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The identification of a spin-triplet superfluid phase’ite naturally led to more general theoretical predic-
tions that spin triplet superconductivity might occur near to a ferromagnetic instability in some metals. The
recent discovery of superconductivity near a ferromagnetic quantum critical point in ti@ecalls for these
predictions to be reexamined experimentally. In this light it initially appears surprising that superconductivity
in UGe, has only been detected in the ferromagnetic phase and not also at pressures above the critical pressure
for the suppression of ferromagnetism. In this paper we provide evidence that the superconductivity is indeed
a bulk property. We also observe the evolution with pressure of the magnetic order by neutron scattering and
find that the ferromagnetic component of the order is still present at a pressure and temperature where
superconductivity is found. In resistivity measurements we identify an additional transition within the ferro-
magnetic state. The characteristic temperature of this transitigndecreases with pressure and disappears at
a pressurd®, close to the pressure at which the superconductivity is strongest. Evidence is presented that this
transition is also induced by a magnetic field at pressures just aBgveAn observed unusual reentrant
behavior of the superconductivity with field at a pressure of 13.5 kbar is then qualitatively explained. These
results suggest that the transitionRy is intricately related to the appearance of superconductivity, which
could explain why the superconductivity is apparently confined to the ferromagnetic phase.
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INTRODUCTION no external field is applied. In this article we report on a
series of measurements that address the origin and nature of
The discovery of superconductivity in single crystals ofthe superconductivity and magnetism in UGe
UGe, under pressure was only recently annountcéthe ~ The layout of the paper is as follows. After some general
most sensational aspect of this discovery is that at the pre§iscussion of the structure and background physics of JUGe
sure where the superconductivity is strongest, the Curie tentY€ give some brief details of the sample preparation. We
perature Teyie=35K) is almost two orders of magnitude then focus the discussion on the pressure tempgrature pr_]ase
higher than the superconducting critical temperaturg, ( dlagram. Th? presence of an e}ddmonal phase line that lies
=0.8K). Although ferromagnetism and superconductivityem'rGIy within the ferrqmagnenc Ph‘?‘?e Is suggested by a
have been shown to exist in other systems, notabl strong anomaly seen in the resistivity at a temperature

2.3 n . 5 «(P,H). We examine the compatibility of our data with the
ErRNB,, ™ HOM0gS;,™ and ErNpB,C,° in those cases qeq that this transition might be associated with the forma-
Tewie< Tsc @and the two orders can be considered to be co

! X i Mfion of a charge density or spin density wave. This naturally
peting. For the case of ferromagnetic nuclear-spin ordefigags on to a discussion of our neutron study and of the
which has also been obseretd exist in the superconduct-  hressure evolution of the magnetic order. This study reveals
ing state of Aulp, the nuclear and electronic spin systemsg change in the temperature dependence of the ferromagnetic
are only very weakly coupled. More recently the coexistenceomponent of the order at high pressure, and a possible small
of ferromagnetism and superconductivity has been claimeghodification of the magnitude of the ordered moment in zero
to occur in the layered structure RySACyOg With Teyie  field atT,. However, we find no direct evidence for a charge
>T,..” In this case the two states might occur in differentdensity or spin density wave. An additional important result
structural layers and high-quality single crystals have not yeis that at 13 kbar there is no significant change in the ferro-
been studied. magnetic component of the order 4 /uranium) on enter-
The superconductivity in UGedisappears above a pres- ing the superconducting state. Having established that the
sure P.~16 kbar that coincides with the pressure at whichferromagnetic order is present at the same pressure and tem-
the ferromagnetism is suppressed. This fact suggests that tperature as the superconducting state, we then return to dis-
superconductivity and ferromagnetic order are in fact coopeuss the details of the latter. We summarize our measure-
erative phenomena in this compound. The general definingnents of the flux-flow resistivity, which are consistent with
property of superconductivity is the existence of permanenbulk superconductivity. In critical-field measurements we de-
macroscopic currents that act to screen any static magnettected a very unusual reentrant behavior of the upper critical
fields. To be compatible with ferromagnetism, the superconfield at 13.5 kbar. This feature is clearly correlated with the
ductivity (even if it has odd paritymust therefore be spa- transition atT,(P,H) which is induced by field at this pres-
tially modulated(at least to the extent of the mixed state of asure. The occurrence of superconductivity in Y@&wis ap-
conventional superconductor in an applied fieleen when  pears to be intimately related to the transitiorTatP,H).
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FIG. 1. The crystal structure of Ugas shown. Thick bars
connect nearest neighbor uranium atofiasge spheresthat form
zigzag chains parallel to the cryslaxis (the easy magnetization

direction. The Ge atoms are shown as small spheres and the ortho- 0 : . . . . . .
rhombic unit cell by the fine lines. 0 10 20 30 40 50 60 70
GENERAL CONSIDERATIONS T(K)

