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Possible Kondo resonance in PrEg;, studied by bulk-sensitive photoemission
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Pr 4f electronic states in Pr-based filled skutterudite¥,Ry, (T=Fe and Ru;X=P and Sk have been
studied by high-resolution bulk-sensitive Rt-3 4f resonance photoemission. A very strong spectral intensity
is observed just below the Fermi level in the heavy-fermion system,Py€élhe increase of its intensity at
lower temperatures is observed. We speculate that this is the Kondo resonance of Pr, the origin of which is
attributed to the strong hybridization between the Padd the conduction electrons.

DOI: 10.1103/PhysRevB.70.113103 PACS nuniber71.20.Eh, 71.2%a, 79.60-i

The heavy-fermion properties observed in many Ce and U It has recently been demonstrated that high-resolution
compounds and compounds of some other rare-earth elghotoemissionPE) with use of soft x-rays can reveal bulk
ments emerge when the hybridization between the conduelectronic state¥! The bulk sensitivity is a result of the long
tion band in the vicinity of the Fermi level and tHestate mean free paths of the high-energy photoelectrons. Bulk-
(c-f hybridizatior) is moderate. The f4electrons in Pr are sensitive measurement must be crucial in the study offPr 4
more localized and less hybridized with conduction electronstates since the-f hybridization in Ce, Sm, and Yb com-
than in Ce. No heavy-fermion Pr compound was known untilpounds is known to be much weaker at the surface than in
the discovery of PrinAgwith a large Sommerfeld coeffi- the bulk!*%In addition, as in the case of Ce systems, one
cient reaching~6.5 J/mol K (Ref. 1). Recently, the heavy- needs to enhance the Pf dontribution in the PE spectrum
electron mass has been found in BfRg under high mag- by means of resonance photoemissiB®E); otherwise, the
netic field?> In both PrinAg and PrFgP,, the crystal- Pr 4f state cannot be accurately distinguished from other
electric-field ground state is suggested to be a non-Kramerstatest®-18
doublet}34which is nonmagnetic but has an electric quadru- In this paper, we report the results of the bulk-sensitive Pr
polar degree of freedom. Therefore, the heavy-fermion be3d—4f RPE measurments for Pri, PrRuP;,, and
haviors in these Pr compounds may result from the quadruPrRuy,Sh;,. It is shown that the Pré— 4f RPE spectrum of
polar Kondo effech® which was first applied to U PrFeP;, has much larger spectral weight just below the
compounds and is in contrast to the usual spin Kondo effedeermi level (Eg) than other systems. We speculate that this
applied to Ce and Yb compounds. spectral weight, which increases at lower temperatures,

PrFeP;, is one of the Pr-based filled skutterudites comes from the Kondo resonan@€R) due to thec-f hy-
PrT,X:,. Among them are PrR®;, known to show the bridization. If so, to our knowledge, this is the first observa-
metal-insulator transition at-64 K (Ref. 7) and PrRuySh,,  tion of the KR in PE of Pr systems.
and PrOsSh;, known as a conventiorfaand heavy-fermioh Single crystals of Pri®;, and PrRuSb;, and polycrys-
superconductor, respectively. PsPg, is particularly inter-  tals of PrRyP;, were fracturedn situ for soft-x-ray absorp-
esting due to the phase transition at around 6.8:&f. 10  tion (XA) and PE measurements at the BL25SU of
and the Kondo-like behaviors. Recent studies suggest th&Pring-8!° The total energy resolution of the PE measure-
the phase transition is associated with the ordering of quament was set ta-80 meV in the high-resolution mode and
drupolar moment$-12In the high-temperature phase, Kondo ~130 meV otherwise. The samples were cooled and kept at
anomalies are found in the transport propertied/hen the 20 K except for the temperature dependence measurement.
low-temperature-ordered phase is destroyed by high mag- The Pr 31— 4f XA spectrum for PrFgP;, is shown in the
netic field, an enormously enhanced cyclotron effective masiset of Fig. 1a). This spectrum reflects the predominant
(m.=81my) is observed in the de Haas—van AlphenPr* (4f2) character in the initial stat.Spectra of PrRyP;,
measuremerttA large electronic specific heat coefficient of and PrRySh,, were also quite similar to this spectrum.
Ca/ T~1.23/K¥ mol is found under 6 F,which suggests a Valence-band PE spectra were measured at three photon en-
Kondo temperaturély of the order of 10 K. These facts ergies. On-RPE spectra were taken at 929.4 eV, around the
suggest the following scenario: quadrupolar degree of freeXA maximum. Off-RPE spectra were taken at 921 and
dom of the Pr 4 state due to the non-Kramers twofold de- 825 eV, which were quite similar in shape. The on- and off-
generacy leads to the quadrupolar Kondo effect, and th€921.0 eV} RPE spectra are compared in the main panel of
phase transition at 6.5 K resulting in the antiquadrupolar orFig. 1(a). We consider that mainly the Pif £ontribution is
dering is driven by the lifting of the quadrupolar degeneracyenhanced in the on-RPE speétrand therefore that the dif-

