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Magnetic circular dichroism in 4d˜4f resonant photoemission and photoabsorption of Gd metal
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A consistent description of magnetic circular dichroism~MCD! in resonant 4d→4 f photoemission~PE! and
4d photoabsorption~PA! from magnetized rare-earth metals is presented. In the case of ferromagnetic Gd
metal it is found that the MCD of the resonant 4fPE spectra varies strongly when the photon energy is scanned
across the resonance region. We show that the spectral shape of the 4fPE multiplet is determined by the total
angular momentum of the intermediate 4d94f 8 PA state, which is reflected in the sign of the PA-MCD at the
excitation energy.@S0163-1829~97!10404-0#
x

lyt
e

er

c-
ci

lm
s
u

d
e
l

ie

d

D

o-
ot

on
of

tum
D
d to
at
the
-
ster-

o-
r

-
in
,

l
PE
a
ed
id,
o
try
ns
ical
Photoabsorption~PA! and photoemission~PE! from mag-
netically ordered materials using circularly polarized
rays — known as magnetic-circular-dichroism~MCD!
spectroscopies — are relatively new additions to the ana
cal toolbox of magnetism, attracting considerable inter
both from experimental1–4 and theoretical points of view.5,6

MCD in PA has been widely used at transition-metalL2,3
edges, where it allows an element-specific analysis of het
magnetic systems and multilayers.7 In PE, particularly large
MCD effects have been observed for the 4f multiplets of rare
earths,4,8 which can be readily understood within atomi
multiplet theory considering dipole-selection rules for ex
tation with circularly polarized light.

When applied to multicomponent systems, like thin-fi
compound magnets or magnetic interfaces, it is often de
able to enhance selectively the cross section of an individ
element by resonant PE, e.g., using the 4d→4f giant-
resonance region of the rare earths.9 Resonant PE is cause
by a coherent superposition of the direct PE chann
4 f n→4 f n21« l , and the indirect channe
4 f n→4d94 f n11→4 f n21« l , where the 4d-hole state couples
to the PE final state via autoionization.9,10 The strong 4d-4 f
overlap in rare earths gives rise to large correlation energ
and hence to widely split 4d94 f n11 multiplets of intermedi-
ate PA states with different angular momenta~L8,S8,J8!. Gd
has a typical 4d-PA spectrum consisting of a broad an
dominant absorption peak~giant resonance!, preceded by
narrow and weak lines~pre-edge region!. First theoretical11

and experimental12 studies have revealed sizeable PA-MC
effects in both regions.

In this communication, we report a study of MCD in res
nant PE, using Gd metal as an example. When the ph
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energy is changed across the Gd 4d→4 f excitation region,
the PE-MCD spectrum varies substantially. Based
atomic-multiplet theory, we present a consistent picture
MCD in resonant 4d→4 fPE and in 4d→4 fPA, where the
spectral changes can be explained by the angular momen
of the 4d94 f n11 intermediate state. The resonant PE-MC
spectrum, taken at a particular photon energy, was foun
be correlated with the sign of the PA-MCD signal at th
energy. Furthermore, we found a natural explanation for
widely different widths of the PA lines in the giant
resonance and pre-edge regions, based on super-Co
Kronig ~sCK! decay rates of the 4d-core-excited intermedi-
ate states.

The PE experiments were performed with circularly p
larized light from the SX-700/III beamline at the Berline
Elektronenspeicherring fu¨r Synchrotronstrahlung delivering
>75% circularly polarized light (S3>0.75).13 Epitaxial
Gd~0001! metal films,~110620! Å thick, were prepared by
vapor deposition onto a W~110! substrate at room tempera
ture. Subsequent annealing for 5 min at 800 K resulted
well-ordered, low-coercivity Gd films. During deposition
the pressure remained below 10210 mbar, returning to the
base pressure of 2310211 mbar within seconds. Chemica
cleanness was controlled by looking for O-1s and C-1s
signals, which were both below the limit of detection of
few percent of a monolayer. The Gd film was magnetiz
remanently in plane by field pulses from a closeby soleno
checked in situ via the magneto-optical Kerr effect. T
achieve large MCD effects, a grazing-incidence geome
~15°! was chosen for the incoming light, and photoelectro
were collected along the surface normal by a hemispher
analyzer with an energy resolution of>90 meV full width at
half maximum and acceptance cone of65°. The PA spectra
2672 © 1997 The American Physical Society
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were recorded in total-electron-yield mode using circula
polarized light (S3>0.85) from the Dragon beamline at th
National Synchrotron Light Source,14 operated with an en
ergy resolution of>90 meV, well below the intrinsic widths
of the narrow preedge lines of the Gd-4d PA spectrum.

