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Anomalous heavy-fermion and ordered states in the filled skutterudite PrFgP;,
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Specific heat and magnetization measurements have been performed on high-quality single crystals of filled
skutterudite PrEg;, in order to study the high-field heavy-fermion sték¢~S) and low-field ordered state
(ODS). From a broad hump observed@iT vs T in HFS for magnetic fields applied along tt#00 direction,
the Kondo temperature of9 K and the existence of ferromagnetic Pr-Pr interactions are deduced*re
nuclear Schottky contribution, which works ahighly-sensitive on-site probfer the Pr magnetic moment,
sets an upper bound for the ordered moment 803 g /Pr ion. This fact strongly indicates that the primary
order parameter in the ODS is nonmagnetic, and most probably of quadrupolar origin, combined with other
experimental facts. Significantly suppressed heavy-fermion behavior in the ODS suggests a possibility that the
quadrupolar degrees of freedom is essential for the heavy quasiparticle band formation in the HFS. Possible
crystalline-electric-field level schemes estimated from the anisotropy in the magnetization are consistent with
this conjecture.
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[. INTRODUCTION ordered statéODS) is suppresse(see Fig. 2 for a field-vs-
temperatureH-T phase diagraim The Fermi-liquid (FL) na-
Studies of U-based intermetallic systems have revealetiire of the HFS is evidenced by the enormousvalue
that the nature of strongly correlated electron states based ¢r=1.4 J/K mol in ugH=6 T for H|(110) (Ref. 13], which
the f? configuration can be qualitatively different from those satisfies the Kadowaki-Woods relatf8ralong with theT?
based on thdé! configuration. Such an example is the pos-coefficient of electrical resistivitp(T) (2.5 uQ cm/K? at 6
sible quadrupolar Kondo coupling of a non-Kramers doublefT), and the huge cyclotron massi{ =70m,) determined by
ground state to conduction electrons in cubic symmetry. de Haas—van AlpherdHvA) studies'® To our knowledge,
This coupling, which may be viewed as a screening procesprFgP;, is the one and only system in which such definitive
of the fluctuating quadrupole moment on the ion by the conevidence for the #>-based FL heavy-fermion ground state
duction electrons, can lead to a non-Fermi-liqUNFL) be-  has been obtained. In this paper, we report possible evidence
havior if the coupling has two symmetric chann&l§his indicating that the HF state is formed via nonmagnétiost
unconventional scenario has been applied to explain NFlikely quadrupolay interactions.
behaviors observed in some cubic U compouhdsHow-
ever, doubts have been cast on the realization of tfe 5
configuration or a non-Kramers doublet ground st&t@he
required substitution with nonmagnetic elements for realiza- Single crystals of PrE®,, were grown by tin-flux
tion of NFL behavior allows other possible explanations tomethod described in Ref. 16. The observation of the dHVA
be proposed instedd® oscillationg® ensures high-quality of the sample. Specific
In this respect, the exploration of Pr-based correlatedheatC(H,T) for H||(100) was measured by a quasiadiabatic
electron systems is highly indicated becaust P4f2) isthe  heat pulse method described in Ref. 17 using a dilution re-
most direct analog of ¢/. Compared to § systems, the frigerator equipped with an 8-T superconducting magnet.
smaller spatial extent of thefdorbitals usually causes more The temperature increment caused by each heat pulse is con-
localized character with less valence fluctuation. There igrolled to~2% for the usual measurement and®.5% in
little debate regarding the existence of crystalline-electriclimited temperature ranges where the phase transition occurs.
field (CEF levels, and therefore comparison with the afore-The bulk magnetizationM (ugH<5.5 T,T=2.0 K) was
mentioned theoretical models becomes more reliable. Almeasured with a commercial superconducting quantum-
though resulting weaker hybridizations of thé #lectron interference devicdSQUID) magnetometefQuantum De-
might lead to a smaller energy scalkondo temperature sign).
Tk), which characterizes the renormalized properties devel-
oping at low temperatures, experimental observations are
possible in limited systems. Such compounds reported to
date are PrinAgand PrFgP;,. The former is characterized Figure 1 shows the&/T-vs-T data forH|[(100). In zero
by the enhanced Sommerfeld coefficient 6.5 J/KX mol**  field, a clear anomaly indicating the second-order nature of
The unusual+InT dependenc?d of electrical resistivityp ~ the phase transition appears Bt=6.51 K. In the early
might indicate the NFL nature of the ground state in thisstage, this was regarded as a signature of an antiferromag-
compound. netic transition since the magnetic susceptibilify) (drops
In the present study, we focus on PyPg, which exhib-  below T, . With decreasingl below T, C/T decreases,
its a heavy-fermion statéHFS) in applied fields where an showing two weak shoulders at around 4 and 1 K. A slight
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FIG. 2. Magnetic field vs temperature phase diagram. The bro-
ken and solid curves represent first-order and second-order phase
boundaries, respectively.

