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Spin flip in resonant photoemission from Gd
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We report the observation and theoretical analysis of magnetic circular dichroism of low-spin Gd 4f
photoemission~PE! lines in the GdM5 photoexcitation region. With circularly polarized x rays tuned to
previously unresolved absorption lines of magnetized Gd metal, low-spin and high-spin 4f PE lines become
nearly equally strong. The observations are in excellent agreement with a state-of-the-art atomic multiplet
calculation proving that spin-flip processes in resonant PE from lanthanides occur predominantly during the
photoexcitation step.@S0163-1829~99!15815-6#
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In atomic, molecular, and solid-state physics, x-ray a
sorption ~XA ! and core-level photoemission~PE! have
greatly contributed to the present understanding of elec
correlation, especially in transition metals with narrow v
lence bands and in lanthanides~Ln! with an incompletely
filled 4f shell.1 In order to enhance the PE cross section in
element-specific way, spectroscopists often useresonant PE,
where they tune the photon energy to an XA line associa
with the photoexcitation of an inner-core electron into a p
tially filled outer shell.2 For a Ln atom in the ground-stat
configuration 4f m, resonant 4f PE can be written as

~1!

In addition to thedirect electric-dipole excitation (E1) to
continuum states, there is anindirect channelalong which
the same total final-state configuration, 4f m21« l , can be
reached via an ‘‘intermediate’’d-hole state (n53 or 4!
populated viaE1; it decays through aCoster-KronigAuger
~CK! recombination, governed by Coulomb interaction b
tween the intermediated-hole state and the total final stat
The coherent superposition of both channels is termedreso-
nant PE; it is described by Fano’s theory,3 and constitutes a
textbook example of quantum interference.4

Though resonant PE is widely used, the process itse
subject of considerable debate,5–11 and in particular, the role
of spin flips is still not clarified.5–7 In spin-flip excitations,
the spinS8 of the total final state, comprising the PE fina
state 4f m21 and the associated continuum state« l , differs
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from the ground-state spinS, i.e., DSÞ0. Since theE1 op-
erator does not act in spin space, spin flips are forbidde
off-resonance PE. Yet in resonant PE, transitions withDS
Þ0 may occur becauseS is no longer a good quantum num
ber, due to inner-shell spin-orbit coupling of the intermedia
core-hole state.

Since the discovery of spin flips in 1981,5 little progress
has been made in their understanding. In particular, it
been debated whether they occur~i! primarily in the d→ f
excitation or~ii ! in the CK recombination of thed-hole state.
Several experimental efforts have been reported to cla
this question. It was realized thatlow-spinPE lines in the Gd
4 f spectrum do not appear at the energies of all XA lines
the GdM4,5 ~Ref. 6! andN4,5 resonance7 regions, an obser-
vation that led to conjecture~i!: spin flips take place pre-
dominantly in photoexcitationand not so much in decay.6

But direct measurement of the Gd 4f photoelectron spin po-
larization, comparing off-resonant with resonant PE at
N4,5 XA threshold, indicatedequal spin polarizationsin both
cases.7 Thus hypothesis~ii ! was brought up:spin flips are
absentin resonant Gd 4f PE ~at the mainN4,5 XA line!,
tentatively attributed to acancellationof spin flips in theE1
and CK steps along the indirect resonance channel@see Eq.
~1!#.7

The present paper, based on a combined experimenta
theoretical study of resonant PE using circularly polarize
rays in the 3d→4 f threshold region of magnetically ordere
Gd metal, demonstrates that spin-flip excitations leading
low-spinPE states occurpredominantlyduring the photoex-
citation step.