We do not believe the superconductivity we see in the FIG. 2. The ambient-pressure specific heat divided by the tem-
ferromagnetic state of UG¢o be an isolated event restricted peratureT is plotted againsT. The convex form of the curve most
to some special combination of circumstances. Rather werobably indicates a substantial contribution from low-energy
believe that odd-parity superconductivity can occur quitephonons or another soft mode. The height of the jump at the Curie
generally when ferromagnetic fluctuations are large enougtgmperature and low-temperature limiting val@@ mJ mof * K2
in the absence of competing orders, and when crystals can I§e discussed in the main text.
made sufficiently pure to avoid the pair-breaking influence of
defects®® The values of the critical temperature found for cally implies a spin density waveSDW). In general, high
UGe, and the fact that superconductivity is not detected inpressures would favor the choice of a more symmetric cell
the paramagnetic phase abdvgmight, however, be related and for uranium the CDW can be suppressed by application
to some special features of this material. It is then interestin@f pressuré?
to briefly review what the general distinguishing features of ~The important difference between UGand a-uranium is
UGe, are. that in UGe the nearest-neighbor uranium separatidn

First, the magnetic properties of Ugare strongly aniso- =3.85A, is larger. The increased uranium separation leads
tropic, which is a common trait of light-actinide to a greater localization of thieelectrond! and much larger
compoundg? The inherent anisotropy due to the uraniufn 5 magnetic entropy at low temperature. At ambient pressure, a
electrons is further emphasized by the choice of an orthodegree of delocalization of thé electrons is, however,
rhombic crystal structuréspace group Cmmpt'12The ura- suggestet by the moderate value of the low-temperature
nium atoms are arranged as zigzag chains of nearest neigpecific heatFig. 2, C/T=32mJmol 'K 2 and the ratio
bors that run along the crystallograpticxis, which is the ~ of this to the step irC/T (=200 mImol*K™?) at Tcyye.
easy magnetization direction. The chains are stacked to formhhe value of the ordered moment, 148 uranium, which is
corrugated sheets as in alpha uranium but with Ge atomless than half the value for an isolated uranium ionug./
included at interstitial positions. Additional planes of Ge at-does not give unequivocal evidence about the extent of de-
oms(Fig. 1) separate the sheets along thexis. The similar  localization, since a reduction of this order can be potentially
unusual low-symmetry structure of alpha uranium is favorecexplained by crystal field splitting alone. The small value of
energetically since it splits the large density of states thathe ordered moment compared to the Curie-Weiss moment
would otherwise be present at the Fermi energy of mord2.8ug/uranium) deduced from the susceptibility above
compact structure$** A local minimum in the density of TcurieiS, however, consistent with a weak delocalizatidf!
states at the Fermi energy for the orthorhombic structuréressure should increase the extent of delocalization df the
might then be expected. The observation of a field-induce@lectrons asl,_ is decreased. This offers a possible mecha-
polarized statémetamagnetic behavipeboveP, (Ref. 15 nism to explain the suppression of the Curie temperature.
in UGe,, gives convincing evidence that for UGthere is  Apart from separating the uranium atoms it should be re-
indeed such a minimum. For uranium the orthorhombic cellmembered that the Ge atoms might also play a second role in
is still prone to nesting® and alpha uranium exhibits a com- hybridizing with the uraniumdy.ge=2.9A). The suscepti-
plex charge density waveCDW) below 43 K17 For UGe, bility of UGe, is extremely anisotropic compared to
band structure calculatiols'® also suggest that there is a a-uranium, which does not order magnetically and has a
possible proximity to nesting which raises the possibility thatnearly isotropic susceptibility. Measurements at high fields
a CDW might also appear. Since the Fermi surfaces are afeveal that the magnetic anisotropy energy in Y{Sendeed
ready split into majority and minority spin surfaces in the extremely larg& and that the electron spins are thus ex-
ferromagnetic phase, in this case a CDW almost automatipected to behave like Ising spins.
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The importance for superconductivity of these observa- 60 . . .
tions is threefold{i) the uniaxial nature of the magnetic an-
isotropy diminishes the magnitude of transverse magnetic ‘ T
fluctuations that would otherwise be pair breaking for a trip- o o Qula
let (spin-parallel paired superconducting stat@i) A ten- ™~ /
dency toward nesting of the Fermi surface might enhance the 40
coupling of the spin fluctuations with electronic excitations
close to the pairing vector (&) and therefore favor super-
conductivity. This condition might be expected to depend
sensitively on the volumes enclosed by the majority and mi-
nority spin Fermi surfaces and therefore on the magnetiza-
tion of the sample(iii) The possible strong energy depen-
dence of the electronic density of states at the Fermi level superconductivity °
might actually reduce the effect of very low energy magnetic 10 L 10 x Tsc \ J
fluctuations. These fluctuations might be pair breaking rather \ L
than pair forming?® v -

