, for the Cr I
(Cr 1l 3p33d°4s8P,°P + €s,€d) Pasy4 8Py/27/25/2 lines have been calculated for our experi-
mental geometry by extending the results obtained by
like the corresponding spectrum of Mn [12] is dominatedDohrmannet al. [14] based on the theoretical descrip-
by the strong exchange interaction which spreads’the tion of the angular distribution of photoelectrons from
and®P lines over more than 10 eV. polarized atoms [18]. InLS coupling, neglecting state
The upper part of Fig. 1 shows tHe® main line of  multipoles higher than the aligment,, the asymmetry
aligned Cr atoms excited with linearly polarized undulatorparameters can be expressed as a function of the ratio
x = |Dg|/IDy4| of the reduced dipole matrix elements for

3000 T T T T T T T the transitions t@&s anded continuum states.

25005— *Par Pz PPee ] x2 + 1/10
gzooo;— _ BLp = Cy 21 3)
é 1500 | E If the dipole elementd; and D, are determined by the
> s ] orbital momenta of the ion and the outgoing electron the
‘2 1000 - E coefficientsC; depend simply on the total angular momen-
ﬁ 500 | E tum J of the residual Cr IFPg/57/25/2 ion (Co/n = —#,

L e Crjp = +575, Csjp = —355)- For comparison with the

60T T experimental results the normalized LD was calculated us-
= 400 F ++H+|'+ 3 ing the B p obtained from Eqg. (3) and taking into account
15 200 b ++ {3 ] the relative strengths of the lines, the experimental widths,
§ b ¢ ¢ ] the values forA,y and P, and the background. The curve
Q oF Ww 4 w +¢M""'" ] obtained forA,y = 0.4, P = 0.9, and |Dy|/|D,| = 2 is

—200 F Hﬂ{# ++++++ ] given by the dashed Iin_e in the lower part of Fig. 1. The

_4002, LA calculated curve describes the experlmental \_/alues very

o010 E ' — ' ' ] well. Despite the good agreement there is considerable un-
a [ - --—-Theory M 3 certainty in the ratio of the dipole elemenis;|/|D,| =
o 005F }? 7 2.0 = .5 extracted from the data. This is due to the
8 : ﬂlw *- } . limited accuracy of the values fa? = 0.90 £ 0.05 and
S o.ooz— - # W ﬂj ﬁ{ﬂ [ Az = 0.40 £ 0.05. The strong dichroism demonstrates
2'5_0.05 L %ﬁ# + 3 that trgngitio_ns te states contribute significantly to Gp

j . . ] photoionization at this photon energy.

-0.10 L L .
455 46.0 46.5 47.0 47.5 48.0

Binding Energy [eV]

The results obtained for th& main line of oriented
Cr atoms, excited by linearly polarized undulator radiation
(hw = 76 eV) are presented in Fig. 2. The upper part
FIG. 1. The Cr3p°3d°4s ®Pel photoelectron lines excited by shows two spectra recorded for atoms prepared in states

linearly polarized VUV undulator radiatiotviw = 76 eV) for ; . ; ; ; .
two perpendicular alignments of the atoms (upper part). TheWlth opposite orientatior o by laser pumping with left

linear dichroism LD (I[||] — /[L]) and the normalized LD ©OF right,' circularly polarized laser light. _Thg_amplitudes
[IIT = 7[LD/UL] + 21[L])] are presented in the center Of the fine structure components vary significantly upon
and at the bottom, respectively. changing the orientation of the atoms. The LMDAD is
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3000 o an ao ] the es and ed states enters. Good agreement with the
»so0k Po2 “P72 “Psp2 E experimental data has been achieved with the following
g E 3 parameterst = 2, sin(d; — 84) = 0.95, Ajp = 0.3, and
3 2000 F ; P = 0.9. The normalized LMDAD calculated in the same
S : ] way as outlined for the normalized LD is given by the
-;,3,'15007 ] dashed line in the lower part of Fig. 2. Again there is
8 1000k & considerable uncertainty in the values= 2.0 + s and
= : ] sin(6;, — 84) = 0.95 * 0.05 extracted from the experi-
500 E mental data due to the uncertainties in the values of the
03 . 3 polarizationP = 0.90 = 0.05 and the orientatiomy, =
— 300 - N E 0.30 = 0.05. It is important to note that the values for
€ : ¢ 1 x extracted from the LD and LMDAD measurements are
§ 05— .‘v..,& *++++H++“ MM’ _ consistent. _Hartree—Fock calculations pr(_edict a ratio of
a : $ ] x = 3 and sifd, — 84) = 0.95 [19] compatible with the
S 300k % +++ ] experimental results. Since the photon energy of 76 eV is
= F ﬁ++ ] close to the Cooper minimum in tlgp — ed cross sec-
600 N tion the3p — es channel is expected to dominate.
fa) E ' ' ' ' 3 The spectra of the normalized LD and LMDAD (lower
§ 0.10f - -—-Theory W E parts of Figs. 1 and 2) indicate that in our case the dichro-
3 : @( # 3 ism disappears if one integrates over all fine structure
E 0.00F + + M + + - components. In terms of the coefficiettts (Egs. (3) and
'—g : + {Wﬂ# a#* * ] (4)) we find the sum rule
270108 | 1'l'++ . | E > 1+ 1) =0, (5)
J

