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Electronic hybridization effect on 4f electron crystal field states of PrOs,P;,
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Crystal-field excitation spectra of Pr 4f electron state in the filled skutterudite PrOs,P;, measured by inelas-
tic neutron scattering experiment evolve distinctly with temperature variation. The spectral widths of excita-
tions from the ground-state singlet to the two triplets and their temperature dependences are well reproduced by
the theory based on the exchange coupling between 4f and conduction electrons. The shift of level energies by
around 1 meV below 60 K indicates modification of crystal-field potential with variation of thermal population
of 4f electron crystal-field states. The spectral evolution is consistent with the specific heat data that deviates
from the calculated one for the well-localized 4f electron. The result supports the effect of p-f hybridization

between Pr 4f and P p states in PrOs,P,.
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I. INTRODUCTION

Spectroscopy of f-electron states has elucidated various
physical properties of rare-earth and actinide compounds.
Hybridization effect as a consequence of interplay between f
and conduction electrons in heavy fermion or valence fluc-
tuation systems exhibits quasielastic or broad magnetic-
excitation spectra, instead of well-defined crystal-field (CF)
excitations of localized f electrons.! It was theoretically stud-
ied on the basis of the degenerate Anderson model, for
instance.>® One of extensively studied effect is p-f hybrid-
ization between f electrons and p holes of the pnictogens,
which was introduced in the study of complex magnetic
structures of Ce monopnictides.* It explains the unexpectedly
small CF splitting between a ground state and a excited state,
and gives rise to the magnetic polaron ordered state. Re-
cently, the concept of p-f hybridization also applied to un-
derstanding multipolar ordering as well as heavy electrons in
rare-earth filled skutterudite.’”’

Rare-earth filled skutterudite RT,X,, (R=lanthanide and
actinide elements, T=transition metal, and X=pnictogen)
crystallizes in the body-centered cubic structure represented

by the space group Im 3(73).% 12 X atoms form an icosahe-
dron cage in which R ions are located, and the cages are
connected by 7 ions. It has been suggested that p-f hybrid-
ization between R and X atoms plays a role in the various
electronic properties and the p state predominates the density
of states at the Fermi energy.” Among them, PrRu,P,, show-
ing a metal-nonmetal transition at 7, ;=63 K is a typical
system.'® LaRu,P,, without 4f electron does not undergo
such charge-density wave (CDW) transition, despite that the
very similar Fermi surface as that of PrRu,P, was verified
both theoretically and experimentally.!' Then the role of 4f
electrons in the metal-nonmetal transition of PrRu,P;, was
investigated by the inelastic neutron scattering experiment.
The CF level energies and the spectral widths strongly de-
pend on temperature.'> The polarized neutron diffraction
study concluded that the two inequivalent Pr-ion CF schemes
align in staggered way by qo=(100) below T},_,.'> Based on
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the band calculation study, the Fermi surfaces are approxi-
mately parallel to the {100} planes bisecting the line between
" and X points.'* Therefore, this phase transition was inter-
preted to be a CDW formation owing to a three-dimensional
Fermi-surface nesting by qq. These facts were explained by
the scenario of antiferro-type ordering of totally symmetric
multipoles of 4f electrons, providing a band gap as coopera-
tion with the Fermi-surface nesting condition.’® Thus, the
new type of CDW state originating from the p-f hybridiza-
tion effect was established. Recently, the phase transition
from heavy electron state to nonmagnetic ordered one in
PrFe,P;, at 6.5 K is also explained by the higher-rank
antiferro-type ordering of multipoles conserving the local cu-
bic symmetry.'® Thus the p-f hybridization effect is generally
responsible for the low-temperature electronic properties in
Pr-filled skutterudite.

