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Resonant photoemission in CeNi single crystals
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The valence-band photoemission of the (010) surfaces of CeNi single crystals has been observed. The
features occurring in angle-resolved normal-emission spectra do not show an appreciable amount of
dispersion. The energy distribution curves are squeezed and narrower than those suggested by an exist-
ing energy-band calculation. Resonant photoemission has been observed both near the 3p core electron
excitation threshold of Ni and the 4d threshold of Ce. An aspect of the super-Coster-Kronig final state
with a post-collision interaction is found near the onset of the resonance in the two-hole bound-state
satellite. In addition to the two-peak profile in the overall spectral aspect of the 4f spectrum, two addi-
tional features are resolved. The origin of these features is discussed. The ratio of Fano's q parameters
between the 3p-3d resonance in Ni ions and the 4d 4f resonance in-Ce ions agrees with a result of a sim-

ple theoretical analysis.

I. INTRODUCTION

Valence-band photoelectron spectroscopy using syn-
chrotron radiation is one of the most powerful tools for
investigating the electronic structures of valence-
fiuctuating rare-earth compounds, where 4f states of a
rare-earth ion are occupied by a nonintegral number of
electrons. ' In the investigation of Ce and its com-
pounds by means of valence-band photoelectron spectros-
copy, we have been concerned mainly with the electronic
structures of Ce 4f electrons to which anomalous
thermal, electric, and magnetic properties, as well as the
Kondo volume collapse, have been ascribed. The contri-
bution of Ce 4f electrons to a valence-band photoelectron
spectrum can be extracted by utilizing the existence of a
maximum in the photon-energy dependence of the 4f
partial photoionization cross section and the resonant
photoemission, which occurs near the inner-shell electron
excitation threshold of cerium. ' The photoelectron
spectra with the He resonance lines have been used to an-
alyze the Ce 4f contribution to the photoelectron spectra
with high resolution. ' ' The specific aspect of the 4f
spectra of Ce compounds is the two-peak profile. One
peak occurs at the Fermi edge and the other between 2
and 3 eV below it. Although the energy-band theory
often explains the overall profiles of the photoelectron en-
ergy distribution curves (EDC's), the occurrence of the
two-peak profiles of the 4f spectra could not be explained

by the energy-band theory without considering the exci-
tation of the system. '

Many theoretical works for explaining the two-peak
profile of 4f spectra have been reported. ' Many of
the theories are based on more or less similar physical
pictures, and Ce 4f spectra are calculated using the im-
purity Anderson Hamiltonian. In the theories, the hy-
bridization between Ce 4f states and the conduction-
electron states plays a crucial role. In the case of insula-
tors such as halides, the hybridization takes place be-
tween the Ce 4f states and the valence states of neighbor-
ing negative ions. ' In principle, three kinds of elec-
tronic configurations, 4f L, 4f 'L, and 4f L are impor-
tant in the ground state. Here, I. represents the filled
conduction band, I the state with a hole in the conduc-
tion band, and L the state with two holes. The ex-
istence of the three configurations, 4f L, 4f'L, and
4f L, in the ground state is strongly suggested by x-ray
photoemission spectroscopy (XPS) core-level spectra. In
the limit of large intra-atomic Coulomb energy, U, of 4f
electrons, the 4f L configuration does not actually
occur, and the major qualitative aspects of 4f spectra in
the valence-band region are expressed in this limiting
case. Most calculations are made using only 4f L and
4f'L configurations in the ground state. Since the 4f
state is Nf fold degenerate-, the basis state from the 4f 'L
configuration includes a linear combination of the prod-
uct of the substates and component states of the hybri-
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dized conduction band. The summation is made over all
4f substates and the whole hybridized conduction-band
states. The coefficients of the linear combination, which
make an important contribution to the 4f spectrum, are
obtained by numerically solving integral equations de-
rived from the impurity Anderson Hamiltonian. The
fluctuating valence is expressed by the configuration rnix-
ing, where one configuration corresponds to one basis
function.

In most cases, the 4f spectra are calculated using one-
particle Green's functions in the resolvent formalism.
Major emphasis has been placed on clarifying the mecha-
nism of the formation of the Kondo peak at the Fermi
edge. A typical example is found in the article by Gun-
narsson and Schonhammer. ' They used the I /N& ex-
pansion idea in the limit of large Xf." The emission of a
4f electron causes the transition 4f 'L ~4f L. Since the
4f L state mixes with the 4f 'L state through the hy-
bridization, substates arising from these two kinds of
configurations exist in the final state and the matrix ele-
ments between them crucially affect the energy depen-
dence of the Green's function. The energy difference be-
tween the interacting and the noninteracting ground
states almost cancels out the renormalized 4f energy, and
the 4f spectral weight has a pole at an energy that is al-
most vanishing. This gives rise to the sharp Kondo peak.
The appearance of the second peak is not so obvious as
that of the Kondo peak. Mathematically, the second
peak is introduced by the renormalized 4f level, which
causes another minimum in the denominator of the spec-
tral function, and the hybridization modifies it so that the
oscillator strength is transferred to the Kondo peak re-
gion. Thus, in the case of weak hybridization, the second
peak is somewhat similar to the spectrum of the virtual
bound state formed by a localized state, with a discrete
level embedded in the continuum of a conduction-
electron state interacting with the localized state through
hybridization. Experimentally, this is distinct in the
spectra of Ce compounds with low Ce concentrations. '

Gunnarsson and Schonhammer also calculated XPS
core-level spectra which are characterized by satellites
refiecting the states of 4f electrons in the valence shells.
The important parameters such as the fraction of the 4f
occupancy, the magnitude of the hybridization, the value
of U, and the renormalized energy of 4f states are ob-
tained by data analyses, and they are reasonably com-
pared with those from thermodynamic data. '

In the two-configuration model, it is not quite clear to
how much of an extent the model reproduces the ob-
served two-peak profiles in the valence-band spectra.
This is a result of employing a smooth featureless
density-of-states (DOS) curve for conduction electrons in
the theoretical calculation. Takeshige, Sakai, and
Kasuya, Watanabe and Sakuma, and Sakuma,
Kuramoto, and Watanabe showed that the profile of a
4f spectrum, particularly the second peak, is quite depen-
dent on the magnitude and the profile of the hybridiza-
tion function, V(c.), which is closely related to the DOS.
One possible way to apply theories to the real systems is
to use V(E) calculated by means of an energy-band ap-
proximation. ' The calculations using this revised

model cause the Kondo peak to be smeared and the ob-
served two-peak profile in some representative materials
to be better reproduced. The calculation clearly illustrat-
ed how the two-peak profile depends on the Kondo tem-
perature, on the value of U, and on the magnitude of hy-
bridization.

In experiments, the constant-initial-state (CIS) spec-
trum of each peak in the two-peak profile near the 4d 4f-
resonance slightly different from one another. This is
the result of the Coulomb interaction between a 4f elec-
tron and a core hole existing in the intermediate state
which implicitly modifies the energy distribution of sub-
levels and leads to the modification of final states which
are somewhat different from those in off-resonance emis-
sion. Theoretically, Sakuma et aI. ' obtained different
CIS curves in the limit of an infinite 4f-4f Coulomb ener-
gy, U, whereas Gunnarsson and Li calculated CIS
curves in the case of a finite value of U. .

For finite temperatures, the occupation of sublevels of
the 4f state is determined by the statistical distribution
rule. This is important in treating the effect of the spin-
orbit splitting of the 4f levels. Watanabe and Saku-
ma and Sakuma, Kuramoto, and Watanabe carried
out the finite-temperature calculations of the Green's
function using the perturbation expansion and the non-
crossing approximation. Since only a single tempera-
ture corresponding to 0.03 eV is adopted, the tempera-
ture dependence of the spectral profile over a wide range
of temperature is not recognizable in an explicit way.
The temperature dependence of the valence-band spectra
has also been calculated by Patthey et al. The impor-
tance of removing phonon broadening in obtaining accu-
rate 4f spectra has been shown experimentally by
Wescke et al. ' and Patthey and co-workers. ' ' ' How-
ever, no systematic investigation of the temperature
dependence appears to have been reported on the heavy
fermion system.