455 46.0 46.5 47.0 47.5 48.0 . .
Binding Energy [eV] where the summation extends over all fine structure
s _ _ components characterized by the total angular momentum
Ili:rllgéri} pgg?izcézrgpvaa\l/ ‘Lsn é’uﬁé tgfrl??d?!;icgz%n “”e%eé\cll)t?grby of the ion. Stimulated by our findings Kabachnik derived
© = ] . )
two opposite orientations of the atoms (upper part). The lineaf: MOre genera}l formulatloin which confirms our results for
magnetic dichroism in the angular distribution LMDA@[] — 'nitial states with zero orbital momentum [20].
I[1]) and the normalized LMDALO(I[1] — I[1])/(Z[1] + 1[I])] The upper part of Fig. 3 shows tt#p photoelectron
are presented in the center and at the bottom, respectively. spectra of oriented Cr atoms recorded at a photon energy

of 103 eV. Three eV above tH& line lies the lowesf P

depicted in the center part and the normalized LMDAD inline assigned to the Cr ((3p° ?P) (3d° “D)4s]°P state of
the lower part of Fig. 2. The LMDAD differs markedly the ion. At this energy the flne. structure of thg I|_n_es is
from the LD shown in Fig. 1. The LD is negative for NOt resolved by the CMA. B_oth lines display a significant
the$Py)»5» lines and positive for th&P; , line whereas er_ende_nce on the orientation of the atoms. The LMDAD
the LMDAD is close to zero for this line and displays IS given in the center part and the normalized LMDAD in
values of the opposite sign for tfi@,/, and®Ps), lines. the |0V\8’er part of Fig. 3. In comparison to the LMDAD
The calculations of the asymmetry parametBiSipan pf the °P Ilne the maxima and minima of the LMDAD
were based on the approach successfully used to descrik the °P line are interchanged. Since the calculated
the LD. LS coupling was assumed to hold and stateSLmpap values for the®Py/25/2,32 lines are very close

multipoles higher than the orientation, were neglected. 10 those of théPy»7)> 55 lines this indicates an inverted

The relation ordering of the fine structure components. This has been
confirmed by recent atomic calculations [19]. Except for

. X the region around 48.5 eV the experimental normalized
Bimpap = Cysin(8; — 84) 211 4 | MDAD is well described by the spectrum calculated for

the parameters = 1, sin(d; — &64) = 0.90, A;p = 0.3,
is very similar to Eq. (3) describin@.p. The coeffi- andP = 1.0. The decrease of and sirid, — 8,) with
cientsC; (Cypr = —%, Cipp = +%, andCs;, = +72—ZT increasing photon energy is in agreement with atomic
only depend on the total angular momentum of the Cr llcalculations [19] which predictt = 1 and sid; —
ion andx = |D|/|D4| gives the ratio of the dipole ma- §,) = 0.85 at 103 eV photon energy. The experiment,
trix elements. In contrast to they p the BLmpap depend  within the uncertaintiesx] = 1.0 = 0.5, sind; — 84) =
on the phase difference of the continuum states. Sinc@9 = 0.1], confirms the predicted energy dependence.
spin-orbit interaction of the continuury states is negli- The two photoelectron spectfé) and/(]) in the range
gibly small only the phase differendé, — §,) between of the®P line closely resemble the corresponding spectra
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4000 T T T T T T ] ionic states. For a detailed comparison with the results

I 1 obtained for thin films the exact structure of the films and
admixture of different atomic configurations have to be
taken into account.
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