Finally, the one other essential fact relevant to the appear- 0 : b :
ance of spin-triplet superconductivity is that U@s intrin- 0 5 10 15 20
sically structurally ordered. This and a favorable metallurgy Pressure (kbar)
mean high-quality crystals containing few defects can be
made?’ Non-s-wave superconductivity is expected only in  FIG. 3. The pressure-temperature phase diagram of,UGee
very pure crystals since, contrary to the case for conventionddll symbols were measured in Grenoble on the same single crystal.

isotropics-wave superconductors, all defects are pair breakThe Curie temperature was taken as the temperature at which the ac
ing. susceptibility shows a sharp maximuysmall circleg or as the tem-

perature at which there is a discontinuity in the slope of the resis-

tivity (large circle$. The Curie temperatures determined by neutron

CRYSTAL SYNTHESIS scattering are shown by full squares. The onset temperatures for

. . superconductivity and the temperatures at which the resistive tran-
The crystals used in the experiments reported here have. : indicated b id trianales ioined b
mbient-pressure residual-resistance ratios of above 100 p Sions were complete are indicated by solid triangles joined by
a . I9 Pertical lines. The point at 15.7 kbdfilled diamond shows the
allel to theb axis. They were grown from a zone-purified

. . ’ . ... _onset determined by ac susceptibility at this pressure. The open
ingot by the Czochralski technique under a highly purlfledsymbols were determined on other crysi@lse textin Cambridge;

pressurized argon atmosphere. Radio-frequency heating aggh migpoint of the superconducting transition alone is given for
a cold crucible were used. The crystals were additionallyhese measurements. The lines are to guide the eye.

annealed for 2 days under ultrahigh vacuum. Preliminary
neutron diffraction studies suggest that the annealing may bgents we see a large magnetic remanence and hysteresis
important to remove stacking faults along the crybteirec-  pelow 10-30 K, depending on the measurement conditions,
tion. Resolution-limited diffraction peaks (FWHMO.3°)  whereas there is almost no hysteresis closeFdg,. This
were recorded by neutron diffraction, and no change of th@ehavior qualitatively resembles previous results for
peak width was seen with applied pressure. UCoGa® In accord with previous studiéswe find no pro-
nounced anomalies in the specific heat and resistivity at am-
bient pressure, other than at the Curie temperatig 2).
The convex curvature of the specific heat visible belowyie

The pressure-temperature phase diagram determined frooould, however, indicate that there is an important contribu-
resistivity and susceptibility measurements is shown in Figtion from low-energy phonons or other excitations, sugges-
3. The measurements performed in Grenoble were performeile of a Kohn anomaly* and a proximity to nesting of the
on two sections of the same single crystal. The resistivityrermi surface. We have not yet performed measurements of
was measured for a current applied along dhexis and the the specific heat under pressure. However, at pressures ap-
ac field was applied along the same axis in the susceptibilitproaching 12 kbar we do see a second sharp change in the
measurements. Also shown are measurements made at Casiepe of the resistivity at a low temperatuiig(P), in addi-
bridge(Saxeneet all) on single crystals and polycrystals cut tion to the change of slope at the much higher Curie tem-
from the polycrystalline zone-refined ingot. The supercon-perature and superconductivitfig. 4). This feature be-
ducting transition is seen in both susceptibility and resistivitycomes very weak at pressures lower than 10 kbar, but can
measurements. The existence of an additional phase transentatively be associated with the previously repdftédoad
tion, not shown in this figure, has been previously suggestefdeak in the derivative of the resistivity. This peak is centered
in the literature?® although the evidence for it then appearedat about 30 K wherP= 0, which corresponds approximately
rather tenuous. An anomaly seen in the thermal expansion & the position of the broad feature in the specific heat.
ambient pressuré, might rather be related to a change in the Above 13 kbar, the strong feature visible at 12 kbar is absent.
pinning of magnetic domain walls, and therefore not relateA much weaker feature is, however, discernible at low tem-
directly to a thermodynamic transition. In magnetic measureperature, that is more akin to a crossover or coherence tem-

Temperature (K)
w
)
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4 6. FIG. 5. PaneA shows the relative longitudinal magnetoresistiv-
1 al | 1 ity measured at 13.5 kbar and different low temperatures in an
: increasing field. PaneéB shows the ac susceptibility measured at

05} % 7;2 e T 15.7 kbar. The field was applied parallel to the easy magnetization
() direction in both cases. The anomalies at 2 and 4.5 T occur in the
0 . . . . ferromagnetic state for pressures greater tRar-12.5 kbar(see
0 5 10 15 20 25
K text).

