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Electronic structures of RNis (R = Y, Ce, Pr, and Nd) are investigated systematically by using

photoemission spectroscopy (PES) and compared with those of RCoz. Double-peak structures are
observed in the R 4f PES spectra, in which the spectral weight near Es decreases from Ce to Pr
and Nd, suggesting a decrease in the R 4f Ni 3d—hybridization from Ce to Pr and Nd. For the
same R, the spectral weight near EJ: in RNiz is smaller than that in RCo2, implying a smaller R
4f hybridization with Ni 3d electrons in RNis than with Co 3d electrons in RCoz. These trends are

consistent with those in the calculated hybridization matrix elements for RMz (M = Co and Ni). A

pronounced Ni 3d satellite is observed, which arises from Ni 3d Coulomb correlation effects. The Ni

3d partial spectral weight distribution in RNiq exhibits important discrepancies from the calculated
Ni 3d angular momentum projected local density of states (PLDOS), such as peak positions and line

shapes, indicating substantial Ni 3d correlation effects. These discrepancies are qualitatively similar

to, and quantitatively larger than, those for RCo2. Quasiparticle spectral densities are calculated

by using the Hubbard Hamiltonian and including Co and Ni 3d electron correlation effects, which

yield a better agreement with PES spectra than the local-density approximation PLDOS's.

I. INTRODUCTION

For rare earth (R) —transition metal (M) intermetal-
lic compounds, it is generally considered that magnetic
properties of R-cobalt (Co) or R-iron (Fe) compounds are
primarily associated with Co or Fe sublattices, whereas in
R-nickel (Ni) compounds, magnetic interactions involve

only the R sublattice. ' Magnetism of M 3d electrons
in the R-M compounds can be described by itinerant
magnetism, implying that M 3d electron Coulomb corre-
lation effects are well described by one-electron band the-

ory. Theoretical band structures of CeM2 (M = Fe, Co,
and Ni), s CeCos, 4 GdCos, s and NdzFeq4B, s obtained by
using the local-density-functional approximation (LDA),
support itinerant magnetism of M 3d electrons in these
compounds. The calculated band structure of Nd2Feq4B
also yields reasonably good agreement with Fe 3d spectra
which are obtained by using photoemission spectroscopy
(PES). In contrast, recent PES studies of RCoz with R =
Ce, Pr, and Nd, indicate that there are substantial corre-
lation effects not only among R 4f but also among Co 3d
electrons, and that the estimated Co 3d Coulomb correla-
tion energy (Ugq) is comparable to the Co 3d bandwidth.
Thus it is still controversial whether magnetic properties
and electronic structures of M 3d electrons in these com-
pounds can be consistently described by a band theory.
In addition, the role of R 4f electrons in magnetism in
these compounds is not fully understood yet.

To resolve these issues, we extend our previous PES
investigation of RCoz to RNi2 compounds (R = Ce, Pr,
and Nd), which are structural counterparts of RCoz but
are magnetically simpler than RCo2 because Ni sublat-
tices are nearly nonmagnetic. Studies of magnetic prop-
erties for RNi2 indicate that YNi2, CeNi2, and PrNi2 are
paramagnetic, and NdNi2 is ferromagnetic with a Curie
temperature (Tc;) 16 K.~ Note for comparison that
YCo2 and CeCo2 are paramagnetic, while PrCo2 and
NdCo~ are ferromagnetic, with T~ 50 K and 120
K, respectively. Based on the systematic comparison of
electronic structures of RNi2 and RCo2, we have tried
to correlate Co and Ni 3d Coulomb correlation eKects
with their electronic structures and magnetism. It is ex-

pected that correlation e6'ects in the Ni 3d PES spectra
will be more clearly identified because Coulomb corre-
lation interactions among Ni 3d electrons in RNi2 are
known to be larger than those among Co 3d electrons in
RCoz. Furthermore, the relation between R 4f spectral
features and their magnetic properties may be separated
out more easily in RNi2 than in RCo2.

