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ANTIFERRO-QUADRUPOLAR ORDERINGOF 4f-ELECTRON STATE IN THEFILLED SKUTTERUDITE PrFe4P12� ��L. Hao, K. Iwasa, M. Nakajima, D. Kawana, K. KuwaharaM. Kohgi, H. Sugawara, T.D. Matsuday, Y. Aoki and H. SatoDepartment of Physi
s, Tokyo Metropolitan UniversityMinami-Ohsawa 1-1, Ha
hioji-shi, Tokyo 192-0397, Japan(Re
eived July 10, 2002)Magneti
 �eld indu
ed antiferromagneti
 (AF) Bragg re�e
tions andsuperlatti
e re�e
tions due to a 
rystal-stru
ture modulation have been ob-served simultaneously by neutron di�ra
tion in the low temperature phaseof the �lled-skutterudite PrFe4P12. The present result demonstrates that 4fele
trons of Pr ions undergo antiferro-quadrupolar (AFQ) ordering a

om-panied by the stru
tural phase transition. The �eld indu
ed AF magneti
moment has been evaluated as 0.065�B at H = 5.0 T.PACS numbers: 71.27.+a, 61.12.Ld, 75.30.MbThe �lled skutterudites RT4X12 (R = rare earth, T= transition metal,X = pni
togen) have attra
ted mu
h attentions due to various unusual prop-erties [1℄. Among them PrFe4P12 is espe
ially interesting be
ause it showsvery heavy ele
tron mass of 81m0 [2℄ and a mysterious low-temperaturephase transition [3℄. Ele
tri
al resistivity, spe
i�
 heat and magneti
 sus-
eptibility exhibit sharp anomalies at TA = 6:5 K in zero magneti
 �eld,whi
h indi
ates a 
lear phase transition. The sharp in
rease of the ele
tri
alresistivity at TA indi
ates that a gap opens at the Fermi level in the phasetransition. The phase transition is suppressed by external magneti
 �eldand �nally disappears above 5.5 T when the magneti
 �eld is applied alongthe [0, 1, 1℄ dire
tion [3℄. Neutron powder di�ra
tion measurement showsno magneti
 long range ordering in the low-temperature phase [4℄.� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.�� The authors thank S.H. Curnoe and H. Harima for their valuable dis
ussions.y Present address: Japan Atomi
 Energy Resear
h Institute, Tokai, Ibaraki 319-1195,Japan. (1113)



1114 L. Hao et al.Very re
ently, we observed superlatti
e re�e
tions 
hara
terised by thewave ve
tor of q = (1; 0; 0) by X-ray di�ra
tion below TA at zero �eld [5℄.It is noti
ed that the band 
al
ulation suggests a possibility of a nesting ofFermi surfa
e with the same wave ve
tor [6℄. The s
attering pattern hasbeen fully explained by the model of the longitudinal modulation mainlydue to the Fe-ion displa
ement, whi
h gives a spa
e group 
hange from I toP [5℄. The model indi
ates that two kinds of tetragonal 
on�gurations of Feions appear around the 
enter and 
orner of Pr-ion sites in the unit 
ell inthe low-temperature phase. Thus an antiferro-quadrupolar (AFQ) orderingof the 4f ele
trons of Pr ions is expe
ted to o

ur in the phase below TA. Inthis paper, we report the �rst eviden
e for the AFQ ordering in PrFe4P12obtained by neutron di�ra
tion experiments under magneti
 �elds.A single-
rystal sample with the size of 5� 3� 3 mm3 was prepared bythe tin-�ux method. Neutron s
attering experiments were 
arried out on thethermal-neutron spe
trometer PONTA (5G) installed in the JRR-3M rea
torof JAERI, Tokai, Japan, whi
h was operated with double-axis mode withneutron wavelength of 0.235 nm. Magneti
 �elds up to 5.8 T were appliedalong the [0; 1; �1℄ dire
tion, and the temperature range was between 1.5K and 10.3 K. S
ans were performed within the plane perpendi
ular to the[0; 1; �1℄ axis.The intensities of the fundamental Bragg peaks in
rease with in
reasingmagneti
 �eld at T = 1:5 K. It is interpreted as due to the superposition of a�eld-indu
ed ferromagneti
 re�e
tion on the nu
lear re�e
tion. The indu
edferromagneti
 moment value evaluated from the Bragg re�e
tion intensitiesagrees well with bulk magnetization measurements [3℄.Re�e
tions at Q = (h; k; l) with h+ k + l = odd whi
h are forbidden inthe spa
e group of the high temperature phase (Im�3) were observed at thetemperatures below TA. Some results at 1.5 K are shown in Fig. 1(a). Thesewere obtained by subtra
tion of the data at 10.3 K and at zero �eld whi
hwere 
on�rmed to be due to higher-order re�e
tions of nu
lear s
atteringand ba
kground. It 
an be seen that the intensities at (1, 0, 0) and (3,0, 0) in
rease by applying a magneti
 �eld of 4.8 T, and all the intensitiesdisappear at H = 5:8 T. The �nte peak at (3, 0, 0) at H = 0 is regardedas the re�e
tion only due to the latti
e modulation. Figure 1(b) showsthe peak intensities of some superlatti
e re�e
tions as fun
tions of magneti
�eld. With in
reasing magneti
 �eld up to 5 T, the intensities of the super-latti
e peaks in
rease gradually. At the boundary of the low-temperaturephase, all the superlatti
e intensities disappear. These experimental fa
ts
learly demonstrate that the superlatti
e re�e
tions are 
hara
teristi
 of theunusual low-temperature phase. The intensities indu
ed by magneti
 �eldare 
onsidered to be due to the AF magneti
 moment indu
ed by the �eld,



