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The heat-capacity and magnetization measurements under high pressure have been carried out in a ferro-
magnetic superconductor UgeBoth measurements were done using a same pressure cell in order to obtain
both data for one pressure. Contrary to the heat capacity at ambient pressure, an anomaly is found in the heat
capacity at the characteristic temperatlifewhere the magnetization shows an anomalous enhancement under
high pressure where the superconductivity appears. This suggests that a thermodynamic phase transition takes
place aff* at least under high pressure slightly belB% whereT* becomes zero. The heat-capacity anomaly
associated with the superconducting transition is also investigated, where a clear @daki@bbserved in a
narrow pressure regiom\(P~0.1 GPa) around} contrary to the previous results of the resistivity measure-
ment. Present results suggest the importance of the thermodynamic criticalPpdiot the appearance of the
superconductivity.
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Recently the pressure-induced superconductivity wagf the superconductivity and the ferromagnetism in WGe
found in UGe."? This finding is quite interesting since the s highly desirable to clarify that a real transition occurs at
superconductivity appears in the pressure range from 1.0 tp* and thatP¥ corresponds to a thermodynamic critical
1.6 GPa where UGegis still in the ferromagnetic state. This point from the heat-capacity measurement.
is the first case where the samé Blectrons are involved In this Rapid Communication, we report the result of the
with both orderings. heat-capacity measurement on YQender high pressure.

From the theoretical point of view, the coexistence of su-Qur experimental results suggest that a second-order phase
perconductivity and ferromagnetism has been considerelansition takes place at* at least in a high-pressure region.
over several decadés® Basically these theories assume thatThe heat-capacity anomaly associated with the supercon-
the superconductivity is mediated by the low-energy maggucting transition is observed in the narrow pressure region
netic excitation which is enhanced near the ferromagneticéroundp: _
quantum critical poin{QCP where a second-order phase A single crystal was grown by the Czochralski pulling
transition is drivena 0 K by theparameter such as the pres- method in a tetra-arc furnace as described in Ref. 13. The
sure or the stoichiometric composition of a sample. The suresjdual resistivity ratio was 600 at ambient pressure, indi-
perconductivity is predicted to appear in both ferromagneticating high quality. The Cu-Be piston-cylinder cell was de-
and paramagnetic sides of the QCP. However, contrary to théigned as can be used in the heat-capacity and magnetization
above theoretical predictions, the mechanism of supercomrmeasurements so that both data were obtained for the same
ductivity in UGe, seems to have no relation with the ferro- pressure. The heat capac@®yT) was measured by the adia-
magnetic fluctuation associated with the ferromagnetic critibatic heat pulse method using®tle-*He dilution refrigera-
cal pointP,, since the transition from the ferromagnetic statetor, while the magnetization measurement was done by using
to the paramagnetic state is established as a first order @ commercial superconducting quantum interference device
UGe,.5"8 magnetometer.

In UGe,, there is another “phase boundary” at the char-  Figure 1(a) shows the temperature dependenc€bT at
acteristic temperaturg* in the ferromagnetic ordered state 1.15 (<P*) and 1.28 GPa *P}) under zero magnetic
belowTc. At T*, there is a broad anomaly in the resistivity field. The temperature dependence of the magnetization un-
and the thermal expansiénThe magnetization shows an der the magnetic field of 0.5 T is also plotted. At 1.15 GPa,
anomalous increase beldti .%!%"*2Experimentally the mi-  the magnetization shows a characteristic increase b&fw
croscopic origin ofT* is not clear at present. With increasing ~6 K. Correspondingly a heat-capacity anomaly is found to
pressureT* decreases monotonously and beceriek at a  appear around™, which is contrary to the heat capacity at
pressurePy (~1.20 GPa). The superconducting transitionambient pressure where a distinct anomaly is absent around
temperatureTs. shows a maximum value arourfef} 213 T* This observation suggests that a phase transition takes
Thus it was pointed out that the superconductivity was meplace atT* at least under high pressure just belBy. The
diated by the low-energy magnetic excitation around theransition temperature is defined @& =6.0 K such that the
“critical point” P} .12 This point of view implicitly assumes entropy is conserved as drawn by a broken line in Fig).1
the P* as a second-order QCP. However there is no distincThe value ofAC/T* is about 76= 20 mJ/mol ¥, whereAC
anomaly aroundT* in the heat capacity at ambient is the jump of the heat capacity @&t. At 1.28 GPa, above
pressuré:** Thus, for the understanding of the coexistenceP? , there is no anomaly in both the heat capacity and the
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FIG. 1. (a) Temperature dependence ©fT for 1.15 and 1.28 - . - .
GPa under zero magnetic field. The data connected by a line indlf-lelds' This suggests that the mass of the quasiparticles is

