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Conduction band satellite of Ni metal observed using 8-3d resonant inverse photoemission study
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Resonant inverse photoemission spectra of Ni metal have been obtained acrossptrebsbiption edge.
The intensity of Ni 8 band just above Fermi edge shows asymmetric Fano-like resonance. Satellite structures
are found at about 2.5 and 4.2 eV above Fermi edge, which show resonant enhancement at the absorption edge.
The satellite structures are due to a many-body configuration interaction and confirms the existedte of 3
configuration in the ground state of Ni metal.
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Inverse photoemission spectroscapES) is an impor-  studie$® provide a consistent description of its magnetic
tant technique to investigate the unoccupied density of statgyoperties and electronic structure.
(DOS) of a solid. Combining photoemission spectroscopy It is well known that the so-called “6 eV satellite” is ob-
(PES, which measures the occupied DOS, with IPES measerved in the PES spectrum at about 6 eV from Fermi energy
surements, gives us complementary information about th&g.**’ This satellite is known as the two-hole-bound state
valence and conduction band D®$he IPES technique has that means two @holes are bound in the same Ni site in the
two measurement modes: Bremsstrahlung isochromat spefinal state, and has ad3final state(3d” initial state.° An-
troscopy (BIS) mode and tunable photon energfPE)  other satellite was found at a higher energy than 6 eV and it
mode. The BIS measurements are easier than TPE measureas assigned to thed3 final state(3d® initial state.>° Fur-
ments, because it does not use a photon monochromator atftermore, it was suggested by analysis of the MCD spectra
sensitive band pass filters are available in x ray and vacuurthat the 3 configuration with®F symmetry exists with a
ultraviolet (VUV) region. This has led to the early develop- weight of 15%—-20% in the ground st&te? Sinkovic et al.
ment of x-ray BIS(XBIS) and ultraviolet BIS(UVBIS)  found triplet feature of @ configuration at 6 eV by means
techniqueg:® of spin-resolved PES,

The observation of IPES in the soft x-rg$X) region The main 3l configuration of Ni atom in Ni metal is®
corresponding to energies from several ten's of eV to abouin the ground state. From a many-body viewpoird:%and
1 keV is still experimentally difficult, because the emission3d® should be mixed in addition tod3 due to the electron
intensity in IPE is extremely weak. We succeeded in theiransfer. Then, the ferromagnetism is considered to be caused
observation of the resonant IPEBIPES of Ce(Refs. 4 and by Hund’s coupling in the @ configuration as it reduces the
5) compounds near the Celdabsorption region, using a energy cost of an electron transfer. In fact, such a viewpoint
monochromator developed for SX emission spectroscopis proposed as an origin of ferromagnetism in®Nin this
(SXES.® The obtained results are consistent with @e 3 context, an experimental measurement df @eight is of
RIPES by Weibekt al.,’” though the surface effect is strong. great importance.
Furthermore, RIPES of TiRefs. 8 and § compounds was In this study, we report resonant IPES of Ni metal across
also measured across the Ti8dge and a weak satellite has the Ni3p-absorption edge. Since the process of the IPES
been found. adds an electron to the ground state, IPES should give us

Ni metal is an itinerant ferromagnet which has been usediew information of the ground state configuration.
as a classic reference to test the validity of new experimental Figure 1 shows energy diagram of RIPES. In a normal
and theoretical techniques in the study of electronic structur®ES process, an electron that is incident upon a solid sur-
of solids. Beginning with the Stoner condition in the mean-face decays radiatively to states at lower energy. In a
field-approximation or the local density approximation 3d"™-electron system, the normal IPES process is expressed as
(LDA),° as well as many spectroscopic studies of Ni metal
have provided important insights in the study of solids, e.g.,
resonant PES.-12 angle-resolved PER, magnetic circular |3d") + & — |3d™Y) + ho, (1)
dichroism (MCD),'>16 and spin-resolved PES:1° Further-
more, UVBIS? and XBIS! spectra of Ni metal have also
been reported, as well as spin polarZed and wheree™ denotes incident electron. If the electron energy is
k-resolved>2?IPES. The observed electronic structure of Ni higher than the binding energy of a core level, the core elec-
is, however, still an important subject of study that manytron can be excited and ejected out of the system. Then, the
researchers are interested in, since it is not understood withicreated core-hole decays radiativéllyiorescenceor nonra-
standard band theory and only recent dynamical mean fieldiatively (Auger process The fluorescence process is

1098-0121/2004/109)/1931074)/$22.50 70193107-1 ©2004 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B0, 193107(2004)

o 0 O +—— i Ni metal
e (Ep) i RIPES
> Ni3d Nids

N

e,

e . P
Nidsp T e 762
Ni 3d }‘ g | ’_wfx:/rﬁwf;m««w 74.3
7 . #
i "d d \\*""J‘iw SR 72.1
= W sl ————
NS Nidd
)
= =
gl Sl Ny ®
3 idsp
/\/\/\) ] = ...-...._ B
hv E :5
- : Satellites i Tuorescened
3 resacd
E |- andhIl T -
g cale, P00 g o
= [FEOOpg main
N3 . £ % satellit
| e, RIPES e naaatl B, SN
rescence L [l L 1 N 1

