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FIRST-ORDER SUPERCONDUCTING TRANSITIONAT THE UPPER CRITICAL FIELD IN CeCoIn5STUDIED BY DC MAGNETIZATION MEASUREMENT�T. Sakakibara, T. Tayama, A. HaritaInstitute for Solid State Physi
s, University of Tokyo, Kashiwa 277-8581, JapanY. HagaAdvan
ed S
ien
e Resear
h Center, Japan Atomi
 Energy Resear
h Institute,Tokai 319-1195, JapanH. Shishido, R. Settai and Y. 	OnukiGraduate S
hool of S
ien
e, Osaka University, Toyonaka, 560-0043, Japan(Re
eived July 10, 2002)DC magnetization pro
ess of a high-quality single 
rystal of CeCoIn5has been measured at low temperatures down to 50mK. A sharp mag-netization jump with a small hysteresis is observed at the upper 
riti
al�eld H
2 for both a and 
 dire
tions, indi
ating the transition to the nor-mal state to be of �rst-order. Although the results might suggest a strongPauli paramagneti
 e�e
t, no Fulde�Ferrell�Larkin�Ov
hinnikov (FFLO)phase is observed.PACS numbers: 74.25.Dw, 74.25.Ha, 74.70.Tx1. Introdu
tionThe tetragonal heavy ele
tron 
ompound CeCoIn5 be
omes super
on-du
ting at T
 = 2:3K [1℄. Various experimental studies indi
ate that theele
tron pairing is spin singlet with k2x � k2y gap symmetry [2, 3℄. Due toits large Pauli paramagneti
 sus
eptibility in the normal state, CeCoIn5provides an interesting situation where the paramagneti
 energy be
omes asubstantial f fra
tion of the super
ondu
ting 
ondensation energy at high� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(467)



468 T. Sakakibara et al.�elds and may a�e
t the transition at the upper 
riti
al �eld H
2. Here westudied the magnetization pro
ess of a single 
rystal of CeCoIn5 at very lowtemperatures, with spe
ial interest in the H
2 transition behavior [4℄.2. ExperimentalThe single 
rystal of CeCoIn5 has been grown by a �ux method. Ele
tronmean-free path l estimated by the de Haas�van Alphen e�e
t was in ex
ess of2000Å [5℄, well in the 
lean limit l� �a;
(< 100 Å). DC magnetization of thesample (6.9mg weight) was measured by a 
apa
itive Faraday magnetometerinstalled in a dilution refrigerator [6℄, at temperatures down to 50mK inmagneti
 �elds up to 125 kOe.3. Results and dis
ussionFig. 1 shows the magnetization 
urves obtained at the base temperatureof 50mK with slowly varying magneti
 �eld applied parallel to the tetrago-nal a and 
 axes. The thi
k arrows indi
ate the dire
tion of the �eld sweep.At low �elds in the mixed state, the magnetization pro
ess is irreversible dueto �ux pinning. For H k 
, we observed an enhan
ement of the magnetiza-tion hysteresis at around 2T (peak e�e
t). The hysteresis be
omes small as
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HFig. 1. Magnetization 
urves of CeCoIn5 measured at T = 50mK, with magneti
�eld applied parallel to the tetragonal a and 
 axes. The sharp jump of the mag-netization implies that the H
2 transition is of �rst order. The inset shows themagnetization behavior near H
2 (H k a) in an expanded s
ale.



First-Order Super
ondu
ting Transition at . . . 469the upper 
riti
al �eld H
2 is approa
hed. Very interestingly, magnetizationexhibits a dis
ontinuous jump at H
2 for both �eld dire
tions. This behav-ior is in striking 
ontrast to the 
ase of ordinary type-II super
ondu
torsin whi
h the magnetization 
ontinuously re
overs the normal state value atH
2. Our results indi
ate that the H
2 transition in CeCoIn5 is of �rst-orderat low temperatures. In fa
t, a small but distin
t hysteresis is observed inthe transition �eld (the inset of Fig. 1). Similar eviden
es for the �rst-ordertransition have been reported in the �eld dependen
e of the thermal 
ondu
-tivity [3℄ and the magneti
 torque [7℄ measurements. When the temperaturewas raised, the magnetization jump at H
2 be
ame smaller and eventuallyvanished at around 0.7 K for both �eld dire
tions. Fig. 2 shows the result-ing H
2(T ) phase diagrams of CeCoIn5. Open 
ir
les indi
ate the transitionpoints whi
h are 
onsidered to be of �rst order, whereas the solid squaresdenote the se
ond order ones where the magnetization 
hange is 
ontinu-ous. Thus, a 
riti
al point separating the �rst-order and the se
ond-ordertransition lines seems to exist at T � 0:3T
 for both �eld dire
tions.
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Fig. 2. Phase diagrams of CeCoIn5 under magneti
 �eld parallel to the a and 
 axes.Open 
ir
les are the �rst-orderH
2 transition points where the magnetization showsa dis
ontinuous jump, whereas the solid squares are the se
ond order ones.Although the origin of the �rst-order H
2 transition in CeCoIn5 is notvery 
lear at present, a possible me
hanism would be the Pauli paramag-neti
 e�e
t whi
h 
omes from the di�eren
e in spin sus
eptibility betweensuper
ondu
ting and normal states. The 
riti
al �eld to the normal state issuppressed at low temperature and the H
2 transition may be
ome of �rstorder, provided that the spin paramagnetism is strong enough [8�10℄. Infa
t, the a
tual H
2 
urves at low T appear to be suppressed well below the



470 T. Sakakibara et al.orbital limit (the dashed lines in Fig. 2) whi
h is estimated from the slopeof H
2(T ) at T
. CeCoIn5 might therefore be the �rst system that exhibitsa strong Pauli paramagneti
 limiting of the upper 
riti
al �eld, though more
areful study would be needed to 
on�rm this point. Con
erning this point,the Fulde�Ferrell�Larkin�Ov
hinnikov phase, a partially spin-polarized su-per
ondu
ting state, has been predi
ted by several authors to show up nearH
2 [11�13℄. Looking 
arefully at our data, however, we 
ould not �ndany new phase boundary bran
hing from the H
2(T ) 
urves. Stability ofthe FFLO state might be very sensitive to impurities. By 
ontrast, the�rst-order H
2 transition seems to be rather robust to doping. In our pre-liminary measurements on the mixed system CeCo1�xRhxIn5, we found thatthe magnetization jump 
learly exists at least for x = 0:01. The detail ofthe results will be published elsewhere.REFERENCES[1℄ C. Petrovi
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