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Evolution of 4f electron states in the metal-insulator transition of PrRu P,
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Magnetic excitations of the filled skutterudite PrRuyP;, exhibiting a metal-insulator (M-I) transition at
Tv1=63 K were studied by inelastic neutron scattering experiment. The spectra at temperatures much lower
than Ty are described as well-defined crystal-field excitations. With approaching Ty, the excitation peaks
broaden and shift considerably together with the temperature variation of the carrier number and the atomic
displacement in the transition. The 4f electron states evolve from the well-localized state in the insulator phase
to the strongly hybridized itinerant state by p-f mixing near Tyy;. The hybridization is responsible for the M-I

transition of PrRuyP,.
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I. INTRODUCTION

Many rare-earth and actinide compounds have been stud-
ied extensively because of their attractive properties such as
heavy electrons, unconventional superconductivity, quantum
critical behaviors, valence fluctuation, etc. It is commonly
accepted that interplay between f and conduction electrons is
responsible for these properties. The hybridization effect of-
ten gives rise to a quasielastic or broad magnetic excitation
spectra instead of well-defined crystal-field (CF) excitations. '
The CF spectral width proportional to temperature in rare-
earth systems has been interpreted by so-called Korringa law
in which exchange interaction between f and conduction
electrons is taken into account.” Those of dense Kondo-effect
or valence fluctuation systems often show T'"?-behavior. It
was theoretically studied based on the degenerate Anderson
model.>* To understand the complex magnetic structures of
Ce-monopnictides, the effect of p-f mixing between 4f elec-
trons and p holes of the pnictogens on the CF levels was
discussed.’ It succeeded in explaining the anomalously small
CF split between a ground state and an excited state.

Recently, filled skutterudite RT,X;, (R=lanthanide and
actinide elements, T'=transition metal, X=pnictogen) has
been found to show various physical properties involving f

electrons.® In their crystal structure with the space group Im3
(Tfl), X atoms form corner shared octahedra. T and R ions are
located inside and between the octahedra, respectively. Since
R ions are surrounded by 12 X atoms forming an icosahe-
dron, it is suggested that the various properties originate
from the p-f mixing.” Among them, PrRu,P,, exhibits a
metal-insulator (M-I) transition at Ty ;=63 K.® Electron and
x-ray diffraction studies elucidated a superlattice character-
ized by the wave vector qo=(1,0,0) with Pm3 (T}l) below
Ty~ The band structure study proposed that the Fermi
surfaces perpendicular to the [1,0,0] axes cross half way be-
tween I" and X points to form a cubiclike shape.!? Thus, this
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phase transition is suggested to be a charge-density-wave
(CDW) formation owing to a three-dimensional Fermi-
surface nesting by q,. No anomaly of magnetic susceptibility
was observed at Ty (Ref. 8) and the CF ground state was
suggested to be nonmagnetic from the specific heat
measurement.'? However, an isotropic magnetic moment of
about 1 ug/Pr is induced under a magnetic field less than 1 T
at lower temperature, as presented in this paper. There has
been no trace of magnetic ordering. The electrical resistivity
turns up below Ty, and shows shoulderlike anomaly around
40 K. From these facts, it is natural to expect a contribution
of 4f electrons to the M-I transition. Since the magnetic ex-
citation spectrum by 4f electron CF levels reflect the carrier
state as mentioned above, the 4f electron role in the M-I
transition of PrRuyP;, can be investigated by the magnetic
excitation measurement.

To understand the 4f electron state and the anomalous
magnetic state in the M-I transition of PrRu,P;,, we carried
out an inelastic neutron scattering measurement. Clear sharp
CF excitations of Pr’* 4f 2 electrons are observed at tempera-
tures much lower than Ty It is remarkable that, with in-
creasing carrier number by elevating temperature, the CF
excitation peaks shift and broaden drastically. We will show
that PrRuyP;, undergoes the M-I transition mediated by
strongly hybridized state between 4f electrons and carriers.

