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ien
e at Extreme Conditions, Osaka UniversityToyonaka, Osaka 560-8531, Japan(Re
eived July 10, 2002)When pressure is applied to the 
erium and uranium 
ompounds, theirmagneti
 ordering temperatures are suppressed and be
ome zero at a 
riti-
al pressure P
. Around P
, non-Fermi liquid and/or super
ondu
tivity areobserved. We 
lari�ed a 
hange of the ele
troni
 state via the de Haas�vanAlphen (dHvA) experiment when pressure 
rosses P
. The dHvA exper-iment under pressure was done for antiferromagnets CeRh2Si2, CeRhIn5and URu2Si2, and a ferromagnet UGe2. We �nd an abrupt 
hange of theFermi surfa
e for CeRh2Si2 and UGe2 when 
rossing P
, indi
ating a �rst-order like phase transition. For CeRhIn5 and URu2Si2, a 
hange of the
y
lotron mass is 
learly observed.PACS numbers: 71.27.+a, 71.18.+y� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(667)



668 Y. 	Onuki et al.1. Introdu
tionIn 
erium and uranium 
ompounds, the Ruderman-Kittel-Kasuya-Yosida(RKKY) intera
tion and the Kondo e�e
t 
ompete with ea
h other [1, 2℄.Competition between the RKKY intera
tion and the Kondo e�e
t was dis-
ussed by Donia
h [3℄ as a fun
tion of jJ
f jD("F), where jJ
f j is the mag-nitude of the magneti
 ex
hange intera
tion and D("F) is the ele
troni
density of states at the Fermi energy "F. Most 
erium 
ompounds ordermagneti
ally, when the RKKY intera
tion over
omes the Kondo e�e
t atlow temperatures. The magneti
 order is formed by lo
alized-4f moments.The topology of the Fermi surfa
e for the 
ondu
tion ele
trons is thereforequite similar to that of the 
orresponding non-4f lanthanum 
ompound, al-though the 
y
lotron mass of the 
erium 
ompound is one to two orders ofmagnitude larger than that of the lanthanum 
ompound.On the other hand, some 
erium 
ompounds su
h as CeCu6 and CeRu2Si2show no long-range magneti
 ordering, be
ause the Kondo e�e
t over
omesthe RKKY intera
tion. These 
ompounds are 
alled heavy fermion 
om-pounds sin
e they have a large ele
troni
 spe
i�
 heat 
oe�
ient 
 : 
 '104=TK (mJ/K2mol) [1, 2℄. In fa
t, a large 
y
lotron e�e
tive mass of120m0 was dete
ted in the de Haas�van Alphen (dHvA) experiment forCeRu2Si2 [4℄. Moreover, the topology of the Fermi surfa
e is well explainedby the 4f -itinerant band model, although the 
y
lotron e�e
tive mass ismu
h larger than the 
orresponding band mass.Some uranium 
ompounds su
h as UPd2Al3 and UPt3 are very similarto the heavy fermion 
ompounds. In many aspe
ts, however, uranium 
om-pounds are di�erent from the 
erium 
ompounds. They appear to possessthe dual nature, both itinerant and lo
alized.Re
ently a new aspe
t of 
erium and uranium 
ompounds with magneti
ordering has been dis
overed. When pressure P is applied to the 
ompoundswith antiferromagneti
 ordering su
h as CeIn3 and CePd2Si2 [5℄, the Néeltemperature TN de
reases, and a quantum 
riti
al point 
orresponding tothe extrapolation TN ! 0 is rea
hed at P = P
. Here, jJ
f jD("F) in theDonia
h model 
an be repla
ed by pressure. Surprisingly, super
ondu
tivityappears around P
. Moreover, the heavy fermion state is also formed aroundP
, where the non-Fermi liquid nature is found in some 
ompounds. Similarpressure-indu
ed super
ondu
tivity was reported for other 
ompounds su
has CeRh2Si2 [6℄, CeRhIn5 [7℄ and UGe2 [8℄.The 
rossover from the magneti
ally ordered state to the non-magneti
state under pressure, 
rossing the quantum 
riti
al point, is the most in-teresting issue in strongly 
orrelated f -ele
tron systems. The purpose ofthe present work is to 
larify the nature of f ele
trons by using a mi
ro-s
opi
 probe � the dHvA method � on CeRh2Si2, UGe2, CeCoIn5 and
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al Region . . . 669URu2Si2. Previous dHvA works were 
arried out for magneti
 and non-magneti
f -ele
tron 
ompounds and were 
ompared to the results of the 
orrespond-ing non-4f lanthanum 
ompounds and/or energy band 
al
ulations. Thepresent work was done for a single 
ompound a
ross the quantum 
riti
alpoint, due to the extreme te
hni
al 
hallenge method.2. Experimental results and dis
ussion2.1. CeRh2Si2 and UGe2 � a drasti
 