~ perature and corresponds to a small change inTtheoeffi-
FIG. 4. PaneA shows the temperatuii of an anomaly seenin  cient of the resistivityFig. 4(c)]. However, in this pressure
the resistivity as a function of pressufsolid squares The lines range (13kbacP<P.) the low-temperature susceptibility
showing the onset of the superconducting transition and Curie temsng resistivity display a sharp anomaly in an applied mag-
perature are also redrawn from Fig. 3. The anomalf,accurs in aic field (Fig. 5). These anomalies occur at fields and pres-
addition to a change in slope of the resistivity at the Curie temperaéureS that are distinct from. and should not be confused with

tures at different pressures are shown in p&dlhe anomaly aT, the previously reported metamagnetic behaVieen at .
becomes much less marked at low pressure, but a broad maximu essures _abOVBC' The p_resent features, r.]a.mely’ a St.Ep In
in dp/dT can still be identifiedthe small glitches 5 K intervals the res'_St'V'ty and a peak in the ac Susceptl_bll_lty pccur n the
are experimental artifagtsAbove 13 kbar there is no strong feature Magnetically ordered state at a characteristic field that in-
corresponding td, . However, a small change in slope is apparentCré@ses with pressure and extrapolates to zero Wgar

at low temperature when the resistivity is plotted agaistThisis =~ 12.5kbar. The results suggest that magnetic field shifts the
illustrated by the resistance curve shown in paddbr a pressure  line T,(P) measured in zero field to higher pressure. This
of 15.3 kbar. The dashed lines are extensions of fitptep,  Observation supports the view thkt might correspond to a
+AT?, above and below the region where the slope changes. Thphase transition facilitated by a special geometry of the
inset shows the superconducting transition at this pressure. Fermi surfaces. The Fermi surfaces for the majority and mi-
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0.9 . . . . . 0.15 If we do indeed interpret the anomaly &t to be a sig-
1 nature of a phase transition, it is interesting to see how far we
] can go in explaining qualitatively some of the details of our
observations. To be definite we will consider the scenario of
a CDW/SDW transition. The effect on the resistivity of the
CDW/SDW depends sensitively on the amplitude of the
CDW/SDW, the angle of the current to the nesting vectors,
as well as the magnitude of the nesting vectors, which deter-
mine the effectiveness of the CDW/SDW fluctuations in
10.05 scattering the conduction electrons. For a 3D material all
] these quantities can evolve continuously with temperature
] and pressurdas for the CDW in alpha uraniumin the
. CDW/SDW phase the low-energy density of states is re-
i 1 duced due to the formation of a gap in nested regions of the
0.6 : : : : : : 0 affected Fermi surfaces. At low-enough temperature this
would then lead to an increase in the resistivity, particularly
P (kbar) for currents parallel to the CDW/SDW nesting vectors. From

FIG. 6. At all the pressures examined, the low-temperature re'Ehe calculated Fermi surfaces in U@esting vectors close

sistivity immediately above the superconducting transition is well© thec ‘T"X'S appear to be th'e most likely, which would be
described byp=po+AT2 The residual resistivity, and theT? perpendicular to the current in our measurements. However,
coefficientA are shown as a function of pressure. Otherataow  in agreement with the above argument we still find that the
that theA coefficient falls at higher pressures abd®e~16kbar.  residual resistivity of our sample is higher bel®y (Fig. 6).
The data are characterized by a sharp increageand fall inpy at At higher temperature, fluctuations in the CDW/SDW might
the pressurd®, . The lines serve to connect the points. lead to an increase in scattering of the conduction electrons
that is peaked af,, but disappears rapidly beloW, . The
nority spin directions are expected to expand and contract &rm of the resistivity we observe nedy, is broadly consis-
the spin polarization is increased. A special condition, suchent with this effect acting in parallel with other scattering
as a nesting of the spin majority Fermi surface, might then b@rocesses. A similar situation is found for our data in an
fulfilled when the splitting approaches a particular value.applied field. Figure 5 shows that the resistivity falls on en-
This could give rise to a phase line in the ferromagnetic statgering the high-field phaséhe supposed CDW/SDW phase
below T P) corresponding approximately to a constantat temperatures of several Kelvin and above, which corre-
value of the ordered ferromagnetic moment. sponds to a reduction in the scattering of the conduction
The microscopic nature of the transition remains elusivee|ectrons in the CDW/SDW state. At lower temperature the
as discussed below. However, we can speculate that the criituation is reversed and the resistivity increases abruptly on
cal slowing down of the fluctuations related to the transitionemering the CDW/SDW phase. At low temperature there are
could be the driving force for the superconducting pairing.few thermally excited fluctuations and the scattering is due to
This is supported by the fact that the superconductivity issample defects or impurities. In this case the change of the
strongest close to the pressuiPg~12.5 kbar, wherd, van-  resistivity is dominated by the opening of the gap and a
ishes. Examination of th&? coefficient of the electrical re- reduction in the low-energy electronic density of states.
sistivity further supports this hypothesis. It has previously Although all the attributes of the charge density wave can
been pointed out that tHE? coefficient is apparently peaked change with pressure it still appears surpridfrig that the
at 12-13 kbar rather than Bt .?® We find that theT? coef-  anomaly in the resistivity weakens so rapidly with decreas-
ficient (defined in the limit of low temperaturegrows rap-  ing pressure below, whereasT, increases. To develop this
idly at 11 kbar and remains large over the range of pressurgsoint further, we note that a nesting or near nesting of the
where superconductivity is seer(Fig. 6). Previous Fermi surfaces alone is not sufficient to form a CDW/SDW
reportg®323% show that the T? coefficient decreases structure. The interaction between electrons on the nested
smoothly with pressure above.. A different law p=p,  sheets must also be considered. It is possible that the spec-
+AT" with n<2 is usually found in other systems near atrum of the magnetic excitations therefore plays a role in
second-order quantum-critical point, but such a behaviotdetermining the amplitude of the CDW/SDW in conjunction
would not be expected for UGaearP, if the transition is  with other excitations such as phonons. Since the low-
first order as we propose. In the ferromagnetic state we agaiemperature magnetic fluctuations are modifiedPass ap-
find the Fermi-liquid exponent=2 even close td,. This  proached, this could offer a scenario to explain an increase in
indicates that spin waves, which might be expected to givamplitude of the CDW/SDW. Such an idea is not unprec-
n>2 do not make a significant contribution to the resistivity. edented, as the proximity to a magnetically orde(autifer-
Further, if there is any deviation from the=2 exponent romagneti¢ state has previously been suggested to underpin
near the critical point aP,, it must occur in a pressure the formation of an SDW state in chromiuthWe thus ar-
interval sharper than the interval between our data pdihts rive at a picture in which the nesting condition is optimized
kbap). for a particular splitting of the spin majority and minority

