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The phenomenon of resonant photoemission happens when, in addition to a direct photoemission
channel, a second indirect channel opens up as the absorption threshold of a core level is crossed. A
massive increase in emission cross section can occur, but the nature of the process remains clouded.
Using novel magnetic linear dichroism in photoelectron spectroscopy experiments and theoretical
calculations, we can now clearly demonstrate that temporal matching of the processes as well as energy
matching is a requirement for true “resonant photoemission.” [S0031-9007(98)06819-7]

PACS numbers: 75.70.—i, 75.50.—y, 79.60.—i

The photoemission off and5p electrons from rare-
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earth metals and their compounds is strongly enhance © = 10717 sec for photon absorption
when the photon has just enough energy to excite 4a104¢7 g 41046 4 o

4d electron to an unoccupiedf level, leading to a 21017 gee \

process called “resonant photoemission.” (See Fig. 1. photon absorption .

In a generic picture, the indirect channel of the reso- 4a%®  ndirectChannel
nant photoemission is interpreted as due to a proces %) Super-Coster-Kronig Decay (7 < 10715 sec)

where a4d electron in the initial state is first excited
to the unoccupiedtf level, forming a tightly coupled,
bound intermediate statéd core hole plustf electrons.
Then a decay via autoionization occurs, producing a fina ©=1017sec
. . . . .. photon absorption

state identical to that obtained by a direct photoemissior
process for the ejected electron [1]. The transition rate is
greatly enhanced if the excited state decay is by a (super
Coster-Kronig [(s)CK] process [2,3]. The key question CoherentProcess |
is whether these processes are coherent or incoherent: I=‘A°2+A" e “
. .. . =[Ag |4 +IAL[“+Ag AT+ Ag Ay
it truly resonant photoemission or merely the incoherent Incoherent Process
addition of a second emission channel? Should the ovel 9 1=|A P + |Afl2
all intensity be treated as a squaring of the sum of the  Gawoonyvoon
amplitudes (coherent) or summing of the squares of the¢ o[ Photoabsorption
amplitudes (incoherent)? A true resonant photoemissior 5 [ ¢
process should be coherent, involving interference term
between the direct photoemission and indirect photoemis
sion channels. Possibly, incoherence would give rise tc
the loss of photoemission characteristics in the proces:
with a domination of Auger-like properties.

To this problem we have applied the new photoelec-
tron spectroscopy technique of magnetic linear dichroisir P
in angular distributions (MLDAD) [4—7]. This technique 135 140 145 150 155 T60
is related to but distinct from the techniques of mag- Photon Energy (eV)

netic x ray circular dichroism (M,XCD) n photoelectron. FIG. 1. (a) Schematic diagram of the direct and indirect
spectroscopy and x ray absorption [8—-13]. The key ishannels in Gd4f resonant photoemission. Time estimates
that while strong MXCD effects in ferromagnets can beare based on Refs. [2,3]. (b) Same for Gg emission.
observed with photoemission and absorption, the largéc) Comparison of coherent and incoherent additions of channel
MLDAD effect in ferromagnets is solelyaphotoemission,Conmbuuons' AOQ (Al) is the direct (indirect) amplitude.

N b tion-dri This is b h d) The photoabsorption of G&'(0001), near the Gd4d
not an absorption-ariven, process. IS 1S because the Chiant resonance. The pre-peak structure occurs between photon

rality which gives rise to magnetic sensitivity is due to energies of 138—144 eV and the giant resonance is present at
the vectorial configuration in MLDAD as opposed to the photon energies above 144 eV.
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intrinsic chirality of circularly polarized x rays in the 1000 |
MXCD techniques [14]. In absorption, where there is an zEsw| -O-M
essential averaging over all emission angles, the vectoriag Z et k;:‘ls‘giv
chirality is lost. Thus, MLDAD is the ideal measurement & &4