The spin-orbit interaction of a 4f electron gives rise to
additional features in the two-peak profile, particularly in
the Kondo peak region. Experimentally, fine structures
ascribable to the spin-orbit interaction were ob-
served. ' ' ' ' ' Theoretically, the shapes of the spec-
tral features brought about by the spin-orbit interaction
are sensitively affected by the magnitude and the energy
dependence of the hybridization. ' ' Since the number
of 4f electrons in a cerium ion in the final state is practi-
cally one or zero, and the weight of the 4f L
configuration is small, the multiplet effect does not come
into the argument of the 4f partial EDC. In the resonant
photoemission, the multiplet splitting in the intermediate
state shows up in excitation spectra. An interesting as-
pect of the spin-orbit interaction is the occurrence of a
satellite. Recently, the importance of the screening by
the 5d electron has been emphasized by Takeshige, Sakai,
and Kasuya. The screening effect has been considered
mostly in the form of the hybridization between the 4f
states and other valence states. In many cases, the fd-
mixing model has been used for the analyses of the two
4f peak profiles in the valence-band photoemission spec-
tra and also the satellites observed in the core-level pho-
toemission spectra. By the calculation on CeSb based on
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the cluster model, they explained the origin of the satel-
lites, which appear at the higher binding-energy side of
the core-level and 4f spectra, and are attributed to the
plasmon side band corresponding to the p-d antibonding
states.

The present status of theoretical studies based on the
impurity Anderson Hamiltonian may be representatively
summarized as above. So far, only the origin of the two-
peak profile has been accepted, and others appear to be
more or less still controversial. In order to present more
refined data durable enough for a detailed comparison be-
tween experimental results and theoretical calculation, a
kind of breakthrough in the experiments should be made.
Some recent experimental investigations are aiming at
this direction. ' ' ' From the experimental point of
view, it is very important to improve the sample condi-
tion. Clean surfaces are prepared, usually by a vacuum
deposition, an ion bombardment, scraping with files,
fracturing, and cleaving. Among these, cleaving has ad-
vantages over other sample preparations by its simplicity
and its repeatability, although only a limited number of
materials can be cleaved.

In this paper, we present the angle-resolved and reso-
nant photoemission spectra of CeNi single crystals for ex-
citation energies around the Ni 3p and Ce 4d thresholds.
We selected CeNi as one of the typical cleavable mixed-
valent materials. The cleaved (010) surfaces were used in
experiments. From the physical point of view, CeNi is a
quite interesting system, since two different types of local-
ized electrons exist in this material. One is the 4f elec-
tron of Ce and the other is the 3d electrons of Ni. In me-
tallic Ni, 3d electrons are basically itinerant and their lo-
calized nature cannot be ignored completely. The result-
ing effect of electron correlation produces specific aspects
in photoelectron spectra such as the narrow 3d band and
the two-hole bound-state satellite. It is also interest-
ing to examine many-electron effects of 3d electrons in-
teracting with localized 4f electrons of Ce.

The intermetallic compound CeNi is a well-known
mixed-valent material. CeNi has the CrB-type crystal
structure with lattice parameters a=3.77 A, b=10.46
A, and c =4.37 A. ' The magnetic susceptibility is aniso-
tropic, reflecting the CrB-type orthorhombic crystal
structure. It follows the Curie-Weiss law above 200 K
and makes a broad maximum around 140 K. Since the b
axis is more than twice as large as other two main axes,
the crystal is cleavable along the (010) plane perpendicu-
lar to the b axis. This is consistent with the fact that the
bonding strength along the b axis is weaker and the
energy-band dispersion is smaller than those along the a
and c axes. The Kondo temperature of CeNi is about 150
K. The coefficient of the electronic specific heat is mea-
sured to be 85 mJ/mole K, and magnetoresistance and
cyclotron mass are found to be about ten times larger
than those of LaNi. ' Concerning with optical studies,
XPS and bremsstrahlung isochromat spectroscopy (BIS)
spectra have been reported by Fuggle et al. ' and Hille-
brecht and co-workers. ' From the analyses of satel-
lites occurring in the XPS spectra of Ce 3d electrons,
they concluded that the electronic configuration in the
ground state is formed by 4f L, 4f 'L, and 4f L 2. The

weight of the 4f L configuration is small. In BIS spec-
tra, they observed a pronounced peak just above the Fer-
mi edge and a broadband at about 5 eV above the edge
with a half-width of about 4 eV. They ascribed the peak
near the Fermi edge to the state arising from the 4f 'L
configuration and the broadband to the unresolved multi-
plet lines arising from the 4f L configuration.

Recently, Yamagami and Hasegawa calculated the
energy-band structures of CeNi and LaNi using the self-
consistent relativistic augmented-plane-wave (APW)
method with exchange and correlation potentials ob-
tained by the local-density approximation. They calcu-
lated the shapes of the Fermi surfaces and showed that
their results explain the origin of the frequency branches
of the de Haas —van Alphen effect of CeNi observed ex-
perimentally. On the basis of this result, they suggested
that 4f electrons are itinerant in the ground state in
CeNi. The width of the Ce 4f band is calculated to be
about 0.8 eV and the center of the 4f band is located 0.4
eV above the Fermi level in the ground state.

II. EXPERIMENT

Valence-band photoelectron spectra were measured
with a commercially available photoelectron spectrome-
ter, VG ADES 500, which was installed in the beam line
BL-18A of the Photon Factory ring. Synchrotron radia-
tion from the Photon Factory ring was monochromatized
with a constant-deviation-angle monochromator and fo-
cused to a size of 0.8 mm in a diameter on a sample sur-
face to excite photoelectrons. The monochromator has
two different deviation angles and four spherical gratings
to cover a wide photon-energy range from 8 to 150 eV. A
resolving power of the monochromator is larger than
1000 when entrance and exit slits of 100 pm are used.
The maximum output photon intensity around 60 eV is
about 10" photons/s with an energy resolution of 60
meV.

VCz ADES 500 has two hemispherical photoelectron-
energy analyzers; one is used for angle-resolved photo-
electron spectroscopy (ARPES) and the other is used for
angle-integrated photoelectron spectroscopy (AIPES).
The analyzer for ARPES measurements has a resolving
power of about 100 and an angular resolution of +0.5 .
In order to obtain such an energy resolution, we had to
replace the entrance and exit slits of the electron-energy
analyzer supplied by the manufacturer with ones with
smaller diameters. We also modified several parts in the
electron-counting system and in the electric circuits. The
analyzer for AIPES measurements, called CLAM, has an
electrostatic lens system. The resolving power of this
analyzer is about 50. The lens receives photoelectrons
emitted in a cone with a vertical angle of 24'. In the
present experimental arrangement, where the sample sur-
face is placed normal to the lens axis, the fraction of k~~

components included in the measured total momenta of
photoelectrons is less than 20% of that of k~ com-
ponents. Consequently, AIPES spectra in the normal-
emission mode obtained in the present experiments are
somewhat closely related to ARPES spectra. In spite of
this, we ca11 the spectra measured with the CLAM
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analyzer AIPES spectra here. The CLAM analyzer was
also used for XPS by using Al Ka and Mg Ko. radiation
from an x-ray tube attached to the spectrometer. The
XPS spectra are used for inspecting surface degradation.
The ARPES measurements were carried out for examin-
ing the overall aspects of spectral profiles. The AIPES
experiments were carried out for observing resonant pho-
toemission. The overall instrumental resolution was
determined by the width of 10—90% photoelectron in-
tensities at the Fermi edge of Pd at room temperature.
The resolution of ARPES spectra was 0.14 eV at 20-eV
excitation. This instrumental energy width can be re-
duced to less than 0.05 eV at 15-eV excitation at liquid-
nitrogen temperature. The typical energy resolution of
AIPES spectra in the present study was 0.24 eV at an ex-
citation energy of 60 and 0.36 eV at 120 eV.