In order for the quadrupolar Kondo effect to take placd, ference between the on- and off-RPE spectra mainly reflects
hybridization must be appreciably strong. the Pr 4 spectrum.
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ouf I""""’“'s (;) ®) ' density of stategPDOS [see Fig. Pa)] that has a strong
Fracatxa peak and small structures nekg for all the three com-
W\\t pounds. This feature will be interpreted in the next para-
g mm;swgy;mﬁ 2 PtFe,Py; graph, taking into account the hybridization between the va-
5 PrFe,Py; ¥ 5 lence band and the Pf 4tateqv-f hybridization in thefinal
£l £ | states of PE. Second, the intensity nEar—i.e., betweerkg
=™ tt 1|3 | PRuPy, i andEg ~ 0.3 eV—is much stronger in Prif,, than in other
e W\/\ 2 two systems. Such strong intensity&t is neither found in
2 f 7 £ S reported Pr 4 spectra. Later in this paper, this feature will be
= W = | PrRusSb, attributed the strong-f hybridization in theinitial state of
on PrFeP;,.
e , RN Multiple-peak structures observed for various Pr com-

10 5 o 10 5 0 pounds have been interpreted in terms of thef
g Bindi E .. . i

Binding Energy (eV)  Binding Energy (V) hybridization!6-18 We adopt the cluster modéi.e., the
FIG. 1. (8) On- and off-RPE spectra normalized by the photon S|mpI|f|e2c§ version of the single impurity Anderson quel

flux. Inset: Pr 81— 4f XA spectrum for PrigP;,. Arrows show the  (SIAM).=" The part of the valence band that hybridizes

energies at which spectra in the main panel were taf©Off-RPE  Strongly with the 4 state is expected to be similar betV\_/een
spectra taken at 825 eV in an enlarged intensity scale. PIT4X1, and Lal4X;,. The Laf PDOS of La4X;, at a certain

energy corresponds roughly to thef hybridization strength
The off-RPE spectra taken at 825 eV with better statistic&t that energy since Lastates belovEg come only from the
are shown in Fig. (b) in a magnified intensity scale. The hybridization with the valence band. As a first approxima-
valence band betwedfy and binding energyEg) of ~7 eV tion, we replace the Ld PDOS with two levels); andv,,
is expected to be composed of Rt &nd 4, T d, andX p  the energies of whichEg(vy), are shown by the arrows in
orbitals. Among these, the main contribution to the off-RPEFig. 2a). We now assume that the initial Pf 4tate is|f?).
spectrummore than 60%comes from thd d states accord- Although it turns out later that deviation from this state is
ing to the photoionization cross sectittiThe off-RPE spec- appreciable in PrE@;,, this is a good approximation when
tral features are reproduced in the theoretical off-RPE spectrdiscussing the overall spectral features. Then the final states
based on full potential linearized augmented-plane wavef Pr 4f PE are linear combinations ¢f), |(f?) vy), and
(FLAPW) and local density approximatidhDA)+U band |(f2)*v_2), wherev, denotes a hole af,. Since the resulting?
structure calculationgsee Fig. 20)],2°> where the parameter state includes all the excited states, it is denoted@5so as
for the on-site Coulomb interactidd of Pr 4f electron is set  to distinguish it from the initial ground stafé. The average
as 0.4 Ry(5.4 eV). excitation energ¥E((f2)")—E(f?) is ~1.4 eV according to an
The on-RPE spectra shown in Figalare characterized atomic multiplet calculatiod? The main origin of this exci-
by two features. First, the on-RPE spectra have variougation energy is found to be the exchange interaction. The
multiple-peak structures, where peaks structuresare in-  energies of the barkf?)"v,) with respect to the initial state
dicated by arrows, in contrast to the calculatedfRrartial |2 are henceEB(vk)+[ET(f2)*)—E(f2)] and are shown by
the thin open and solid bars in the upper panels of Figs.

{a) RPDOS (b) non-4f (cal.)

