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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. The3p photoelectron 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
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Because of their basic and practical importance th
magnetic properties of multilayer systems and of ultra
thin films on ferromagnetic substrates are currently th
focus of many experimental and theoretical investig
tions [1,2]. Core photoelectron spectroscopy, exploitin
linear or circular magnetic dichroism yields detailed an
site-specific information. The pioneering experiments o
the 2p shell of Fe [3] were quickly followed by a se-
ries of energy, angle, and spin resolved photoelectr
studies using linearly or circularly polarized synchrotro
radiation [4–7]. Thin layers of Cr or Mn on ferromag-
netic substrates, or sandwiched between magnetic laye
are especially fascinating because their properties va
between antiferromagnetic and ferromagnetic and th
half-filled 3d shells can provide large magnetic momen
[1,8,9]. The models proposed for the interpretation o
the spectra had to cope with the complexities produc
by the interplay of the intraatomic and interatomic in
teractions ([10,11] and references therein). The stro
3p-3d coupling makes this especially difficult for the3p
photoelectron spectra of the3d-transition metals. Corre-
sponding experiments on free aligned, or oriented, atom
open up the possibility to disentangle the atomic and t
solid state effects. Previous3p photoelectron spectra of
the 3d-transition metal atoms have only been observe
for unpolarized atoms [12,13]. Now we have succeed
in determining the linear dichroism and the linear mag
netic dichroism in the3p photoelectron spectra of laser
aligned/oriented ground state Cr atoms combining inten
laser and vacuum ultraviolet (VUV) undulator radiation
Atomic Cr is a key element of the3d-transition metal
series because of the strong many-electron effects exh
ited in the core level spectra. The half-filled3d and 4s
shells make Cr amenable to a description with mode
many-body theories [14]. The linear dichroism (LD) an
the linear magnetic dichroism in the angular distributio
(LMDAD) of the photoelectrons give detailed insight in
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the photoionization process by providing both the rela
tive amplitudes and phases of the outgoing photoelectr
waves [15,16].

The LD and LMDAD in the direct3p photoionization
of aligned and oriented Cr atoms were investigated fo
photon energies of 76 and 103 eV using highly polarize
laser and undulator radiation on the U1-TGM6 beam
line at BESSY (Berlin). The Cr atoms, produced by a
resistively heated furnace, were aligned or oriented b
laser pumping one of the Cr3d54s7S3 ! 3d54p7P2,3,4
transitions with linearly, or circularly, polarized laser
radiation. The counterpropagating laser and undulat
beams interact with the Cr atoms in the source volum
of a 180± cylindrical mirror analyzer (CMA). The kinetic
energy of the photoelectrons emitted at angles close to t
magic anglesQCMA  54.7±d relative to the polarization
axis of the undulator radiation was analyzed with a
energy resolution of 0.8% of the pass energy. Mor
details can be found in Refs. [14,17].

The linear dichroism is defined as the differenc
between two photoelectron spectra recorded for tw
perpendicular directions of the atomic alignmentA20

produced by linear polarized laser light either paralle
or perpendicular to the polarization axis of the VUV
beam: LD Iskd 2 Is'd. This effect is independent
of the experimental geometry and can also be observ
with an angle-integrating electron spectrometer. Th
linear magnetic dichroism in the angular distribution is
defined as the difference between two spectra record
for two atomic orientationsA10 of the opposite sign,
produced alternately by right and left circular polarized
laser radiation: LMDAD Is"d 2 Is#d. In contrast to LD
this effect can be observed only in angle-resolved spect
For comparison with other experiments and theoretic
results it is useful to normalize the LD and the LMDAD
to the cross section and polarization of the atoms and t
undulator radiation, which leads to the following relations
© 1997 The American Physical Society 4019
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for the asymmetry parametersbLD andbLMDAD :

bLDA20P 
Iskd 2 Is'd

Iskd 1 2Is'd
, (1)

bLMDADA10P 
Is"d 2 Is#d
Is"d 1 Is#d

. (2)

A10 and A20 are the orientation and the alignment o
the atomic ground state andP is the degree of linear
polarization of the undulator radiation. The asymmetr
parameters are dynamical parameters that are direc
connected with the complex dipole transition amplitudes

The 3p photoelectron spectrum of unpolarized C
atoms

Cr I 3p63d54s 7S3 1 h̄v !

sCr II 3p53d54s 8P, 6P 1 es, edd7P2,3,4

like the corresponding spectrum of Mn [12] is dominate
by the strong exchange interaction which spreads the8P
and6P lines over more than 10 eV.