1
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sheets corresponding to a ferromagnetic moment of abodtom other nonf conduction bands. Finally, a complemen-
1.2ug. For P>P,, the ordered moment in zero field is tary study by x-ray magnetic circular dichroidfrsupports
smaller than this and the relevant Fermi surfaces are ndhe choice of a &" form factor over UJ*.

close to fulfilling the nesting condition at any temperature.

Below P, the interaction that controls the amplitude of the NEUTRON SCATTERING UNDER PRESSURE
CDW/SDW might depend in part on the magnetic fluctua- pye o the near cancellation of the nuclear scattering
tions associated witR . and these increase in amplitudeRas  ongths at some magnetic peak positions, it is straightforward
approache®.. A full treatment of the problem should then 3 measure the magnetic moment as a function of tempera-
include the coupling between the various order parametersyye at different pressures without resorting to polarized neu-
magnetic fluctuations, including other low ener@iite ) ons. The 001 peak is particularly suited to study since the
modes as well as those directly associated with the ferromagyagnetic structure factor is large at small wave-vector trans-
netic order, and phonons. In the next sections we describg “\yhile this peak has only a small nuclear contribution.

our neutron measurements. Although we do not find any dithe integrated intensity of this peak therefore gives a direct
rect evidence for a CDW/SDW our results do suggest thaf,osurement df/lfz

the ferromagnetic order is slightly modified by the transition The experiments under pressure were made with the ILL

atTy. piston-cylinder pressure cell on the D23 instrument. Cylin-
drical crystals of height 2 mm parallel to the axis, and
CRYSTAL STRUCTURE diameter 2 mm, cut from the same parent crystal as the
) samples used to determine the phase diagram were used. The
The crystal structure of our crystals was examined bygamples were mounted vertically on a single crystal of NaCl
neutron diffraction on the four-circle instrument D15 at the 514 held at the center of a sealed copper capsule of internal
Institute Laue LangevirILL), France. Approximately 150 qiameter 3 mm containing the pressure-transmitting medium
independent reflections were measured for two incidenf, geyterated ethanol/methanol mixufBhe construction of
wavelengths(0.85 and 1'1172 A A refinement of the previ- e pressure cell restricts the incident and diffracted beams to
ously published structute (space group no. 65, CMMM g within a narrow angular window of 6° to the horizontal
accounted for2 the data with a weighted deviation of Rpjane To be sure not to truncate peaks we only considered
=5.25% andy”=3.08. peaks inclined within+4°. The pressure was estimated by
determining the change in lattice parameter of the NaCl.
MAGNETIC STRUCTURE AT AMBIENT PRESSURE Although Friedel pairs of peaks gave equal intensities
] ~within 10%, the ratios of the various strong nuclear-peak
The change in the temperature dependence of the resistiyytensities differed by up to 50% from their calculated val-