In this paper we report valence-band PES results for

RNi2, with R = Y, Ce, Pr, and Nd. This paper is or-

ganized as follows. In Sec. II, experimental and compu-
tational details are described. In Sec. III, PES results
for BNi2 are presented. In Sec. IV, hybridization in-

teractions between R 4f and Co and Ni 3d electrons are
discussed. The measured PES spectra of RNi~ and RCo2
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(dashed lines), with R = Ce, Pr, and Nd. The extraction
procedures are explained in Ref. 7. Results for RNi2 are
new, and those for RCo2 are taken from Ref. 7. Sev-
eral interesting features are observed. (i) The extracted
4f PES spectra exhibit double-peak structures, i.e., one
well below EF and the other near EF, in which the spec-
tral weight near EF decreases &om Ce to Pr and Nd for
both RNi2 and RCo2. The peaks well below EF cor-
respond to the trivalent R 4f" ~ 4f" ~ transitions. ~

Note that pure Pr metal exhibits two peaks attributable
to 4f electrons, ~s similar to the structures observed in
Ce materials. The peaks near EF are known to arise
from hybridization effects between R 4f and conduction
electrons. ~~22 (ii) For the same R, the spectral intensity
near EF relative to that of the trivalent peak is lower in
RNi2 than in RCo2. Further, the FWHM (full width at
half maximum) of the trivalent peak in RNi2 is narrower
than that in RCo2 (R = Pr and Nd). The linewidths of
trivalent R 4f peaks and the features near E~ will be
further discussed in Sec. IV A. (iii) The positions of the
trivalent R 4f" ~ 4f" ~ transitions (ey) in these com-
pounds are shifted to slightly higher binding energies (by

0.5 eV), as compared to pure rare earth metals. 2s

IV. DISCUSSION

A. Hybridization efFects in R 4f spectra

In the previous section, it was mentioned that the
FWHM's of trivalent R 4f PES peaks in RNi2 are nar-
rower than those of RCo2 (R = Pr and Nd). Dif-
ferences in the trivalent R 4f linewidths of RNi2 and
RCo2 may arise from the differences in the following fac-
tors: (i) hybridization between R 4f and near neigh-
bor M 3d electrons, (ii) a lifetime broadening due to
an Auger recombination, 24 (iii) the presence of surface-
shifted trivalent R 4f emissions, 2s'2s 2s or (iv) an inho-
mogeneity of the samples due to the presence of grain
boundaries, which is estimated to be less than 5%.

Hybridization broadening of the R 4f spectrum de-
pends on the magnitude of the hybridization matrix ele-
ment and the valence-band DOS at the energy position
of the R 4f transitions. ~ As will be discussed below in
Table I, the calculated hybridization matrix elements
for RCo2 are larger than those for RNi2, supporting hy-
bridization broadening as one of the possible mechanisms
for the trivalent R 4f peak widths. Regarding the second
possibility, there is a large probability of an interatomic
Auger process for RM2 (M = Co and Ni), as compared
to pure R metals. This is because the total number of
valence-band electrons in RM2 is larger than that in pure
R metals, mainly due to Co and Ni 3d electrons, which
will lead to interatomic Auger recombination. However,
the number of Ni 3d electrons is larger than that of Co
3d electrons, making lifetime effects a less likely cause for
difFerences between RNi2 and RCo2. As for the surface
contribution to the linewidth, the PES spectra of RM2
(M = Ni and Co) are expected to be more surface sensi-
tive than those for pure R metals, since the electron mean
&ee paths in RM2 are considerably smaller than those

TABLE I. Crystal structure data of the R-M distances
d~ M (A), calculated MTO radii of M 3d, rs (A), and R
4f, ry (A.), and calculated matrix elements Vqy (eV).