cate the temperature dependence of the magnetization under O.5%t.rongly enhanced arour_ld t.he phase boundary W'ﬁérl'_ae-
(b) Temperature dependence®@fT under magnetic field of 2.5 and comes 0 K. The magnetic-field dependenceypfis qualita-

3.0 T for 1.28 GPa. The data connected by a line indicate the teriVely consistent with the recent results of de Haas—-van Al-

perature dependence of the magnetization under 2.5 and 3.0 T. Phen (dHVA) experiments aboveP where the Fourier
spectra of the dHVA oscillations taken below and abbife

magnetization. The temperature dependence of the entrogye different from each other and the cyclotron masses of all
S(T) obtained by theC/T curve at 1.15 GPa<(P}) devi-  the branches detected abddé& are lighter than those below
ates from that of 1.28 GPa>(P*) below T* due to the H*.'®!'The enhancement of the magnetization beTdwor
phase transition at*, while both S(T) curves show good the increment off* by applying magnetic field can be phe-
accordance abov@*. The magnetization at 1.15 GPa in- nomenologically understood from the thermodynamic point
creases gradually with decreasing temperature beféw pf .view based on Ehrenfest's theorem. yvhich should be sat-
The curve of the heat capacity is of thetype. These results  isfied at the second-order phase transition:
suggest the second-order phase transitiom*at Therefore, _ " .
the enhancement of the linear heat-capacity coefficignt A(IM/IT)p= = (ACITHLAT*/d(poH)]. D
seems to originate from the low-energy fluctuation aroundsince dT*/dH is positive in the measured fiel,
P¥ which causes the superconductivity. A(dM/dT)y should be negative, which is qualitatively
The value ofAC/T* is roughly consistent with the recent consistent with the experimental result. The values of
thermal expansiondy) result (AC/T* ~55 mJ/mol ) es-  AC/T* are about 76 10 and 77 10 mJ/mol ¥ at 2.5 and
timated by the relatiord T*/dP= (A« /(AC/T*) at 1.02 3.0 T, and then the values df(dM/dT), at 25 and 3.0 T
GPa, assuming a second-order transition. Hdfi;/dP is  are estimated as-0.056+0.007 and—0.044+0.006ug/
the pressure dependence Wf. Aay is the jump ofay, at UK, respectively, using Eq(l). These values are in good
T*.1° agreement with those of-0.052+0.007 and —0.039
It is revealed by the magnetization measurement ffat +0.007u5/UK at 2.5 and 3.0 T, respectively, shown by the
is induced by the application of the external field along andotted line in Fig. 1b). This agreement suggests the second-
easya axis in the pressure region abo®s .%*%n the  order phase transition dt*. Watanabe and Miyake develop
present experiment, the field-induced anomaly of the hea microscopic theory assuming thdt* is a coupled
capacity is observed at 1.28 GPa as shown in Rig. ithere  charge- and spin density waveCDW/SDW) transition
the magnetization starts to increaseT4t Therefore, it is temperaturé® Various anomalous experimental results are
suggested that the inducement Bf is a thermodynamic explained by the theory. However, there is no experimental
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FIG. 3. Temperature dependence of the heat capacity for sample F|G. 4. Pressure dependence of the superconducting transition
no. 1 at 115, 122, and 1.28 GPa. The dotted line I’epresents qemperaturd'sc determined by the resistivity measuremahe up-
equal entropy construction at each pressure. The full line is thgyer panel and the value oA C/(y,Tso) (the lower panel The full
eXtrapoIatiOn OfC/T curve Iinearly to O K. and dotted lines are guide for the eyesl