The isostructural material PrOs,P, does not exhibit any
phase transition down to 0.1 K.!” Recent study on the Fermi
surface of this material revealed that the nesting condition
with q does not exist'®!? so that no gap formation occurs
and the metallic state is conserved down to the lowest tem-
perature. The specific heat as a function of temperature was
not in accordance with the well-localized 4f state, which
may be a trace of hybridization as was pointed out by Mat-
suhira et al.?® It is interesting to investigate the hybridization
effect on the single Pr-ion state in PrOs,P;, without any
phase transition, since this material can show the backbone
mechanism of electron correlation. We carried out inelastic
neutron scattering experiment to measure the CF excitation
spectra of PrOs,P,, and will present characteristic tempera-
ture dependence of CF spectra reflecting the strong hybrid-
ization effect.

II. EXPERIMENTAL DETAILS

Single-crystalline samples of PrOs,P;, and LaOs,P,,
were synthesized by the Sn-flux method in The University of
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FIG. 1. (Color online) (a) Symbols and lines represent total scattering intensities of PrOs,P;, and LaOs4P,, respectively, measured at 3.4
and 60 K with the fixed scattering vector magnitude Q=2.17(27/a). Ordinate origin of each temperature data is shifted by 50. (b) Symbols
represent magnetic scattering function of PrOs4P,, as difference of responses between PrOs,P;, and LaOs,P;,. Ordinate origin of each
temperature data is shifted by 0.05. Solid lines are results of spectral fitting based on the model for CF splitting.

Tokushima. The sample qualities are basically the same as
those used in the de Haas—van Alphen experiments.'® The
samples for neutron scattering experiments were prepared by
crashing the single-crystalline ones into powder form
weighting 5.0 and 6.9 g of PrOs,P,, and LaOs,P,, respec-
tively. The inelastic neutron scattering experiments were per-
formed at the Tohoku University triple-axis thermal neutron
spectrometer TOPAN installed at the beam hole 6G of the
research reactor JRR-3, Japan Atomic Energy Agency, Tokai,
Japan. The scattered neutron was selected at 13.5 meV by a
pyrolytic graphite crystal analyzer. Higher-order contamina-
tion was eliminated by a pyrolytic graphite filter installed
after the sample. Incident neutron energy, which was also
selected by pyrolytic graphite crystals, was changed to per-
form inelastic scattering measurements. Horizontal collima-
tors were open-60'-60'-60". The Gaussian-like energy-
resolution function has 0.85 meV of full width at half
maximum at the elastic scattering condition, determined by
incoherent scattering intensity from vanadium. That, at the
finite energy transfer of 10 meV, is estimated as 1.4 meV.
Sample temperatures were controlled between 3.4 and 60 K
by a helium closed-cycle refrigerator.

II1. RESULTS AND ANALYSIS

Figure 1(a) shows scattering intensities from PrOs,P;,
(symbols) and LaOs4P;, (lines) measured at 3.4 and 60 K.
The intensities were normalized by the sample mass. We

succeeded in detecting magnetic scattering responses locat-
ing around 4 and 11 meV of Pr-based compound. Figure 1(b)
shows the temperature dependence of the magnetic response

functions Sp.(E)—S;,(E), where S(E)=IIT,(%)‘1%;E/ at the

fixed scattering vector magnitude of Q=2.17(27/a), where
a=8.080 A is a reported lattice constant of PrOs,P;,.!”

These results of Sp(E)—S|,(E) are evaluated by correct-
ing absorption, subtracting the phonon contribution and
background intensity estimated from the measurement of
LaOs,P,, eliminating the higher-order contamination in the
incident monitor counter,?! and converting the intensity into
the scattering function in absolute units based on the inco-
herent intensity of vanadium standard sample. Distinct mag-
netic peaks observed at around 4.0 and 11.2 meV are inter-
preted as excitations between CF levels of Pr** 412 electrons
as discussed later. With increasing temperature, the peak po-
sitions shift apparently to higher-energy side and the spectral
widths become broader. The CF energy shift and the spectral
broadening were observed also for the metal-nonmental sys-
tem PrRu,P;,,'? which are enhanced in the nonmetallic mul-
tipolar ordered phase with the vanishment of carrier. Thus
the temperature variation of the CF excitations of PrOs,P;,
can be considered as a characteristic feature of 4f-electron
states interplaying with the carrier.