The CeNi samples used in the experiments were
prepared by melting component metals in an argon atmo-
sphere to produce polycrystalline compounds. The puri-
ty of the component metals, Ce and Ni, were 3N and 4N,
respectively. The single-crystal CeNi was grown in a vac-
uum utilizing a tungsten crucible by the Czochralski
pulling method. The pulling speed was 10 mm/h and the
speed of rotation was 5 rpm. Part of the single crystal
was pulverized and the crystal structure was confirmed to
be the orthorhombic CrB-type structure by an x-ray
powder diffraction pattern, from which the lattice param-
eters a, b, and c were obtained. The directions of the
crystallographic axes were determined by the x-ray
back-reAection Laue method and samples were shaped
into rectangular prisms along the principal axes by a
spark erosion. The clean (010) surface was obtained by
cleaving the sample in a vacuum with a knife edge.
Well-defined low-energy electron-diffraction (LEED) pat-
terns were found confirming the good long-range order
on the cleaved (010) surfaces. Surface contamination was
examined by measuring the intensities of 0 1s and C 1s
core levels in XPS spectra. Since the contamination be-
came noticeable in a few hours after cleaving, we repeat-
ed cleaving to obtain the fresh (010) surfaces. In all spec-
tra shown here, the coverage of oxygen was less than

~p

monolayer and carbon was less than the detection limit.
The LaNi samples used in the present experiments were
prepared in the same procedure as CeNi samples.

In valence-band spectra for excitation energies below
about 60 eV, the binding energies of observed features
varied slightly upon cleaving, and intensities changed
more obviously. These changes were not recognized in
photoelectron spectra for higher excitation energies. We
attributed these variations to small differences of surface
orientations among differently cleaved surfaces. Photo-
emission spectra presented here were obtained using sin-
gle cleaved surfaces unless otherwise noticed.

The pressure around samples during experiments was
less than 5 X 10 " Torr. All photoelectron spectra
presented below, except ARPES spectra, were normal-
ized to the intensity of incident photons. All photoemis-
sion measurements were carried out at room temperature
and the location of the Fermi edge was checked repeated-
ly with gold films deposited on the sample holder by in
situ evaporation.

III. RESULTS AND DISCUSSION

A. Overall aspect

I I

CeNi (010)
ARPES
(normal emission)

hv (eV)
60.1"""- ""-

49.3 "" "

dz

O 37.0 .... ""-''z
~ -22.8.

19.8 "-..0

a

4 3 2 1 0
BINDING ENERGY (eV)

FIG. 1. Angle-resolved normal-emission photoelectron spec-
tra of a CeNi single crystal in the valence-band region. The an-
gle of incidence of the synchrotron radiation Oi =45 and the po-
larization of the electric vector is parallel to the sample surface.
Features are designated as a through d. Excitation energies are
indicated on the left-hand sides of the spectra.

Figure 1 shows the ARPES spectra of a CeNi single
crystal. Photoelectrons emitted normally from the
cleaved (010) surface were collected. The instrumental
energy resolution was 0.14 eV at an excitation energy of
19.8 and 0.24 eV at 60.1 eV. Valence-band spectra con-
sist of four features, which are labeled a through d in the
spectrum for the 37.0-eV excitation, as an example. The
photoelectron intensities at different excitation energies
are normalized by the peak intensity of feature b. The
binding energy of feature a remains almost constant at
0.1 eV. This feature is not like a well-defined single peak
but appears to have a composite structure. The binding
energies of features b, c, and d slightly change as the pho-
ton energy increases from 19.8 to 60.1 eV. However, the
magnitudes of the changes are small. The intensity of
feature b located at 1.0 eV in spectra for excitations
below 22.8 eV becomes recognizable at excitations above
19.8 eV. This feature forms a well-defined peak and is
shifted to 1.1 eV in the spectra for excitations at 49.3 and
37.0 eV. Feature c does not form a well-defined peak and
has a composite structure. The binding energy of this
feature shows a small amount of excitation energy depen-
dence between 19.8 and 60.1 eV. Feature d is not clearly
observed in the spectra at low excitation energy, 22.8 and
19.8 eV. Therefore, the electronic state responsible for
feature d gives quite a small ionization cross section at a
low excitation energy.

Since photoelectrons were emitted normally from the
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(010) surface, the EDC's represent the energy levels lying
in the b axis in the Brillouin zone, if the energy states we
are concerned with are describable by the energy-band
picture. Yamagami and Hasegawa illustrated the
energy-band dispersion along the 6, X, C, H, E, 3, A,
and D axes. The energy-band structure of CeNi is similar
to that of LaNi, particularly in the binding-energy region
below the Fermi level. One exception is that a few extra
bands are produced, owing to the existence of a 4f elec-
tron in CeNi. In Fig. 2, the calculated energy bands and
the one-dimensional DOS along the 5 axis are repro-
duced. Along the 6 axis, a band without dispersion is lo-
cated about 0.2 eV below the Fermi level. This band
arises from the states with a strong f dhybrid-ization and
is expected to give corresponding spectral feature in
ARPES spectra at binding energy of 0.2 eV. However,
we could not clearly resolve the fine structure in feature
a, which is attributed to the spin-orbit interaction, due to
a rather large instrumental energy width in the present
study.

According to the energy bands shown in Fig. 2, a gap
with a width of 1.2 eV exists between a sharp band near
the Fermi edge and the bands originating from the 3d
states of Ni. The bands which originate from the 3d
states of Ni along the 6 axis are divided into two groups.
One is centered around the binding energy of 1.7 eV and
has an overall width of 0.3 eV. This group of bands is re-
ferred to as the upper bands. The component bands show
very small amounts of dispersion, less than 0.15 eV at
most in the Brillouin zone. The second group of the
bands originating from the 3d electrons of Ni, the lower
bands, exist in the binding-energy region from 2.2 to 3.7
eV. The maximum amount of dispersion expected in a
component band is 0.3 eV.

The calculated partial DOS curves do not contradict
the observed ARPES spectra qualitatively except for the
squeeze of the Ni 3d bands in observed spectra, although
the ionization cross section and the polarization selection
rule modify the DOS curves to yield an optical DOS
curve to be compared with experimental results. Howev-
er, crucial discrepancies are found in the location of the

features and the absence of the band gaps among the
features. In the ARPES spectra shown in Fig. 1, we
could not relate every feature in the spectra with the ex-
pected spectral feature from the band calculation. One
possible interpretation of this discrepancy is that, since
the width of the Brillouin zone along the b direction is
about 0.60 A ', only a small change of the excitation en-

ergy corresponds to a large transition in the momentum
space and, consequently, this makes it difticult to observe
the dispersion of the energy bands in ARPES spectra.
Furthermore, in ARPES spectra at a higher excitation
energy region, momentum and/or lifetime broadening
effects may increase and each spectral feature represents
the composition of many energy bands along the 5 direc-
tion within the energy resolution of the photoemission
spectra.

The observed Ce 4f-derived feature a is located at 0.1

eV from the Fermi edge and has a composite structure.
Qualitatively, feature b in Fig. 1 is a possible candidate
for an emission band arising from the upper bands.
Feature c appears to have an unresolved composite struc-
ture and could be a possible candidate for the lines aris-
ing from the lower bands if the absence of the gap be-
tween features b and c is disregarded. However, the bind-
ing energies of the features b and c are smaller than those
predicted from the calculated energy bands. For feature
d, there is no correspondence between the observed
ARPES spectra and the calculated energy bands. In the
calculated energy bands along the 6 axis, the band aris-
ing from 4s electrons gf Ni and 6s electrons of Ce extends
from 4.3 to 5.4 eV. The emission line arising from these
bands is not resolved in the spectra shown in Fig. 1. The
ionization cross sections of 4s electrons of Ni are an order
of magnitude smaller than those of 3d electrons of Ni and
4f electrons of Ce for excitation energies around 20 eV.
The difference of the ionization cross sections increases
further as the excitation energy increases. The calculated
energy-band structure does not appear to explain feature
d. This feature is not found in spectra for excitations
below 25 eV. This is consistent with the result of the cal-
culation of Yeh and Lindau that the ionization cross
section of a Ce 4f electron falls exponentially below 30
eV. As a consequence, we ascribe feature d to the 4f
states of Ce.