Theoretical MCD spectra in PA and PE were calculated
intermediate coupling with Cowans’s computer code,15 using
the relativistic Hartree-Fock plus statistical-exchan
method. To include intra-atomic correlation effects, the C
lomb and exchange integrals were reduced to 80%, and
sCK matrix elementsR to 66% of the atomic values.16 For
calculation of the PA spectra, radiative transitions were ta
into account to first order as well as the sCK transitio
4d94 f 8→4d104 f 61« l to infinite order.17 For resonant PE
transitions to continuum states with parity-allowed angu
momenta up tol 58 were considered. Line broadening b
the photoelectron final state as well as experimental res
tion was included by convolution with a Lorentzian
G50.18 eV and a Gaussian ofs50.085 eV.

Figure 1~a! displays high-resolution 4d PA spectra from
Gd metal at 80 K, for parallel and antiparallel orientations
magnetization and photon spin. Upon magnetization rev
sal, the giant-resonance peak shifts by>1 eV, and the line
intensities in the preedge region change drastically, as
served previously by Mutoet al.12 The PA-MCD spectrum,
obtained as the difference of both PA spectra, is given in~b!,
and the calculated spectrum, corrected for saturation,18 in ~c!.
The most pronounced features have been labeled acco
to their leading-term contribution.

In the limit of vanishing 4d spin-orbit ~s.o.! coupling,
only 8PJ8 states~J855/2, 7/2, and 9/2! would be dipole-
excited from the8S7/2 ground state of Gd~with DL511!,
giving rise to the giant-resonance peaks@thick vertical bars
in Fig. 1~c!#. 4d s.o. coupling leaves onlyDJ561, 0 as a

FIG. 1. ~a! Photoabsorption spectra in the Gd 4d→4 f excitation
region, for parallel~open dots! and antiparallel~filled dots! orienta-
tion of photon spin and sample magnetization.~b! Experimental and
~c! calculated PA-MCD spectra.
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strict selection rule, allowing additional transitions
8DJ8 ,

6DJ8 . . . states in the pre-edge region. The calcula
energies of the low-spin sextet states~S55/2! agree well
with earlier results.9

The good signal-to-noise ratio and the high resolution
the PA-MCD spectrum~about four times better than th
smallest intrinsic width of>350 meV! allow a detailed com-
parison with theory. Hereby, a unique property of the P
MCD spectrum, not reported before, becomes obvious: st
with dominant angular momentumJ859/2 give rise to
minima, while those with J855/2 and — though less
pronounced —J857/2 lead to maxima. This correlation fol
lows from the dipole-selection rulenM561 for excitation
with circularly polarized light. As shown in Table I, trans
tions withDJ52DM dominate the PA spectra, i.e., startin
from the fully magnetized ground state of GduJ57/2,M5
27/2, only PA states withJ859/2 are reached for antipara
lel orientation,DM521; for parallel orientation,DM511,
predominantlyJ855/2 and 7/2 states are reached. The ov
all agreement between experiment and theory is striki
supporting the assignment of the total angular-momen
character of the main peaks. Our theoretical analysis of
Gd-4d PA spectrum includes a coupling of the 4d94 f 8 states
to the 4f 6«l continuum via sCK decay; in the pre-edg
region, the sCK decay rate is roughly two orders of mag
tude smaller than for the giant-resonance8P states.16 This
provides a simple explanation of the separation of the G
4dPA spectrum into narrow and broad peaks.

Having identified the total angular-momentumJ8 of the
Gd-4dPA states, which serve as intermediate states for
indirect channel in resonant PE, we now turn to the key is
of the present paper, namely, MCD in resonant 4d→4 fPE.
The MCD spectrum of the off-resonance Gd4f 6 7FJ9(J9
50, . . . 6) PEmultiplet, shown in Fig. 2~a!, has been ana
lyzed extensively.4,6,8 For antiparallel orientation of sampl
magnetization and photon spin~DM521!, transitions via
J859/2 states prevail, resulting in a maximum at lowJ9
values, i.e., a7FJ9 PE multiplet with a rounded shape; fo
parallel orientation~DM511!, the multiplet peaks on the
high-binding-energy side. In Fig. 2~b!, pairs of resonant4f
PE spectra are shown for various photon energies in
4d→4 f region. For both orientations, the shape of the
multiplet changes considerably with excitation energy.