The hump structure il€/T vs T is attributed to the low-
energy thermal excitations in heavily renormalized quasipar-
ticle bands formed around the Fermi levél). As a phe-
nomenological model to describe the excitations, we employ
the resonance level mod&l (RLM), which assumes a

C/T (J/K?mol)

H//<100> ] Lorentzian density of states centered & with a
0 ! . , . , T-independent width4 ~T). Although this model is unre-
0 2 4 6 8 alistic, it has been applied successfully to describeGHE)
T(K) data and to extract the characteristic energy scale on Ce-

FIG. 1. Total specific heat of Pri®,, in magnetic fields ofa) based HF compounds, €g. CQBIQ (Ref. 20. _and CECH
poH=3 T and(b) ueH=4 T for H|(100). The thin curves repre- (Ref. 21). We use the following slightly modified definition
sent the best model fittings of the HFS data using Rise text for the electronic specific heat, entropy, and magnetization:

upturn below 0.2 K, which grows strongly in applied fields, Crum=0CsdT.4,greHer), (13
is due to the nuclear Schottky contributio€,f). With in- S = 8SedT A H 1b
creasing field, the anomaly @}, shifts to lower temperatures RuM= 0Ssd T.4,0ueHer), (10)
and changes its shape from second-order-like to first-order- M= oMsd T,A,gps Her), (10

like at ~2 T. Actually, at temperatures very close to the
phase transition igH=2-4 T, Barkhausen-like heating is where the functions oCgs, Sgs, and Mgg are defined in
intermittently observed during heat pulse measurements. Theef. 19 andH.; denotes an effective field acting on the
determined phase boundary between the HFS and ODS &ectrons. The prefactat is phenomenologically introduced
plotted in aH-T phase diagram in Fig. 2. In the HFS above considering that the entropy release associated with the
uoH=4 T, a broad hump appears at a temperaflitg,, hump structure is larger theRIn 2 (see Fig. 5. The conno-
which shifts to higher temperatures with increasing field. Fortation of § will be discussed below.
H([(110),*® no such hump is observed up to 8 T although the In zero field H.s=0), experimental values o€/T
overall T dependence of/T is similar to that of the present =0.465 J/K mol and electronic entrop$.,=10.2 J/K mol
data. The hump structure and the enormously enha@¢&d at T=8 K (see Fig. % uniquely lead toA=8.7 K and &
in the temperature range &t T, cannot be explained by =2.7. A model calculation ofC/T using these values is
a simple Schottky model with a few separated levels. Actushown in Fig. 1a) by a broken thin curve. The model curve,
ally, C/T does not show any exponential decrease with lowawhich satisfies the entropy balance with the zero-field data,
ering temperature below,,,. This fact indicates that, at approaches 2.7 JA&mol as T—0. For the high-field data
least in the measured temperature range, “well-localized Pshown in Fig. 1b), the only fitting parameter igugH s,
ions with a dominant CEF effect” does not provide an ap-which is determined so thak,., can be reproduced. Thus
propriate picture in PrE@,;, and many-body effects should determined model curves shown in Figbll demonstrate
be taken into account. that the hump structure is described fairly well by Etg).
The measured specific he@t can be expressed &,  The resulting effective Zeeman energy (H2kHe« as a
+C,+Cpp. For an estimation of the phonon contribution function of H falls on a straight line as shown in Fig. 3.
Cpn, We useBT3 with B=2.59x 10 * J/K* mol reported for ~ Assuming the effective factor to beH independent between
LaFeP;,.' Even at 8 K,Cph amounts to only 3% of the 4 and 8 T,g=2.2 is obtained from the slope in Fig. 3. The
total value ofC due to the huge contribution @,. absence of the hump structure@iT for H|[(110) upto 8 T
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FIG. 3. Magnetic field dependence of the effective Zeeman en- Ng [ Hi<100> CTatT=1 K
ergy determined by the fitting shown in Figlbl The inset shows x I 1
the T dependence of inverse magnetic susceptibility. =2 ]
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(Ref. 13 is due to the smalleg for this geometry, in accor- l
dance with the anisotropy iNl, as will be discussed below. 1
The positive intercept in Fig. 3 indicates ferromagnetic inter- . . . ]

