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ELECTRONIC STRUCTURES OF PrPb3 IN THEPARA- AND ANTIFERROQUADRUPOLAR PHASES�M. Endo, N. Kimura, A. O
hiai, H. AokiCenter for Low Temperature S
ien
e, Tohoku UniversitySendai 980-8578, JapanT. Terashima, C. Terakura, S. Uji, and T. MatsumotoNational Institute of Materials S
ien
e, Tsukuba, Ibaraki 305-0003, Japan(Re
eived July 10, 2002)We have performed a detailed analysis of the dHvA os
illations in thepara(PQ)- and antiferro-quadrupolar(AFQ) phases of PrPb3. It is foundthat (i) ea
h dHvA os
illation 
onsists of up and down spin os
illationswhose e�e
tive masses are very di�erent, although the di�eren
e of thefrequen
ies are small, (ii) the e�e
tive masses are largely enhan
ed 
om-pared to those of referen
e 
ompound LaPb3, and (iii) there is a stronganisotropy of the e�e
tive masses. The transition behavior of the dHvAos
illations a
ross the phase boundary from AFQ to PQ phase is found tobe also anisotropi
. Parti
ularly, a drasti
 
hange of the dHvA wave formand mass enhan
ement were observed for [001℄, suggesting a �u
tuation ofquadrupole and a

ompanying magneti
 �u
tuation.PACS numbers: 79.60.�i, 71.18.+y1. Introdu
tionPrPb3 
rystallizes into the AuCu3-type 
ubi
 stru
ture and exhibits anti-ferroquadrupolar transition at 0.4K. The CEF ground state is a non-Kramersdoublet and no magneti
 transition takes pla
e. When a magneti
 �eldis applied parallel to the [001℄ axis at low temperatures, the system en-ters paraquadrupolar(PQ) phase from antiferroquadrupolar(AFQ) phase atabout 7T. The dHvA e�e
t of PrPb3 has been studied by Aoki et al. [1℄,and the e�e
tive masses and the angular dependen
e of the dHvA frequen-
ies have been reported. We have found that ea
h dHvA os
illation 
on-sists of two 
omponent os
illations whose frequen
ies are di�erent from ea
hother. From the analysis of the harmoni
 
ontents, we have proved thatthe two 
omponent os
illations originate from the up and down spin Fermisurfa
es [2℄.� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(1031)