ity with pressure suggests that the low-temperature magneti¢es. This reflects an angular dependence of the absorption
structure might change at aboBt=12.5kbar. This moti- ang scattering from the cell body. The intensity from the
vated us to study the magnetic structure more closely bgtrong nuclear peaks, however, did not evolve with pressure.
neutron diffraction with the D23 instrument at the ILL. A \ve therefore measured the accessible peaks at zero pressure
complete study at atmospheric presS{eith polarized neu-  ang low temperature and normalized the data at other pres-
trons revealed that the magnetization density is due to Urasyres(9.5 and 13 kbarto the zero-pressure values. The data
nium f moments with a low-temperatui® K) moment of 4t 14 kbar were measured at a different time with another
My.s1=1.48(2)ug/uranium(at 4.7 T with no contribution  ¢rystal and a different configuration of the spectrometer. The
from the Ge sites Mge.3<<0.01up). The best fit to the analysis of the data at 14 kbar is therefore limited to present-
form factor is obtained for either aAU ion with a reduced |ng the temperature dependence of the Scattering of the mag-
5f orbital contribution f /us=—2.60) compared to an npetic 001 peak. This data has been normalized to the 002
isolated ion fu  /us=—3.34), or alternatively to a¥ ion  Bragg peak to place it on the same scale as the other mea-
with close to a full orbital contribution. From the neutron surements, a|'[hough it should be remembered that the abso-

scattering it is not possible to distinguish between these tw@,te value ofM? deduced for this pressure might not be
scenarios. For comparison, the orbital contribution is comyecyrate.

pletely absent for alpha uraniufwith U%"),* which has no
local moments and a strongly delocaliZdzand, whereas the EVOLUTION OF THE CRYSTAL STRUCTURE
full orbital contribution characteristic of an isolatedUion WITH PRESSURE

is found for the compound UQ The case for UGgls inter- ) . .
mediate, again indicative of a weak delocalization of the _Although the intensity of the strong nuclear peaks did not

electrons® The profile of the form factor was found to be change, the intensity of the weak nuclear peaks of {#i€)
unchanged in the paramagnetic state at 60+ T), and at and<312> decreased slightly with pressure. This is shqwn in
an intermediate temperature of 30 K. Direct measurement df/9- 7- The decrease can be explained by a small displace-
the saturation moment in a SQUID magnetometer gaVénent of the atoms. The structure factors for the 310 and 312
M max=1.50(2) wg/uranium(also at 4.7 T and 5 K with no peaks are the same,

significant fie[d dgpendence at this fiel_d. Any contribution f=4fycog2myy) +4fgeCo0L2TYge)

from the polarization of the uraniumdéorbits must therefore

be almost exactly compensated by an opposite polarization =f=(0.96—19.2x dyg— 16.4X 8y ) X (10" *2cm),
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FIG. 8. The diffracted intensity of the magnetic contribution to
the (001) peak as a function of temperature for different pressures.
The data have been scaled to give the correct valud Dt zero

FIG. 7. The integrated intensities of tH812 (squarep and
(310 (circles diffraction peaks normalized to their ambient-
prestsuri values are shdowrl ?S atfunctlortl of ptr)efsure._ T*.‘f‘? m(?[etlsu ffessure and temperature determined independently by neutron
ments shown were made at low temperature, but no signiticant te scattering in the absence the pressure cell. The solid line through

perature dependence of the diffracted intensities was observed up Eﬁ’e P—0 data represents a functiod o (1—T/Tw )" with n
60 K. The peaks are therefore nuclear in origin, and for the Cmmm P ( curd

=0.30 above 30 K an?oc1— (T/Toyi0™ With m=3.2 below 30
structure should have an identical structure factor. The observe, #1=(T/T cure

duction in intensity with . istent with a flatteni fﬂ The line through the data &= 9.5 kbar is for the same expo-
reduction in intensity with pressure 1S consistent with a Hattening oty o,y A gifferent, much smaller exponent is, however, required to

the corrugations _of the uranium nearest-neighbor chains. The "nﬁescribe the sharper curvature ndai, at 13 kbar. The dashed
serves only to guide the eye. line is the saturation magnetization Rt=0 determined in a mag-
netometer.
where 8y, and dyg. are the displacements of the uranium
and Gel atoms in the unit cell from their zero-pressure valstronger 002 reflection. At ambient pressure the total ferro-
ues of 0.141 and 0.308neasured in units of the unit-cell magnetic momenM ¢ measured in a SQUID magnetometer
parameteib=15.04 A). The decrease in the intensity of the is also shown. To facilitate comparisod, has been scaled
<312> and <310> peaks is consistent with a small increase Inby a few percent to be equa| to the value Mff at low
either or both oféyge and dyy of the order 10°kbar*.  temperature. The evolution d¥l. is then seen to follow
This corresponds to a straightening of the buckled uraniung|psely the evolution oM measured by neutron scattering.
chains with applied pressure. This would be consistent with ghe small difference is in part due to difficulties in determin-
larger compressibility along thie direction compared to the jng the total ferromagnetic moment in the direct magnetiza-
other directions. Although the compressibilighas not been  tion measurements. In these measurements at low tempera-
directly measured, the Gmeisen relation(x=3 Va/I'C,  ture, sufficiently strong fields have to be applied to ensure
whereI' is a constantC is the specific heat, and is the  the sample is monodomain. CloseTg,., however, small
thermal expansion suggests that the thermal expansionfie|ds have to be used to distinguish the zero-field ordered
should also be largest along thedirection aboveTcie- moment from the large linear response.
This indeed appears to be the c&3although the anisotropy  The relationship between the Curie temperature and satu-
of @ is not very large. The magnitude of the jump in the ration magnetization predict&tin the standard SCRself-
thermal expansion coefficient @t is, however, almost a  consistent renormalizatiprtheory for weak itinerant ferro-
factor of 2 larger parallel to the direction than for thec  magnetism iSTcuic M. At 13 kbar the low-temperature
direction, both directions being perpendicular to the ordereghoment we observe is Ju@/uranium and the critical tem-