hange of the Fermi surfa
eCeRh2Si2 with the tetragonal stru
ture orders antiferromagneti
ally be-low the Néel temperature TN1 = 36 K. Below TN2 = 25 K, there o

ursa 
hange of the magneti
 stru
ture, from the antiferromagneti
 state withthe propagation ve
tor q1 = �12 12 0� to the 4q-stru
ture [9℄. CeRh2Si2is 
onsidered to be a usual 4f -lo
alized system. When pressure is ap-plied to CeRh2Si2, TN2 = 25K and TN1 = 36 K are suppressed to 0 Kat P 0
 ' 0:6GPa and P
 = 1:06GPa, respe
tively, and super
ondu
tivityappears at Ts
 ' 0:4 K around P
 [6, 10℄.Fig. 1 shows the pressure dependen
e of TN1, TN2 and Ts
, whi
h wasobtained by the ele
tri
al resistivity measurement [11℄. Super
ondu
tivityappears around P
, as shown in Fig. 2. An indi
ation of super
ondu
tivityappears in the pressure region from 0.97 to 1.20GPa, whi
h is shown in
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e of TN1,TN2 and TSC in CeRh2Si2. The temperatureof TSC is ten times enlarged 
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ited from Ref. [9℄.



670 Y. 	Onuki et al.Fig. 1 as a gray region. The resistivity zero is, however, observed in anextremely narrow pressure region around P
, whi
h is shown in Fig. 1 asa dense-gray region. Namely, the resistivity at P = 1:05 and 1.06 GPain Fig. 2 de
reases below 0.5K and be
omes zero at 0.4K. This impliesthat homogeneous bulk-super
ondu
tivity is realized in an extremely narrowpressure region around P
.
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Fig. 2. Low-temperature resistivity under pressure in CeRh2Si2.The pressure dependen
e of the dHvA frequen
y up to 1.54 GPa is plot-ted in Fig. 3. Here, the dHvA frequen
y F (= ~
SF=2�e) is proportional tothe extremal 
ross-se
tional area SF of the Fermi surfa
e, and is expressedas a unit of magneti
 �eld [1,2℄. The dHvA bran
hes are slightly 
hanged atP 0
 '0.6GPa. Bran
hes o, � and � disappear 
ompletely and new bran
hesnamed p, q and r appear above P 0
 '0.6GPa. This is be
ause the magneti
stru
ture 
hanges from the 4q-stru
ture to the q1-stru
ture at P 0
 '0.6GPa.Bran
hes d and � are un
hanged against pressure up to P
. Note thatbran
hes d and � are found at 1.03GPa, while at 1.08GPa they disappear
ompletely and a new bran
h named A appears. With further in
reasingpressure, two bran
hes named B and C are also dete
ted. These bran
hesare well identi�ed by the 4f -itinerant band model [12℄.The 
y
lotron e�e
tive massesm�
 were determined from the temperaturedependen
e of the dHvA amplitude [1, 2℄. The 
y
lotron masses in
reaseswith in
reasing pressure, rea
hing 28m0 at 1.03 GPa for bran
h d, whi
his four to �ve times larger than that at ambient pressure. Above P
, the
y
lotron masses of bran
hes A, B and C are large, ranging from 24 to 34m0.
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Fig. 3. Pressure dependen
e of the dHvA frequen
y in CeRh2Si2.It is thus 
o
luded that the dete
ted dHvA frequen
ies 
learly 
hange atP
 ' 1:06 GPa, implying a �rst-order like plase transition. This indi
ates adis
ontinuous 
hange of the Fermi surfa
e.Next we note a novel ele
troni
 state of UGe2. UGe2 with the orthorhom-bi
 
