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Exotic heavy-fermion state in the filled skutterudite PrFeP;, uncovered
by the de Haas-van Alphen effect
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We report the de Haas—van Alph&tHvA) experiment on the filled skutterudite PyPg, exhibiting appar-
ent Kondo-like behaviors in the transport and thermal properties. We have found enormously enhanced cyclo-
tron effective massn’ =81 my in the high field phase, which indicates that Pji5g is the first Pr compound
in which really heavy mass has been unambiguously confirmed. Also in the low field nonmagnetic ordered
phase(LOP), we observed the dHVA branch withf = 10 m, that is quite heavy taking into account its small
Fermi surface volumd0.15% of the Brillouin zone si2e The insensitivity of mass in LOP against the
magnetic field suggests that the quadrupolar interaction plays a main role both in the mass renormalization and
the LOP formation.
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[. INTRODUCTION and also the large magnitude of thermoelectric power at
low T (=70 uV/IK above 6.5 K suggest dominant con-
Heavy fermion (HF) materials in strongly correlated tribution from the Kondo effect.Existence of highly corre-
f-electron systems have attracted much attention over the laktted electrons is manifest in the behaviorspofind C/T
two decades because of their interesting physical propértiesi_n the high field state above the metamagnetic transition field
Until now, numerous rare-earth HF compounds have beehim~5.5T. Under 10 T,p follows po+AT? [see the inset
found, however, most of them are trivalent €8¢ or In Fig. 1(@] below ~2 K with a large value of
Yb(f¥)-based systems with Kramers doublet ground states.
There have been intense experimental researches to investi- 1000
gate new exotic p.henom.enaﬁﬁ systemg malnly on U com-  pFep. O 30L 10T
pounds. One of interesting characteristics predictedffor 412 /K L 4
systems is the quadrupolar Kondo phenomena theoretically 0 illé/[%(}(())%] 10/
proposed by Cox to explain the non-Fermi-liquid behaviors 500' f o 0
observed in several U compounds with nhonmagnetic crystal
electric field(CEF ground staté.However, most of U com- 0
pounds are not suitable to be described by the CEF scheme
because of the highly itinerant nature df &lectrons. On the
contrary, for most Pr compounds, strong hybridization effect
is hardly expected due to the localized character fokkec-
trons. In fact, Kondo-like behaviors have been observed in
limited Pr compounds, such as PgSand PrinAg.3* For
the latter, really large Sommerferd -coefficient of
~6.5 J/K mol, comparable with those reported for the typi-
cal Ce- or U-heavy fermion compounds, has been reported.
However, no direct evidence of the highly enhanced effective
mass has been obtained, since the sample with high enough
quality to detect the dHVA signals has not been prepared.
Ternary intermetallic compound®T,X,, (R=rare earth;
T=Fe, Ru, and OsX=P, As, and Spwith the filled skut-
terudite structurelfn3) show a rich variety of electrical and
magnetic properties depending on the componétsT,
andX.>~ Among them, PrEgP;, is the most interesting com-
pound because of the apparent Kondo-like behaviors found
in the transport properties and specific h&itwhich are
not expected for the well localizedf4lectron systerfi-* FIG. 1. Temperature dependence(a¥ the electrical resistivity
Figure 1 shows the temperatufedependence dfa) electri- 5 and (b) specific heat divided by temperatu@T in PrFgP;,.
cal resistivityp and(b) specific heat divided by temperature The dashed lines in both figures are the phonon contribution esti-
C/T. The apparent-InT dependence op above~30 K  mated from LaFgP,, data.
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A=2.5 10 cm/K2. In the specific heat measurement under 6 16 14 12 10 8T
T, C/T increases with decreasin§ and saturates below ~ (a)' "87 6 ST 4 3
~2 K to an anomalously large value 6f1.4 J/KZ mol. An Z -
upturn at lowerT is the nuclear Schottky contributio@, 5 | PrFe,Pp e
mostly due to Pr nuclei. By subtracting,/T, we have es- 2% 0.15 020 0.25 0.30 035
timated the electronic contributio@/T(=v) at 0 K as %’ o=0
0.10, 0.13, and 1.2 JAdnol under 0, 4, and 6 T, respectively. g
Note that the largey value aboveH,, along with the A % X
constant follows the Kadowaki-Woods relation indicating a < ol
typical HF behaviol! It is of interest to clarify the origin of = 25
the unusual HF behaviors in PifRs.. , — — 45
Another anomalous nature is the phase transition at 6.5 K 0.07 0.08 0.09 0.10 0.11 0.12
below which the Hall effect measurement revealed a carrier I/H(TY
reduction indicating the Fermi surfa¢ES) reconstructiors. - : : : :
The transition was first ascribed to the superzone gap forma- % (b) 8=0"" X V]
tion associated with an antiferromagneti&F) transition® 3 f& 42.8T L
However, in the recent neutron scattering experimi@émip £ | 8-16T . -
Bragg peak expected for an AF ordering has been detected e oS 21"50‘"5;5 30
below 6.5 K, suggesting the ordered state to be nonmagnetic, '5 240
consistent with the nonmagnetic CEF ground statherI”; = x W A 6=0°
or I'3) inferred from the anisotropy in the magnetization g Y 1 Vo 16
[M(H[[{100))>M (H[(110)>M (H|(111)].%2 That is fur- < TV N0 o5
ther supported by the small upper bound of the Pr-magnetic = 45°
moment &0.03ug) estimated from the small Pr-nuclear = 0 ]' 2 é A'f =10’