The upper part of Fig. 1 shows the8P main line of
aligned Cr atoms excited with linearly polarized undulato

FIG. 1. The Cr3p53d54s 8Pel photoelectron lines excited by
linearly polarized VUV undulator radiationsh̄v  76 eVd for
two perpendicular alignments of the atoms (upper part). T
linear dichroism LD sIfjjg 2 If'gd and the normalized LD
fffsIfjjg 2 If'gdysIfjjg 1 2If'gdggg are presented in the center
and at the bottom, respectively.
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radiation sh̄v  76 eVd. The Cr atoms were prepared
in aligned ground states by pumping with laser radiatio
polarized linearly parallel or perpendicular to the undulato
radiation. The three fine structure components8P9y2,7y2,5y2
at binding energies 46.32(5), 46.69(5), and 47.01(5) e
are well separated. The solid lines are superpositions
three Gaussians and a parabolic background. The FWH
of 0.3 eV of the Gaussians is due to the bandpass of t
electron spectrometer and monochromator. The amplitu
of all three lines depends strongly on the direction of th
atomic alignment. The dichroism obtained by calculatin
the differenceIsjjd 2 Is'd is presented in the center part
of Fig. 1 whereas the normalized LD, calculated from th
experimental spectra including the background, is given
the lower part of Fig. 1.

The asymmetry parametersbLD for the Cr II
8P9y2,7y2,5y2 lines have been calculated for our experi
mental geometry by extending the results obtained b
Dohrmannet al. [14] based on the theoretical descrip-
tion of the angular distribution of photoelectrons from
polarized atoms [18]. InLS coupling, neglecting state
multipoles higher than the aligmentA20 the asymmetry
parameters can be expressed as a function of the ra
x  jDsjyjDdj of the reduced dipole matrix elements for
the transitions toes anded continuum states.

bLD  CJ
x2 1 1y10

x2 1 1
. (3)

If the dipole elementsDs and Dd are determined by the
orbital momenta of the ion and the outgoing electron th
coefficientsCJ depend simply on the total angular momen
tum J of the residual Cr II8P9y2,7y2,5y2 ion (C9y2  2

1
4
p

3
,

C7y2  1
5

7
p

3
, C5y2  2

15
28

p
3
). For comparison with the

experimental results the normalized LD was calculated u
ing thebLD obtained from Eq. (3) and taking into accoun
the relative strengths of the lines, the experimental width
the values forA20 andP, and the background. The curve
obtained forA20  0.4, P  0.9, and jDsjyjDd j  2 is
given by the dashed line in the lower part of Fig. 1. Th
calculated curve describes the experimental values ve
well. Despite the good agreement there is considerable u
certainty in the ratio of the dipole elementsjDsjyjDdj 
2.0 6 1

0.5 extracted from the data. This is due to the
limited accuracy of the values forP  0.90 6 0.05 and
A20  0.40 6 0.05. The strong dichroism demonstrates
that transitions tos states contribute significantly to Cr3p
photoionization at this photon energy.

The results obtained for the8P main line of oriented
Cr atoms, excited by linearly polarized undulator radiatio
sh̄v  76 eVd are presented in Fig. 2. The upper par
shows two spectra recorded for atoms prepared in sta
with opposite orientationA10 by laser pumping with left,
or right, circularly polarized laser light. The amplitudes
of the fine structure components vary significantly upo
changing the orientation of the atoms. The LMDAD is
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FIG. 2. The Cr3p53d54s 8Pel photoelectron lines excited by
linearly polarized VUV undulator radiationsh̄v  76 eVd for
two opposite orientations of the atoms (upper part). The line
magnetic dichroism in the angular distribution LMDADsIf"g 2
If#gd and the normalized LMDADfffsIf"g 2 If#gdysIf"g 1 If#gdggg
are presented in the center and at the bottom, respectively.

depicted in the center part and the normalized LMDAD i
the lower part of Fig. 2. The LMDAD differs markedly
from the LD shown in Fig. 1. The LD is negative for
the 8P9y2,5y2 lines and positive for the8P7y2 line whereas
the LMDAD is close to zero for this line and displays
values of the opposite sign for the8P9y2 and 8P5y2 lines.
The calculations of the asymmetry parametersbLMDAD
were based on the approach successfully used to desc
the LD. LS coupling was assumed to hold and stat
multipoles higher than the orientationA10 were neglected.
The relation

bLMDAD  CJ sinsds 2 ddd
x

x2 1 1
(4)

is very similar to Eq. (3) describingbLD. The coeffi-
cientsCJ (C9y2  2

3
p , C7y2  1

6
7p , andC5y2  1

27
7p )

only depend on the total angular momentum of the Cr
ion andx  jDsjyjDd j gives the ratio of the dipole ma-
trix elements. In contrast to thebLD thebLMDAD depend
on the phase difference of the continuum states. Sin
spin-orbit interaction of the continuumed states is negli-
gibly small only the phase differencesds 2 ddd between
ar

n

ribe
e

II

ce

the es and ed states enters. Good agreement with the
experimental data has been achieved with the followin
parameters:x  2, sinsds 2 ddd  0.95, A10  0.3, and
P  0.9. The normalized LMDAD calculated in the same
way as outlined for the normalized LD is given by the
dashed line in the lower part of Fig. 2. Again there is
considerable uncertainty in the valuesx  2.0 6 1

