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Angular-dependent resonant-photoemission processes at the 2hresholds in nickel metal

M. Magnuson, A. Nilsson, M. Weinett,and N. Matensson
Department of Physics, Uppsala University, P. O. Box 530, S-751 21 Uppsala, Sweden
(Received 28 January 1999

Angle-resolved valence-band resonant-photoemission of nickel metal has been measured closg to the 2
core-level thresholds with synchrotron radiation. The well-known 6-eV correlation satellite has an intensity
enhancement of about two orders of magnitude at resonance. The angular dependence of the photoemission
intensity has been studied as function of photon energy and provides unambiguous evidence for interference
effects all the way up to the resonance maximum. The observation of different angular asymrmefaethe
valence band and the satellite is discussed in connection to the origin of the resonant-photoemission process
and the character of the satellif&0163-182@09)12827-3

[. INTRODUCTION the Ni 2p core-level thresholds. By changing the direction of
the polarization vector of the incoming photon beam, the
The phenomenon of resonant photoemission in correlaterklative strengths of the matrix elements of the individual
systems has been extensively discussed over the years, ggecesses can be varied. If the resonant-photoemission pro-
e.g., Refs. 1 and 2. A massive intensity enhancement of theess would simply be an incoherent superposition of the two
emission cross section is observed when, in addition to thehannels, the angular asymmetry paramgewould be a
direct photoemission channel, a second core-assisted Augestraightforward weighted average of those of the direct pho-
like channel is being opened. The important question in theoemission and Auger channels with the weight factors being
context of a true resonant-photoemission process is whethelirectly related to the relative intensities of the individual
the direct and indirect channels are added coherently or irprocesses. Recently, these kind of measurements have been
coherently. For resonant photoemission, the amplitudes @pplied to Ni metal and other systems by Lozl ">’
the individual processes are added. This leads to interferendghere the direct photoemission process was assumed to have
terms in the expression for the intensity, which depend ort Bpe-value of 2, corresponding to a coangular depen-
both processes. On the contrary, if the process is incoherefgnce while the Auger signal was expected to be completely
the resulting intensity is obtained as the sum of the intensilSOtropic corresponding t@,=0. However, the resolution

ties of the two individual contributions without any interfer- @1d energy tuning range did not allow to obtain d%tgiled
ence terms. The interference effects lead to the largest redi¥@/ues of thed parameter around the threshold resonarnces.

tribution of intensity when the two participating channels areWe have followed these ideas and performed detailed spec-

of similar strength. Thus, a massive intensity increase doe%onsigomc studies at high resolution and with accurate energy
not necessarily imply clearly visible interference effects. g'h . . h lar d
In connection to resonant photoemission, Ni metal ha In the present paper, we Investigate the angular depen-
. . - - ; Yence of the valence-band photoemission process in Ni at
been extensively discuss&d One way to find out if there

. t interf b he di Ehoton energies around thep Zdges. The @ edges give
are any signatures of Iinterference terms between the direylyor onnortunities for studies of resonance effects than the

photoemission and the core-hole assisted process is 10 M&gre shallow and broadep3edges since the resonances are

sure the energy dependence of the photoemission cross Sfsre separated by the larger spin-orbit splitting. The reso-
tion. A strong intensity enhancement of the well-known 6-eVpance pehavior of the 6-eV satellite at the @dges is found
satellite in Ni metal leads to a Fano profilef the photo-  to be very strong with intensities about two orders of mag-
emission cross section, which has been observed both at thyde larger than in the nonresonant case. As will be shown
11 ’
3p and 2 core-level threshold®:'* The shape of a Fano the angular asymmetry parametgis: , of the valence band
profile is determined by the asymmetry paramefeinder  and the satellite in the photoemission spectrum strongly de-
the assumption that there is an interaction between one dl%nd on the excitation energy. The details of the photon en-
crete state and a continuum. In Ref. 11, a very stronggrgy dependence show that the strong photoemission inten-
intensity enhancementg&9) was observed for the 6-eV gjty enhancement at threshold is due to a coherent

satellite. For the valence band a much smatjaralue was  syperposition of the direct photoemission and Auger-like
found (g~ 1.5). The spectral profiles could not be well fitted channels.

within the simple Fano model since the interaction probably

involves several discrete states and contitiugurthermore,

it was observed that the profiles were different in two angular

orientations giving strong evidence for interference effects.
To gain further insight into the properties of the resonant The experiments were performed using monochromatized

process, we have performed angle-resolved measurementsdynchrotron radiation at beamline 8.0thé Advanced Light

obtain the angular asymmetry for excitation energies aroun&ource Lawrence Berkeley National Laboratory. The beam-