contribution to the specific heat under 3*The softening of
the elastic constant€,; and (C;;—C;,)/2 below ~30 K Frequency (T)
reported in the recent ultrasonic measurement also suggests
the CEF ground state to be nonmagndtic and the phase
transition to be an antiferroquadrupolar ordertfig.

All these facts point to the possibility of quadrupolar

FIG. 2. (a) Typical recorder traces of the dHVA oscillations and
(b) the corresponding Fourier spectra in Pi%g. o, ¢, x, andr
are fundamental dHvA frequency branches ang i the second

. ! . harmonic ofiy. A remarkable feature is a reduction of the dHvVA
Kondo effect in PrFgPy, competing with the quadrupolar sighal amplitude with increasing. The insets show the evolution

ordering. Th_e dHvA experiment can be_the most pc_)\’\’em“'lof oscillations of they- and y-branches and the vanishing of the
tool to clarify the unusual HF state in this exotic Pr- p..oohin the HEP.

compound; to obtain direct evidence of highly enhanced ef-

dHVA effect both in the low field ordered phadeOP) and X Were observed only abovd, , while the branchr was
the high field phaséHFP). The preliminary report for the Observed only belovHy (see the insejs which implies a

dHVA experiments have been publishéd. large change in FS acrosy .
Figure 3 shows the angular dependence of dHVA frequen-

cies in PrFgP,, along with that in LaFgP;,. The compari-
son of dHVA frequencies anah? between these compounds

Single crystals of PrE@,, and LaFgP,, were grown by  is given in Table ° The branches, ¢, andy in PrFgPy,
the tin-flux method basically same as described in Ref. 6are observed in the limited angular range centered @),
The raw materials were 4109.99% purgPr, -La, -Fe, 6N-P, and could not be detected arou(il0) and(111). In con-
and 5N-Sn. The crystal structure was verified by the X-raytrast, 7 branch is observed in the whole angular range in
powder diffraction measurement. The lattice constant {100. Assuming a spherical FS for this branghe volume
=7.815 A is close to the reported valti@he dHvA experi-  of FS is only 0.15% of the 1st Brillouin zone sjze¢he car-
ments were performed in a 17 T superconducting magneier number is estimated to be X30"/cm® which is close
with a top loading dilution refrigerator system cooled downto +1.9x 10'%cn? estimated from the Hall coefficiefitThe
to 28 mK. The dHVA signals were detected by means of theough agreement between the estimated carrier numbers
conventional field modulation method with a low frequencycould be understood, since lighter carrigioles in the
(~10 Hz). present casegive dominant contribution to the Hall coeffi-
cient in the low fields. The drastic reduction of thevalue in
the LOP is explained by the carrier reduction associated with
the FS reconstruction. However, the Sommerfeld coefficient
Figure 2 shows(a) typical recorder traces of the dHvVA of y=5 mJ/K? mol estimated from the branch assuming a
oscillations for selected field directions affg) correspond- spherical FS with 10nj is still smaller than the experimental
ing Fourier spectra, wheré@ is a tilting field angle from  y~100 mJ/K€ mol. According to the nesting mod&f!®

