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The mixed-valent compound EuNi,P, was studied by photoemission. Observed splittings and dis-
persions of the Eu 4£° final state close to energy crossings of the Eu 4f and Ni 3d states are explained in
terms of hybridization by a momentum and energy dependence of the electron hopping matrix element.
These data obtained for a system with more than one 4f electron (hole) show that dispersions and
hybridization gaps related to Kondo and heavy-fermion behavior can be found in other rare-earth-metal

compounds apart from Ce and Yb-based ones.

DOI: 10.1103/PhysRevLett.102.026403

In the last few years considerable attention has been paid
to studying quantum-critical phenomena in rare-earth-
metal (RE) intermetallic compounds like transitions be-
tween magnetism, superconductivity, and heavy-fermion
(HF) behavior as a function of external parameters includ-
ing pressure or chemical composition [1]. The main driv-
ing force of these astonishing correlated phenomena are
strongly localized 4 f electrons, which interact with itiner-
ant valence electrons delocalized throughout the crystal
lattice. Upon increasing this interaction the ground state
of the RE intermetallic compounds evolves from magnetic
order established via spin polarization of conduction elec-
trons (RKKY mechanism) to the Kondo state with screened
magnetic moments (Kondo effect) and finally to the mixed-
valent state [2]. A periodic arrangement of the Kondo
impurities into the Kondo lattice may result in the
thousand-fold increase of the electron effective mass com-
pared to the mass of a free electron (m) [3], which is the
landmark of the HF behavior.

This possibility to tune the magnetic state allows to
study quantum-phase transitions in detail [4]. Especially
their relations to unconventional superconductivity [5] are
a central topic of current investigations, both for the rele-
vance of our fundamental understanding of solid-state
physics and for dedicated search for new high-temperature
superconductors [6]. Unlike widely studied Ce and Yb
systems, Eu-based intermetallic compounds are a rather
unexplored field in this context. They are, however, of high
interest for studies, since inherent differences to Ce- and
Yb-based systems should allow to gain a better under-
standing of the mechanism and phenomena relevant at
quantum-critical points [7].

The most direct experimental insight into this problem
may be expected from angle-resolved photoemission (PE)
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experiments that reflect the momentum (k) resolved re-
sponse of the electronic system to a single 4f excitation,
while transport, specific heat, and magnetization measure-
ments integrate over many different excitations and large
areas in k space. The PE approach was successfully used to
investigate a variety of Ce- and Yb-based HF and Kondo
systems [8—11].

In this contribution we present high-resolution angle-
resolved PE data of the mixed-valent compound EuNi,P,
that are complemented with numerical studies. The study
focuses on the behavior of the 4f° final state close to the
Fermi energy (Ef). This state exhibits on the one hand a
characteristic 'F, multiplet splitting as expected from an
atomiclike state, on the other hand additional splittings and
dispersions like a valence state. The data are properly
reproduced within a calculation that describes the interac-
tion between the 4f and valence-band (VB) states in the
framework of a simplified periodic Anderson model
(PAM) [9,10]. While the presence of 4f dispersions and
hybridization gaps in other than Ce and Yb compounds
have been discussed in the literature since long time [12]
our experiments give for the first time direct evidence for
such phenomena by photoemission.

EuNi,P, is a mixed-valent compound, which maintains
its valence 2.5 for 7' — 0 indicating that the valence fluc-
tuation rate is particularly large here [13]. In PE spectra
such a scenario is reflected by coexistence of two final-
state multiplets, a narrow 4/ ("F ;) multiplet at E; and a
broad 43 multiplet between 6 and 12 eV binding energies
(BEs) [14,15].