rystal sta
ture is a new pressure-indu
ed super
ondu
tor in the ferro-magneti
 state [8,13℄. In the pressure experiment, it was 
lari�ed that within
reasing pressure P , the Curie temperature TC (= 52 K) be
omes zeroroughly at P �
 ' 1.5GPa [14℄. The se
ond phase transition was later foundbelow TC, at T � ' 30 K at ambient pressure [15℄. T � also be
omes zeroat P �
 ' 1.2GPa. Around P �
 , namely in the pressure region from 1.0 to1.5GPa, still in the ferromagneti
 state, super
ondu
tivity was observed be-low TSC = 0.7 K [8, 13℄. The temperature region from TC to T � and/orthe pressure region from P �
 to P
 were named the weakly polarized phase,while the lower temperature region (T < TC) and/or the pressure regionbelow P �
 were named the strongly polarized phase [16℄. When the mag-neti
 �eld is applied along the a-axis, the weakly polarized phase is 
hangedinto the strongly polarized phase at H = H� even in the pressure regionof P > P �
 [13, 17℄. This phenomenon 
orresponds to the metamagneti
transition, indi
ating a step like in
rease of the magnetization 
urve. TheP�H phase diagram for the �eld along the a-axis is shown in Fig. 4. Thephase boundary from the paramagneti
 phase to the weakly polarized phaseis also indi
ated at H
. These phase boundaries were obtained from thea
-sus
eptibility measurement [18℄.
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ent spin-polarized band 
al
ulations 
lari�ed the existen
e of 
ylin-dri
al Fermi surfa
es along the b-axis [19,20℄. The dHvA experiments underpressure for the �eld along the b-axis indi
ated that 
orresponding dHvAbran
hes are 
learly observed up to P �
 (in the strongly polarized phase)but are s
ar
ely seen in the pressure region form P �
 to P
 (in the weaklypolarized phase) [19,21℄. This is mainly due to an extremely large 
y
lotronmass of 
ondu
tion ele
trons in the weakly polarized phase. It is, however,remarkable that new dHvA bran
hes with large 
y
lotron masses m�
 ' 60m0 appear 
learly in the paramagneti
 region, P > P
. A drasti
 
hange ofthe Fermi surfa
e o

urs at P
. It is thus suggested from a view point of theFermi surfa
e property that the phase boundary at P
 is of the �rst-orderlike phase transition.2.2. CeRhIn5 � a Fermi surfa
e un
hanged under pressureCeRhIn5 as well as related 
ompounds CeCoIn5 and CeIrIn5 
rystal-lize in the tetragonal stru
ture with alternating layers of CeIn3 and RhIn2,sta
ked sequentially along the [001℄ dire
tion (
-axis). Hegger et al. foundthat CeRhIn5 orders antiferromagneti
ally below TN = 3:8K, but reveals anantiferromagneti
 to super
ondu
ting transition at a relatively low 
riti
alpressure P � = 1:63GPa [7℄. The super
ondu
ting transition temperatureT
 = 2:2K at 2.5GPa is the highest value in the pressure-indu
ed super-
ondu
tors, as shown in Fig. 5 [22, 23℄. On the other hand, CeCoIn5 andCeIrIn5 are super
ondu
tors at ambient pressure, with T
 = 2:3 and 0.4K,respe
tively [24℄.