II. EXPERIMENTAL

IIl. RESULTS AND DISCUSSION
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S e e R
5 hi ! gives the first unquestionable evidence for the heavy fermion
b000000- o : z : state in Pr-based compounds; & is almost comparable
102 L ; L with the reported heaviest masses of 129 for CeRySi,
9 60 30 0 30 60 90 and 105m, for UP.21?2That is consistent with the large
[100] [101] [001] [111] [110] value and the Kondo-like features in the transport properties.
Field Direction (Degrees) A noticeable feature in then} is the large anisotropy as

_ shown in Fig. 4; it gradually increases with increasifg
FIG. 3. Comparison of the angular dependence of the dHvAuy cent forr branch. Such a behavior is expected for a cylin-
frequencies between Piff, (circles and LaFgPy, (dashed lines  qica| FS alongd001]. However, this is not the case, since the

: 'm? increases while the cross-sectional area decreases with
PrFegP;, loses a large part of FS and becomes a semimetal i

LOP. This scenario is consistent with the antiferro- creasingd at least for they: branch as shown in Fig. 3.

: . . .
guadrupolar transition associated with the FS instability withSUCh an anisotropien; , especially for the cubic system,

a nesting vectors|—(1,0.0) 2% There should be heavier suggests unusual anisotropic mass renormalization.

. The most interesting subject is the origin of the mass en-
electronlike F$s) (m} ~200m,) that compensates the ob- . . :

. ; . h he CEF I
served hole-like FS and dominates the obseryedhlue in ancement, since the CEF ground state is believed to be a

LOP. nonmagnetid’;. The mass enhancement in HFP and Kondo-

The most important findings from the dHvA experiments
can be summarized as follows. 100 ' ' '

(1) Enormously enhanced effective mabBse dHVA ex- o PrieP @ 1
periments have directly proved the extraordinary enhance- [ 6=25 \X\{D 1
ment of effective massn; =81 m, [see Fig. §)] which ? |

TABLE I. Comparison of the typical dHVA frequenciésand :ealo S0r x i
the cyclotron effective masses; between Prig®;, and LaFgP;,. \%

Branch F(X1°T) mi(mg) F(X1T) m?(mp) _ 4_{59;%4) hd
PrrgP;, 6=0°(H|(100)) 6=25° 0 : : :
o 386 62 4.08 65 107 ' ' ' 5
" 185 97 1.45 34 : o ()]
X 0.67 32 0.74 42 >
T 017 10 0.15 10 < ¥
Qo
LaFePy, 6=0°(H|(100) 6=45°(H](110) 5 10°F oo ]
a,a’ 691 6.8 6.61 22 g X
b 485 82 - i

c 3.00 24 3.04 2.3 A H

e 141 6.7 102 el . .

g 042 33 0.60 8.8 0 5 10 15 20

H (T)
#=16°; the frequency for the branch is too close to separate
from the second harmonic of th¢ branch, then we could not FIG. 5. (a) Field dependence of the? and(b) dHVA frequen-
estimatem? for the » branch atd=0°. cies for §=25° in PrFgP;,.
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like behaviors at high temperatures could be ascribed to théeld and thereby the extremal cross-sectional &eaf each
conventional Kondo effect associated with the magnetic CEBpin state FS changes linearly with increasing field, the
exited states; the proposed CEF level scheng;isT',,**'*  dHVA frequencies of each spin state coincide, giving the
where the interaction between thermally induced magnetiéameSe. On the other hand, in the magnetic materials, the
moments and conduction electrons can bring about th€onduction electrons have different exchange energies de-
Kondo effect due to the small excited energy0 K). The  Ppending on the spin directions. In PyRg,, the 4 moment
rearrangement of CEF levels in magnetic field stabilizing S induced by the magnetic field and the nonlinear magneti-
magnetic ground state also could not be ruled out for th&ation appears in HFP. The exchange interaction between
conventional Kondo effect in HFP. In fact, as shown in Fig.the 4f electrons and conduction electrons brings about the
5(a), them* of the w, i, and y branches are significantly nonline_ar field dependence & which is a origin of the
suppressed by the magnetic field as was reported in typic&'9€ field dependence of dHvA frequencies. Thus, a large
Ce-based heavy fermion systems such as G8R&! spin-splitting effect could be an origin of the large difference
CeB;, 2% and CeCy.2* The suppression ah* is consistent 1N the dHVA branches between PgPg, and LaFgP,.
with the reduction of they value by the r’rc1agnetic fielt? However, we could obtain no conclusive evidence, since
However, the possibility of quadrupolar origin for the large possible branches paired with the observed ones with differ-