1P V‘! ! 3(a)—3(c). We take the remaining three parametéis of the
Ao l; = Foepeanm |1 bare|f) (Ep), the hybridization betweetf!), and |(f?) v
RFep, |\% g ! (Vy), to be free parameters and numerically solve the33

Hamiltonian matrix. When the parameters are set as in the
upper panels of Figs.(8—-3(c), the three final states are ob-
tained as shown in the lower panels. At each of the three
eigenenergies of the final states is placed a set of vertical
bars, the lengths of which are proportional to the weights of
|f1) (thick solid bay, |(f?)"v,) (thin open bay, and|(f?)v,)
(thin solid bajy. Since we assume that the initial statéf@,
S - the Pr 4 excitation intensity is proportional to the weight of
10 5 0o 10 5 0 the |f1) in each final state. Therefore, the thick solid bars
Binging Energy (eV)  Binging Energy (eV) show the obtained line spectrum. The line spectra qualita-

FIG. 2. Calculated PE spectra based on band structure calcul:gl'—V ely well re_produce the exp.e.nmentally obsgrved. system
tion. Density of states is multiplied by the Fermi-Dirac function for dependence in the energy positions and IntenSII){ ratios of the
20 K and is broadened by the Gaussian with the full width at haifthree-peak structures of the on-RPE spefsee Fig. 1a)].
maximum of 80 meV/(a) Calculated Prsolid line) and La(dashed The present analysis rgvealed the_ character of each final
line: magnified 10 timesf spectra of PF,X;, and LaT,Xyp (b) state.l For example, the final statiz with the smalf_%sts the
Calculated off-RPE spectresolid lines, where partial density of Ponding state betweefi') and|(f?)'vy). The trend in theEg
states except for Pirare multiplied by the cross sectiorRef. 24 of bare|f) corresponds to some extent with the trend in the
and summed up. Dashed lines show the contribution of theé  peak position of the Pf PDOS in Fig. 2a). The origin of
state. these trends could be thBg of the Pr 4 electron becomes

PrFe P,

Intensity (arb. units)
Intensity (arb. units)
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(@PrFe,Pr2 (C)PrRUSSDy2" ' 16, S ¢ il'-ls Hlml oy
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1(f%) Vo> | 1) vs> 1% 1 1 ) vs> PrFe, § PrFe,P;,
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..qc-.') I l ﬂ I I ﬂ ] .g WE“ a
= £
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(b)PrRu4P12 (d)PrFe4Pqx(surface) £ b
Vo=0.9eV, 1. Vi=135eV| |\,=11ev_ 1. Vi=t.1eV S |PrRufPy, £ | 200K
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Binding Energy (eV) Binding Energy (eV) o N o ap E
[ T T 8 2oy ]
FIG. 3. Pr 4 spectrum reproduced by the cluster model @r I T %3 02 01 _0'1 0.2
PrFQlPlz, (b) PrRLhPlz, (C) PrRLthlz, and(d) surface of PrFElz. Bindlng Energy (ev) B|nding Energy (ev)
Upper panels: binding energies of b4f® and|(f?) v final states
are shown by the bars and the effective hybridization betw&én FIG. 4. (a) High-resolution Pr @— 4f on- (dotg and off-(solid

and|(f?)"v,) are written. Lower panels: the resultant final states ardines) RPE spectra nedEr at 20 K. The vertical lines show the
shown. The thick solid bars show the weights of ¢ state in the  energy positions of the atomidZmultiplets with the ground-state
final states and correspond to the HrRE line spectrum for the set atEg. (b) Temperature dependence of the on-RPE spectrum of
assumedf?) initial state. The thin open and solid bars show the PrFgP;,. (c) Calculated partial density of states.

weights of|[(f2)"v,) and|(f?)"v,) states, respectively.
g R (v P Y on) of the 4f? states. Figure @) shows that the on-RPE

. spectra of PrFg°;, have strucures at-0.3 and ~0.6 eV
smaller because the negatiXeion comes closer to the Pr ynich correspond to the lowest few excitation energies.
atom in the direction of PrR&b,, PrRyPy, and PrrgPy, KR is expected to depend upon temperature, reflecting the

The present Pridspectrum of PriEgy, obtained from the  temperature dependence of thé dccupation number. In
bulk-sensitive 8—4f RPE is qualitatively different from fact a temperature dependence was found as the temperature
that obtained from the surface-sensitive--4 4f RPEZB The approaches the Suggestﬁgwlo K as shown in F|g (4))
surface-sensitive spectrum also has a three-peak structure bitie temperature dependence was reproducible in both
the peak aEg~4.5 eV is the strongest and the intensity atheat-up and cool-down processes. The temperature depen-
Er is negligible. The origin of the difference is the increasedence is characterized not only by the narrowing of the
of the localization of 4 electrons at the surface—in other ~0.1 eV structure but also by the increase of the weight of
words, the increase of theé #inding energy and the decrease all the structures at-0.1, ~0.3, and~0.6 eV. Although the
of the hybridization. By making such changestgandVy,  former can be attributed at least partly to thermal broaden-
the surface-sensitive spectrum is reprodufsee Fig. 8)].  ing, the latter should be attributed to the intrisic temperature