actions among the Pr ions with an energy scale-&6 K,
which is consistent with the positive Weiss temperatage

=+3.5 K determined from the magnetlg suscepFlbllp[:y FIG. 4. (a) Magnetic field dependences of the site-averaged
=M/(poH)(1oH=0.1T) data below 20 Kinset of Fig. 3. magnitude of the Pr magnetic momeng, and bulk magnetization
This feature contrasts strikingly with the negatigg's ob-  \(T=2.0 K). (b) y=Cq/T|1_, estimated by the fitting below 2 K
served in Ce-based Kondo lattice compounds, wHé¢  (see text C/T vs u,H measuredial K is shown for comparison.
provides a rough estimate dfx. We also comparé(T)
measured inugH=5.5 T with Mg u(T) given by Eq.(1c).  the ODS and the measured specific heat provides the site-
At 2.0 K, M andMgy are 1.83 and 1.5@/Pr ion, respec- averaged quantity. Using this, we define the site-averaged
tively. Except for the slightly smaller value dfg , the  magnitude of the Pr magnetic momeng,= gJ(|<JZ>|2)1/2_
general feature of gradually decreasiMgwith increasingT We experimentally determine the coupling constarin
is well reproducednot shown. the HFS, wheréJ) is polarized along the applied field for all
The observed nuclear Schottky contributiop is mostly  Pr ions. In ugH=5.5T, M(T—0)=g,(J,)=1.89 ug/Pr
caused by Pr nuclginuclear spinl =5/2 for **!Pr with the  jon and a’ is obtained to be 0.122 K. The determined
natural abundance of 100% he contribution from Fe and P A=0.052 K agrees well with reported theoretical val&&%
nuclei is negligibly small. The nuclear magnetic moment av-  |n order to separat€, and C,, we use Eq(1a) in the
eraged over the existing isotopéd +1)gﬁ is 5.3x10 4 HFS andyT+ aT" in the ODS forCg. TheH dependences
and 3.84 for Fe and P, respectively. Using these values, thef mp, and y, obtained by fittingC(T) data below 2 K, are
contribution from Fe and P nuclei can be estimatedCgs shown in Fig. 4. The resulting exponamtanges from 4.1 to
=1.7X10 3(uoHp/T)? J/K mol, which amounts to only 4.3. In the HFSP is determined to be (£2)x 10 3 K; for
0.4% of the observe@, in 8 T assuminguoH =8 T. the precise determination &fin low fields, the measurement
The observed Pr nuclear Schottky contribution is largelyshould be extended further below 0.1 K.
enhanced. This is due to the strong intrasite hyperfine cou- A remarkable feature in Fig.(d) is thaty is substantially
pling between the nucleus and #lectrons on the same Pr reduced &0.1 J/K mol) and almosH independent in the
ion. The Hamiltonian for the Pr nucleus can be writteffas ODS, and it rises sharply te 1 J/K? mol atH, . Field-scan
data of C/T measured at 1 Kshown in Fig. 4b) for com-
Hy=a'l,+ P[If—l(l +1)/3], (2 parisor also reflects this feature; the difference between the
C/T andy data comes mainly from the nuclear contribution
where thez axis lies in the direction ofJ) for each Prion. jn HFS and the magnetic excitation approximatechas in
Herea'(=A(J,)) andP[=B(J5—J(J+1)/3)] are the mag- the ODS. This observation evidently shows that the HF be-
netic dipole hyperfine interaction parameter and the electrihavior is significantly suppressed in the ODS.
quadrupole coupling constant, respectively. For each mag- In Fig. 4a), mp,is compared witiM (H) data measured at
netic field, the values o&’ and P can be determined by 2.0 K. A small difference inH, is due to the temperature
fitting the observedC(T) data to the model given by Eq. dependence ofi, (see Fig. 2 Agreement between the two
(2). Consequently, if the coupling constahis known,{J,) sets of data is quite good even in the ODS taking into ac-
will be obtained. In the following data analysis, we replacecount the weak temperature dependenceMofe.g., M(T
(J,) by the site-averaged quantity(J,)|?)¥? since the Pr —0) is only 1% smaller thaM (T=2 K) in uoH=3 T.
ions are most probably separated into inequivalent sites iifhis agreement clearly shows that the reduigeith the ODS
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FIG. 5. Temperature dependence of the electronic part of en-
tropy Sg calculated integrating th€,/T data. Because of the
Barkhausen-like heating occurring at the first-order phase transition
in uoH=2-4 T, thus calculate&, aboveT, becomes lower than I
the true values. By magnetization measurements using a Maxwell | T=7.0K
relation of[aS/a(MoH)]T:[&M/&T]MOH, we have corrected the
S data inT>T,. In zero field, S, data for T>T, are nicely |
reproduced by the RLM model given by E@.b), which provides 1
an asymptotic entropy d(T—«)=RIn(2%)=RIn(6.5).