mass in HEP still remains because the CEF exditgdtate ent spin directions may not have been detected due to their

also has the quadrupole moments. On the contrary, the effef:le"’“/y masses exceeding the present experimental

tive mass ofr branch observed in LOP is insensitive againstser_}_sh't'V'ty'2 tion is why the Kondo effeith i
the magnetic field, which is also consistent with the almost € question IS why the rondo €etie@ither magnetic or

constanty value in LOP* These facts point to the nonmag- nonmagneti): which is quite unusua}I in pr cpmpounds Is
netic origin of the large mass enhancement in this materialge.?rll'.md Im PIFEP;,. ngstafllcl)grgphltaaiy,':Pr' lons I?ﬁatﬁ? q
at least in LOP. The fluctuating quadrupolar moments whicp/!hin @ farge cage made of L2-r and =-€ 10ns In the fifie

interact with conduction electrons could be responsible fOIskutte_rudlte structure are under following sp_eC|aI condition.
the HF properties. Relatively large distance between Pr- and P-ions leads to the

: : deeper 4 level compared to the ordinary rare earth
2) Different FS topology withhaFe,P;,. Another unex- S
peétgd feature in Figr.) 3 igsya diﬁereﬁcézin the FS tOIOOlogycompound§,8 however, the large coordination number of 12

between PrEg>;, and LaFgP;,. If the 4f electrons are well m!ght fl.J”y riompengate it and leads to even largefr hy-
localized in PrFgP,,, the FS should be close to that of brldlzat_lon. The unique crystallograph!c structure could be
LaFeP;, at least in the HFRor field induced ferromagnetic an origin of such unusual feature in th.'s. compound a”s apr-
statg aboveH, . In fact, the FS of ferromagnetic Ndff®, compound through an enhanced hybridization effect.

was confirmed to be very close to that of LaPg except a ¢ Itn summatrg/, \(/jvet cc;ngrmed_ an eno:mo_u SIX 8e {] hanqed ef-
small spin splitting in the dHVA frequencié5As shown in ective massthe detected maximum valueris; =81 mo) in

Fig. 5(b), apparent field dependence of the dHVA frequencie{rFe‘Plz' The insensitivity of mass against the magnetic
(2-89% is observed, at least fat=0-25°. The frequencies ield suggests nonmagnetic origin of the mass enhancement

for @ andy branches decrease with increasing field, wheread! Ieast' in 'LQPPthose ordir pa:cramgtelr) to (;)e also n%n_
the frequency fory branch increases with increasing field. magnetic origin. Pr #P1, may be afirst Pr-based compoun

Such a field dependence of dHVA frequencies could be ex]! which the quadrupolar Kondo effect coexigtr com-

plained as due to the spin-splitting effect combined with theP©te$ With quadrupolar ordering.
nonlinear magnetization proceSsif we assume that the
and y branches originate from an up-spin state and ¢he
branch originates from a down-spin state or vice versa. In the The authors are grateful to Professor H. Harima, Dr. D.
magnetic field, the spin degeneracy of conduction electronfoki, Professor O. Sakai, and Professor M. Kohgi for the
is lifted and the each Landau energy level is split into the uphelpful discussion. This work was supported by the Grant-
and down-spin states by the Zeeman effect. When the spinn-Aid for Scientific Research from the Ministry of Educa-
splitting of the energy levels is proportional to the magnetiction, Science, Sports and Culture of Japan.
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