We measured the Prd3-4f RPE spectra nedEr with  dependence of the excitation spectrum. Therefore it is quite
high resolution as shown in Fig(&. The most prominent possible that the-0.1 eV structure is the KR and the0.3
feature is the strong peak of PyPe, at Eg=100 meV. The  and~0.6 structures are its satellite structures.

Pr 4f spectra of PrRyPy, and PrRySh,, on the other hand,  The temperature dependence can be a vital clue to check
decrease continuously with some humps as approadfing whether the observed structure is the Kondo peak itself or the
Spectral features similar to PriRj, and PrRySb;, have  tail of the Kondo peak centered abole. These cases cor-
been found for very localized Ce systems such as CePdAs, iespond, respectively, to they|f2)+cg|f3) or dy|f)+d,|f?)
which Ce 4 takes a nearly puref4 state!® This indicates initial states, where the hole or electron in the valence or
that a pure # state is realized in PrRR;, and PrRySh,.  conduction band is not denoted explicitly. The noncrossing
On the other hand, similarity between the Riig¢ and  approximationNCA) calculation based on the SIAM for the
Kondo Ce compound spectfa suggests that the Pr Ce syster shows that, as temperature is lowered, the
4f2-dominant Kondo state, with a finite contribution of the Kondo tail is sharpenéd but theweightsof both the Kondo

4f! or 4f° state, is formed in Prgey,. tail and its spin-orbit partnedecreasewhen the spectra are

The present energy resolution 6f80 meV exceeds the normalized in a similar way as in Fig(l#. This contradicts
characteristic energkgTx ~1 meV for PrFgP;, KR has  the present temperature dependence for fABeOn the
been observed even in such cases—for example, fasther hand, for Yb systems, it is well known that the inten-
CeRySi, (Tx ~ 20 K) (Ref. 14 and YbInCy (Tx ~25 Kfor  sities of both the Kondo peak itself and its spin-orbit partner
T>42 K) (Ref. 29 with an energy resolution of 100 meV. increase with decreasing temperatt#&ince this is consis-

In the Kondo CeYb) system, the KR is accompanied by tent with the PrFgP,, temperature dependence, we tend to
the spin-orbit partner, th&g of which corresponds to the believe that the observed structure is the Kondo peak itself
spin-orbit excitation)=5/2—7/2(3=7/2—5/2) of the 4*  and, therefore, that the initial state is dominated dp}f2)
(4f13)-dominant staté” A KR in Pr would then be accompa- +c,|f3). We consider that the Kondo peak at arougy
nied by satellites corresponding to excitation from the~1 meV is broadened due to the energy resolution of
ground stateg®H,) to excited state$®Hs, 3Hg, °F,, and so  ~80 meV resulting in the observed structure~at00 meV.

113103-3



BRIEF REPORTS PHYSICAL REVIEW EO, 113103(2004

The microscopic origin of the-f hybridization is consid- of PrFeP;, whereas no KR was seen in PyRy, and
ered to be the PB-Pr 4f mixing since the nearest neighbors PrRuy,Sh;,. The origin of the KR in PrEg>;, is considered to
of the Pr atom are the 12 P atoms. The large coordinatiobe the Kondo effect caused by the strong hybridization be-

number definitely enhances the effectipdf mixing. It has  tween the Pr iand P $ states in the vicinity of.
been pointed out that the calculatedpPPDOS of RFe,P;,

shows a sharp peak in the vicinity BE.2533 This is also the We would like to thank Professor O. Sakai and Professor
case for PrEgP,, as shown in Fig. &). Therefore, the large K. Miyake for fruitful discussions. The research was per-
P 3p PDOS at=r together with the large effective R3Pr 4  formed at SPring-§Proposal Nos. 2001A0158-NS-np and
mixing is interpreted to be the origin of the Kondo state in2002A0433-NS1-npunder the support of a Grant-in-Aid for
PrEgP;. COE ResearcliNo. 10CE2004and Scientific Research Pri-

In conclusion, our analysis of the data suggests that thererity Area “Skutterudite”(No. 15072208 of the Ministry of
may be a Kondo resonance in theghotoemission spectrum Education, Culture, Sports, Science, and Technology, Japan.
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