In our study of resonantd→ f PE we employ magnetic
circular dichroism, which has become possible through
availability of almost completely circularly polarized~CP!
synchrotron radiation from the helical-undulator beamline
12-B/HELIOS-I at the European Synchrotron Radiation F
9737 ©1999 The American Physical Society
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cility ~ESRF!. This beamline is designed particularly for hig
photon flux at energies from 500 to 1500 eV.12 It is equipped
with a spherical-grating monochromator~‘‘dragon’’ type!,
which maintains the high degree of circular polarizati
from the undulator; in the energy region around 1200 eV,
12-B supplies;94% CP light13 with a narrow energy width
of DE50.4 eV ~resolving power,E/DE>3000; unprec-
edented for CP light in this photon-energy region!.

Gd~0001! films were epitaxially grown on W~110! fol-
lowing a standardin situ procedure.14 A thickness of (10
61) nm was chosen in order to ensure completein plane
magnetization at remanence and low coercivity~typically
200 Oe! for magnetization reversal by a low-field soleno
placed inside the UHV chamber. XA spectra were record
in total electron yield; photoelectrons were collected arou
the surface normal by a hemispherical energy analyzer,
erated in an angle-integrating mode~acceptance cone o
;20°! at 0.2-eV resolution. All XA and PE spectra we
taken at an x-ray incidence angle of 30° with respect to
surface and a sample temperature of 30 K. The spectra w
normalized to the incident photon flux and corrected for s
absorption, assuming an average electron-escape depth15 of
2.0 nm and following the standard procedure of Tho
et al.16

A high-resolution x-ray magnetic-circular-dichrois
~XMCD! spectrum of Gd at theM5 threshold is presented i
Fig. 1, with the inset showing the XA spectrum across
whole M4,5 spin-orbit doublet. The XMCD spectrum, whic
is the difference of the XA spectra measured for ‘‘paralle
and ‘‘antiparallel’’ orientation of photon spin and samp
magnetization, clearly reveals weak structures below
above the main absorption lineb. While energies and inten
sities of the XA spectrum were observed in numerous inv
tigations at double-crystal monochromator beamlines,16 the
present observation of structuresa, c, and d in the XMCD
spectrum serves as a detailed experimental confirmatio
the early prediction ofcircular dichroismat Ln M4,5 edges.17

The sign of the XMCD signal in Fig. 1 is of particula
significance. As pointed out previously, theE1-selection
rules DM511 andDM521 for CP-light excitation lead
preferentially to transitions withDJ521 andDJ511, re-

FIG. 1. High-resolution GdM5 XMCD spectrum. Minima at
energiesa, c, and d indicate the dominance ofJ85

9
2 core-hole

excited states; the intense maximumb reflects theJ85
5
2 character

of the M5 peak. Inset: XA spectrum across the wholeM4,5 spin-
orbit doublet.
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spectively, in XA and PE from magnetized 4f systems.18

Thus in magnetized Gd metal with an8S7/2 ground state,
uJ57/2, M527/2&, only intermediate statesuJ859/2,
M 8529/2& can be reached by aDM521 transition. There-
fore, a negativeXMCD signal at energiesa, c, and d ~see
Fig. 1! directly reveals a dominance ofJ859/2 intermediate
states at these energies; analogously, the highpositive
XMCD of the mainM5 peak~b! reflects the presence of a
least one strongJ855/2 state. The total angular momentu
J8, which due to 3d-core spin-orbit coupling remains th
only reasonably good quantum number to assign the in
mediate 3d94 f 8 states, can be simply ‘‘read’’ from the sig
of the associated XMCD signal.

This picture is well supported by theoretical XA and P
spectra. They were calculated in intermediate coupling w
Cowan’s atomic multiplet code4 using the relativistic
Hartree-Fock-plus-statistical-exchange method. To prop
include intra-atomic correlation effects in the metallic en
ronment, Coulomb and exchange integrals were reduce
84% of the atomic values,19 resulting in good agreement wit
the experimental spectra. Radiative transitions were con
ered to first order (E1) and Coulomb interaction
(3d,4f ;4 f ,« l ) to infinite order. For the XA states, a lifetim
broadening of 0.4 eV atM 5 was included to account fo
other autoionization channels besides the (3d,4f ;4 f ,« l ) de-
cay. Note that all parameters in the calculation~apart from
the Slater integrals! were the same as used previously
Refs. 18 and 20. The calculatedM5 XMCD spectrum is
given as solid curve in Fig. 1. The striking agreement w
the experimental spectrum even in minute details le
strong support to the qualitative picture developed ab
and, in particular, confirms theJ8 assignments obtained from
the sign of the XMCD spectrum. With this reliable descri
tion of thefirst excitation step along the indirect channel@Eq.
~1!#, we turn to the resonance process as a whole.