II. EXPERIMENTAL DETAILS
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FIG. 1. A set of resonant photoemission spectra of Ni metal recorded at different excitation
energies close to the; threshold with the polarization vector at two different geometfse® text
for detailg. The spectra were excited at the energies indicated by the arrows in the x-ray absorption
spectrum in the inset. The kinetic energies are referred to the Fermi level.

line includes a 5-cm period undulator and a spherical-gratingector changes the relative weights of the direct photoemis-

monochromator. The base pressure was better than &ion and Auger matrix elements. The spectra are shown after

x 10 % Torr during preparations and measurements. Theubtraction of an integral Shirley backgroufid?

sample was a N100O single crystal, which was cleaned by  Starting with the spectra measured well below resonance

means of cyclic argon-ion bombardment and annealing ifwe observe two types of final states; valence-band states

order to remove surface contaminants. For normalizatioRyithin ~2.3 eV from the Fermi level, which dominate the

purposes, the photon flux was continuously monitored usingpectra and split-off atomicliked$ satellite states at 6 eV

a gold mesh in front of the sample. from the Fermi level. Far below and above the resonance, the
The incident radiation impinged on the sample at about 3iensities of both spectral features are much larger when the

dv_agrees grazi_ng i_ncidence With_respect to the sample Surfa‘:"—_evector is parallel to the surface normal of the sample, and
with the polarization vector at different angles relative to the X

- WCF denote this the “photoemission geometry(solid
surface plane. The photoemission spectra were measur%urves) As the excitation ener aoproaches  the
with a Scienta SES200 spectrométewith an energy reso- : gy app

lution at the Ni 2 edge of approximately 0.15 eV and with Ls-resonance maximum, the relative weight of the satellite
a monochromator resolution of 0.15 eV I.n order to avoigStates increases. For excitation energies closely belowthe

diffraction effects in the spectral intensity, the spectra werdhreshold, the intensity of the 6-eV satellite is lowest in the
always recorded at normal emission with respect to th@hotoemission geome_t?)?._At resonance, both the3band
sample surface, and the polarization vector of the incomin@”d the satellite contributions are enhanced and the intensity
photons was changed by simultaneously rotating both thé almost the same in both geometries, it is only slightly
sample and the spectrometer. higher in the photoemission geometry. The intensity en-
hancement at the resonance in the photoemission geometry is
a factor of ~2.3 and~60 for the valence band and the
satellite, respectively. Thus, the resonance behavior is pre-
Figure 1 shows on a kinetic-energy scale, a set of valencedominantly affecting the satellite final states. Above reso-
band photoemission spectra of Ni measured at different exaance, the3M 45M 45 Auger peak rapidly appears and stays
citation energies up to and above thgabsorption threshold at the same kinetic energy for excitation energies above reso-
at 852.7 eV. The excitation energies are indicated by th@ance. The nonresonant Auger intensity is essentially the
arrows in the absorption spectrum in the inset and corresame for the two experimental geometries. We denote the
spond to the Fermi level cutoff in each spectrum. The intengeometry with the lowest direct photoemission intensity as
sities were normalized to the incoming photon flux. Thethe “Auger geometry” (dotted curves The intensity en-
dashed and solid curves correspond to measurements willancement at the resonance in the Auger geometry is a factor
the E vector in the plane of the surface and parallel to theof ~9.5 and~ 180 for the valence band and the satellite,
surface normal, respectively. The angular rotation of Ehe respectively. The ;M 4sM 45 Auger peak maximum on the

Ill. RESULTS AND DISCUSSION
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FIG. 2. A series of nonresonant valence-band photoemissioﬁ'smbuuon.'S indeed |soltr0p|c in this cadethis has also
spectra of Ni recorded at 862.7 eV excitation energy for different?€€N €xperimentally confirmed for the —M;M; Auger de-
angles of the polarization vector. The peak intensities of theC@y [N atomic magnesiufii. The identical angular depen-
LsM4:M 45 Auger contribution were normalized to the same value.dence of the nonresonah—M 4sM 45 Auger spectra then
implies that also this emission is isotropic for the nonreso-

L, resonance excited at 852.7 eV is 4 times higher than fopant spectra. This provides a means to normalize the spectra

the reqular nonresonamt-M .M .« Aucer peak excited at above resonance to each other. For each angle the spectra at
864.0 %V 3ViaslVlas AUGET P different photon energies below and above thethreshold

L were then normalized to each other based on the measured
When the excitation is nonresonant, far above or below hoton flux

the 2p thresholds, the direct photoemission channel from the’ Figure 2 shows a series of nonresonant valence-band pho-