De Haas�Van Alphen Experiments in the Quantum Criti
al Region . . . 673
4

2

0

T
c

, T
N

 (
K

)

420

Pressure (GPa)

Tc

TN

Fig. 5. Pressure dependen
e of the Néel temperature TN and the super
ondu
tingtransition temperature T
.The topology of main Fermi surfa
es in the antiferromagnet CeRhIn5is nearly 
ylindri
al, and is found to be in good agreement with that of areferen
e non-4f 
ompound LaRhIn5, indi
ating that the 4f ele
trons inCeRhIn5 are lo
alized and do not 
ontribute to the volume of the Fermisurfa
e [25, 26℄.Fig. 6 shows the fast Fourier transformation (FFT) spe
tra of the dHvAos
illations under P = 1:3, 1.8 and 2.0GPa. Main three bran
hes named�1, �2;3 and �2 in Fig. 6 are due to a band 15-ele
tron Fermi surfa
e (�i)and a band 14-ele
tron Fermi surfa
e (�2), respe
tively. With in
reasingpressure, the dHvA amplitude is strongly redu
ed, but the dHvA frequen
iesfor main 
ylindri
al Fermi surfa
es are un
hanged up to 2.1GPa, whi
h isabove P � = 1:63GPa.The 
y
lotron e�e
tive mass m�
 was determined by the temperaturedependen
e of the dHvA amplitude [1, 2℄. Fig. 7 shows the pressure depen-den
e of the 
y
lotron mass, whi
h was determined at H = 120 kOe. The
y
lotron mass in
reases steeply above 1.6GPa, where super
ondu
tivitysets in. For example, the 
y
lotron mass of bran
h �2 is 5.5m0 at ambientpressure, 20m0 at 1.6GPa and 45m0 at 2.1GPa. Futhermore, we foundthat the 
y
lotron mass is strongly �eld-dependent with in
reasing pressure:at 2.0GPa the 
y
lotron mass of 40m0 at 110 kOe is redu
ed to 33m0 at158 kOe. We point out that a 
onsiderable mass redu
tion is observed aboveP � = 1:63GPa. A mu
h steeper mass redu
tion due to magneti
 �elds isobserved in CeCoIn5 at ambient pressure [27℄.From these experimental results, it is 
on
luded that the topology of theFermi surfa
e is un
hanged up to 2.1GPa, but the heavy fermion state isformed above 1.6GPa where super
ondu
tivity sets in. It is thus suggested
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Fig. 7. Pressure dependen
e of the 
y
lotron mass for four dHvA bran
hes inCeRhIn5.that the antiferromagneti
 state remains in the super
ondu
ting phase be-
uase the topology of the Fermi surfa
e in antiferromagnets is quite similar tothat of the 
orresponding non-4f referen
e lanthanum 
ompounds [1,2℄. Thepresent result is 
onsistent with the NMR result showing thepT -dependen
eof the nu
lear spin-latti
e relaxation rate, indi
ating that the super
ondu
t-ing phase still remains in a nearly antiferromagneti
 state [28℄.
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al Region . . . 6752.3. URu2Si2 � magneti
 moment vs 
y
lotron massThe heavy-fermion 
ompound URu2Si2 exhibits two su