Resonant Gd 4f PE spectra are presented in Fig. 2 f
photon energiesa–d at theM5 threshold as indicated in Fig
1. Tuned to the main peak of theM5 XA spectrum~b!, the
intensity of the 7F line is about 20 times higher than a
energiesa, c, andd, reflecting the well-known enhanceme
of the 4f PE cross section at LnM5 edges.6 The present use
of CP light reveals large magnetic dichroism that, atb,
amounts to an intensity asymmetry of over 60% in the7F PE
line. This is equivalent to an extremely strong magnetic c
trast, and might become a valuable tool in magnetic-dom
imaging by PE microscopes~PEEM! using element-specific
photoelectron signals instead of secondary electrons.

When tuning to the high-energy XA structuresc and d,
intense broad PE lines appear in the resonant 4f PE spec-
trum at binding energies~BE’s! between 11 and 18 eV~cf.
Fig. 2!. In agreement with Refs. 5 and 6, they are identifi
as low-spin 4 f PE lines 5X comprising various orbital-
momentum statesX. Theselow-spin PE lines exhibit pro-
nounced magnetic circular dichroism: for antiparallel orie
tation of magnetization and photon spin~filled circles!, the
total 5X PE line intensity is nearlyequalto the 7F intensity,
whereas for ‘parallel’ orientation~open circles!, it reaches
only half the intensity of the high-spin7F line atc, and only
a quarter atd. The corresponding MCD spectra~difference
spectra parallel minus antiparallel from Fig. 2! are shown in
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Fig. 3. At energiesc andd, the MCD signal isnegativein the
whole 5X region, opposite to the positive MCD of the7F PE
line at theM5 main peak~b!.

For a first qualitative understanding of the observed MC
of the low-spin Gd 4f PE lines, we may neglect the dire
photoexcitation channel. This is justified from the calcula
dipole-matrix elements19 indicating that, at photon energie
of ;1.2 keV, 3d→4 f E1 core-excitation isfour orders of
magnitude stronger than photoexcitation into t
continuum—a dominance that is well reflected by the nea
Lorentzian line shapes4 of Ln M5 XA lines. In this approxi-
mation, resonant PE multiplet intensities are simply obtain
by projecting the angular momenta of the intermediate st
3d9 4 f 8 onto 4f 6 PE final states and associated continu

FIG. 2. Resonant 4f PE spectra obtained with CP light from
magnetized Gd at theM5 threshold. Photoexcitation energiesa to d
are defined in Fig. 1. Open~closed! symbols refer to the photon
momentum oriented nearly parallel~antiparallel! to the magnetiza-
tion. At theM5 peak~b!, the PE intensity is scaled by120 for display.
Arrows show single-electronf-spin orientations of the 4f 6 low-spin
(5X) and high-spin (7F) PE final states.

FIG. 3. Comparison of experimental~open squares! MCD sig-
nals, associated with the resonant 4f PE spectra from Fig. 2, with
theoretical spectra~solid curves! at the givenM5 threshold ener-
gies. Note the overallnegativeMCD of 5X PE low-spin lines ~c,d!
as opposed to the strongly positive MCD of the7F PE high-spin
line at theM5 peak~b!.
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states« l ( l 5d contributions are neglected at GdM5 photon
energies!. The simple basis transformation~‘‘recoupling’’ ! is
readily achieved within theLS coupling scheme.4,21