' 50 60 70 80 90
Ji ‘ Excitation Energy (eV)

FIG. 1. Energy diagram of RIPES. At low energy excitation,
only normal IPES is observed. If the excitation is higher than an 0 10 20 r30
absorption edge, a core hole is created which decays by fluores- Energy above Er (eV)

cence. Near an absorption edge, RIPES process can take place.
FIG. 2. RIPES spectra of Ni metal. The dots show observed

spectra and solid lines were obtained by smoothing. The numbers
beside the spectra denote the excitation energy. The excitation en-

wherec denotes core hole. On the other hand, if the energ)?rgy in each spectrum are shown by vertical bars, which correspond

T . . . 0 Ni3d— 3p fluorescence in the high energy spectra. NliIBES
gg;hee g‘ggggéglgfégnp'rsogfssse_ to the Ny3»3d absorption peak is observed just abo:-. Ni4sp peak is also observed at

about 10 eV. Dotted lines denote the satellite structures observed
|3dn> re |3p53dn+2> R |3dn+l> +hy 3) near _the ab_sorption edge. Inset shows the int_ensity_of IPE$ f_eatures.
The filled circles and squares show the peak intensity ofd\main
would take place. Because of the interference between Eggeak and Ni4p, respectively. The filled triangles and open circles
(1) and(3), a resonance effect would be observed. show the intensity of satellite and Nd3- 3p fluorescence, respec-

IPES measurements of Ni were performed on both po|y1ivgly. The solid lines were obtained by smoothing, plotted as a
crystal and(110) single crystal. The polycrystalline sample gmde _for eyes. The open squares and trlgngles show calculated
was evaporated on Mo substrate at a pressure<af intensity of main peak and satellite, respectively.

X 10°° Torr. Measurements were performed at low temperaTng oyerall spectral resolution of this measurement was
ture of about 14 K. The cleanliness of the sample wasgpoyt 0.6 eV at excitation energy of 60 eV. The spectra were
checked by measuring GsTluorescence. The measurement normalized by emission of electron gun afid)3, since the
chamber pressure was3x 107 Torr throughout the mea- ¢ross section of emission spectra is proportional to third
surements. Single crystal was measured with some excitatigfower of photon energy.

energies(110 sample was cleaned by Ar-ion bombardment  Figure 2 shows RIPES spectra of the polycrystalline
and annealing. The cleanliness was checked by Auger anshmple, obtained for various energies across thepNas-
LEED measurements. sorption edge. Numbers beside the spectra indicate excitation

A soft x-ray monochromator, which consists of a energies. In this figure, observed spectra, which have ener-
Rowland-type grazing-incidence monochromator with a 5-gies close to excitation energies, are plotted with respect to
m-spherical grating (300 lines/mm, was used in this the relative energy from Fermi edge. The spectrum of 54 eV,
experiment.® The incidence angle of monochromator waswhich is sufficiently below the absorption edge, corresponds
fixed at an angle of 85.98°. Two types multichannel detectoto normal IPES spectrum. This spectrum agrees with the
PIAS (for wide range and CR-chain(for high resolution  spectra observed in XBf$and UVBIS?! From comparison
(Hamamatsu photonigsvere used as a photon detector. Thewith band calculationg? the structure just above Fermi edge
absolute energies of the spectra were calibrated by measurimgnd broad peak at about 10 eV are assigned tod\aigd
the Fermi edge of Au. Ni 4sp bands, respectively.

Filament-cathode-type and a BaO-cathode-type electron When the excitation energy is higher than 66.1 eV, a core
guns were used for excitation. The kinetic energy of excita€lectron is excited. Thus, the emission spectrum then in-
tion electron was calibrated by an energy analyzer. An excieludes both IPES and fluorescence components. ThalNi 3
tation electron was incident normally for polycrystal, while — 3p fluorescence peak is observed at a constant energy of
off-normal for Ni(110), because of experimental arrange-about 65 eV in emission spectra. The energy position of this
ment. The emission was observed at an angle of about 60peak is changed with changing excitation energy in Fig. 2 as

|c3d" — |3d™ 1) + ho, (2
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indicated by vertical bars. The No3peak just aboveE RN

becomes very weak when the excitation energy is around Ni metal

66.1 eV, where the fluorescence peak has almost the same

emission energy. On the other hand, Np4peak does not

seem to change its intensity with changing excitation energy.