Single crystalline EuNi, P, samples were grown from Sn
flux in evacuated quartz tubes and crystallize in body-
centered tetragonal ThCr,Si,- (I-) type structure [16]

© 2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.102.026403

PRL 102, 026403 (2009)

PHYSICAL REVIEW LETTERS

week ending
16 JANUARY 2009

shown in Fig. 1(a). It is formed by stacks of elemental
layers which serve as natural cleavage planes. Hence, clean
surfaces were prepared by cleaving samples in the ultra-
high vacuum (10~ ''-Torr range) by means of ceramic or
metallic top posts glued at the crystal surfaces. Prior to the
PE experiments the samples were characterized by x-ray
diffraction, magnetic susceptibility, resistivity and specific
heat measurements, confirming the results reported in the
literature [13,17].

Angle-resolved PE studies were carried out at the
Berliner Elektronenspeicherring fiir Synchrotronstrahlung
(BESSY, beam line UE112-lowE-PGMb) and at the
Advanced Light Source (ALS, beam line BL12.0.1). At
both beam lines we have used light linearly polarized in
either vertical or horizontal plane. The spectra were ac-
quired using a Scienta R4000 electron-energy analyzer
(BESSY) and a Scienta 100 analyzer (ALS). During the
measurements samples were kept at ~20 K. The overall
energy and angular resolutions were 15 meV and 0.2°,
respectively. In our BESSY experimental geometry the
analyzer slits were oriented at 45° (54° at ALS) to the
synchrotron beam parallel to the vertical polarization di-
rection of the incoming light [Fig. 1(b)]. Various photon
energies in the range from Av = 34 eV to 55 eV were used
to follow k, dependent variations of the electronic struc-
ture. All selected photon energies provide high cross sec-
tions to monitor simultaneously PE contributions of the 4 f
and VBs of EuNi,P,.

The electronic structure calculations were performed by
means of the linear muffin-tin orbital (LMTO) method
[18]. Because of the well-known failures of LDA-based
approaches in description of the localized 4f states, the Eu
4 fs were considered as quasicore states. Calculated LMTO
band structure was then used to describe the effect of
interaction on each spectral term of the Eu 4f multiplet
by switching on the hybridization between the 4 f and the
VB states.

Strength of interaction with 4f states depends very much
on symmetry and partial f character of the valence bands
[9-11] that vary across the Brillouin zone (BZ). Particu-
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FIG. 1 (color online). (a) Crystal structure of EuNi,P,,
(b) expelo‘imental geometry and (c) surface BZ. Point a is located
at 0.38 A™! from I (a = 6° at hv = 55 eV).

larly strong interaction between individual terms of the " F,
multiplet and a VB was experimentally found close to the a
point of the surface BZ lettered in Fig. 1(c). The respective
VB is formed mainly by Ni 3d states and is discussed
below in detail.

Figure 2(a) shows a PE cut measured with vertical light
polarization (hv = 55 eV) along the b-a-b direction (a =
6°) as indicated in Fig. 1(c). In this gray-scale plot the Eu
4% multiplet is seen in form of horizontal light stripes in
the BE region from E down to 0.8 eV as a function of the
emission angle B. It is superimposed by mainly Ni
3d-derived VBs crossing the multiplet terms at different
k points. These ‘“as measured” data reflect clearly the
4f—VB interaction within the area marked by the dashed
circle. Surprisingly, a similar interaction effect is not seen
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FIG. 2 (color online). PE cuts taken along the b-a-b direction
with hv = 55 eV, vertical (a) and horizontal (b) linear light
polarization. Light areas correspond to high PE intensity. Point a
of the surface BZ corresponds to the emission angle 8 = 0°.
(c) Blow up of the (a) data taken with vertical polarization.
(d) PE cut taken with hv = 40 eV, vertical light polarization.
The calculated Eu 4f° multiplet [14] broadened in accordance
with the experimental data is shown at the energy axis. (e) Three-
dimensional (3D) plot of the data depicted in (c).
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in the data taken with horizontal light polarization [see
Fig. 2(b)].