RCo2

RNiq

CeCoq
PrCo2
NdCo2
SmCo2
GdCoq
CeNig
PrNiq
NdNi2
SmNi~
GdNi2

~R-M
2.969
3.031
3.026
3.010
3.009
2.995
3.020
3.013
2.999
2.988

&d

0.557
0.557
0.556
0.556
0.555
0.532
0.532
0.531
0.531
0.530

rf
0.572
0.546
0.526
0.492
0.464
0.572
0.547
0.528
0.494
0.465

Vgy

0.161
0.127
0.117
0.102
0.088
0.143
0.121
0.113
0.098
0.086

in pure R metals due to increased electron densities.
'

Thus it is essential to include the surface effects in the
quantitative analysis of the valence-band PES spectra.
Recently, Laubschat et al. ' provided direct evidence
of these surface effects, and showed that, for a-like Ce
materials, surface electronic structures are almost p-like.
Therefore, it is possible that surface contributions might
be dominant in the trivalent PES peaks for CeCo2 and
CeNi2. For heavier rare earths, it is more likely that both
bulk and surface components contribute to the trivalent
R 4f PES peaks. s 2s'2s In addition, the surface to bulk

emission ratios are expected to be similar for RCo2 and
RNi2.

In the Ce 4f PES spectra of CeCo2 and CeNi2, large
spectral weights near EF are typical of other cerium ma-
terials which have large hybridization. In the band the-
oretical view, the peaks near EF are interpreted as the
ground-state R 4f bands, corresponding to fully relaxed
4f spectra. 2~ On the other hand, this may be understood
in terms of the degenerate impurity Anderson Hamil-
tonian, developed by Gunnarsson and Schonhammer
(GS),~s which has provided a coherent description of both
spectroscopic and certain ground-state properties of Ce
and Yb materials. ' ' ' ' In this model, the spectral
features close to EF originate &om the hybridization be-
tween R 4f and conduction-band electrons and also from
on-site Coulomb interaction energy among R 4f electrons
(Uyf) For CeNi2 ~and CeCo2 in particular, the peaks
near EF are associated with Kondo resonances of non-
magnetic singlet ground states. For PrM2 and NdM2,
however, the structures near EF are not associated with
Kondo-like effects.

Note that relative intensities near EF in RNi2 are lower
than those in RCo2. %e speculate that such differences
reflect a smaller R 4f—Ni 3d hybridization in RNi2 than
R 4f Co 3d hybridi—zation in RCo2. This speculation is
based on the assumptions that the trivalent R 4f PES
peaks are composed of bulk and surface components, and
that the ratio of surface to bulk contributions is similar
in RNi2 and RCo2 for the same R. Such an interpreta-
tion is consistent with the calculated hybridization ma-
trix elements in Table I. This is probably because Ni
3d electron wave functions are more localized than Co 3d
electron wave functions, and so the overlap of R 4f and
Ni 3d wave functions is smaller than that of R 4f and
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Co 3d wave functions (see Table I and Fig. 4), yielding
smaller R 4f—Ni 3d hybridization. Under the same as-
sumptions, it can be understood that the observed shift
of ~ef ~

in RM2 (R = Pr and Nd), as compared to pure
rare earth metals, is due to the large R 4f M— 3d hy-
bridization which might push R 4f states away from M
3d states. Another possible reason for the observed shift
of ]ey] is a larger surface emission contribution in RM2,
in which surface R 4f levels are shifted to higher binding
energies with respect to bulk R 4f levels

The magnitude of the R 4f M—3d hybridization can be
estimated by assuming that the R 4f M—3d hybridiza-
tion depends on (i) the energy difFerence of R 4f and M
3d states, (ii) the distance between R 4f and M 3d atoms
in the crystal structure, and (iii) the number of nearest
neighbors. For RM2 compounds, the number of near-
est neighbors does not change as R or M varies, and so
the former two factors contribute. The relative impor-
tance of the two factors can be quantified by following
an approach by Harrison and Straub. 4'3 This formal-
ism combines Andersen's muon-tin-orbital theory with
transition metal pseudopotentials 7 to obtain a general
hybridization matrix element V~ ~