In addition to these structures, a weak structure is observed _ sinele

at around 2.5 and 4.2 eV as indicated by the dotted line. «2 snese

These structures are observed only at the excitation near ab- Z (a) off(61.3)

sorption edge. B (65.2)
The inset in Fig. 2 shows the intensity of the IPES peaks e OS>

plotted versus the excitation energy. Filled circles and g poly.

squares denote the peak intensity of Mi&nd Ni4sp, re- E on(66.1)

spectively. The filled triangles and open circles denote the

intensity of the satellites and Nd3-3p fluorescence, re-

spectively. These intensities were obtained by rough estima- (b)

tion under the assumption that the IPES of Nighd Ni 4sp ©

have the same line shapes in every spectra. The open squares (d) on(calc.)

and triangles are calculated intensity that is discussed 5 0 S '1'0' :

below3® The Ni3d spectrum has a dip at about 66 eV and Energy above Er (¢V)

shows an asymmetric line shape typical of a Fano-type _

resonancé® A similar resonance has been observed in the FIG. 3. Comparison of on- and off-resonant specta: off-
resonant photoemission study of ¥i3° On the other hand, rgsonant spectrum of single crystélh) on-resonant spectrum of
the Ni 4sp peak does not change its intensity with changingSingle crystal,(c) on-resonant spectrum of polycrystat) calcu-
excitation energy, although at higher energies it cannot bited on-resonant spectrum with and without convolution by a
conclusively stated because of an overlap with the fluores: aussian(c=0.5 eV)). Dotted lines denote satellite structure, ar-

cence signal. The satellites are observed in the spectra eleVs show energies of Nic-3p fluorescence.

cited by 58—68 eV. The satellites seem to be enhanced at thggher than the satellite energy. Possibility of direct transi-
resonance, though the Nd3- 3p fluorescence over the sat- tion that is observed in UVBIS spectfacan be neglected,

ellite in some spectra. because the excitation energy in this study is much higher
The results show that the IPES of Ni &xhibits a reso- than UVBIS.
nance effect at the excitation energy near phedsorption Since the satellites are observed near absorption edge, it is

edge. The nominal ground state of Ni id®Zonfiguration. It  possible that the structure is caused by a many-body effect,
is thought, however, that the actual ground state consists ofas suggested by Tanaka and®3@he spectrum at bottom of
mixture of 38, 3d°, and 3i'° configurations. The intermedi- Fig. 3 shows RIPES spectra of Ni metal calculated by impu-
ate state of RIPES has amnt+2 electron state as has been rity Anderson model including many-body configuration in-
mentioned before so, only thedBinitial state can be reso- teraction effect. In the calculation, the initial state of Ni
nant in the IPES process, while thé®2and 31'%initial states  metal consists of &, 3d° and 31'° configurations, and the
cannot resonate. That is, the observed resonance confirms tHRES spectrum consists of the three structures arising from
existence of @ configuration in the ground state. The exis- the bonding, nonbonding and antibonding states of tie 3
tence of 3 configuration has been suggested by resonanind 31'° configurations. The main peak near Fermi edge cor-
PES? and MCDF'®? measurements. However, the presentresponds to the bonding state and it shows Fano-type reso-
result is the only direct experimental evidence of & 3 nance, while nonbonding and antibonding peaks at 2.5 and
initial-state configuration. 4.2 eV are resonantly enhanced at absorption edge. In this
Figure 3 shows comparison between on- and off-resonardalculation, band effect is not included. If proper band effect
spectra. The spectra ¢110) single crystal are shown in ad- is included in this calculation, the nonbonding peak would
dition to the on-resonant spectrum of polycrystal. The specbecome wide as observed in experimental results. The inten-
tra of single crystal show narrower main peak than that okity changes in this calculation are shown in Fig. 2. The
polycrystal, because these were observed in angle resolvedilculated results seem to qualitatively well-describe the in-
mode. In the on-resonance spectra of both samples, two saensity change of main peak and satellites. From the com-
ellite structures are observed at about 2.5 and 4.2 eV as iparison between the observed and calculated spectra, the
dicated by the dotted lines, while the off-resonant spectrumveight of 38 in Ni metal is estimated to be at least 10%.
does not show. A fluorescence component is expected in the As mentioned before, a satellite called the “two-hole-
on-resonance spectrum at the energy position marked by abound state” is observed at 6 eV in resonant PES spectra.
row in Fig. 3, but it is very weak compared with other struc- The satellite arises fromd8 dominant states, while the main
tures. The spectrum at the bottom shows the calculatiopeak corresponds tod3 dominant states. The nonbonding
resul®® discussed in the following. state is not observed in PES spectra. The satellite energy of
We now discuss the origin of the satellite structures. We6 eV in PES is larger than that of RIPES in this study. This is
think the satellite structures are not caused frordepen-  attributed to the fact that the satellite in PES ha8 8on-
dence of other components, because $fi geak is observed figuration and Coulomb interaction between two holes is
broadly in both sample at around 10 eV that is sufficientlymore effective, while the satellite in RIPES ha® 8onfigu-
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ration. Furthermore, in the case of PES spectra which hav&he excitation spectrum of the Nd3state shows Fano-type
3d® and 31° final states, the multiplet splitting of thed®  resonance across the Ni &bsorption edge. The results are
configuration is larger than the hybridization energy, so thatlirect evidence for existence oti8configuration in the ini-
the separation of the antibonding state from the nonbondingal state of Ni metal. The satellites are described by the
3d° state is not obvious. On the other hand, there is no mulgjuster-model calculation including many-body configuration

tiplet splitting due to Coulomb interaction in the final statesinteraction effects. This result helps, in understanding the
of IPES, because the final states ha &nd 31*° configu-  ferromagnetism on Ni metal.

rations. Thus, the nonbonding state would become observ-
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