Relative transition probabilities to Gd 4f 6 PE final states
are displayed in Fig. 4. It shows that thehigh-spinPE line
7F, with S953, can be reached via bothhigh-spin S85 7

2

andlow-spin S85 5
2 intermediate states.~Primed and double-

primed symbols represent angular momenta of intermed
states and PE final states, respectively.! By contrast,low-spin
PE states5X, with S952, can only be populated vialow-spin
intermediate states. In other words: the spin flip needed
reach alow-spinPE state, from theS5 7

2 ground state of Gd,
must take place in the photoexcitation step along the indi
channel. The spin-flip question ind→ f resonant PE can thu
be answered as follows: In the limit of pureLS coupling,
the photoelectron spin,s51/2, is simply too small for popu-
lating a low-spin,S952, PE final state via a high-spin,S8
5 7

2 , intermediate state. As revealed in Fig. 4~bottom right!,
there is, however, a nonvanishing probability for reson
3d→4 f PE via low-spin intermediate states tohigh-spin4 f
PE final states7F.

These statements are strictly valid within theLS coupling
scheme. Yet, the large spin-orbit interaction in Ln 3d shells
does not only lift spin conservation~hereby allowing for
spin-flip transitions!, but prohibits also a labeling of the 3d9

4 f 8 intermediate with a uniqueL8S8 pair of quantum num-
bers; instead, a completeL8S8 basis-function expansion i
required. Thus, strictly speaking, the answer is thatlow-spin
Gd 4f 6 PE final states (S952) are populated significantly
only via low-spin intermediate states (S855/2) of high pu-
rity.

This interpretation in theLS-coupling scheme is well sup
ported by our intermediate-coupling calculations. In Fig.
theoretical resonant Gd 4f PE MCD spectra are included a
solid lines for the four photon energies studied. In the cal
lation, the lifetime of the PE final state was taken as infini
the spectra were convoluted by a Gaussian ofs585 meV
~for experimental broadening! and with a Doniach-Sunjic
line ~asymmetry parameter 0.1! with lifetime width 2G
5360 meV~600 meV! for the 7F (5X) lines. For display in
Fig. 3, the calculated spectra were normalized to the exp
mental data at the main peakb. The relative size of the

FIG. 4. Bar diagram of relative transition probabilities~arb.
units! for resonant Gd 3d→4 f PE, calculated in pureLS coupling.
Low-spin 5X PE final states~left! are reached only via low-spin
(S85

5
2 ) intermediate states.~Primed symbols represent momenta

intermediate XA states.!
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MCD-PE signals is well reproduced at all excitation en
gies; in particular, there is excellent agreement in the re
nanthigh-spinand low-spinsignals.

Finally, we turn to the nearly equal intensities oflow-spin
and high-spinresonant 4f PE line in DM521 transitions.
Again, a qualitative understanding is obtained inLS cou-
pling. From the full~intermediate coupling! calculation we
know that the intermediate XA states are mainlyP and D
like. But, as is shown in Fig. 4, noX5P low-spinPE states
can be reached viaL85P or D. PE states withX5D are
allowed, yet with a strong imbalance betweenDM511 and
DM521 transitions: viaL85D-like intermediate states, th
5X PE intensity withX5D is about twice as intense fo
DM521 than forDM511. Also, there should beno 5X
intensity at all forDM521 via aP-like state. Therefore, the
.

g

s

-
o-
negative MCD of the5X PE lines in Fig. 3—observed both
experimentally and theoretically—reveals a dominantD
character of the intermediate Gd 3d9 4 f 8 states at the ener-
gies c and d, and shows that thelow-spin Gd 4f PE lines
have mainlyX5D character.

In summary, the present work shows that the spin flip
d→ f resonant PE from Ln materials, which leads tolow-
spin 4 f PE lines, occurs predominantly in the photoexcit
tion step. In addition, the over 60% MCD of the resonant
enhancedhigh-spinGd 4f PE line may become useful for
magnetic domain imaging by next-generation PE micr
scopes.
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