is mainly due to the shrinkage of each Pr magnetic moment
itself, not due to cancellation among the Pr magnetic mo- s
ments as usually observed in classical antiferromagnets. For Ob—r L . L . L. |
example, theM (H) curve of HoGa shows complex field- 0 1 2 3 4 5 6
induced metamagnetic phase transitions, though the Ho HOH (T)
nuclear specific heat.e., the magnitude of each Ho mag-
netic momentis of H independence, reflecting that the meta-  FIG. 6. Magnetization curves measured at 2.5, 4.2 and 7 K in
magnetic behavior itM (H) is due to the change in the Ho external fields along the main symmetry directions. The observed
moment cancellation depending on the field-induced magmagnetic ~ anisotropy ~ of ~ M(H|[(100)>M(H|[(110)
netic structure® >M (H|[{112) is the feature of the nonordered state.

As shown in Fig. 4a), mp, decreases significantly d$

—0. The extremely smalC,=6.4x10"°/T? J/K mol ob-  ground state and consequently the anisotropylimvill be
served in zero field sets an upper bound for the ordetgd M(H[(112))>M(H[(110))>M(H|(100) at low tempera-
i.e., <0.03 ug/Prion. The extremely smathp, along with  tures. Magnetization curves measured in applied fields along
the large entropy decrease beld as shown in Fig. 5 the main symmetry directions are shown in Fig. 6. Since
strongly suggests that the primary order parameter in thei(H|(100))>M (H||(110)>M(H|(111) is observed in
ODS is not the Pr magnetic moment but of nonmagnetiache nonordered state, the above possibility is ruled out. In the
origin. This is consistent with the absence of magnetic Braggollowing analysis, therefore, we assume that Bg— 0%
peaks at 1.5 K in a powder neutron diffraction sttflin  term is negligibly small and we use ti@, point-group no-
which typical sensitivity is of the order of Quk/Pr ion. tation for CEF levels described by Lea, Leask, and ¥olf
In the nonordered state, it is found that the low- (| \) (see Ref. 27 for th©,< T}, correlation tablg In this
temperature properties cannot be described quantitatively IRotation, the two CEF parameters are represented/tand
a well-localized Pr-ion picture. For example, the specific heak \we calculated magnetization for a single-site Pr ion at 2.5
cannot be described by a simple CEF model producing & in a magnetic field of 5.5 T in order to compare with the
Schottky anomaly. It is expected, however, that some of theyperimental data. The results are shown in Fig. 7 as a func-
qualitative features may reflect the CEF effect playing a rol&jgn of x. For eachx, the absolute value d is determined
in the background of the strong hybridization. Thg site g thatS,(T=8 K)=10.2 J/K mol is satisfied. No molecu-
symmetry of the P¥" ions with no fourfold rotation axis |ar field for the dipole or multipole Pr-Pr interactions is taken
leaves a nonvanishingO§—0g term in the CEF into account in the calculation. The observed anisotropylin
Hamiltonian?’ along with the usual cubic terms dd s qualitatively reproduced when=0x<1 for W<O0 or
+50% andO2—210¢. If the 03— OF term is dominant, one —1<x=<0 for W>0. In these parameter regions, the CEF
of the two magnetic triplets will be stabilized as the CEFground state is &'; singlet or al"3 non-Kramers doublet; in
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tstex.st| Ty Ty ‘ T, I I T, T, Irﬁ OI_DS. Using the_ value oE(I",), the calculated entropy at 8
K in zero field (in the nonordered stateneglecting thd'5
9r°“”355" 1“? . 1:3, . ,|r1 Ly . Ts state and the other higher levels, is 9.6 J/K mol, which is
T also not far from the experimental value. From the rough
> discussion mentioned above based on the present specific-
5 of I J heat and magnetization results, we propose that the possible
- H/<100> | CEF level schemes ard’;—1I', (~13K) and I';—1I',