essive transi-tions at T
 = 1:4 and To = 17:5K. The former is the super
ondu
tingtransition temperature. On the other hand, the latter has still remainedunidenti�ed, although 
hara
teristi
 features are asso
iated with this phasetransition. The neutron di�ra
tion study indi
ated the development of asimple type-I antiferromagneti
 order with a tiny 5f -magneti
 moment of0.03 �B along the tetragonal [001℄ dire
tion below To [29℄. Re
ent neu-tron s
attering and NMR experiments under pressure shed a new insightto this phase transition [30, 31℄. It was 
lari�ed from the neutron s
atter-ing experiment that the magneti
 moment in
reases linearly up to 1GPa,rea
hing 0.25GPa, but has a jump from 0.23 to 0.4�B at P
 = 1:5GPa [30℄.The latti
e 
onstant (a-value) is also asso
iated with a step-like de
rease atP
. The result of NMR experiment furthermore indi
ated that there existdistin
t antiferromagneti
 and paramagneti
 regions, and with in
reasingpressure, the antiferromagneti
 region in
reases in spa
e, rea
hing 100% ofthe antiferromagneti
 volume fra
tion at 1.0 GPa [31℄.Previously we studied the dHvA e�e
t of URu2Si2 [32℄. If the NMRproposal is right, the dete
ted dHvA bran
hes were mainly due to the para-magneti
 region be
ause volume fra
tion of the paramagneti
 and antiferro-magneti
 regions are about 99 and 1%, respe
tively, from the tiny momentof 0:03�B. The topology of the Fermi surfa
e is generally in�uen
ed bythe antiferromagneti
 ordering. At 0.5 GPa we expe
t two kinds of dHvAbran
hes based on the paramagneti
 and antiferromagneti
 regions. To 
lar-ify it we 
arried out dHvA experiment under pressure in magneti
 �elds upto 170 kOe and low temperatures down to 120 mK.A dete
ted bran
h is named �, whi
h is observed at ambient pressureand is known to be nearly spheri
al in shape. There is no beat patternin the dHvA os
illation at 0.5GPa, meaning that there are no two kindsof bran
hes. The dHvA frequen
y named � in
reases very slightly with-out a 
hange at P
 = 1:5 GPa, as shown in Fig. 8(a). The in
rease of thedHvA frequen
y 
orresponds to an in
rease of the volume of the Fermi sur-fa
e, whi
h is 
onsistent with the de
rease of the latti
e 
onstant mentionedabove. Fig. 8(b) shows the pressure dependen
e of the 
y
lotron mass m�
 .The 
y
lotron mass de
reases 
onsiderably with in
reasing pressure. In theheavy fermion system, the magneti
 spe
i�
 heat of 5f ele
trons is partially
hanged into an ele
troni
 spe
i�
 heat. The present result is 
onsistent withthe pressure dependen
e of the magneti
 moment. The larger the magneti
moment, the smaller the ele
troni
 spe
i�
 heat 
oe�
ient or the 
y
lotronmass. It is, however, noted that a 
hange of the 
y
lotron mass at P
 is notobserved, whi
h is very di�erent from the magneti
 moment.
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Fig. 8. Pressure dependen
e of (a) the dHvA frequen
y and (b) the 
y
lotron massfor bran
h � in URu2Si2.We also determined the Dingle temperature and estimated the mean freepath for bran
h �. The mean free path is 1100 Å (� 50 Å), approximatelyindependent on the pressure.It is thus 
on
luded that the present dHvA experiment under pressureis in
onsistent with the phase-separated proposal based on the NMR exper-iment. The 
y
lotron mass under pressure 
hanges 
onsiderably, re�e
tinga 
hange of the magneti
 moment.3. Con
lusionWe have 
lari�ed a drasti
 
hange of the Fermi surfa
e for an antiferro-magnet CeRh2Si2 and a ferromagnet UGe2 when pressure 
rosses the 
riti
alpressure P
. Super
ondu
tivity in CeRh2Si2 is observed in an extremely nar-row pressure region around P
.In an antiferromagnet CeRhIn5, the Fermi surfa
e is un
hanged up to2.1GPa, whi
h is larger than the 
riti
al pressure P � = 1:63GPa where su-per
ondu
tivity sets in. Interesting is that the topology of the Fermi surfa
eis di�erent between CeRhIn5 with pressures up to 2.1GPa and CeCoIn5 at
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al Region . . . 677ambient pressure. It is, however, expe
ted that the topology of the Fermisurfa
e in CeRhIn5 is 
hanged into that in CeCoIn5 either at pressures higherthan 2.5GPa at whi
h the super
ondu
ting transition temperature Ts
 be-
omes a maximum, or at pressures higher than about 5GPa at whi
h Ts
be
omes zero. A higher-pressure te
hnique is needed to 
larify it. It is leftto the future study.Finally no distin
t 
hange of the Fermi surfa
e is observed at P
 =1:5GPa in URu2Si2, although the 
y
lotron mass de
reases 
onsiderablywith in
reasing pressure, re�e
ting an in
rease of magneti
 moment.This work was �nan
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