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DC magnetization pro ess of a high-quality single rystal of CeCoIn5
has been measured at low temperatures down to 50 mK. A sharp magnetization jump with a small hysteresis is observed at the upper riti al
eld
and dire tions, indi ating the transition to the nor2 for both
mal state to be of rst-order. Although the results might suggest a strong
Pauli paramagneti ee t, no FuldeFerrellLarkinOv hinnikov (FFLO)
phase is observed.

H

a

PACS numbers: 74.25.Dw, 74.25.Ha, 74.70.Tx

1. Introdu tion

The tetragonal heavy ele tron ompound CeCoIn5 be omes super ondu ting at T = 2:3 K [1℄. Various experimental studies indi ate that the
ele tron pairing is spin singlet with kx2 ky2 gap symmetry [2, 3℄. Due to
its large Pauli paramagneti sus eptibility in the normal state, CeCoIn5
provides an interesting situation where the paramagneti energy be omes a
substantial f fra tion of the super ondu ting ondensation energy at high
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elds and may ae t the transition at the upper riti al eld H 2 . Here we
studied the magnetization pro ess of a single rystal of CeCoIn5 at very low
temperatures, with spe ial interest in the H 2 transition behavior [4℄.
2. Experimental

The single rystal of CeCoIn5 has been grown by a ux method. Ele tron
mean-free path l estimated by the de Haasvan Alphen ee t was in ex ess of
2000 Å [5℄, well in the lean limit l  a; (< 100 Å). DC magnetization of the
sample (6.9 mg weight) was measured by a apa itive Faraday magnetometer
installed in a dilution refrigerator [6℄, at temperatures down to 50 mK in
magneti elds up to 125 kOe.
3. Results and dis ussion

Fig. 1 shows the magnetization urves obtained at the base temperature
of 50 mK with slowly varying magneti eld applied parallel to the tetragonal 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 due
to ux pinning. For H k , we observed an enhan ement of the magnetization hysteresis at around 2T (peak ee t). The hysteresis be omes small as
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Fig. 1. Magnetization urves of CeCoIn5 measured at = 50 mK, with magneti
eld applied parallel to the tetragonal and axes. The sharp jump of the magnetization implies that the
2 transition is of rst order. The inset shows the
magnetization behavior near 2 ( k ) in an expanded s ale.

a
H
H H a

469

First-Order Super ondu ting Transition at . . .

the upper riti al eld H 2 is approa hed. Very interestingly, magnetization
exhibits a dis ontinuous jump at H 2 for both eld dire tions. This behavior is in striking ontrast to the ase of ordinary type-II super ondu tors
in whi h the magnetization ontinuously re overs the normal state value at
H 2 . Our results indi ate that the H 2 transition in CeCoIn5 is of rst-order
at low temperatures. In fa t, a small but distin t hysteresis is observed in
the transition eld (the inset of Fig. 1). Similar eviden es for the rst-order
transition have been reported in the eld dependen e of the thermal ondu tivity [3℄ and the magneti torque [7℄ measurements. When the temperature
was raised, the magnetization jump at H 2 be ame smaller and eventually
vanished at around 0.7 K for both eld dire tions. Fig. 2 shows the resulting H 2 (T ) phase diagrams of CeCoIn5 . Open ir les indi ate the transition
points whi h are onsidered to be of rst order, whereas the solid squares
denote the se ond order ones where the magnetization hange is ontinuous. Thus, a riti al point separating the rst-order and the se ond-order
transition lines seems to exist at T  0:3 T for both eld dire tions.
12

5

10
8
3
6

H // c

H // a

2

4

1

2
0

H (10kOe)

H (10kOe)

4

0

0.5

1

1.5

2

2.5

0

0.5

1

1.5

2

0
2.5

T (K)

T (K)

Fig. 2. Phase diagrams of CeCoIn5 under magneti eld parallel to the a and axes.
Open ir les are the rst-order 2 transition points where the magnetization shows
a dis ontinuous jump, whereas the solid squares are the se ond order ones.
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Although the origin of the rst-order H 2 transition in CeCoIn5 is not
very lear at present, a possible me hanism would be the Pauli paramagneti ee t whi h omes from the dieren e in spin sus eptibility between
super ondu ting and normal states. The riti al eld to the normal state is
suppressed at low temperature and the H 2 transition may be ome of rst
order, provided that the spin paramagnetism is strong enough [810℄. In
fa t, the a tual H 2 urves at low T appear to be suppressed well below the
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orbital limit (the dashed lines in Fig. 2) whi h is estimated from the slope
of H 2 (T ) at T . CeCoIn5 might therefore be the rst system that exhibits
a strong Pauli paramagneti limiting of the upper riti al eld, though more
areful study would be needed to onrm this point. Con erning this point,
the FuldeFerrellLarkinOv hinnikov phase, a partially spin-polarized super ondu ting state, has been predi ted by several authors to show up near
H 2 [1113℄. Looking arefully at our data, however, we ould not nd
any new phase boundary bran hing from the H 2 (T ) urves. Stability of
the 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 preliminary measurements on the mixed system CeCo1 x Rhx In5 , we found that
the magnetization jump learly exists at least for x = 0:01. The detail of
the results will be published elsewhere.
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