(~18 K). Noted that the energy level of the first excited
state should be considered as a rough estimation since we
have made some assumptions in the discussion, e.g., the
modification due to the ordering of the wave functions and
the energy levels of the CEF levels to be small enough. In
\ 7 order to check our proposal, an inelastic neutron scattering
W0 : measurement is planed.
i : An ultrasonic study reported by Nakanistial 2° demon-
0.5_1 — (') g e (') — strates that the elastic constantsogf and c,;— c4, shows
softening below~20 K down to T, while ¢4, does not.
From this fact, they claim that the CEF level schemé'is
FIG. 7. x dependence of the calculated magnetization for a—I's, which is the same as one of our proposed models.
single-site Pr ion at 2.5 K in a magnetic field of 5.5 T. For each Below T,, both c,; and cy;—cCy, start to increase. From
the absolute value ofW is determined so thaS,(T=8 K) these observations, they proposed that the order parameter in
=10.2 J/IK mol is satisfied. No molecular field for the dipole or the ODS would be an antiferroquadrupole ordering With
multipole Pr-Pr interactions is taken into account. Broken arrowssymmetry, where the twofold degeneracy of ihg ground
indicate the parameter region where the magnetization anisotropy istate is lifted. If this is the cas&,(T=Ta), being larger
qualitatively consistent with the experimental data. The upper panghanR In 2, indicates that the excitdd, state, which also has
shows the ground and first excited CEF states. the same types of quadrupole moments as [fgeground

either case the ground state is nonmagnetic, in accordangéate’ is also relevant to the ordering.
9 9 ' In the case of thé'; —TI'", level scheme, which cannot be

with the nonmagnetic nature of the ODSTA triplet ground ruled out by our present study, tiia ground state itself has

state is highly unlikely. d f freed H . h .
The magnetic susceptibility in the ODS has quite large no degrees of freedom. However, since the energy separation
: . . . : getween the two levels is comparable to the estimated value
values, as readily recognized in both the inset of Fig. 3 an ; .
o - of Ty, one can speculate that thg excited state contributes
the magnetization curve shown in Figa) If the observedy h h lized physical : |
in the ODS were attributed to itinerant electrons wigh much to the renormalized physical properties at low tem-
peratures. Due to the quadrupole degrees of freedom relevant

~ 2 .
=0.1 J/K’ mol, an unreasonably Iarge .eﬁgcnve momentto thel', state, a quadrupole ordering could take place also
reii= 15 ug/carrier would be needed, indicating that the ob-in this case

servedy in the ODS is attributed to the well-localized 4 In the ODS, where the quadrupolar degeneracy is most

electrons, of which the-f hybridization is substantially sup- probably lifted, the strong suppression of the HF behavior is

pressed. Attributingy=0.4 ug/T Pr ion for T—0 in the observed as shown in Ei . ; .
L ; . g(B). This observation points to a
ODS to a Van Vleck susceptibility, following possible CEF possibility that the fluctuation of the quadrupole moments in

level schemes are deducdd. In the case of thé'; ground the nonordered state is playing an essential role for the

state, al“lilstat.e is located air% 2)=13 5 abovehthe_ grounld heavy-fermion state formation. Figuréa# shows thatmp,
state, taking Into _account the, groun state aving only develops monotonically with increasing magnetic field and
one nonzero matrix element 8f with thel", state. Since the approaches as large as 60% of the HFS valubl at The
expgrlmentaISe,(_T_z_S K)=10.2 ‘]/K_ mol shown in Fig. 5 insensitivity of the suppression of the HF behavior to the
denies the possibility that B state is located below 13 K g4 inducedm, in the ODS implies that the suppression of

as th_e first e>_<cited state, one can conclude thatihstate is  he HE behavior is not due to any magnetic sources, probably
the first excited state and thieés state should be located .,nsistent with our conjecture.