A qualitative picture of resonant PE-MCD is reached
the following way: By tuning to a specific PA line, e.g., t
line 1 in Fig. 1 with dominantJ859/2 character, the7FJ9
multiplet, populated by indirect resonant PE, will assume
rounded shape, though to a different extent for parallel a
antiparallel orientations, since the excitation probability
the J859/2 state differs appreciably forDM511 andDM
521 ~see Table I!. By tuning to a PA line withJ855/2 ~e.g.,
energy 3 in Fig. 1!, one analogously expects a shift of th

TABLE I. Intensities ofDM561 transitions from theuJ57/2,
M527/2& ground state to intermediate statesJ8; the difference
provides the PA-MCD.

J8 DM511 DM521 PA-MCD

5/2 3/4 0 3/4
7/2 2/9 0 2/9
9/2 1/36 1 235/36
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PE-multiplet maximum to high-J9 values. In the giant-
resonance region, except for energy 4, the changes wil
less pronounced because the broad PA states ove
strongly. This simplified picture accounts for the observ
spectral changes, but neglects the additional possibility
coupling of the angular momenta of the photoelectron a
the PE final state, which opens up through 4d s.o. interac-
tion, particularly in the pre-edge region.

For a quantitative analysis of the resonant PE spectra
matrix element for angle-integrated PE in the indirect ch
nel, LSJM→L8S8J8→(L9S9J9) ~l s j!, is given as

^LSJMuPD
1 u~L9S9J9!~ l s j!L8S8J8&

}~2J811!1/2S J
2M

1
2DM

J8
M1DM D

3(
J

~2 j11!H S9
s
S8

L9
l

L8

J9
j
J8
J 2

.

The 3j symbol ~in parentheses! describes theDM depen-
dence of the absorption process; the squares of the 3j sym-
bols, multiplied by the multiplicities~2J811!, are given in
Table I. The shape of the resonant-PE spectrum~relative
intensities ofJ9 components! is determined by the square
9j symbol ~in curly braces!, which describes the recouplin
of the momenta of the intermediate state~S8L8J8!, the PE
final state~S9L9J9!, and the outgoing photoelectron~sl j !,
where g~l 54! is the dominant PE decay channel.16 The
shape of the resonant PE spectrum will be different for e
L8S8J8 state (8D, 6D, 8P,...). We find, however, that the

FIG. 2. ~a! Off-resonance PE spectra of the Gd 4f 6 7FJ9 mul-
tiplet for parallel~open dots! and antiparallel~filled dots! orienta-
tions of photon spin and sample magnetization. The bar diag
~bottom! gives theJ9 multiplet. ~b! Resonant PE spectra for variou
photon energies across the 4d→4 f excitation region; the number
refer to photon energies marked by vertical arrows in Fig. 1.
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spectra depend primarily onJ8 and less onL8 andS8. Figure
3~b! provides a comparison of the experimental and cal
lated resonant MCD-PE spectra, with the off-resonance c
presented in~a!. When tuning the photon energy from energ
1 to energy 3, the PE-MCD spectrum changes from nega
to positive, and shifts from the low-J9 to the high-J9 region.
The excellent agreement between experiment and theor
the preedge region supports our picture of a selective re
nance enhancement of specific PE excitation channels
tuning to a PA state with a specificJ8.

At resonance energy 5, where the PA-MCD signal va
ishes, the PE-MCD spectrum resembles the off-resona
case closely. Here the intermediate states are mainlyL851
andJ855/2 and 7/2. The shape of the resonant PE spectr
comprising all threeJ9 distributions according to the 3j sym-
bols, will be the same as in direct PE, if the polarization
the core-excited state averages out.19 Such a situation occurs
approximately in the center of the giant resonance pea
energy 5, where the MCD signal in PA vanishes due to
broad overlapping8P PA lines.

In conclusion, a consistent description of the Gd-4d PA
spectrum has been presented, including an identification
the angular-momentum character and an explanation of
strongly different lifetime widths of the main PA lines. Th
close agreement between the 4d-4 f resonant PE-MCD spec
tra and the results of atomic-multiplet calculations suppo
the approximate validity of the simple picture presented
resonant 4d→4 fPE: Tuning to a specific line of the 4d-PA
spectrum leads to a selective enhancement of PE mult
components, governed by the total angular momentum of
intermediate PA state. The PE-MCD spectrum at giant re
nance closely resembles the off-resonance spectrum, w

m FIG. 3. Comparison of experimental~dots! and calculated
~drawn lines! PE-MCD spectra:~a! off-resonance,~b! on-resonance;
the numbers refer to photon energies marked by vertical arrow
Fig. 1.
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the PA-MCD vanishes at the selected photon energy. T
the strongly enhanced 4d-4 f resonant PE opens perspectiv
in applications of PE-MCD to element-specific analysis
thin multicomponent magnetic systems, as well as to dom
imaging by PE microscopy.20
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