It should be remarked that the energy-band picture
could not explain the occurrence of satellites of core-
levels photoemission spectra' ' ' and the two-peak
profile of the 4f spectra. The two-peak profile in BIS
spectra also could not be explained by the energy-band
picture. The 4f states of Ce in CeNi are better under-
stood by a localized-electron picture and those of other
electrons by a squeezed-energy-band picture.

B. 3p-3d resonance

4 2 0
BINDING ENERGY (eV)

FICx. 2. Calculated energy-band dispersion and the one-
dirnensional density of states along the I -6-Y direction in CeNi.

The valence-band photoelectron spectra of a CeNi sin-
gle crystal measured in the AIPES mode at excitation en-
ergies near the Ni 3p threshold are shown in Fig. 3. In
each spectrum in Fig. 3, the locations of features are indi-
cated by vertical bars and labeled a through g in the spec-
trum at an excitation energy of, for example, 60.1 eV.
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EDC s for 60.1- and 55.3-eV excitations in Fig. 3 are il-
lustrated after multiplying by a factor of 0.5. The bind-
ing energies of features a and b are equal to those ob-
tained in ARPES spectra. The binding energy of the
feature labeled as b in Fig. 3 does not coincide with

FICs. 3. Valence-band photoelectron spectra of CeNi mea-
sured in the AIPES mode by excitations near the Ni 3p thresh-
old. Features are designated by letters a through g. The loca-
tions of features e, f, and g are indicated by black triangles.
White triangles illustrate trion peaks. The locations of Mp 3 VV
sCK lines observable at excitation energies above 66.9 eV are in-
dicated by full vertical bars, and their locations expected to
occur for excitations below 65.9 eV are indicated by broken
vertical bars.

those of feature b in the ARPES spectra in Fig. 1. How-
ever, feature b' is ascribed here to the states leading to
the upper band of the Ni 3d states. The contribution
from the states other than those on the 6 axis in the Bril-
louin zone may cause small changes of the binding ener-
gies of the spectral features in the AIPES mode. Features
denoted as e, f, and g are discernible on the high
binding-energy side of the main valence band. In the re-
gion between 4 and 13 eV, a part of the spectrum for
60.1-eV excitation is shown by multiplying by a factor of
2.5, where a solid curve is presented so that the existence
of features e, f, and g is readily visible. The locations of
features e, f, and g are indicated by black triangles in
spectra for excitations at energies other than 60.1 eV.
The binding energy of each feature is listed in Table I, to-
gether with the parameters q, I, and h vo describing the
Fano line shapes for the excitation spectra of the 3p-3d
resonance in Ni ions and the 4d-4f resonance in Ce ions.

The Mz 3 VV super-Coster-Kronig (sCK) lines are dis-
cernible in observed EDC's at excitation energies larger
than 65.9 eV. The locations of the major features of the
sCK spectra, specified by constant kinetic energies, are il-
lustrated by full vertical bars in Fig. 3. At an excitation
energy of 66.9 eV, the sCK lines completely overlap
features e and f. At excitation energies lower than 65.9
eV, the sCK lines disappear. The locations expected for
low excitation energies are indicated by broken vertical
bars. Instead, a feature occurs below feature f. The lo-
cation of this feature is indicated by a white triangle in
each spectrum. The binding energy of this new feature is
shifted toward low binding energy as the excitation ener-

gy is decreased. At the excitation energy of 65.9 eV,
feature f merges into this new feature and only one peak
is manifest at a binding energy indicated by a black trian-
gle in the figure. For excitation energies of 65.0 and 64. 1

eV, a composite profile is recognized in the region of
feature f and the new feature. At excitation energies
lower than 60.1 eV, the new feature is not resolved.

The binding energies of features e, f, and g are con-
stant irrespective of the excitation energy. We assign
features e and f to the two-hole bound state at a Ni ion
site. The spectral profile of e and f have been interpreted
as a composite structure arising from multiplet lines of
the 3d configuration, although the two-hole state is in-
duced by a complete solid-state process in which two

TABLE I. Binding energies of features in EDC's of CeNi in the valence-band region. The experi-
mentally determined values of' the parameters q and I, and of the resonance energy h vo, describing the
Fano line shapes in excitation spectra for the Ni 3p-3d resonance and the Ce 4d 4f resonance are also-
given.

c& (eV) hv (eV)
Ni (3p-3d)

q I (eV) hv (ev)
Ce (4d4f)-

I (eV)

a
I

C

d
e

g

0.2
1.3
1.8
2.7
5 ' 3
6.7

10.6

68 ~ 3
68 ~ 5

67.2

0.517
0.531

3.25

6.72
6.41

5.90

119.9
120.0
120.1

120.5

2.35
2.26
2.25
2.28

6.47
4.92
5.41
5.90
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holes occur at a single ion site, owing to the multiple
scattering between two 3d holes through the intra-atomic
Coulomb interaction. Possible multiplets are 'G, F, 'D,
P, and 'S. If further interactions such as the spin-orbit

effect in the core state are not negligible, more features
are introduced and the two-hole bound-state spectrum
has a complicated profile. In this case, two features e and
f in Fig. 3, are ascribable mostly to the F and 'G, multi-
ples, respectively.

Features e, f, and g are resonantly enhanced above the
3p threshold of Ni located around 65 eV in CeNi. This is
clearly seen in Fig. 3. The 3p-3d resonance of the two-
hole bound state and the main valence band has so far
been reported for Ni and its compounds, and their reso-
nant behavior has been investigated extensively.
However, a group of features denoted with white trian-
gles in Fig. 3 has not been reported. We tentatively pro-
pose a model of the sCK final state with a post-collision
interaction of the trion type, ' where the screening of
3d holes is incomplete and a quasibound state consisting
of two 3d holes and a trapped electron is formed. This
will be discussed with more detailed experimental data
elsewhere.

The 3p-3d resonance in Ni compounds occurs at pho-
ton energies at which 3p core electrons are excited to the
3d states. There, the sCK decay of a 3p hole combined
with 3d electrons takes place simultaneously as the 3p
hole is created by photoabsorption. Since the direct
emission of 3d electrons and their resonant emission
occur at the same photon energies, both excitations inter-
fere with each other, and the excitation spectrum has a
specific shape called the Fano profile. Although the
Fano profile has a few different analytical forms depend-
ing on the electronic states describing systems, ' the
simplest form reproduces observed spectra in many cases.
The Pano profile of the ionization cross section in its sim-
plest form is written as

V,c~(e, e~) represents the matrix element of the sCK
transition and is roughly equal to (el, v 1/r» ~v, c &. In
the case of the resonant photoemission, the sum of c~
and the energy of an emitted electron, c, is equal to the
excitation energy of h v,' h v, is the energy of a discrete ex-
citation of a core electron to a valence-shell state. In the
present case,

~
v & and ~c & are ~3d & and ~3p &, respective-

ly. Practically, the excitation-energy dependence of pa-
rameters I and q is ignored and they are treated as con-
stants characteristic of features in an EDC. The excita-
tion spectrum of a feature with a fixed binding energy in
an EDC, a constant-initial-state (CIS) spectrum, consists
of the resonant part given by Eq. (1), and nonresonant
background arising from the overlapping tail of the cross
section of the direct ionization of a valence-state electron
which does not resonate.