Antiferro-Quadrupolar Ordering of 4f-Ele
tron : : : 1115be
ause the s
attering-angle dependen
e of intensities is explained by thatof a magneti
 form fa
tor of a Pr3+ ion. They are superimposed on thesuperlatti
e intensities by the 
rystal-latti
e modulation.
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Fig. 1. (a) S
an pro�les of superlatti
e re�e
tions at Q = (3; 0; 0) and (1; 0; 0). Theintensities are the di�eren
e between the measured 
ounts at 1.5 K and those at10.3 K in zero �eld. (b) Magneti
-�eld dependen
es of superlatti
e re�e
tions atQ = (1, 0, 0), (1, 1, 1) and (3, 0, 0) at 1.5 K. Lines are guide to eyes.
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Fig. 2. Magneti
-�eld dependen
es of (a) displa
ement parameter Æ for the Fe-ion
oordination and of (b) �eld-indu
ed AF moment �AF. Lines are guide to eyes.The superlatti
e intensities in the low-temperature phase are regardedas a sum of the square of nu
lear stru
ture fa
tor FN(Q) for the modulatedstru
ture and that of magneti
 stru
ture fa
tor FM(Q) for the indu
ed AF
omponent. In the analysis of the data the Fe-ion displa
ement is assumedto be (Æ; Æ;�2Æ) as proposed theoreti
ally [7℄. For the magneti
 
omponent,



1116 L. Hao et al.two di�erent magneti
 moments �1 and �2 are assumed to be indu
ed alongthe magneti
 �eld dire
tion at the 
enter and 
orner of Pr-ion sites in theunit 
ell, respe
tively. Thus, the magneti
 intensity for h + k + l = oddis proportional to the square of the stru
ture fa
tor FM = 2�AFfPr, where�AF = (�1 � �2)=2 is the �eld indu
ed AF moment and fPr means themagneti
 form fa
tor of a Pr3+ ion. We performed a least-squares �tting ofthe 
al
ulated FN and FM with free parameters Æ and �AF to the observedintensities of the seven superlatti
e re�e
tions at 1.5 K for ea
h magneti
�eld. The model reprodu
es well the observation, and we obtained the pa-rameters whose magneti
 �eld dependen
es as shown in Fig. 2. The valueof Æ is 2:6 � 10�4 at H = 0 
oin
ides with the result of X-ray di�ra
tionwithin experimental a

ura
y [5℄. The Fe-ion displa
ement disappears un-der the magneti
 �eld above about 5.2 T at 1.5 K. The �eld indu
ed AFmoment in
reases with in
reasing �eld and rea
hes a maximum value of�AF = 0:065�B at H = 5 T. Above the upper �eld, it jumps down to zero.The origin of the magneti
 �eld indu
ed AF moment 
an be naturallyas
ribed to the AFQ ordering of 4f-ele
tion state of Pr ions. A possible modelfor the AFQ ordering is an alternative arrangement of 
rystal-�eld state �+3and ��3 on the di�erent Pr-ion sites. In this model, the �eld indu
ed AF
omponent is due to the di�erent mixing e�e
t between ea
h �3 state andex
ited states under magneti
 �eld [7℄.In 
on
lusion, we have observed superlatti
e re�e
tions owing to the �eldindu
ed AF moments as well as the 
rystal-latti
e modulation mainly dueto the Fe-ion displa
ement in PrFe4P12. The present study gives strongeviden
e for the AFQ ordering in the low temperature phase of PrFe4P12whi
h is a

ompanied by a gap opening as well as a stru
tural modulation.REFERENCES[1℄ M.S. Torika
hvili et al., Phys. Rev. B36, 8660 (1987); H. Sato et al., Phys. Rev.B62, 15125 (2000).[2℄ H. Sugawara et al., Phys. Rev. B66, 134411 (2002).[3℄ T.D. Matsuda et al., Physi
a B 281-282, 220 (2000); Y. Aoki et al., Phys. Rev.B65, 064446 (2002).[4℄ L. Keller et al., J. Alloy, Compd. 323-324, 516 (2001).[5℄ K. Iwasa et al., Physi
a B 312-313, 834 (2002).[6℄ H. Harima et al., Physi
a B 312-313, 843 (2002).[7℄ S.H. Curnoe et al., Physi
a B 312-313, 837 (2002).