In order to derive temperature dependences of CF level
scheme, we analyzed the observed spectra based on the CF
Hamiltonian?? expressed as
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where O, expresses a Stevens’ operator equivalent. The last
term with y is caused by the lack of the point symmetry C, in
T, for the filled skutterudite compounds. We take F,=60,
Fi=1260, and Fg=30 for Pr’* 4f state, as defined in the
reference. The 4f%-electron state of Pr’* splits into four lev-
els; a singlet I';, a nonmagnetic non-Kramers doublet I"y;,
and two triplets I‘ftl) and T42). The magnetic scattering func-
tion is proportional to squared magnitude of a transition ma-
trix element between two levels.”> We calculated CF excita-
tion spectra assumed to be expressed by Lorentzian functions
convoluted with the spectrometer resolution expressed by a
Gaussian form. A least-squares fitting procedure of the cal-
culation to the experimental data was carried out to evaluate
the CF coefficients (W, x, and y) in Eq. (1), a scale factor
between the calculated cross-sections and the experimental
intensities, and the Lorentzian spectral widths of the two
peaks located at around 4.0 and 11.2 meV. The results are
shown by solid lines in Fig. 1 reproducing the experimental
data well. Another small peak at around 7 meV seen at
higher temperature corresponds to the transition between ex-
cited states. We assumed the same width for this component
as that at 4 meV. The small discrepancy between the calcu-
lated and the measured results may indicate that this assump-
tion is not sufficient or that the subtraction of LaOs,P, data
has ambiguity (some data points become actually negative).
However, the well reproducibility of the overall spectra sup-
ports the validity of the present analysis.

The resultant CF coefficients are plotted against tempera-
ture in Fig. 2(a). The sequence of CF levels is I‘]—Ff)
—Fgl)—FB in the whole measured temperature range as
shown in Fig. 2(b), which is consistent with the previously
reported schemes deduced from the specific-heat data.?”

The shifts of CF eigenenergies are up to 0.9 meV with
varying temperature between 3.4 and 60 K, which is unex-
pectedly large among 4f electron systems.

Temperature [K]

The intrinsic half-width at half maximum (HWHM) «(T)
for the excitation from I'; to I'?) and that from I'; to T'{" are
depicted by circles and squares, respectively, in Fig. 3.

Both intrinsic widths increase with increasing temperature
as was seen in some metallic rare-earth systems.! The ther-
mal broadening phenomenon strongly indicates the exchange
interaction between f electrons and carrier. Another attractive
feature is that the width of the excitation from T'; to T'{" is
much broader than that of the excitation from I'; to Ff),
despite that the both triplet states are categorized into the
same symmetry. Quantitative analysis for the temperature
evolution of the intrinsic widths will be shown in the next
section. We will discuss later the effect of the shift of CF
levels on the temperature dependence of specific heat that
deviates from the calculated one for the temperature-
independent definite level splitting.

IV. DISCUSSIONS

The increase of spectral widths of CF excitations was dis-
cussed by Becker, Fulde, and Keller (BFK),?* by taking into
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FIG. 3. (Color online) Spectral widths for the excitations T';
—Ff‘l) (blue squares) and I" I—Ff) (red circles) determined from the
least-squares fitting analysis for the data shown in Fig. 1(b).
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account the exchange interaction between 4f electrons and
carrier. They derived a general form of the HWHM (7T) for
the CF excitation peak described by a Lorentzian function.
They denoted the broadening originating from the damping
due to conduction electron-hole excitation. Hereafter, we de-
rive Y(T) for the case of 4f> J=4 state with the ground-state
I'; singlet in 7}, space group, following the theoretical argu-
ment by BFK.