(q m $2)[(r2l —lr21' —1)1/2]dl+l'+1] (I)

CeCo
ce(4f)

0.8—

04—

0.2—

where m is the angular momentum about the axis be-
tween the two atoms (in units of ti), m, is the electron
mass, and gl, l, is the coupling coefFicient which depends

on the bond characteristic. The form of g~ ~ is given

by Eq. (B2) in Ref. 35. Input parameters in Eq. (1) are
angular momenta l and t' (l = 2 for d and l = 3 for f
orbitals), the e8'ective radii of the respective orbitals rl
and r~, and the interatomic distance d. In calculating
hybridization matrix elements for RM2 (R = light rare
earth; M = Co and Ni) using the above formalism, we

have used the crystal structure data for the interatomic
distance between R and M atoms.

For r~ and r~r, we have used expectation values of the
radial distances for the radial wave functions R~ and R~,
respectively, obtained Rom the LDA ground-state charge
density by treating all electrons as core electrons. These
values characterize the average distance from the nuclei
for each orbital. As an example, the calculated radial
probability density functions [Pi(r) = 4m~rRl(r)~ ] are
provided in Fig. 4 for CeCo~ and CeNi2, as a function of
distance from the nucleus. One can see that Ce P4f(r)
exhibits a steeper decrease and a much smaller spread,
as compared to Ce Ps~(r). Note that M Ps~(r) overlaps
substantially with Ce Ps~(r), but little with Ce P4f(r),
suggesting that there would be a large hybridization in-

teraction between Co or Ni 3d and Ce 5d states, and
that Co or Ni 3d states interact with Ce 4f states via Ce
5d states.

Table I summarizes the calculated hybridization ma-
trix elements V~y between R 4f and M 3d states for
m = 0. We have dropped the index m, because it is

sufficient to calculate only the o. bonds (m = 0) in or-

der to describe trends. This table reveals that R 4f M-
3d hybridization decreases as R becomes heavier, and is
smaller in RNi2 than in RCo2. These trends are con-
sistent with those found in R 4f spectra of RM2 (see
Fig. 3), i.e. , the R 4f spectral weight near Ey decreases
as R varies kom Ce to Pr and Nd, and as M varies from
Co to Ni. A smaller value of the calculated hybridization
between Ce 4f and Ni 3d states, as compared to that of
Ce 4f and Co 3d states, is also consistent with the finding
in Fig. 4 that the Ni 3d wave function is more localized
than the Co 3d wave function.

0
1.2

CeNi~ Ce(4f)

B. Effects of Co and Ni 3d Coulomb correlation
interactions

0.8—

0.6—

0.4—

0.2—

0
0.5 1 1.5 2

Distance [~

25

FIG. 4. Top: Radial probability density functions of
4s'~&R&~ for Ce 4f, Ce 5d, and Co 3d states, where R~ de-
notes a corresponding radial wave function for CeCo2. Ce
and Co atoms are separated by an amount corresponding to
the interatomic distance. Bottom: Similarly for CeNi2.

In order to find whether a band theory consistently
describes both magnetic properties and electronic struc-
tures of Co and Ni 3d states, we now compare the calcu-
lated density of states with measured PES spectra. Fig-
ure 5 compares the PES spectra of RM2 with the cal-
culated M 3d PLDOS's (R = Y, Ce, Pr, and Nd; M
= Ni and Co). Dots denote the PES spectra, taken at
Fano minima of R 4f cross sections, ss which represent
M 3d emissions. An inelastic background has been sub-

tracted &om each PES spectrum. Solid lines denote the
calculated 3d PLDOS's for paramagnetic phases.