II. EXPERIMENTAL

A polycrystalline sample was prepared by the Sn-flux
method, whose quality is similar to that used in the transport
study.'* The inelastic neutron scattering experiments were
performed at the time-of-flight spectrometers LAM-D (ther-
mal neutron) and LAM-40 (cold neutron) installed in the
pulsed neutron facility KENS in KEK, Japan. Scattered
neutrons with the energy of 4.59 meV selected by pseudo-
mirror-type pyrolithic graphite crystal analyzers were
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FIG. 1. (Color) The symbols represent S(E) of PrRusP;, mea-
sured at LAM-D. Origins of vertical axes of each temperature data
are shifted by 0.1. In an inset, open squares depict temperature
dependence of the Ru-ion displacement & in units of atomic coor-
dinate determined in the x-ray diffraction study (Ref. 11), a solid
line is the BCS gap function fitted to &, and filled circles are the
position of the highest inelastic neutron scattering peak.

counted by four or seven detectors at LAM-D and LAM-40,
respectively. Sample temperatures were controlled between 5
and 70 K by a cryostat with continuous flow of liquid He.

III. RESULTS AND DISCUSSION

Figure 1 represents the temperature dependence of the
response functions S(E)=(1/N)(k;/k;)™"(d*o/dQ) dE;) ob-
tained at LAM-D. These are evaluated by correcting absorp-
tion, subtracting the background estimated from the mea-
surement without the sample, and transforming to absolute
cross sections by incoherent scattering intensity of vana-
dium.
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At 5 K, clear peaks are seen at 3.2, 9.3, 13.9, and
22.7 meV. Although the width of the last peak is broader
than the instrumental resolution in contrast to the other peaks
having almost resolution-limited widths, they are presumably
attributed to CF excitations, since the scattering-angle depen-
dence of intensity is consistent with that of magnetic form
factor of Pr**. It is noticeable that, with increasing tempera-
ture, the peaks shift to the lower-energy side and become
very broad. Such drastic behavior will be discussed based on
the strong electron hybridization. Open squares in the inset
of Fig. 1 depict temperature dependence of Ru-ion displace-
ment § determined by the x-ray diffraction study, where the
Ru ions are located at (1/4+8,1/4+65,1/4+68) and the
equivalent positions.”"!" The maximum-intensity position of
inelastic spectra indicated by circles as well as  correspond-
ing to the order parameter obey the BCS-type gap function
for the CDW state shown by a solid line. Then it is natural to
consider the CF levels variation coupling strongly with the
carrier state and the structural change.

Because of the superlattice structure below T, local en-
vironments around the Pr ions at the unit-cell origin and at
the body center are different. Therefore, there should be two
level schemes for each Pr-ion sites (Prl and Pr2) below Ty

The CF Hamiltonian for 4f electrons in both of Im3 and Pm3
structures is represented as

Her = A4(04 +503) + A{(0g — 2103) + Al(0f - 07),
(1)

where O’ expresses a Stevens’ operator equivalent.!> The
last term of Ay is caused by the lack of the point symmetry
C, in T), The 4f 2 electron state of Pr** split to four levels; a
singlet I';, a nonmagnetic non-Kramers doublet I"y3, and trip-
lets Fil) and Fff). We carried out a least-squares fitting pro-
cedure of calculated CF excitation spectra in the full mea-
sured energy range to the data of S(E) at 5 K. We took free
parameters of the CF coefficients in Eq. (1), a scale factor for
a ratio of calculated cross section to the experimental result,
and a constant background to approximate the phonon con-
tribution, which is very small compared with the CF excita-
tion peaks. The peak widths are assumed to be equal to the
instrumental resolution. The result shown by solid lines in
the upper figure of Fig. 2 reproduces well the experimental
data shown by circles, except the broad peak observed at
22.7 meV.
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FIG. 2. The circles are mea-
sured spectra at 5 K (left part) and
at 60 K (right part). The lines are
the fitted results by the model of
two CF level schemes. The verti-
cal bars represent CF energies at
Prl and Pr2 measured from each
ground state.
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TABLE 1. The CF coefficients and scale factors obtained from the analysis of S(E).