. 9 71 . .
:ﬁ;eg?:vbsgtilﬁtgi%(f;sn;?:drﬂsgg aﬂ%{sglsz]f:‘?:;ls;?::sw'mee toemission spectra of Ni metal on a binding energy scale
P i recorded at 862.7 eV as a function of the an@lewhere®

rSr?eutg[l?c b;?;tkeetsolEdIrceitgn?naéeth?h\éal,iz&zuetlggg?;;ig,;.e Ni&the angle between the surface normal and the polarization
) ’ vector of the incident light. The angl® was varied in 10

2 .
channel produces'the same type G’B.Bd's ] flnal states as degree steps between the “Auger” and “photoemission”
for the 6-eV satellite with high intensity while the contribu- . di 90° and 0° el
tion to the [3d%4s] ! valence-band final states is much geometries corresponding to 90" and 0, respectively.
The spectra in Fig. 2 consist of two main features: the

tsvr\?eaglrf’rihlgsree?unaer}t_Iﬁ(gcggt%rig'sisz'ggog]err%;saslénfggliﬁebedirect valence-band photoemission part observed at 0-10 eV
direct hotoemisgioﬁ“ P binding energy and the dominatihgM 4sM 45 Auger peak at
P : 15.5-eV “binding energy.” Both for the Auger and the pho-

One of the problems is to normalize the spectra at differs . icqion channels we observe two types of final stAtes.

ent photon energies and dn‘ferent. angles to each other. Tq% the Auger spectra we observe both bandlike final states
following procedure was adopted: Auger spectra where th ee Fig. 2 and split-off atomiclike 88 final states. The

L; and L, peaks appeared simultaneously were measure - 8 : .
well above the thresholds at different angles. After back_atommhke 3l° multiplets consists of thé'G term at the

. 3 l .
ground subtraction, the same angular dependence for Haain peak and théF, °P, and "D terms, which overlap

L,— MM and thels—M4M,s Auger peaks was ob with the bandlike states, while thkS term can be identified
2 45145 3 4545 - ihehindina. . .
served. In the two-step description, the angular distributio on the high-binding-energy side of the main Auger peak. In

he direct photoemission channé-10 e\), we observe
of the Auger electrons are described by the progict A . ) : ’ T
XC,. The alignment parametesd, is due to the p—3d similar types of final states as in the Auger peak but in this

dipole photoionization and describes the alignment of the iof - the valence-band emission is the dominant channel and
pole p 9 the 308 final states represented by the 6-eV correlation sat-

2231;;2'3&;(:223%%255.;‘hter1Qus%iro?uejczilegariéen_@ﬁSe,;\ugeerl”te gi\{es a smaller cqntr_ibu'gion. The angL_llar distr'ibution
transition, which are those of the Coulomb r,natri;< elementsOf the_: differential p_hotmom;atlon cross section for linearly
including the relative phases. For Auger decay from a Spepolanzzdég_hzgtons in the dipole approximation can be ex-
cific core-excited state, th€, parameter is assumed to be presse
photon-energy dependent in the two-step approximation.

However, the fact that the alignmentd(value for the do o,

B
L, (J=3) photoionized state is zero implies that the angular a0 4xw 1+ 5(3 cosO-1)|, @
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2.0 : ! assumption that the Auger signal is isotropic far away from
1 el ;’;‘:ﬁﬁg band 5 the resonances, see above. Thus, in Fig. 4 the meaggred

Ls ] : values of the valence band and the 6-eV satellite in the fcc Ni
= 1 il : crystal are displayed. Th8pg parameters have been evalu-
a 1 threshold eshold . L
E’ 1— e N a}ted from the two extreme geometries. The angular distribu-
T 10 *“'ﬂ W tions are found to experience strong oscillations through the
E 17 W& X V\KV ; - resonances as the photon energy is increased. The variations
2 05.] \¥ {é f - are largest for the satellite while the valence band is some-
N \ :-M7 ! what less affected. From Fig. 4 it can be seen that the Fano-
2 \ : like resonance profiles are reflected als@pr. The angular