To explain this polarization dependence we consider the
dipole matrix elements for the given geometry of the
experiment. For the vertical polarization the transitions
from the 3d,, states contribute by ~95% to the Ni inten-
sity. At the Eu sites these states can build the linear
combinations with the point symmetry E, in the form
f(s2—1)y [denoted below as f(E,)] and hybridize with the
Eu 4f orbitals of the same symmetry (m = *1).
Particularly, these f orbitals dominate the Eu emission
for the vertical polarization (94%). For the horizontal
polarization the Eu emission is determined up to 86% by
transitions from the 4fs._5)  orbitals (m = 0) that are
prohibited to interact with the VBs.

In the following we analyze the high-resolution ex-
perimental results taken with vertically polarized light
[Fig. 2(c)]. The individual peaks of the 4f® multiplet are
densely packed over the 0.7 eV stretch. They partly overlap
each other in energy. Therefore, to emphasize the observed
hybridization phenomena, individual PE spectra contribut-
ing to the gray-scale plot shown in Fig. 2(c) were decon-
voluted with a Gaussian (100 meV, full width at half
maximum) accounting for the finite life time of the PE
final state. One clearly recognizes that individual peaks of
the Eu 4% multiplet do not run horizontally along b-a-b.
At the emission angle 8 = 0° [corresponds to a, Fig. 1(c)]
the energy positions of the peaks are no longer identical
to the calculated energies of the atomic multiplet [see
Fig. 2(d)]. Around a, the crossing of the 4 f's with a holelike
VB does not lead to a simple superposition of Eu 4f- and
Ni 3d-derived intensities as observed in other places of the
BZ. Instead, splittings and dispersions of the individual 4 /¢
components are monitored. This is an unambiguous mani-
festation of the hybridization between the Eu 4f and VB
states.

Our data evidence that only certain VB states with
specific symmetry can hybridize with the localized 4f
states in selected regions of the BZ. The strength of hy-
bridization affecting individual terms of the 4f multiplet
can be tuned by changing the energy position of the
responsible holelike VB throughout the BZ as shown in
Fig. 2(d). Here, the data taken with hv = 40 eV at k,
others than in Fig. 2(c) are presented. In the corresponding
region of the BZ the holelike Ni 3d originating band is
shifted upwards and an interaction pattern different to
Fig. 2(c) is acquired. Similar to the magnitude of splittings
and dispersions, the intensity behavior reflects the strength
of the hybridization phenomena [Fig. 2(e)].

This hybridization could only be observed in the re-
stricted k region where the VB with high f(E,) contribu-
tion overlaps in energy the Eu 4f states (Fig. 2). The
energy position of the holelike band with the high f(E,)
character depends strongly on k , that is not well defined in
PE. In the present case we expect, however, that the top of
this band lies close to the energies where the splitting of the

Eu 4f states is observed [Fig. 3(a)]. For hv = 55 eV this is
achieved if the k, point is chosen on the halfway between
I' and the upper edge of the bulk BZ (k, = 0.17 A1), This
choice is also supported by a k_ estimation within the free-
electron model for PE.

When going from I to X the splittings and dispersions
are only seen close to the a point (0.48 of the ['-X distance)
that corresponds to the measurements performed at the
polar angle & = 6°. Along the b-a-b direction, the highest
f(E,) character of the band is calculated at the a point as
well [Fig. 3(b)]. On both sides of a, the f(E,) character
decreases and the VBs disperse towards higher BE, so that
hybridization is no longer possible.

For the calculation of the 4f emission the interaction
with the VB is taken into account by means of the hybrid-
ization model developed in Refs. [9,10]. The nondiagonal
hybridization matrix element is given as

Vi(E) = Ac/(E, k), (1)

where A is the constant adjustable hybridization parameter
and ¢ /(E, k) are the calculated f-projected local expansion
coefficients of the Bloch functions around the Eu site. The
hybridization effect on the Eu 4f states decreases with
increasing energy separation between the interacting elec-
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FIG. 3 (color online). (a) Band structure along r-X projected
on (001) surface BZ. Band character is indicated by dots with
sizes proportional to the f(E,) contribution. (b) Band structure
along b-a-b together with the assumed k distribution of the VB
f(E,) character (3D representation) taken as input parameter for
the PE spectra simulation (see text). (c) Simulated f character
PE spectra of EuNi,P,. The obtained shift (splitting) of the 4f
signals scales with hybridization strength V) (E) calculated at
each particular (k, E) point.
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tronic states. The calculations were performed for each Eu
4f multiplet component, then all obtained spectra were
superimposed. The calculated spectral signals were broad-
ened to simulate life-time effects and a finite instrumental
resolution.