It is found that the FWHM of the calculated PLDOS
is comparable to that of the PES spectrum (about 2 eV)
in each compound, even though more correct conclusions
should be drawn by including both occupied and unoccu-

pied parts, which requires combination of PES and IPES
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quasiparticle spectrum with U = 1.5 eV agrees well with
the PES spectrum. Good agreements are found not only
for the Co 3d bandwidth but also for the peak positions
and the spectral weight near —4.5 eV, which were the
main discrepancies between the Co 3d PLDOS and PES
spectrum (see Fig. 5). In contrast, for YNi2 (bottom
panel), the quasiparticle spectra with U between 2 eU
and 4 eV do not show such a good agreement with the
Ni PES spectrum. For U = 2 eV, no satellite structure
has appeared yet in the quasiparticle spectrum, suggest-
ing that U = 2 eV is still too small for YNi2. For U = 4
eV, there are conflicting features. First, the total band-
width of the quasiparticle spectrum becomes too narrow
(unoccupied part of the band is not seen in the PES spec-
trum) and the separation between the two peaks in the
main band becomes smaller than that in the PES spec-
trum, suggesting that the U value should be smaller. On
the contrary, the separation between the satellite and the
main band in the quasiparticle spectrum is smaller than
that in the PES spectrum, indicating that a larger value
of U is required.

Calculated quasiparticle spectral densities reveal how
Co and Ni 3d electron correlation effects influence their
LDA PLDOS's. The above analysis yields the on-site
3d Coulomb correlation energy for YCo2 to be 1.5
eV and that for YNi2 to be 2 eV to 4 eV. These
values are close to the estimated values for pure Co and
Ni metals. ' ' Note that Ugg for RCo2 and RNi2 turns
out to be comparable to Co and Ni 3d bandwidths in the
order of magnitudes. A possible origin for the diKculty
in obtaining a good agreement between the quasiparticle
spectral density and the PES spectrum for YNi~ seems
to be that our treatment of the Hubbard model in the
weak correlation limit may not work for YNi2, for which
U~~ is comparable to or even larger than the bandwidth.

the Ni 3d bandwidths exhibit reasonably good agreement
between theory and experiment. On the other hand, the
calculated 3d PLDOS s for RNi2 also exhibit certain dis-
crepancies from experiments, in peak positions and in
weight distributions, similar to the case of RCo2. These
discrepancies are larger for RNi2 than for RCo2, imply-
ing a larger Ni 3d Coulomb correlation than for Co 3d.
Thus this comparison suggests that Co and Ni 3d cor-
relation effects are important in determining their elec-
tronic structures. Indeed, such conjecture is supported
by an analysis in which quasiparticle spectral densities
are calculated for YCoq and YNi2 as a function of on-site
Coulomb interaction energy (Ugg) within the framework
of the Hubbard Hamiltonian. Calculated quasiparticle
spectral densities provide evidence of large correlation
effects of Co and Ni 3d electrons, in showing better agree-
ment with the PES spectra than LDA PLDOS's do. In
this analysis, 3d electron Coulomb correlation energies
are estimated to be 1.5 eV for YCo2, and 2 eV to

4 eV for YNi2.
Double-peak structures are observed in the R 4f PES

spectra of RNi2 (R = Ce, Pr, and Nd), in which the
spectral weight near EF decreases from Ce to Pr to Nd.
For the same R, the spectral weight near EF in RNi2
is smaller than that in RCo2. The former trend implies
that the localization of the R 4f wave function increases
from CeNi2 to PrNi2 and NdNi2. The latter trend indi-
cates that the R 4f hybridization with Ni Sd electrons in

RNi2 is smaller than that with Co 3d electrons in RCo2,
suggesting a larger contribution of the localized R 4f mo-

ment in RNi2 than in RCo2. These trends are found to
be consistent with the calculated values of hybridization
matrix elements for RM2 (R = light rare earths; M =
Co and Ni).
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