to distinguish between photoemission and absorption pro: wof L

cesses. Angle-resolved photoemission in a magnetic sys & ar b) ¥ ata W
tem should show an MLDAD effect: x ray absorption and & ¢ '
thus Auger-like emission will show no MLDAD effect. It & '4W ‘
is this test which we have applied to the resonant photo-
emission of the G8lp and Gd f emissions. =160 -O-M
Experimental details can be found elsewhere [15—19].%F 120} h_v._=95-I:IV
Theoretical spectra were calculated in intermediate cou:
pling using Cowan’s relativistic Hartree-Fock code [20].
Radiative transitions were taken into account to first or- &
der and (s)CK transitions to infinite order [21,22]. Line E
broadening of the photoelectron state and experimen &~ “f . . .
tal resolution were included by a convolution with a O M
Lorentzian and a Gaussian, respectively. All parameters& ' e
were taken the same as in Refs. [13,23] and not adapte § & 2| hv=150eV
to suit the current measurements. Interference terms be= ) og
tween the photoemission final state continua with orbital 2
quantum number$ — 1 and1 + 1 were fully taken into
account as needed for MLDAD [21]. The interference be-
tween the direct and resonant channel was included in the
4f and excluded in thép photoemission calculation.
Before considering the photoemission spectra, let us
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review the photon energy dependence in the resonanc £ &

regime as evidenced in the x ray absorption spectrum™

The total electron yield spectrum from metallic Gd is dis- & [ 09",

played in Fig. 1(d). There is a group of weak narrow E" Os i
peaks near thdd absorption edge and a broad strong &~-20f . '1-0' |
absorption feature at higher energy, around 150 eV, fai 10 9 8 7 6
beyond thetd absorption edge. The strong intermediate Binding Energy (¢V)

coupling resulting from the exchange and Coulomb inter|G. 2. A series of experimental and theoretiggl photo-
action betweentd hole and4f electrons results in mul- emission spectra (for the two opposite magnetization direc-

tiplet splitting of the4d®4f® configuration [13]. These tions) and normalized difference curves. (&) = 150 eV,
interactions are very large due to the large radial overfohe‘?g%?r'gﬁtrggegtl?gcgi?fé %anc‘z””;iggi-me@g%ar 25@()) E\/éspg\?-
lap of the 4d .and af wave functions. Feat.u_res in the photoelectron spectra, experimental. (d) =95 eV, photo'-
4d-4f absorption curve arises from the transition from thegjeciron spectra difference, experimental. (@) = 150 eV,
ground state level of theéd!'°4f7 configuration to the nu- photoelectron spectra, theory. (v = 150 eV, photoelec-
merous intermediate levels ¢f°4f® configuration. The tron spectra difference, theory. (gp = 95 eV, photoelectron
broad maximum or giant resonance arises from the rapigPectra, theory. (hpv = 95 eV, photoelectron spectra differ-

. : 8 . ence, theory. EDC is energy distribution curve. The spectra
decay of the intermediate states from €4 f? configu- in (a), (c), (), and (g) are EDC’s, where the photon energy is

ration into a continuum with an ejected electron [24,25].held constant and the kinetic energy is scanned. PND stands
This type of giant resonance absorption has been observest peak normalized difference, where the dichroism difference
before in partially filled5f, 4f, and3d metals and their at each binding energy is divided by the sum of the two inten-
alloys and compounds [1]. sity maxima, one from each pair (following Refs. [4,19]). The

. o . photon energy of 150 eV is on resonance and 95 eV is off
Now consider thetf photoemission results. Figure 2 resonance [cf. Fig. 1(d)]. The relative intensities of the experi-

shows a set of angle-resolved energy distribution curvegental curves were determined by normalizing to the valence
(EDC's) and difference curves. These are at photon erband intensities and then correcting for the valence band cross

ergies corresponding to “on” and “off” resonance of thesections. (See Refs. [19,36].)