The BFK theory proposed the calculation of ¥(T) in case
of CF states under O;, symmetry; F(lo"), FE‘O"), and I‘goh). On
the other hand, in the 7}, space group for filled skutterudite
compounds [*20;1) and I’ (50’1) mix with each other. The triplet
CF states I'}") and T'?) are represented as

D0, m) = V1 = [T, m) + d|T 0P, m), (2)

where [T'7?m) and |[T\%?,m) express the wave function of
triplets denoted by index m=1,2,3 for 7, and O, symme-
tries, respectively.?> The coefficient d is determined by the
CF coefficients W, x, and y in the CF Hamiltonian (1). Tak-
ing d=0 and 1 correspond to the triplet F(Soh) and Fgo’l), re-
spectively. Adopting this wave-function form and the BFK
theory, we derived the intrinsic HWHM for the excitation
from I"; to one of the triplet as

4042 2042 A
2 ~AcplkgT CE
y(T):ZW[JeXN(EF)][ 3 kpTe ekl 4 3 T oo

+ %(5 - 4d2)2kBT] , (3)

where J., denotes an exchange constant multiplied by g;—1
between 4f and conduction electrons, N(Ey) is the density of
states at the Fermi level, and Acy is the CF splitting energy.
For analyzing the present data, we have to consider two ex-
citations from Ty to I'? and T'; to T'}", as observed in the
present neutron scattering. N(Ey) is assumed to be constant
in the whole temperature range, since no distinct anomaly
was seen in the electrical resistivity data. The values of Aqg
have already shown in Fig. 2(b). The values of d, which have
also been determined in the aforementioned spectral analysis
based on Eq. (1), are around 0.81 and 0.59 for FE‘D and Ff‘z),
respectively. Therefore, the temperature dependences of
spectral widths of PrOs,P;, can be fitted by Eq. (3) with a
single parameter J. N(Ep). The best fit result for HWHM
data with the parameter J ., N(Ey)=0.0244 + 0.0005 is shown
by the solid lines in Fig. 3. The result is quantitatively con-
sistent with the observation below 30 K, although it deviates
from the data in higher-temperature region with worse accu-
racy due to the less magnetic intensity. We concluded that the
intrinsic widths of the singlet-triplet CF excitation spectra
are given by the exchange interaction. The origin of the
strong exchange interaction is expected to be p-f hybridiza-
tion as described before. It is notable that the BFK theory
agrees with the fact that the width for the excitation to I' ff) is
larger than that for I'?). It can be understood by the different
electron-charge distributions of T'{" and ') from each other.
The former has extended electron cloud to the neighboring P
sites, resulting into overlapping of wave functions between
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FIG. 4. (Color online) Thermal population probability of the CF
levels calculated from the present neutron scattering result shown in
Fig. 2(b).

4f and p states. Thus, the damping becomes significant for
the excitation to T'{".

The evolution of CF spectra is also given by coupling
with phonon state, for example, splitting of CF quartet ex-
cited state in CeAl, where the coupled optical phonon energy
is comparable to the CF splitting energy.”®” It should be
notable that the broader spectra of the excitation 1"1—1"‘(‘2)
than that of FI—FE") are observed not only in PrOs,P;, but
also in PrOs,Sb;, (Refs. 28 and 29) and PrRu,Sb,,** despite
that phonon state and the CF splitting are not equivalent
among the three Pr-based skutterudite compounds. In addi-
tion, PrRuyP, in the nonmetallic phase exhibits sharp CF
excitation spectra with the almost same widths for the exci-
tations from I'; to T'{") and to I'"?.!2 It means that the elec-
tronic interaction is more responsible for the observed broad-
ening and temperature dependence of CF spectra than the
phonon effect. Thus, it is validated to apply the general de-
scription of the CF excitation width based on the BFK theory
to the metallic Pr-filled skutterudite. The detailed analysis for
the CF excitation widths of PrOs,Sb;, and PrRu,Sb;, will be
published in near future.

The shift of the eigenenergies of CF levels of PrOs P, is
also a characteristic feature. The CF levels and parameters
vary gradually below around 30 K with the certain accuracy
as seen in Fig. 2. The temperature 30 K is comparable to the
CF splitting energy between the I'; ground state and the ng)
first excited state. We show temperature variations of thermal
population probabilities of the CF levels in Fig. 4, calculated
from the scheme depicted in Fig. 2(b).