Parameter 5K 20 K 35K 44 K 53 K 60 K 70 K
A4(Prl) (mK) -6.816 -5.571 -16.69 -14.10 -12.90 -17.17 -15.06
Ag(Prl) (mK) 0.9505 0.952 0.860 0.879 0.844 0.715 0.729
Ag(Prl) (mK) 0.46 0.41 2.01 2.56 2.36 5.69 7.31
A4(Pr2) (mK) 41.2 42.7 22.25 17.45 13.83 -11.50 -15.06
Ag(Pr2) (mK) 1.41 1.45 0.944 0.916 0.794 0.847 0.729
Ag(Pr2) (mK) 10.0 8.07 7.50 7.43 8.68 3.09 7.31

Scale 0.940 1.001 0.850 0.888 0.986 1.067 1.227

The best fit CF coefficients are shown in Table I. It is
characteristic that, in the lower temperature region, the
ground state of Prl is nonmagnetic I'; and the first excited
state magnetic F(z), and vice versa for Pr2. In order to check
the validity of the obtained CF scheme, we calculated mag-
netization based on the CF coefficients at 5 K. As shown in
Fig. 3, the resultant isotropic magnetization dominated by
the Ff) ground state of Pr2 agrees quite well with the ex-
perimental data at 60 mK.

The discrepancy between the observation and the calcula-
tion at low fields can be dissolved by taking into account a
split of the Ff) expected from the observed Schottky peak of
specific heat at 0.3 K, although the origin of the split is un-
known. Because the nearest-neighbor Pr ions (Prl) of Pr2 are
nonmagnetic, no magnetic ordering is naturally expected.
The specific heat value of 0.51 J K~! mol~! at 9 K evaluated
from the CF parameters at 5 K, corresponding to an excita-
tion from Ff) to I'; of Pr2, is close to the observed value of
0.6 Jmol™' K-'.13 Such quantitative agreement with the
magnetization and the specific heat supports the present as-
signment of the CF levels.

For analyzing the data at higher temperatures, the CF
peaks are assumed to be expressed by Lorentzians with a
finite width adjusted in the fitting procedure involving con-
volution of the instrumental resolution. Since the two Pr-ion
sites are equivalent above Ty, we analyzed the data at 70 K
under constraint of the same CF parameters for Prl and Pr2.

T T T T

T

1.2F ‘ ]
0.8l ; B/ [111] 7
odl — measured
0:0__ ------ calculated ]
E 1.2+ =
£ O'g_r Byl
E - PrRUP — measured |
g 83 Tr: 2‘6 IléK ------ calculated |
1.2+ ]
0.8} & B //1001] ]
ol rf —— measured
0.0_- ------ calculated ]
Y ) 4 6 8 10 12
B [T]

FIG. 3. The magnetizations measured at 60 mK (solid lines) and
those calculated from the CF parameters at 5 K (dotted lines).

As shown in the lower part of Fig. 2, the fitted curve agrees
well with the experimental result at 60 K. The resultant pa-
rameters are listed in Table I. The values of CF Hamiltonian
coefficients do not show a smooth dependence on tempera-
ture. This is due to the following reasons. The cross section
of the excitation from the ground state I'; to Ff) at 8.14 meV
of Prl at 5K is about 3% of that from I'; to Ff‘l) at
9.27 meV, which were resolved only in the higher-resolution
measurement at LAM-40. The cross section of the excitation
from Ff) to I'; at Pr2 is also small. These smaller peaks are
hidden at the high temperature region because of the spectral
broadening. Thus, the determination of the small-peak posi-
tion and intensity shown in Fig. 1 contains uncertainty. How-
ever, the overall spectra are well fitted and the scale factors
are almost one as tabulated in Table I. We compared also the
temperature of bulk magnetic susceptibility with that of the
CF schemes determined in the present neutron scattering
study. As seen in Fig. 4, the magnetic susceptibility measured
under magnetic field of 0.1 T applied along the [0, 0, 1] axis
(a solid line) agrees quite well with that calculated from the
presently determined CF Hamiltonian parameters as well as
the Zeeman term (open squares). Thus, the present analysis
succeeds in reproducing the experimentally determined cross
sections quantitatively.'
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FIG. 4. The solid line represents measured bulk magnetic sus-
ceptibility under magnetic field applied along the [0, 0, 1] axis, and
the open squares the calculated one based on the CF parameters
determined in the present neutron scattering experiments.