Figure 4 shows the photon-energy dependence of pho-
toelectron intensities for various features in the valence-
band region. They are actually CIS spectra. Curves
denoted a, b', c, f, and g represent CIS spectra for
respective features in EDC's in Fig. 3. The photoelectron
intensity at each feature was measured after subtracting a
smooth background due to inelastically scattered elec-
trons. No other data processing was made in the pro-
cedure. The excitation-energy dependence of the total
photoelectron intensity obtained by integrating the inten-
sity over the whole valence-band region is also known as
total yield in Fig. 4. CIS spectra for features d and e are
not presented. The intensity of feature d changes very lit-
tle as the photon energy changes. The situation is almost
the same as in the CIS spectrum for feature a in Fig. 4.
Feature e is resonantly enhanced, as is obvious in Fig. 3.
However, its weak intensity is crucially dependent on the
procedure of the background subtraction and cannot be

I I

CCNi

o(hv, e~) =oo(hv, s~)

[h v —h vo(sz )+q(h v, e~ )I (h v, s~ )]
[hv —hvo(e~)] +[I (hv, e~)]

1 [V,cx(hv, e~)]
C

(2)

where h v is the photon energy and h vo represents the res-
onance energy. The cross section of the direct ionization
of a valence-state electron contributing the resonance,
o.o(h v, e~ ), is a smooth function of h v. It is characteris-
tic of a feature with a binding energy cz in an EDC. The
parameters vo, I, and q are renormalized quantities and
their leading terms are approximated as follows:

a

2 k&jg~—&~~ ~+-g
( I I I I

55 60 65 70 75
PHOTON ENERGY (eV)

80

I =~[VcK(s, e~))~,

(v/~/c &

harv, c„(el/r/v &

Here,
~
v &, ~c &, and

~
el & are state vectors of a valence-

shell electron, a core electron, and a photoelectron, re-
spectively, and ~ is the optical transition operator.

FIG. 4. Photon-energy dependence of photoelectron intensi-
ties at various features, CIS spectra, in the valence-band region
near the Ni 3p threshold. Broken lines connect the CIS spectra
for the same features in EDC's obtained using diFerent samples.
Curves denoted as a, b', c, f, and g represent CIS spectra for
respective features in EDC's. Full and chain lines illustrate the
Fano profiles. The curve denoted as total illustrates the yield
spectrum.



6892 T. KASHIWAKURA et al.

performed without introducing serious errors. CIS spec-
tra for excitation energies higher than 64 eV were ob-
tained using a different sample from that used in measur-
ing CIS curves for excitation energies lower than 61 eV.
CIS spectra in the two different spectral regions are con-
nected with broken lines.

The CIS spectrum of the satellite feature f shows
definite resonant enhancement near the Ni 3p threshold.
This is a common aspect of the two-hole bound state
created on a Ni ion. CIS spectrum g shows a consider-
able enhancement. However, most of the enhancement is
spurious and caused by the M2 3 VV sCK lines superim-
posed on feature g. The resonance of feature g will be
discussed elsewhere. CIS spectra b' and c illustrate that
conspicuous changes occur near the 3p threshold. They
show dip features frequently referred to as antiresonance
profiles. The existence of the dips is also noted in a
difference spectrum shown in Fig. 5.

To summarize the shape of the excitation spectrum of
each feature shown in Fig. 4, we assumed the Fano line
shape for each excitation spectrum and evaluated the
Fano parameters. They are tabulated in Table I. The
Fano profiles with parameters hvo, q, and I given in
Table I are illustrated with full and dashed lines for spec-
tra a, b', c, and f in Fig. 4. Since CIS spectra in the re-
gion below 61 eV cannot be connected smoothly with
those above 64 eV, the curves showing the Fano profiles
below 64 eV are illustrated with dashed lines. They are
shifted parallel along the ordinate to yield full lines below
64 eV. Since features b' and c overlap one another appre-
ciably, the Fano profiles exhibited in Fig. 4 may not be
accurate for b' and c features. In principle, matrix ele-
ments occurring in Eqs. (2)—(4) are not equal between
states responsible for two distinct features in an EDC.
Thus the distinct Pano profiles result from distinct
features. We ignored this in the curve fitting shown in
Fig. 4, since it is impossible to isolate features b and c
from one another. We rather expect that the matrix ele-

ments describing the Fano profiles are not much different
and the neglect of the overlap of features b' and c does
not introduce a serious error.

The q values for features b' and c are smaller than that
for feature f. On the other hand, the I values for
features b' and c are larger than that for feature f. On
the basis of the simplest interpretation of the parameters
given in Eqs. (2) and (3), the straightforward consequence
of these results is that V,cK is larger for transitions in-
cluding the states for the main 3d band than that for the
satellite transition. The resonance energy hvo is slightly
different between b' and c. The q value and the resonance
energy of the satellite are consistent with those obtained
in a Ni single crystal. ' The occurrence of the
valence-band satellite and the similarity of the 3p-3d reso-
nance aspect to a Ni single crystal imply that the average
number of the 3d holes per atom in the ground state and
the degree of localization of the 3d states in CeNi are al-
most the same as in metallic Ni, in which the average 3d
configuration is 3d . However, the discussion
throughout this section has been made implicitly under
the assumption of the 3d' configuration with a mixture
of the 3d configuration in the ground state.

Figure 5 shows a difference spectrum obtained by sub-
tracting the off-resonance EDC at an excitation energy of
64.1 eV from the on-resonance EDC at an excitation en-
ergy of 66.9 eV. Both EDC's were measured in the
AIPES mode. Vertical bars labeled a through g in the
figure correspond to the respective features labeled by the
same letters in Fig. 3. It is evident in the figure that the
difference is negative in the main band region and posi-
tive in the satellite region. This shows the antiresonant
nature of the main 3d band and the resonant nature of
the satellite. This aspect is also found in metallic Ni
(Refs. 50—54) and some Ni compounds. The analysis
of this phenomenon in CeNi will be presented else-
where.

C. 4f states

CeNi f
Difference Spectrum

g

z o -.-. ';:..";.--"::::;:::

cI

c b,

12 8
BINDING ENERGY (eV)

FICx. 5. Difference spectrum between on- and off-resonance
EDC's near the Ni 3p threshold. After subtracting a smooth
background due to inelastically scattered electrons, the
difference spectrum is obtained by subtracting the spectrum at
an excitation energy of 64.1 eV from that at an excitation energy
of 66.9 eV. Vertical bars labeled a through g indicate the loca-
tions of respective features in EDC's.

One of the major purposes of the present study is to
draw out the 4f partial DOS curve. We utilized the 4d-
4f resonant photoemission to obtain the partial EDC for
the 4f state of Ce. Figure 6 shows EDC's in the valence-
band region near the Ce 4d threshold measured in the
AIPES mode. The instrumental resolution was 0.37 eV
at 109.4 eV and 0.43 eV at 133.9 eV. The spectral profile
at the lowest excitation energy 109.4 eV is almost the
same as that at the highest excitation energy 79.2 eV in
Fig. 3. Prominent features discernible in the valence-
band region are indicated and labeled by letters a through
f in the figure. These features are the same as those in
Fig. 3. All spectral features in the main-band region are
resonantly enhanced near the Ce 4d threshold. Satellite
feature f is not enhanced by excitations just above the Ce
4d threshold. Among features in the main band, features
a and d show salient enhancement above the threshold.