The populations are insensitive against temperature above
40 K. On the other hand, below 30 K, the population prob-
ability of the ground state I'; becomes dominant. This fact
means that the 4f wave function contributing to p-f hybrid-
ization changes around 30 K. Therefore, the CF potential
given by p-f hybridization is expected to depend on tempera-
ture resulting in the shift of the CF splitting energy. The shift
of CF levels was also observed for PrRu,P,, below T,,_;. It
is comprehensive as the variation of effective CF potential
with the evolution of ordered 4f electron multipoles (totally
symmetric hexadecapole and hexacontatetrapole) mediated
by the strong p-f hybridization. The observed similarity of
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FIG. 5. (Color online) Solid circles represent magnetic specific-
heat data quoted from the paper by Matsuhira er al. (Ref. 20). A
blue dotted line is the calculated one from the fixed CF schemes
determined in this specific-heat measurement. A green broken line
is obtained from the temperature dependent CF levels determined in
the present neutron data without taking into account the broadening
of the neutron spectra. A red solid line is that with spectral
broadening.

CF level evolution in both compounds indicates a strong
electronic interaction due to p-f hybridization in the Pr-filled
skutterudite.

The specific heat originating from Pr 4f state in PrOs,P,
was reported by Matsuhira et al.,’° which is quoted as solid
circles in Fig. 5.

The result is obtained by subtracting the specific heat data
of LaOs,P,, predominated by phonon contribution from that
of PrOs,P,, so that the error bars in higher-temperature re-
gion become larger. One can also expect uncertainty due to
contribution of conduction electrons on the Fermi surface.
However, examining the effect of characteristic CF splitting
to the specific-heat data is meaningful for understanding the
electronic properties. They also reported the calculated one
for the simple well-localized 4f> state providing the fixed
CF spliting scheme of I';-I'?(48 K)-I'{"(140 K)
—I"55(180 K), which is shown by a blue dotted line giving
the largest value among the calculation in Fig. 5. It is not in
accordance with the experimental data satisfactorily. The rea-
son for the discrepancy was proposed to be the electron hy-
bridization. Since the CF splitting energies strongly depend
on temperature as observed in the present measurement, we
took into account this fact for calculating the specific heat. A

PHYSICAL REVIEW B 79, 235113 (2009)

green broken line in Fig. 5 is the result based on the
temperature-dependent CF levels shown in Fig. 2(b), without
taking into account the spectral broadening. This calculation
gives better agreement with the experimental data than the
temperature-independent CF levels. In order to examine the
effect by the spectral broadening, we also calculated the spe-
cific heat by considering the spectral broadening in addition
to the CF level shift. We assumed that the intrinsic widths of
the T{" and T'? states are the spectral widths for the each
excitations based on the present analysis result expressed by
the lines in Fig. 3. We assumed also that I"; had no broaden-
ing and I'5; had the same width as Ff‘l). The result is pre-
sented by a red solid line in Fig. 5. The calculated C/T and
the measured data coincide with each other below 20 K, and
the deviation in the temperature range above 20 K is within
the experimental error. Therefore, the variation of the CF
spectrum due to the p-f hybridization is consistent with the
broad Schottky peak of specific heat.

V. SUMMARY

We report that the CF state of PrOs,P;, is determined by
the strong electron hybridization effect. The intrinsic widths
of the CF excitations from the ground state I'; to the two
triplets I' are well reproduced by the BFK theory taking into
account the exchange interaction between f and conduction
electrons. The shift of CF level schemes indicates that the f
state population change gives rise to the variation of CF
potential determined by p-f hybridization. It is also sup-
ported by the consistency between the present neutron scat-
tering result and the specific heat. Therefore, we conclude
that the strong p-f hybridization is responsible for the elec-
tronic properties in PrOs,P;,. In contrast to the multipolar
ordering systems PrRu,P;, and PrFe,P,,, PrOs,P;, without
the Fermi-surface nesting condition does not undergo any
phase transition.!® However, the characteristic strong hybrid-
ization effect takes place commonly in Pr-filled skutterudite.
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