4d-4f giant absorption maximum. The resonant photo-

electron spectroscopy (REPES) effects are distinguisheid the Gd4f peak photoemission intensity persists on and
by comparing photoemission intensity of spectra taken owff resonance, despite the fivefold increase in signal size
(150 eV) and off (95 eV) resonance. Experimentally, itin going fromhv = 95 eV tohv = 150 eV. This behav-

is evident that the fairly strong dichroism (a few percent)ior is also seen in the theoretical spectra in Figs. 2(e) and
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2(g). Here a tenfold increase in intensity at resonance an 60 |-

a 20% dichroism is predicted. The REPES is caused by & 4, [ oM
the constructive interference [Fig. 1(a)] between the direc1'§ 2 hv=—.1—;?:v
PE channel and the indirect photoemission channel [21]E% %

Our observation of the retention of an MLDAD effect 3

in RESPES directly confirms that this transition must be g 2| b

viewed as a single step process in the case of the G 2 o

4f. {Spectra taken over the photon energy range of 142- &~ -2 L ) A
154 eV show similar but not identical effects [17—-19]. - -O-+M

B oM

The near resemblance of the pairs of theoretical spectr ey
v = €

[2(e) and 2(g)] is somewhat accidental [26]he inter-

ference between channels is necessary for the observatic
of photoemission dichroism in a regime where the indirect
channel dominates the total cross section. So this is clearl
a coherent process, as illustrated in Fig. 1(c), where cros
channel interference is crucial. Our observation of photo-

Intensity

t) PND(%) (arb.unit)
w,

f2-1
emission effects in théf emission resonance is consistent 3 § 2
with earlier related work [12,13,27—-30]. §'§

Next, let us consider th&p emission shown in Fig. 3.
[See Fig. 1(b) for the channel diagram.] Here there is a
large dichroism observed off resonanceiat= 137 eV,
with a disappearance of any dichroism on resonance
(hv = 151 eV). Inthis case, there is a threefold increase

PND(%)

experimentally and a tenfold increase theoretically in the 2%,
intensity, in going from off resonance to on resonance. Egom :
Interestingly, the peak normalized differences (PND’s) or E& ™" [
percentage dichroisms match very well between experi: 0'33‘
ment and theory. Moreover, despite using parameters de ,\E 20| n
rived elsewhere [22,23], a very good match is observec 2 zg
[~ -

between the theoretical and experimental spectra and di
ference curves, including all of the fine structure in the
5p manifold. Over the photon energy range of 138— Binding Energy (V)
150 eV, other EDC pairs exhibit similar dichroic differ- Fig. 3. Analogous to Fig. 2, with photon energies of 151
ences to that ahv = 137 eV but with strong changes and 137 eV and looking ap emission. The photon energy
in the shapes of the “raw” EDC spectra and a decreasef 151 eV is on resonance and the 137 eV is off resonance
in the dichroism percentage (PND) as the photon energ[?f- Fig. 1(d)].
moves toward the maximum of the giant resonance [26].
The disappearance correlates with the giant resonance.
Here it is clear that the second equation in Fig. 1(c) apf{28,31-34].) Now, operating within the constraint that we
plies, where the process is incoherent and emission are discussing only rare-earth resonant emission, can we
hv = 151 eV is essentially Auger-like, not a direct pho- find a correlation in the parameters used to calculate the
toemission process at all. theoretical spectra with this simple temporal picture? The
This raises a key question: ‘Why is tlg" emission required parameters can be obtained directly from Cowan’s
“photoemissionlike” and thép emission “Auger-like™?’ calculation. However, here starts the first complication
The answer may lie in the regime of time. The Costerfrom the proposed holistic model. The QGd absorp-
Kronig decay that occurs in th& emission occurs on tion spectrum consists of hundreds of different lines each
a time scale of about0~ !> sec [2]. The super-Coster- having different parameters and, therefore, a different co-
Kronig decay of thelf should be significantly faster [2,3]. herence. Fortunately, in the case of &Gfledge they di-
This would speed up the indirect channel, bringing it nearevide globally, and rather nicely, into two different regions
to the time duration of x ray absorptigm = 1077 seg (i) the pre-edge peaks and (ii) the giant resonance. We
that dominates the direct photoemission channel. Thugan deduce two things from the parameters: (a) At a given
not only must the energies of the two channels matclphotoemission decay channel, the lifetime of the states in
but also the time duration, in order to observe “true resothe pre-edge is about 10 to 20 times longer than in the giant
nant photoemission.” (Owing to complications in otherresonance. This is due to the differences in (s)CK decay
systems, e.g.3d transition metal resonant emission, we rates, as manifestly demonstrated by the strongly differ-
will restrict our discussion to Gd and the rare earths herent line widths in thetd absorption spectrum [Fig. 1(d)].
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