Figure 7 shows the excitation spectra for features a, b',
c, d, and f. Each curve is designated as a through f
which correspond to respective features in EDC's. The
curve denoted as total yield represents the photon-energy



47 RESONANT PHOTOEMISSION IN CeNi SINGLE CRYSTALS 6893

CeNi
AIPES

hv (ev)
133.9

130.0

126.1

g 1240

122.1

—121.1
zC/I

— 120.1z—
Z — f

i ig. i
C
M

118.2
O

117.2
C4

116.2

b' '

c!b

115.2

112.3

109.4

10 8 6 4 2
BINDING ENERGY (eV)

I I

CeNi
I I I

total yield

FIG. 6. Valence-band photoelectron spectra of a CeNi mea-
sured in the AIPES mode by excitations near the Ce 4d thresh-
old. Features are designated as a through d and f. The excita-
tion energy is indicated on the left-hand side of each spectrum.

dependence of the total photoelectron intensity obtained
by integrating the intensity of emitted electrons over the
valence-band region. The excitation spectra are CIS
spectra, and particularly, those for features b' and c may
be affected by superposition to a considerable extent, as
in the 3p-3d resonance. As we did in the case of the 3p-
3d resonance, we ignore the effect of this overlap. CIS
curves a through d are approximated by the Fano line
shapes. The obtained q values, I values, and resonance
energies are presented in Table I. The fitted Fano line
shapes are illustrated with full lines running through
measured points. In Ce compounds, the 4d 4f tran-sition
causes weak absorption lines due to multiplet states of the
4d 4f configuration in the final state, which are attain-
able only by spin-forbidden transitions. In the resonant
photoemission, such multiplet states occur in the inter-
mediate state. The energy distribution of the spin-
forbidden multiplets in the intermediate state shows up in
the excitation spectra. In Fig. 7, the presence of the mul-
tiplet lines are not resolved, but their presence is well
recognized at the lower excitation-energy region. In the
figure, they are illustrated by connecting measured points
with dotted lines. The spin-allowed multiplets merge into
the giant excitation band.

The q values of features a, b', c, and d have almost the
same value. The resonance energies for the different
features are almost the same around 120 eV. It is quite
interesting to note that the excitation spectra of the 4d-4f
resonance have profiles distinct from those of the 3p-3d
resonance in the main-band region. For example, curves
a and d in Fig. 7 have shapes of the resonance type,
whereas curves b' and c in Fig. 4 have shapes of the an-
tiresonance type. This is well expressed as a difference in
the value of q. The q value for the 4d 4f resonance is-
about 2.3 (the average of the values for curves a and d in
Table I) and that for the 3p-3d resonance is about 0.52
(the average of the values for curves b' and c). On the
other hand, the value of I, which is a measure of the
sCK matrix element as shown by Eq. (3), is almost equal,
as exhibited in Table I. Therefore, the difference in the
line shapes of the excitation spectra is attributed to a
difference in the ratio of the transition matrix element ap-
pearing in Eq. (4). In a more quantitative comparison,
the ratio of the q value of the 4d-4f resonance to that of
the 3p-3d resonance is estimated to be 4.4. From Eqs. (3)
and (4), this ratio is approximated as

q(4d 4f ) o (4d )o (3d )—I (3p —3d )

q(3p —3d ) o.(4f )o (3p )I (4d 4f)—(5)

i.o

I I I I I I

105 110 115 120 125 130
PHOTON ENERGY (eV)

FIG. 7. Photon-energy dependence of photoelectron intensi-
ties at various features, CIS spectra, in the valence-band region
near the Ce 4d threshold. Curves denoted as a through d and f
represent CIS spectra for representative features in EDC's. Full
lines illustrate the Fano profiles, except for curve f In the re-.
gion of spin-forbidden transitions, measured points are connect-
ed with dotted lines.

where o(nl) is the excitation cross section of an nl elec-
tron at the resonance energy. Using the values of I given
in Table I and o(nl) estim. ated from the calculated

29values, we evaluated the ratio of the q values given in
Eq. (5). The result gives a value of 4.2, which is in excel-
lent agreement with the experimental value 4.4, given
above. We find such good agreement in spite of the fact
that the rigorous Fano parameters contain corrections
arising from many-electron efFects such as hybridization,
multiplet interactions, and hopping of 3d electrons as
well as other conduction electrons. Good agreement ob-
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tained here reveals that the Fano parameters are mostly
determined by one-particie atomic orbitals, although
some amounts of accidental coincidence are not ruled
out.

In order to find which part of the spectrum is
enhanced, we compare the standard spectrum for an exci-
tation at 64.1 eV with an on-resonance spectrum for an
excitation at 121.1 eV, and the spectrum of LaNi mea-
sured by an excitation at 64. 1 eV (Fig. 8). All the spectra
in the figure were measured in the AIPES mode and the
spectral intensities are normalized at the highest peak.
Features are indicated in the same manner as in Fig. 6.
Arrows show the part where the resonant enhancement is
discernible. Comparing the spectra for CeNi and LaNi at
64.1 eV, it is evident that features a and d in CeNi are
caused by the emission of 4f electrons. The comparison
of the 64.1-eV spectrum with the on-resonance spectrum
show that the apparent enhancement is observed at
features a and d and an additional enhancement around
feature b. As already discussed, features b and c are as-
cribed to the states originating from the 3d states of Ni.
This is consistent with the observed profile of the
valence-band emission of LaNi.

In order to derive the energy distribution of the 4f par-
tial density of states, it is more straightforward to obtain
a difference spectrum between on- and off-resonance spec-
tra. Figure 9 shows the difference spectra obtained by
subtracting the off-resonance spectrum at 115.2-eV exci-
tation from the spectra at excitation energies above the
4d electron threshold, which are indicated on the respec-
tive spectrum. The locations of the features in original
EDC's are indicated on the difference spectrum for an ex-
citation of 120.1 eV. It is obvious in the figure that the
resonantly enhanced region spreads over whole valence-
band region. Satellite f does not show resonance. It is
also evident that two prominent features grow around
features a and d. This shows that the 4f partial EDC has
a two-peak profile as an overall aspect.

In order to observe the 4f spectrum of CeNi more pre-

b'

I b
C

I. . I

hv (eV)

ceNi I. ..:

121.1 I

0
64. 1

l I I I I

5 4 3 2 1
BINDING ENERGY (eV)

CeNi

LaNi

FICx. 8. Comparison between on- and off-resonance EDC's of
CeNi, and with an EDC of LaNi ~ The excitation energy for the
on-resonance spectrum is 121.1 eV and that for other two spec-
tra 64.1 eV. Features are indicated by vertical bars with letters
a through d. Arrows indicate the parts where enhancement
occur.

I
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FIG. 9. Difference spectra subtracting the spectrum for an
excitation at 115.2 eV, where the 4f photoelectron intensity is
the minimum from those for excitations at various energies
shown at each spectrum. The locations of features in original
EDC's are indicated by vertical bars with letters a through f.
Note composite structures in the two-peak features.

cisely, the AIPES spectra on- and off-resonance were
measured with an increased resolution, and the difference
spectrum was obtained. The energy resolution in the
difference spectrum was 0.30 eV. The result is shown in
Fig. 10, which illustrates a spectrum obtained by sub-
tracting the EDC measured at an excitation energy of
115.2 eV (antiresonance minimum) from the EDC mea-
sured at an excitation energy of 122.1 eV (resonance max-
imum). The standard spectrum measured by an excita-
tion at 64.1 eV is also shown in Fig. 10. Features are in-
dicated by letters a through d. Since the ionization cross
section of a 3d electron of Ni decreases as the excitation
energy increases, the obtained difference spectrum is
affected by this excitation-energy dependence in such a
way that spurious features due to the 3d states of Ni may
emerge in the spectrum. It is quite difficult to find a right
way to correct this effect. One possible way is to correct
by the photon-energy dependence of Ni 3d partial photo-
ionization cross section. This sort of correction was
made using the calculated 3d partial cross sections of the
Ni atom. The difference spectrum obtained by using the
corrected EDC s is shown by a full line in Fig. 10. This
spectrum may not be the true 4f spectrum, since the
correction may have altered the intensity of the true 4f
partial EDC's. However, one aspect is common in the
spectra with and without the correction. The additional
two features indicated by arrows are manifest at binding
energies of 0.85 and 1.7 eV. We conclude that the
features indicated by arrows in Fig. 10 are real and not
artificial ones introduced by the subtraction. In particu-
lar, the occurrence of the feature at 0.85 eV shown in Fig.
10 is also evident in the on-resonance spectrum shown in
Fig. 9. The feature located at 0.85 eV in the difference
spectrum is not from feature b found in the ARPES spec-
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FIG. 10. Diff'erence spectrum between the on-resonance
EDC (122.1 eV} and the off-resonance EDC (115.2 eV) measured
with an increased resolution. The EDC for the 64.1-eV excita-
tion is also shown for comparison. Features in the EDC are in-

dicated by vertical bars with letters a through d. The curve il-

lustrated with a full line represents the difference spectrum ob-
tained by using EDC's after the difference in the photoioniza-
tion cross sections between 115.2 and 122.1 eV was corrected.
Arrows indicate the locations of additional features at 0.85 and
1.7 eV in the diff'erence spectrum.