evidence for the CDW state at present. Recently, Pfleiderahe paths of pure parts in a sample. Assuming that the zero
and Huxley suggest th&; is a first-order critical point from  resistivity indicates an ideal superconducting transition tem-
the pressure dependence of magnetization at 2'bAom  peratureT, expected for a sample without an impurity, the
the present study, it is clear that the enhancementisfdue  reduction rate ofT(=Ts./Tsy) due to the impurity is
to the critical fluctuation related to the phase transitiol*at  about 0.83 arouné? . The largey, value indicates a large
ThereforePy is considered to be the weakly first-order or residual density of states at the Fermi enefgy The phe-
the second-order critical points. Further experimental invesnomenological theories suggest that only the Fermi surface
tigations are needed in order to understand the microscopisf the majority band opens the superconducting gap and the
origin of the phase transition at*. minority band remains a normal state bel@y..*?°Recent

The temperature dependence of the heat capacity at lowand calculations pointed out that the contribution to the
temperatures is shown in the form Gf T in Fig. 3. At 1.22  density of states aEg from the minority band is less than
GPa, a clear peak associated with the superconducting trat©% of the total density of staté?? Thus it is not appro-
sition was observed at around 0.6 K, while the anomalypriate to ascribe the contribution from the minority band to
smears at 1.15 and 1.28 GPa. At 1.22 GPa, the transitiothe origin of the largey, value. The contribution from the
temperature is estimated @g.=0.60+0.10 K such that the considerable self-vortex state due to the coexistence of
entropy is conserved as drawn by a broken line in Fig. 3. Thehe ferromagnetism and the superconductivity is also negli-
value of AC/(y,Tso) is 0.29+0.06 whereAC is the jump of  gibly small because the distance of the inter-vortices
the heat-capacity &, andy, is the value ofC/T just above (~1100 A), estimated from the spontaneous magnetization
Tsc. The residualy value obtained by the extrapolation of (0.19 T: uq,q~1.0ug/U at P%) assuming that vortices form
C/T curve linearly © 0 K asshown in Fig. 3 isyo~72  the Abrikosov triangle lattice, is about ten times larger than
+5 mJ/mol ¥ which is about 70% ofy,. By a similar the size of a vortex + the coherence lengthé,
estimation for other data on this samgi®. 1), the pressure 130 A).2*?24|t is well known that the small amount of
dependence aAC/(y,Ts) andy, is obtained as shown by impurity easily gives rise to a finite residual density of states
circles in Fig. 4. The experimental result on another samplext E- in the superconductor with an anisotropic gapn the
(no. 2 which was cut from the same ingot for sample no. 1case of a triplet superconductor,BuQ,,? the values ofy,
is also shown by squares. The pressure dependen@g.of andT,. are known to be very sensitive to a small amount of
determined by zero resistance in the resistivity measuremeitpurity, where the relation between thg/ v, value and the
using the sample with similar quality to the present sample iseduction rate ofT(=T../Tsy) Were explained by the
also plotted. The resistivity shows the superconductivity in &heory which evaluated the impurity effect on tpevave
wide pressure range from 1.0 GPaRg(~ 1.5 GPa). On the superconductor treating the impurity scattering close to the
other handAC/(y, Ts¢) shown a maximum aroundl} , and  unitarity limit.?"?® In the case of the present sample, the
it is strongly suppressed when the pressure deviates fromean free path is about 1400 A determined by the dHVA
P% . The maximum ofTs(~0.72 K) at aroundP} in the  experiment and theh/ ¢~ 11.1% The y,/v, value and the re-
resistivity measurement is consistent with the temperaturduction rate of T, are estimated asy,/y,~0.7 and
whereC/T starts to increase. Tsc/Tsp=0.83. The application to the theory in,RuQ,

The heat capacity reflects the bulk nature of a samplereveals yy/y,=0.45-0.10 and T./Tsn=0.85+0.05 for
while the resistivity is governed by the supercurrent througH/£=11.282The values off i/ T4 for both compounds are
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in agreement within an experimental error. The larger valughat the bulk superconducting phase exists in the narrow

of yo/7, in the case of UGemight indicate that the present pressure region arourf .
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