024414-3



IWASA et al.
O
Prl
1 5 _v ....... vvvv F23 |
% (vAy/
iy
é 10 A E}D DI% @
= m AA 4
st -
s r 0
= I,
00000000 OO Bﬁmo _
r] <0
o-of,®
S 00 4
0 40 80 0 40 %

Temperature [K]

FIG. 5. The CF level schemes of Prl and Pr2 as differences
from I';.

Figure 5 shows the resultant temperature variation of the
level schemes of Prl and Pr2, in which the zero energy is at
the I'; level.

The nonmagnetic ground state I'; of both Prl and Pr2
around T is consistent with the suggestion from magnetic
susceptibility and specific heat data.®!*> The ground state of
Pr2 switches to Ff) below about 40 K. This switch may give
rise to the plateau of electrical resistivity at around this
temperature.® As depicted by symbols in Fig. 6(a), the intrin-
sic half-width at half-maximum (HWHM) varies from ~0 at
5 K to 1.73 meV at 70 K. This unusual CF evolution evi-
dences a strong interaction of 4f electrons with carriers.

The observed peak broadening will be analyzed by the
following form of the HWHM y(T) up to T=6Acp, where
Acr is the CF split energy, expressed as

UT) = Y0) + 47l J (g, - 1)N(Eg) PhsT, (2)

where J., denotes an exchange integral between 4f and con-
duction electrons and N(Ep) the density of states at the Fermi
level.? In contrast to conventional metals showing 7-linear
behavior of y(T) due to temperature-independent N(Ep), the
broadening of CF peaks in PrRuyP, is strongly nonlinear
against T as depicted in Fig. 6(a). This phenomenon can be
ascribed to the variation of electronic state of PrRu,Py, in the
M-I transition. We analyze the data based on Eq. (2) by
simply assuming that the N(Eg) is proportional to the carrier
number n(7). It is presumed to be expressed as

n(T) = nge™ e DksT, 3)

where A,(7) is an activation energy following the BCS gap
function reproducing the atomic displacement below Ty
as shown in the inset of Fig. 1. A,(0)=37 K is evaluated
from the electrical resistivity.® Calculating ¥(T) by substitut-
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FIG. 6. (a)The circles are the HWHM of CF peaks and a line
calculated one based on Egs. (2) and (3). (b) The squares are the
shift of eigenenergy of Fil) at Pr1 and line based on Eq. (3).

ing n(T) for N(Ep) and by putting arbitrary values of
¥(0)=0.016 meV and J.ny=0.23 reproduces the experimen-
tal HWHM well, as shown by a line in Fig. 6(a). The success
of this simple analysis supports that the hybridization effect
becomes significant with increasing temperature near Ty .
The shift of CF excitation peaks is also explained by the
carrier-state variation in the M-I transition. The p-f mixing
forces the valence band level to be raised and the mixed CF
level to be lowered.> The CF energy shift is proportional to
the number of holes in the valence band. In the case of
PrRu,P;,, the holes in the 49th band are thought to be re-
sponsible for the p-f mixing.!? As it is reduced below Ty,
the mixed CF level energy is expected to increase. In addi-
tion, to keep the center of gravity of the CF energy, even the
CF levels with less mixing also shift. In Fig. 6(b), the experi-
mentally determined shift of eigenenergy of Fil) at Prl is
shown as a typical example, together with a line of —n(T) in
Eq. (3) with an arbitrary value of ny=2.4. Their temperature
variations are similar to each other, so that the strong hybrid-
ization between f electron orbit and p electron holes at the
high-temperature region is again supported.

IV. SUMMARY

It is concluded that the M-I transition of PrRu,P;, is a
new type of CDW transition mediated by the strong hybrid-
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ization between 4f electron and carrier states. Above Ty,
the instability of the p hole band due to the three dimension-
ally perfect nesting is enhanced by the high density of state
at the Fermi level owing to the hybridization effect, as evi-
denced by the present work. It gives rise to the CDW tran-
sition resulting in the lowering of the band energy by the gap
formation and losing the hybridization with 4f electron state.
This scenario can explain the observed evolution of the 4f
electron state through the transition, and also explain the
reason why LaRu,P, without the 4f electron does not un-
dergo a CDW transition in spite of similar nesting conditions
as that of PrRu,P,,."”
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