tra shown in Figs. 1 and 8, since feature b is located
below the Fermi edge by 1 eV. In a few photoemission
experiments on Ce compounds, ' ' it was found that
the resonance enhancement of the 4f emission does not
form a spectrum with an isolated two-peak structure, but
with two peaks with some weak features between them.
However, not much attention has been paid so far con-
cerning the origin of this structure.

What we find concerning the 4f spectrum in the
present study is twofold. First, the gross aspect of the
spectrum is specified by the two-peak profile, one peak at
the Fermi edge and the other at 2.7 eV. Second, addi-
tional features are manifest at 0.85 and 1.7 eV. In Sec. I,
we have described a brief summary of representative
theories based on the Anderson Hamiltonian about the
occurrence of the two-peak profile. Here we interpret
our 4f spectrum basically as described by the impurity
Anderson model. According to this model, a sharp line
with a spin-orbit satellite is expected to occur at the Fer-
mi edge in the ground state. This pair of lines is often at-
tributed to the spin-orbit-split pair of j=

—,
' and —,', occur-

ring near the Fermi edge. Theoretically, the feature at
the Fermi edge remains even at high temperatures.
The magnitude of the separation between the main spike
and the satellite line is too small to resolve in the present
study. Instead, a single broader peak that is somewhat
smeared is expected to be found. We assign the feature
revealed at the Fermi edge to the broadened spike feature
in the present study of CeNi. As a natural consequence
of the assignment mentioned above, we assign the second
broad peak at 2.7 eV to the renormalized 4f level hybri-

dized with the states originating from the 3d electrons of
Ni. Since the states arising from the 3d electrons of Ni
form comparatively narrow bands, the second peak due
to the renormalized 4f states gives rise to a well-defined

peak near the bottom of the 4f energy distribution. The
hybridization between Ce 4f and Ni 4s, Ce Sd and 6s
states wi11 not alter the spectral feature of the 2.7-eV

peak, since the DOS for those Ni 4s, Ce 5d and 6s states
are rather Aat and spread over the whole valence band, as
can be seen in Fig. 2 and in comparison with the off-
resonance EDC's for CeNi and LaNi in Fig. 8.

We believe that the features at 0.85 and 1.7 eV are not
spurious like those introduced by the contamination of
sample surfaces. As mentioned in Sec. II, we repeated
cleaving to prepare fresh surfaces and confirmed this.
Another possibility for the extrinsic origin is the surface
effect. It was pointed out by Laubschat et al. ' and
Weschke et al. ' that Ce atoms at surface layers give ex-
tra 4f emission bands to the 4f spectrum. They found
this surface eft'ect by comparing the 4f spectra obtained
by the 4d 4f resonan-ce with those by the 3d 4f reso--
nance. However, features introduced by surface atoms
are not so sharp as the ones observed in the present
study. The sample surface prepared by evaporation or
scraping with a diamond fi1e consist of many facets whose
direction is oriented randomly. This may cause us to ob-
serve averaged surface electronic states, i.e., the broaden-
ing of the features in EDC introduced by surface atoms.

Most of theoretical studies have dealt with the 4f par-
tial DOS in the ground state or the final state of photo-
emission. However, the intermediate state also gives an
infiuence on the 4f spectra obtained by resonant photo-
emission. This is because a core hole produced by photo-
absorption in the intermediate state affects the final-state
energy. Gunnarsson and Li ' showed how this effect
modifies the EDC to be observed experimentally. Thus it
is almost impossible to draw out the real partial DOS
curve for 4f electrons in the ground state accurately by
means of optical spectra. In spite of this fact, we postu-
late that the 4f partial EDC's obtained here are very
close to the 4f partial DOS curve. Therefore, we con-
clude that the additional features occurring at 0.85 and
1.7 eV are intrinsic to the bulk 4f spectrum.

Recently, Hufner ' pointed out the importance of the
alternative theoretical explanation, the multichannel
screening mechanism, ' to interpret the two-peak
profile in the valence-band spectra. The main advantage
of this theory over the theories based on the impurity An-
derson Hamiltonian is that it is not based on the model
with adjustable parameters. The peak feature at the Fer-
mi edge is considered to be the Ce 4f photoexcited final
state screened by f electrons, and the peak at the lower
binding energy is the one screened by d electrons. The
theory assumes that the 4f electrons behave as band elec-
trons and the photoexcited final state can be described by
a band calculation with an appropriate approximation. If
the photoemission spectra can be reproduced by a band
calculation, it may not be undesirable that the observed
4f final state screened by d electrons has small features at
0.85 and 1.7 eV. However, it is not clear yet that the
theory could explain the spectral features we observed in
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this study.
At present, the novel aspect of the 4f spectrum ob-

served here cannot be analyzed further. A detailed
theoretical investigation is necessary to give a definite
conclusion to the origin of the additional structures be-
tween two 4f-originated peaks.

ACKNO%'LEDGMENTS

The authors are indebted to Professor Y. Murata and
Dr. M. Kubota of the Institute for Solid State Physics,

University of Tokyo, and the staff members of the Photon
Factory, the National Laboratory for High Energy Phys-
ics, for the support and assistance for the present study.
The authors thank Professor T. Kasuya for useful com-
ments. One of the authors (T.I.) thanks Professor A. Ko-
tani, Professor G. Kaindl, and Professor O. Sakai for
stimulating discussions. The present study was partly
supported by Grant-In-Aids from the Ministry of Educa-
tion, Science, and Culture (Nos. 01634009, 02216108, and
63634008).

'Handbook on Physics and Chemistry of Rare Earths, edited by
K. A. Gschneider, Jr., L. Eyring, and S. Hufner (North-
Holland, Amsterdam, 1987), Vol. 10.

2Valence Instabilities, edited by P. Wachter and H. Boppart
(North-Holland, Amsterdam, 1982).

Valence Fluctuations in Solids, edited by L. M. Falicov, W.
Hanke, and M. P. Maple (North-Holland, Amsterdam, 1981).

4J. W. Allen, S.-J. Oh, O. Gunnarsson, K. Schonhammer, M. B.
Maple, M.S. Torikachvili, and I. Lindau, Adv. Phys. 35, 275
(1986).

~W. Lenth, F. Lutz, J. Barth, G. Kalkoffen, and C. Kunz, Phys.
Rev. Lett. 41, 1185 (1978).

L. I, Jonansson, J. W. Allen, T. Gustafsson, I ~ Lindau, and S.
B. M. Hagstrom, Solid State Commun. 28, 53 (1978).

7A. Franciosi, J. H. Weaver, N. Martensson, and M. Croft,
Phys. Rev. B 24, 3651 (1981).

8H. Sugawara, A. Kakizaki, I. Nagakura, T. Ishii, T. Komatsu-
bara, and T. Kasuya, J. Phys. Soc. Jpn. 51, 915 (1982).

D. J. Peterman, J. H. Weaver, and M. Croft, Phys. Rev. B 25,
5530 (1982).

' J. C. Fuggle, F. U. Hillebrecht, Z. Zolnierek, R. Lasser, C.
Freiburg, O. Gunnarsson, and K. Schonhamrner, Phys. Rev.
B 27, 7330 (1983).