0.5 and
sinsds 2 ddd  0.95 6 0.05 extracted from the experi-
mental data due to the uncertainties in the values of th
polarizationP  0.90 6 0.05 and the orientationA10 
0.30 6 0.05. It is important to note that the values for
x extracted from the LD and LMDAD measurements are
consistent. Hartree-Fock calculations predict a ratio o
x  3 and sinsds 2 ddd  0.95 [19] compatible with the
experimental results. Since the photon energy of 76 eV
close to the Cooper minimum in the3p ! ed cross sec-
tion the3p ! es channel is expected to dominate.

The spectra of the normalized LD and LMDAD (lower
parts of Figs. 1 and 2) indicate that in our case the dichro
ism disappears if one integrates over all fine structur
components. In terms of the coefficientsCJ (Eqs. (3) and
(4)) we find the sum ruleX

J

CJ s2J 1 1d  0 , (5)

where the summation extends over all fine structur
components characterized by the total angular momentu
of the ion. Stimulated by our findings Kabachnik derived
a more general formulation which confirms our results fo
initial states with zero orbital momentum [20].

The upper part of Fig. 3 shows the3p photoelectron
spectra of oriented Cr atoms recorded at a photon ener
of 103 eV. Three eV above the8P line lies the lowest6P
line assigned to the Cr IIfs3p5 2Pd s3d5 4Dd4sg6P state of
the ion. At this energy the fine structure of the lines is
not resolved by the CMA. Both lines display a significant
dependence on the orientation of the atoms. The LMDAD
is given in the center part and the normalized LMDAD in
the lower part of Fig. 3. In comparison to the LMDAD
of the 8P line the maxima and minima of the LMDAD
in the 6P line are interchanged. Since the calculated
bLMDAD values for the6P7y2,5y2,3y2 lines are very close
to those of the8P9y2,7y2,5y2 lines this indicates an inverted
ordering of the fine structure components. This has bee
confirmed by recent atomic calculations [19]. Except fo
the region around 48.5 eV the experimental normalize
LMDAD is well described by the spectrum calculated for
the parametersx  1, sinsds 2 ddd  0.90, A10  0.3,
and P  1.0. The decrease ofx and sinsds 2 ddd with
increasing photon energy is in agreement with atomi
calculations [19] which predictx  1 and sinsds 2

ddd  0.85 at 103 eV photon energy. The experiment
within the uncertainties [x  1.0 6 0.5, sinsds 2 ddd 
0.9 6 0.1], confirms the predicted energy dependence.

The two photoelectron spectraIs"d andIs#d in the range
of the 8P line closely resemble the corresponding spectr
4021
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FIG. 3. The Cr3p53d54s 8P, 6Pel photoelectron lines excited
by linearly polarized VUV undulator radiationsh̄v  103 eVd
for two opposite orientations of the atoms (upper part). Th
LMDAD sIf"g 2 If#gd and the normalized LMDADfffsIf"g 2
If#gdysIf"g 1 If#gdggg are presented in the center and bottom par
respectively. The LMDAD determined for a thin Cr film on a
Fe(100) surface [1] is included in the center.

for ferromagnetic bulk metals, or thin films, which als
display an asymmetric line at lower binding energies a
a broader, more symmetric line at higher binding energ
[1,8,9]. The LMDAD of a thin Cr layer on a Fe(100)
crystal surface [1] is given by the dash-dotted curve in t
center of Fig. 3. The amplitude has been matched to
atomic LMDAD and the curve has been shifted in energ
to correct for the different binding energies. The strikin
similarity between the two curves clearly demonstrates t
atomic character of the effect. Furthermore it shows tha
description within a single-particle approximation, whic
ascribes the splitting of the final state to the splitting of th
3p core hole is inadequate. We conclude that the corr
description of core-level dichroism in3d transition metals
has to be formulated by taking proper consideration of t
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ionic states. For a detailed comparison with the resu
obtained for thin films the exact structure of the films an
admixture of different atomic configurations have to b
taken into account.
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