1032 M. Endo et al.In this paper, we will report the e�e
tive masses of the up and downspin os
illations and their anisotropies as well as the anomalous behaviorof the dHvA os
illations at the phase boundaries to dis
uss the e�e
t ofquadrupoles on the 
ondu
tion ele
trons. To study the anisotropy, we have
hosen the � and 
 os
illations whi
h arise from the spheri
al hole surfa
es
entered at the R and � points, respe
tively.2. ExperimentalWe have grown the single 
rystals of PrPb3 by the Pr self-�ux method.The dHvA os
illations were dete
ted from 1.2K down to 50K under mag-neti
 �elds up to 18T using the 
onventional �eld modulation method.Ea
h dHvA os
illation was separately observed as a fun
tion of magneti
�eld at ea
h temperature by using a �lter.3. Results and dis
ussion3.1. E�e
tive massesTable I shows the e�e
tive masses of the up and down spin os
illationsand the relative di�eren
e of their frequen
ies for � and 
 in the PQ phase.In the AFQ phase, it was di�
ult to determine the e�e
tive mass separatelydue to worse S/N ratio. Three remarkable features are found.Firstly, the e�e
tive masses are mu
h heavier than those of the referen
e
ompound LaPb3. The maximum mass enhan
ement fa
tor 11 is 
omparableto those of the dense Kondo 
ompounds. It is not 
lear whether the massenhan
ement 
an be thoroughly explained by the Kondo e�e
t in PrPb3where the ground state is non-magneti
.Se
ondly, the e�e
tive masses of the up and down spin os
illations arevery di�erent from ea
h other and the maximum di�eren
e amounts to twi
e,although the di�eren
e in the two dHvA frequen
ies is small. This di�eren
eof the e�e
tive mass is mu
h larger than those found in magneti
 f ele
tron
ompounds and is di�
ult to understand in terms of the spin splitting ofthe band.Finally, the e�e
tive masses of � and 
 depend strongly on the �elddire
tion. Sin
e both the Fermi surfa
es are approximately spheri
al, itis di�
ult to understand the anisotropy in terms of the anisotropy in the
hara
ter of 
ondu
tion band. We suppose that the anisotropy arises fromthe di�eren
e of the quadrupole state or f state whi
h depends on the applied�eld dire
tion and from the 
onsequent di�eren
e in the intera
tion between
ondu
tion and f ele
trons.
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troni
 Stru
tures of PrPb3 in the Para- and. . . 1033TABLE IE�e
tive masses of up and down spin os
illations. Low Freq. and High Freq. denotethe lower and higher frequen
ies of the two 
omponent os
illations, respe
tively.�F=F is the relative di�eren
e of the two frequen
ies.
 os
illationdire
tion of H [001℄ [110℄ [111℄Low Freq. 2.6m0 3.3m0 2.4m0High Freq. 2.1m0 5.3m0 1.7m0�F=F �0.02 0.027 �0.02PrPb3 [1℄ 2.2m0 2.0m0 1.9m0LaPb3 [1℄ 0.38m0 0.46m0� os
illationdire
tion of H [001℄ [110℄ [111℄Low Freq. 2.3m0 6.3m0 4.2m03.9m0High Freq. 4.2m0 4.1m0 4.9m05.6m0�F=F 0.013 0.035 �PrPb3 [1℄ 3.7m0 6.7m0 4.9m0LaPb3 [1℄ 1.45m0 1.46m03.2. Phase transition and Fermi surfa
e propertiesFig.1(a) and (b) show the 
 os
illation for the �elds parallel to the [110℄and [001℄ dire
tions, respe
tively. The solid lines indi
ate the phase bound-aries. For [001℄, at least two phase boundaries are observed [3℄ and a meta-magneti
 behavior is also observed at the phase boundary. Both the os
illa-tions form the beat stru
ture indi
ating that the os
illation 
onsists of two
omponents.
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Fig. 1. dHvA os
illations of 
 at low temperatures for �elds parallel to [110℄ (a)and to [001℄ (b). The solid lines indi
ate the phase boundaries.



1034 M. Endo et al.For [110℄, it is noted that the wave form 
hanges smoothly in both thephases as well as a
ross the phase boundary. The e�e
tive mass is also foundto de
rease gradually with in
reasing �eld in both the phases as well as atthe phase boundary. The dHvA frequen
y is nearly the same in both thephases. A similar behavior is observed for [111℄.For [001℄, the behaviors of wave form and e�e
tive mass are qualitativelysimilar to those for [110℄ and [111℄ in �elds away from the phase boundaries.However, the wave form 
hanges drasti
ally near the phase boundary andthe e�e
tive mass is found to be enhan
ed there [2℄. The frequen
y is nearly
onstant as a fun
tion of magneti
 �elds ex
ept for the �elds near the phaseboundary where the frequen
y 
hanges arti�
ially due to the 
hange of thewave form.The phase transition is thought to be se
ond order [3℄. The smooth
hange a
ross the phase boundary for [110℄ or [111℄ indi
ates a smooth
hange of the quadrupole or f ele
tron states. On the other hand, we suspe
tthat the anomalous behavior of the wave form and e�e
tive mass for [001℄indi
ate the �u
tuation of quadrupoles and a

ompanying magneti
 �u
tu-ations near the phase boundaries, although the reason why the �u
tuationis strong only for [001℄ is not 
lear.In summary we have observed very remarkable features of the Fermisurfa
e properties in PrPb3 whi
h have not been observed in other materials.We think that these may be related with the quadrupole or the f ele
tronstate whi
h depends on the �eld and its dire
tion, and are also worth furtherintensive studies. REFERENCES[1℄ D. Aoki, Y. Katayama, R. Settai, Y. Inada, Y. 	Onuki, H. Harima, Z. Kletowski,J. Phys. So
. Jpn. 66, 3988 (1997).[2℄ M. Endo, N. Kimura, H. Aoki, T. Terashima, S. Uji, C. Terakura, T. Mat-sumoto, J. Phys. So
. Jpn. 71 Suppl., 127 (2002).[3℄ T. Tayama, T. Sakakibara, K. Kitami, M. Yokoyama, K. Tenya, H. Amitsuka,D. Aoki, Y. 	Onuki, Z. Kletowski, J. Phys. So
. Jpn. 70, 248 (2001).