above it. The calculated entropy at 8 K in zero fi¢id the Any sign of possible NFL behaviors, which could be
nonordered staj@eglecting thd's state and the other higher ., ,seq by the quadrupolar Kondo effect, have not been ob-
levels is 8.9 J/K mol, which is not far from the experimental goved in PrigP,, contrasting remarkably with PrAgin
value.(ii) In the case of th&; ground statel'{"), referring e instability of NFL state against FL state has been studied
to \7/24(4)+|—4))—/5/120) (|M) represents an eigen- theoretically in some model cas¥salthough comparison
state ofJ,), has only one nonzero matrix elementlfwith  with the real systems are still insufficient. In PjPg,,

al', state and so dod8y?, referring to\1/2(2)+|-2)),  largely enhanced negative thermopotbeselow 50 K sug-
with aT's state. Therefore, with a similar consideration as ingests the predominant hybridization process to be betfeen
the casdi), one can conclude that the first excited state is aand f° configurations? The virtual f° configuration is ex-

I, state, which is located & (I';)=18 K if it can be as- pected to have a quartet ground state since the CEF ground
sumed that all the Pr ions have th§" ground state in the state of NdFg Py, is a quartet® In this scheme, the-f

[ H//<110>
15

M (u/Pr)

1.0}
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hybridization should have complicated multichannels. An-served inC/T vs T for H|(100 in the HFS, the Kondo
other factor needed to be considered is the closely |°Catefémperature of~9 K and the existence of ferromagnetic
CEF excited state in th#? configuration in PrFgPy,. Inthe  pr_py interactions are deduced. Utilizing th&%Pr nuclear
case of thd';—I'y level scheme, thé', excited state might  gcnottky contribution, an upper bound for the site-averaged
cause the instability of the NF_L state relevant to the  py grdered magnetic moment is obtained to-b@03 g /Pr
ground state, as demonstrated in a non-Kramers doublet angh This fact strongly indicates that the primary order pa-
a singlet casé._ For deeper understanding of the NFL- rameter in the ordered state is nonmagnetic, most probably
against-FL stability issue, a theoretical study of the presengs quadrupolar origin, as suggested by the ultrasound mea-
case, which has not yet been done, is clearly indicated.  syrements. Significantly suppressed heavy-fermion behavior
A band structure calculation on Laffg,, which consis- i the ordered state suggests a possibility that the quadrupo-
tently explains the observed angular dependence of thgy fiuctuation of the Pr ions leads to the heavy quasiparticle
dHVA branches, indicates that the Fermi surface consists of ggnd formation in the high-field heavy-fermion state. Pos-
nearly spt;taarlcal hole sheét7th) and a multiply connected sjpje crystalline-electric-field level schemes of thé Pions
one(48th.” The latter is characterized by stroog hybrid-  estimated from the anisotropy in the magnetization and the
izations. Therefore, the heavily renormalized quasiparticle|ectronic part of entropy arB;—I', andI's— I, [(ground
bands observed in Prifg, are expected to be mostly attrib- statg—(first excited statd, both of which are consistent with
uted to the corresponding 48th sheet of L#fe. AS  the aforementioned conjecture. The present study demon-
pointed out by Harima in Sugawaed al*® its nearly cubic  strates that Pri@;, could be an unprecedented system,
shape may favor a commensurate three-dimensional nestifghere the role of the quadrupole moments can be studied for
with g={1,0,0}. This conjecture is supported by some of the he realization of the raref4-based heavy-fermion state due

corresponding x-ray satellite peaks obseffed the ODS  tg the existence of the ordered state, which is not available in
and the carrier reduction suggested by jumps in the electricghynag,.

resistivity and the Hall coefficient at, .>! The lattice distor-
tion (or the charge orderingand the associated gap opening
on some part of the corresponding Fermi sheet should be ACKNOWLEDGMENTS
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