moment. perature is 28 K, which can be compared toudg%nd 53 K
at zero pressure. The anomalous temperature dependence of
TEMPERATURE AND PRESSURE DEPENDENCE the data at 9.5 kbar below, dlscussqd in fche next para-
OF THE MAGNETIZATION graph, however, means that the relationship betwBgpe

and M for UGe, is probably more complicated than the
Figure 8 shows the temperature evolution ME mea-  simple theoretical form given above.
sured at various pressures. The minimum value of the mo- At ambient pressure abovg,;J/2 the temperature depen-
ment detectable is Ouly, against background scattering dence of the neutron data fit well a lavioc (1 —T/Tcyri0) @
from the cell, a weak nuclear contribution to the 001 peakThe critical exponentx=0.30 is close to the value 0.326,
and a weak contribution due %2 contamination from the predicted for a three-dimensional Ising maghethe same

144519-7



ANDREW HUXLEY et al. PHYSICAL REVIEW B 63 144519

critical exponent also fits the data at 9.5 kbar. However, afurther components of the magnetic structure. No extra peaks
low temperature below,~5 K, the magnetization density were detected at this pressure, or in scans along the crystal
shows a positive deviation from this law contrary to the ex-axis atP=17 kbat> P (the paramagnetic stateor in more
pected saturation of the moment. This suggests that the feextensive scans at low temperature and ambient pressure.
romagnetic component of the order is slightly enhanced befhe measurements do not, however, rule out the possibility
low T,. For the case of a CDW/SDW, the opening of a gapof a change in the magnetic or crystal structure with pres-
over a section of the Fermi surface would reduce the totasure. A nesting transition need not necessarily give a modu-
density of states and the magnetic fluctuations. Since thedation vector close to a high-symmetry direction and there-
fluctuations are responsible for reducing the Curie temperaore might not be seen in these scans. A study with a Laue
ture from the Stonefmean field value, their partial suppres- camera at ambient pressure and low temperatures provided a
sion could indeed lead to an increase in the ordered momembore systematic survey gfspace. However, again no addi-
as observed. It is then at first sight surprising that no cleational diffraction peaks were detected. The amplitude of any
effect is visible at zero pressure neBr=30K. The expla-  structural or magnetic modulation could, however, be very
nation for this is probably related to the weakening of thesmall, as is the case of the charge density wave in alpha
anomaly seen in the resistivity discussed earlier. We notgyranium?® A final possibility is that the nesting could con-
however, that over a wide temperature range and in particusern mainly nori-electrons whereas the neutron data detect
lar at low temperature the zero-pressure data is well dethe component of the magnetization density principally due
scribed by M/Mg)?=1—(T/T,)", with nclose to 3 and’,  to thef electrons and the displacement of the nuclei.
only slightly higher tharT ;. This is not consistent with a The data taken at 13 kbar extend down to 300 mK, which
(M/Mg)=1—(T/T,)%? dependence at low temperature thatis below the temperature for which superconductivity occurs
would be expected if there was a significant population of(the superconducting transition is complete in the sense that
noninteracting ungapped spin waves. Further, the exponent ibe resistivity is zero up to above 400 mK at this presgure
higher than the value=2 expected for a simple weak itin- At these low temperatures the intensity of the magnetic scat-
erant ferromagné‘lz. tering (determined with a sensitivity of 2)@&and the width of

