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We have measured isothermal magnetization urves of the ferromagneti super ondu tor UGe2 at pressures up to 18.3 kbar and at temperatures down to 0.45 K. The pressure dependen e of the Curie temperature TCurie evaluated from a linear part of the Arrott plot is relatively
in agreement with the literatures. The paramagneti Curie temperature,
however, deviates from TCurie with in reasing pressure, espe ially above
about 10 kbar. In addition, we have found a stair ase-like magnetization
hysteresis loop with regular interval of magneti elds only below about
1 K. We as ribe it to the ma ros opi quantum tunneling, and the analysis
suggests tiny magneti domain formation whose size is smaller than the
super ondu ting oheren e length.
PACS numbers: 74.45.+j, 74.70.Tx, 75.60.d
1. Introdu tion

The ferromagnet UGe2 exhibits super ondu tivity in the pressure range
between  10 and  16 kbar [1℄. Sin e the ferromagnetism disappears nearly
at the same pressure  16 kbar, the super ondu ting phase exists ompletely
in the ferromagneti phase. It seems to be assumed that both orderings
arise from 5f ele trons in U atom, and that the ferromagnetism and the
super ondu tivity oexist homogeneously. However, our re ent a magneti
sus eptibility measurements laried that the super ondu tivity is inhomogeneous in the real spa e [2℄. We have also implied that the ferromagnetism
be omes inhomogeneous at high pressures where the super ondu ting phase
appears.
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The purpose of the present paper is to investigate detailed nature of
the ferromagneti phase, espe ially at pressures above 10 kbar and at low
temperatures below 1 K.
Single rystals were grown by the Czo hralski pulling method using
a tetra-ar furna e. The magnetization was measured by applying the eld
along the a-axis using a laboratory-made vibrating sample magnetometer,
and the sample was immersed in liquid 3 He. The pressure was generated by
a beryllium- opper piston- ylinder lamp devi e using Fluorinert as a pressure transmitting medium.
2. Results and dis ussion

Fig. 1 shows the eld dependen e of the magnetization at 4.5 K for several
sele ted pressures. At ambient pressure the magnetization saturates at low
elds, while it hardly saturates at high pressures. An Arrott plot (M 2 vs
H=M plot) gives TCurie at whi h an extrapolated straight line passes through
the origin. Below TCurie the longitudinal inter ept of the Arrott plot gives
the square of spontaneous magnetization M0 , and above TCurie the transverse
inter ept gives the inverse of magneti sus eptibility . The low pressure
data in the Arrott plot lie on a straight line, while the high pressure data
espe ially above 15 kbar tend to deviate from a straight line of the plot at
low elds.
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Fig. 1. Magnetization as a fun tion of magneti eld at 4.5 K for several sele ted
pressures.

Fig. 2 shows M0 and 1= as a fun tion of temperature at several pressures estimated from the Arrot plot ex ept the very low eld data. The
Curie temperature obtained in this way is in good agreement with the peak
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temperature of the a sus eptibility that was measured at the same time
(not shown). The pressure dependen e of TCurie relatively agrees with that
in the literature [35℄. At ambient pressure, the paramagneti Curie temperature Tf is lose to TCurie as an be seen from Fig. 2, while Tf deviates
from TCurie with in reasing pressure. This suggests that ferromagneti u tuation above TCurie evolves with pressure. The inverse sus eptibility above
50 K for ea h pressure lies on a straight line, with nearly the same slope, orresponding to the ee tive moment e  2:5B . In addition, at 16.9 kbar
we observed the separation of the zero-eld- ooled and eld- ooled magnetization, whi h is similar to the spin glass behavior. These results suggest
that the ferromagnetism is inhomogeneous at pressures above about 10 kbar.
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Fig. 2. Temperature dependen e of the spontaneous magnetization M0 and inverse
sus eptibility 1= whi h were obtained from the Arrot plot. The symbols are as
follows: P = 0 kbar (), 9.1 kbar (Æ), 12.3 kbar (4), 12.9 kbar (5), 15.0 kbar (2)
and 16.9 kbar (3).

Fig. 3 shows ferromagneti hysteresis loops at several temperatures down
to 0.45 K at 11.5 kbar just above whi h super ondu tivity appears. This
measurement was done for a single rystal dierent from that used for measurements given in Figs. 1, 2. We see a smooth hysteresis urve at 4.4 K.
As temperature is de reased down to 0.59 K, the shape of the hysteresis
urve is un hanged, although the oer ive for e shows an in rease. When
the temperature is lowered to 0.45 K, the hysteresis loop hanges quite suddenly into a stair ase-like loop. The jump o urs regularly every  0.03 T,
as an be seen from the Fig. 3. Sin e these jumps were observed only at

488

T. Nishioka et al.

low temperatures below 0.5 K and with regular eld interval, we as ribe
these jumps to the ma ros opi quantum tunneling (MQT) [7℄. Although
this type of magnetization jump was observed in a simple ensemble of nonintera ting mole ules su h as Mn12 O12 (CH3 COO)16 (H2 O)4 [6℄, UGe2 may
be the rst example showing MQT in ma ros opi materials. An analysis
based on MQT gives the domain size of about 40 Å(the detailed analysis
is given in Ref. [7℄), whi h is smaller than the super ondu ting oheren e
length 130200 Å [5℄. If the tiny domains are adversely oriented, then internal mole ular elds due to the ferromagnetism an be an eled out in the
s ale of the oheren e length.
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Fig. 3. M vs
11.5 kbar.

H hysteresis loops of UGe2 at low temperatures and at pressure of
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