Similar to Ref. [10] we performed model calculations
with a simplified VB structure in order to convincingly
pick up the most important experimental features. The
bunch of the VBs in the vicinity of a is approximated by
a k-resolved f(E,) character density of states (DOS) with
a holelike parabolic dispersion [Fig. 3(b)]. The degree of
the f(E,) character of the DOS is accounted for by k-slice
areas in the 3D plot (see, e.g., slice through the a point). It
is correlated with the k-resolved f(E,) character of the
whole calculated VB envelope. The use of the model band
structure is justified by small energy splittings between
individual bands (~100 meV) as well as by uncertainties
in k space caused by nonconservation of k, in PE experi-
ments. The energies and relative intensities of the non-
perturbed final state Eu 4 f%-multiplet components shown
in Fig. 2(d) were taken from Ref. [14].

The calculated 55-eV f spectra for emission angles
|B] > 6° are only slightly affected by hybridization due
to the weak f(E,) character of the bands in the correspond-
ing region of the BZ. These spectra reveal six peaks that
can be assigned to the terms from 'F, ¢ (most intense) to
"F,. The ground-state 'F,, component is characterized by
very low intensity and is not clearly resolved.

Comparing the above behavior with the one obtained for
B = 0°, where strong hybridization is expected, we see
that the "F, and ’F, components remain basically un-
changed, "F; and " F, are shifted upwards and ’ F, down-
wards, respectively, in accordance with the relative
position and energy separation to the holelike VB allowed
for hybridization with the Eu 4f states. The ' F5 component
is split into two features. The energy splitting at the a point
was used to estimate the hybridization parameter A. The
obtained value A = 0.35 eV matches the expected de-
crease of the hybridization parameter from Ce (A ~
0.9 eV) [9] to Yb (A ~ 0.2 eV) [10] systems. When going
from B = 0° towards |B|=6° the splitting becomes
smaller giving rise to PE dispersion of the Eu 4f states.
The simulated spectra are in good agreement with the
experimental data shown in Figs. 2(a), 2(c), and 2(e).

Certainly, the presented theoretical consideration gives
only a semiquantitative explanation of the observed phe-
nomena. To the best of our knowledge, however, more
rigorous models for the description of the many-body
interactions of a 4f multiplet with VBs are not available.
We show that our simplified approach with only one ad-
justable parameter A can be applied to understand the k
and energy dependent interactions in systems with more
than one 4f electron (hole). To describe the phenomena we
start from an atomiclike ’ F; multiplet and merge into the
4f dispersion scenario.

The obtained dualistic behavior of the 4f states shows
that the quantum-critical phenomena related to the heavy-

fermion or Kondo behavior are expected in other RE com-
pounds apart from Ce and Yb-based ones. With effective
masses between 20 and 50m, EuNi,P, is still not a HF
compound. The reason becomes obvious from the present
data: In contrast to the high-BE lying multiplet compo-
nents, the ’F, term that corresponds to the trivalent ground
state of the system may only be weakly affected by hybrid-
ization. The reason is that nowhere in the BZ the holelike
Ni 3d-derived band, which is responsible for the coupling,
does approach E sufficiently [Figs. 2(c) and 2(d)]. In
order to convert the system into a HF compound, the
Fermi energy must be lowered with respect to the d bands.
This might be achieved by substitution of Ni by earlier
transition elements or P by more electronegative atoms.
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