parameterq are thus alternative manifestations of the reso-
05.] ] nant be'havio'r. o .
’ s s s IARREY. _ Starting with the valen_ce _ban_d, it is clearl_y obser\_/ed in
Photon Energy (eV) Fig. 4 that the angular distribution is very different if the
excitation energy is resonant or nonresonant. BelowlLthe
FIG. 4. Photon-energy dependence of the asymmetry parameteresonance, th@pg value starts from about 1.15 and gradu-
for the valence band and the 6-eV satellite. In particular, for theglly decreases into a sharp minimum with a value of about
satellite the negativ@ parameters below each threshold are signifi-0.4. A similar but less pronounced behavior is observed at
cant. the L, resonance. For the satellite, the effect is found to be
much stronger with a decrease of tBgg parameter into a
large asymmetric dip. In the nonresonant case, when the Au-
where o, is the absolute photoelectron cross section for gger matrix elements are not involved, tBgg value is about
certain excitation energy is the angular asymmetry param- 0.8. Closely above thé; and L, thresholds, the angular
eter and® is the angle between tHe vector and the outgo- distribution of the satellite is nearly isotropic as would be
ing electron.8=+2 corresponds to a pure ¢® behavior, expected for a pure Auger decay. A negatfge value of
whereasB=0 corresponds to an isotropic distribution. the satellite intensity is significantly found below both
Figure 3 shows the angular asymmetries of the intensitiefresholds. In the transition regiof©0-6 eV) above each
of the valence-band photoemission signal and the satellitthreshold, there is a mixture of the satellite photoemission
using the spectra in Fig. 2. The intensities are normalized t@nd Auger matrix elements that is quite different from the
the intensity maxima when the angBe is 0°, in the photo- behavior of the angular distribution of the valence band.
emission geometry. The full and dotted lines in Fig. 3 repre-Thus, in the case of the satellite, the angular distribution
sent least-square fits to E¢l). Starting with the valence strongly depends on if the Auger matrix elements are in-
band, it is interesting to note that the angular intensity distri-volved or not.
bution does not exhibit a pure ¢dsehavior corresponding to The interference effects are manifested in a pronounced
aBpe value of 2. Instead, thgpg value is found to be about decrease of th@pe values just below the thresholds, both
1.1 (solid curve. The anisotropy of the photoemission inten- for the valence band and the satellite. If we would assume
sity from a localized open shell is caused by the orbital symthat the spectra are incoherent superpositions of the photo-
metry and polarization of the shell from which the electron isemission and Auger signals, the obseryedalues would be
emitted. The angular distribution for nonresonant photoemisgiven as weighted mean values of tBevalues for the indi-
sion can thus be predicted from the dipole character of theidual processes
process. The photoionization ofchorbital yields a photo-

0.0-: ------------ %@Wj --------------- feommmnonso o asymmetry parameteg®pg and the Fano asymmetry strength

electron with angular momentum as a superpositiop and _ BpeX0opet BaXop 5

f waves. The experimental value for the valence band is Bobs= opet Op ' &
fairly close to the calculations of atomic Nid3orbitals by

Yeh and Lindat® (Bpg=1.145 at 800 ey, The photoemission intensity can be assumed to be con-

For the satellite, the angular intensity distribution is foundstant over the resonance. Singg,=0, Bop*C/(opE
to be lower than for the valence band withBag value of 4+ o,), where C is a constant. If the process would be an
about 0.8 dashed curve It is generally known that electron- incoherent superposition of the nonresonant photoemission
correlation effects play an important role for the 6-eV satel-signal with apg value of 1.15, with the isotropic Auger
lite. The photoemission spectrum of nickel metal has theresignal, the weighted mean average with the cross sections
fore often been discussed in terms of localizedmust always be positive. However, for the satellite intensity,
configurationally mixed states built from atomic a negativeB8pg value is found below each resonance, which
configurations® Thus, the difference iBpg for the valence can only be interpreted in terms of interference effects. It is
band and the satellite probably reflects the difference in thattributed to the significant destructive interference in the
symmetries of the excited states. “photoemission geometry” at these photon enerdie$he

Figure 4 shows the variation of th@-g parameters as a complex energy dependence of tggz parameter clearly
function of photon energy for the valence band and the satshows that in the case of Ni, there are not separated regimes
ellite around the P thresholds. The thresholds correspondswith fixed predetermined values corresponding to a pure
to the x-ray photoemission spectroscopy binding energiexzos® and a pure isotropic angular dependence, in the non-
The Bpe values were obtained by using E@) under the resonant and the resonant cases, respectively, as recently as-
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sumed in other publicatiorS.Instead, the large difference in tensity increase of the 6-eV-correlation satellite at threshold
the angular distribution across the ; resonances and the is found to be at least two orders of magnitude. A smaller
large asymmetry of the dips clearly show that the giant resovalue of theBpg-parameter describing the angular distribu-
nant photoemission enhancement of the 6-eV satellite is duton is found for the satellite than for the valence band since
to a coherent process involving interference terms. The behe dynamical changes over the thresholds is much greater
havior of the asymmetry parameter above each resonanckie to its different final state. The asymmetric decrease of
can be quantitatively described by assuming the incohererthe angular distribution with negatiy&-¢ values below each
superposition in Eq(2). However, this data alone does not threshold provides unambiguous evidence that interference
allow the possibility to exclude the presence of some coherterms are involved in these energy regimes, which is charac-
ent fraction. teristic of a coherent resonant photoemission process.

IV. CONCLUSIONS
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