'R. D. Parks, S. Raaen, M. L. den Boer, Y.-S. Chang, and G.
P. Williams, J. Magn. Magn. Mater. 474448, 163 (1985).
K. Naito, Y. Onuki, T. Kornatsubara, T. Miyahara, H. Kato,
S. Sato, K. Soda, S. Asaoka, and T. Ishii, J. Phys. Soc. Jpn.
55, 4349 (1986).
K. Soda, T. Mori, Y. Onuki, T. Komatsubara, and T. Ishii, J.
Phys. Soc. Jpn. 57, 1699 (1988).
A. Fujimori, T. Miyahara, T. Koide, T. Shidara, H. Kato, H.
Fukutani, and S. Sato, Phys. Rev. B 38, 7789 (1988).

~5C. Laubschat, E. Weschke, C. Holtz, M. Domke, O. Strebel,
and G. Kaindl, Phys. Rev. Lett. 65, 1639 (1990).

~ E. Weschke, C. Laubschat, T. Simmons, M. Domke, O. Stre-
bel, and G. Kaindl, Phys. Rev. B 44, 8304 (1991).
J. J. Joyce, A. J. Arko, J. Lawrence, P. C. Canfield, Z. Fisk, R.
J. Bartlett, and J. D. Thompson, Phys. Rev. Lett. 68, 236
(1992).
D. M. Wieliczka, C. G. Olson, and D. W. Lynch, Phys. Rev.
Lett. 52, 2180 (1984).
F. Patthey, B. Delly, W.-D. Schneider, and Y. Baer, Phys.
Rev. Lett. 55, 1518 (1985)~

F. Patthey, W.-D. Schneider, Y. Baer, and B. Delley, Phys.
Rev. B 34, 2967 (1986).

'S. Hufner, Z. Phys. B 86, 241 (1992).
2M. R. Norman, D. D. Koelling, and A. J. Freeman, Phys.

Rev. B 31, 6251 (1985).
P. S. Reiseborough, Solid State Commun. 57, 721 (1986).

24K. Okada and A. Kotani, in Core Level Spectroscopy in Con-

densed Systems, edited by J. Kanamori and A. Kotani
(Springer-Verlag, Berlin, 1987), p. 64.

A. Fujimori, Phys. Rev. B 28, 4489 (1983).
O. Gunnersson and K. Schonhammer, Phys. Rev. B 28, 4315
(1983).

O. Gunnersson and K. Schonhammer, Phys. Rev. B 31, 4815
(1985).

28M. Takeshige, O. Sakai, and T. Kasuya, J. Magn. Magn.
Mater. 52, 363 (1985).
T. Watanabe and A. Sakuma, Phys. Rev. B 31, 6320 (1985).

oA. Sakuma, Y. Kuramoto, and T. Watanabe, Phys. Rev. B 34,
2231(1986).
A. Sakuma, Y. Kuramoto, T. Watanabe, and C. Horie, J.
Magn. Magn. Mater. 52, 393 (1985).

O. Gunnarsson and T. C. Li, Phys. Rev. B 36, 9488 (1987).
Y. Kuramoto, Z. Phys. B 53, 37 (1983).
F. Patthey, J.-M. Imer, W.-D. Schneider, H. Beck, and Y.
Baer, Phys. Rev. B 42, 8864 (1990).

35M. Takeshige, O. Sakai, and T. Kasuya, J. Phys. Soc. Jpn. 60,
666 (1991).
N. E. Bickers, Rev. Mod. Phys. 59, 845 (1987).
L. C. Davis, J. Appl. Phys. 59, R25 (1986), and references
therein.
D. R. Penn, Phys. Rev. Lett. 42, 921 (1979).

9S. C. Wu, C. K. Lok, J. Sokolov, F. Jona, and A. Taleb-
Ibrahmi, Phys. Rev. B 39, 1058 (1989).

4oD. Gignoux, F. Givord, R. Lernaire, and F. Tassett, J. Less-
Common Metals 94, 165 (1983).

'J. J. Finney and A. Rosenzweig, Acta Crystallogr. 14, 69
(1961).
Y. Isikawa, K. Mori, A. Fujii, and K. Sato, J. Phys. Soc. Jpn.
55, 3165 (1986).

43Y. Isikawa, K. Mori, T. Mizushima, A. Fujii, H. Takeda, and
K. Sato, J. Magn. Magn. Mater. 70, 385 (1987).

44Y. Onuki, Y. Kurosawa, K. Maezawa, I. Uehara, Y. Isikawa,
and K. Sato, J. Phys. Soc. Jpn. 58, 3705 (1989).

45F. U. Hillebrecht, J. C. Fuggle, G. A. Sawatzky, M. Campag-
na, O. Gunnarsson, and K. Schonhammer, Phys. Rev. B 30,
1777 (1985).

F. U. Hillebrecht and M. Campagna, Ref. 1, Chap. 70.
47H. Yarnagami and A. Hasegawa, J. Phys. Soc. Jpn. 60, 1011

(1991).
J. J. Yeh and I. Lindau, At. Data Nucl. Data Tables 32, 1

(1985).
N. Martensson, R. Nyholm, and B. Johansson, Phys. Rev. B
30, 2245 (1984).
C. Gillot, Y. Ballu, J. Paigne, J. Lecante, K. P. Jain, P. Thiry,
R. Pinchaux, Y. Petroff, and L. M. Falicov, Phys. Rev. Lett.
39, 1632 (1977).

5~J. Barth, G. KalkoAen, and C. Kunz, Phys. Lett. 74A, 360



47 RESONANT PHOTOEMISSION IN CeNi SINGLE CRYSTALS 6897

(1979).
~~W. Eberhardt and E. W. Plummer, Phys. Rev. B 21, 3245

(1980).
J. Igarashi, J. Phys. Soc. Jpn. 59, 348 (1990).

~4J. Igarashi, J. Phys. Soc. Jpn. 54, 2762 (1985).
~~A. Kakizaki, T. Kashiwakura, T. Kinoshita, T. Ishii, Y. Isi-

kawa, S. Suzuki, T. Okane, and S. Sato (unpublished).
~~A. Kakizaki, K. Sugeno, T. Ishii, H. Sugawara, I. Nagakura,

and S. Shin, Phys. Rev. B 28, 1026 (1983).
S.-J. Oh, J. W. Allen, I. Lindau, and J. C. Mikkelssen, Jr.,
Phys. Rev. B 26, 4845 (1982).
A. Fujimori, F. Minami, and S. Sugano, Phys. Rev. B 29, 5225
(1984).

~~L. C. Davis and L. A. Feldkamp, Phys. Rev. B 23, 6239
(1981).
L. A. Feldkamp and L. C. Davis, Phys. Rev. Lett. 43, 151

(1979).
'L. C. Davis, Phys. Rev. B 25, 2912 (1982).
J. C. Parlebas, A. Kotani, and J. Kanamori, Solid State Com-
mun. 41, 439 (1982);J. Phys. Soc. Jpn. 51, 124 (1982).
U. Fano, Phys. Rev. 124, 1866 (1961).
A. Shibatani (Kotani) and Y. Toyozawa, J. Phys. Soc. Jpn. 25,
335 (1968).

~~A. Kotani and Y. Toyozawa, in Synchrotron Radiation, edited
by C. Kunz (Springer-Verlag, Heidelberg, 1979), p. 196.
C.-O. Almbladh and L. Hedin, in Handbook on Synchrotron
Radiation, edited by E. E. Koch (North-Holland, Amster-
dam, 1983), Vol. 1b, p. 607.

Y. Yafet, Phys. Rev. B 21, 5023 (1980).
K. Soda, T. Mori, S. Asaoka, T. Ishii, Y. Onuki, and T.
Komatsubara, J. Phys. Soc. Jpn. 56, 2486 (1987).