The slopedM/dT at T, appears to be substantially the magnetic peak showed no detectable temperature depen-
higher than given by the Ising model &=13kbar. The dence. Thus there is no strong modification of the magnetic
previous observation of metamagnetic phenorﬁréab)ove order on entering the superconducting state. The order of
P. suggest that the transition is second order at low pressur@agnitude of the condensation energy of the superconduct-
but becomes first order at some pressure beRw This  ing stateNoT5, (No is the density of states at the Fermi
would explain the observed increase in the slope with presenergy should be compared to a much larger energy of order
sure near 13 kbar, a vertical slope would be expected wheNoTS(,u/,uB)2 for the formation of the ferromagnetic order
the transition became first order. At still higher pressureqT, is the Stoner temperatur,>T¢,i0). The anticipated
dTcuie/d P becomes larger and therefore even a small presehange in the ferromagnetic moment due to the appearance
sure gradient will cause a smearing of the measured slopef spin-triplet superconductivity is then expected to be ex-
dM/dT due to a spread in values 3t . A very similar  tremely small, at most of ordélf,./ Tcsie. Finally, we com-
experimental situation pertains for the evolution Mf(T) ment on the possibility of observing a modulated structure in
with composition in the series of compounds UCpAIGa, , the superconducting state. The spontaneous magnetization at
where the compositional parametemplays the role of the zero pressure is 0.19&k (i.e., for 1.0ug/uranium at 13
pressure in UGg x=0 corresponds to the high-pressure kbar, uoM =0.197T). This would give a flux-line spacing
paramagnetic state and an increasigo reducing the corresponding to a wave vector of 0.006 %for a conven-
pressuré3 Compositional disorder would play the role of the tional flux-line lattice. The modulation of the magnetic field
small pressure gradient. Interestingly, the analogy extends tassociated with a conventional flux-line lattice is smaller
the metamagnetic behavior. In both UCA|Ga, and UGe  than ¢o/2w)\f. The expected modulation of tlienoments is
metamagnetic behavior is found both starting in the parathen equal to the susceptibility multiplied by this value. The
magnetic statg¢high pressure or smak) and for a limited amplitude of the resulting modulation is thus estimated to be
range of compositions just within the ferromagnetic state. Amany orders of magnitude too small to be observable relative
similar metamagnetic behavior has also been reported in the the strong ferromagnetic Bragg peak with a conventional
series of compounds ;Y ,Gd(Co,_,Al,),.* This suggests diffractometer.
that the underlying physics of the magnetism is indeed not
unique to UGe or to uranium com.pounds. The Qisorder due FLUX-ELOW RESISTIVITY
to the random sites of the substituted atoms in these other
materials would, however, rule out any possibility of finding  The observation of the zero-resistance state in Jge
spin-triplet superconductivity in those cases. pears to be particularly sensitive to the magnitude of the

As well as examining the known nuclear and magneticapplied current. Low critical currents have previously been
peaks that were accessible, we also looked additionally foobserved in clean single crystals of other higlsupercon-
long-wavelength modulationsgt0.002 A™1) close to the ductors(x=\_ /£, where), is the penetration length ang
001 magnetic peak along the three principal crystal directhe superconducting coherence lengffypical values of the
tions. Further scans were made at low temperature Rind critical current densityl,, (for B/B;,~0.5 andT/T 0.5 of
=13kbar including a scan along (1,1,8:3k) to look for  the order 100 A cm? have been report&¥*’ for CeRy («
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=17), while a value of 10 Aci? has been reportédfor
the nonconventional superconductor YRtx=50). For
comparison the value we find for Ugender the same con-
ditions at 11.4 kbar is 0.1 Acnf. The critical current, of
course, depends on the concentrations and types of defects.
However, for equivalent concentrations of defects, a higher
tends to favor a lower value of the critical current for the
relevant case of weak collective pinnifigThis occurs be-
cause the decrease wikhof f,, the maximum force exerted
by a single defect, more than compensates a reduction in
rigidity of the flux-line lattice. Thus a very small value &f
could simply indicate a pure sample with a large valuec.of
However, it is important to eliminate an alternative explana-
tion, that the low value o8, is indicative of weak filamen-
tary superconductivity. To this end we performed some volt-
age versus current measurements at elevated current
densities(Fig. 9) in different transverse fields. A linear re-
sponse was obtained when the current was well above the
critical current, with a constant differential resistance, ]
=dV/dl, that at low fields was well below the resistance of e
the normal statery. For filamentary superconductivity a 80 k- ]
linear response would not be expected, since the differential
resistance would increase with the current as the peak current
density exceeded the critical current for successive indi-
vidual filaments. If all the filaments were similar, the normal-
state resistance would be rapidly approached. Our results are
instead compatible with the standard theory for a bulk flux-
flow resistivity>® The linear differential resistance in-
creases smoothly withh=H/H., and approachesy at h ]
=1 [Fig. 9b)]. The concave form of the curve agrees with 20| Y, 4
the predictions of the time-dependent Ginzburg-Landau ¢ 1
theory as applied to conventional bulk superconductivit - -
In this theoryd(r/ry)/dh~5 is predicted ath=1, which
agrees with our results. At lower field our data also appears 0 05 1
to agree with this theory. For comparison, in a recent study HMH
of the flux-flow resistivity of the nonconventional supercon- @
ductor UP$,%® an unusual convex curvature off  versush FIG. 9. Panel shows the ac voltage-current£1) dependence
was found. In URfthe superconductivity is probably unitary, measured in the superconducting state at 300 mK and a pressure of
although still spin triple‘f‘.4 This is natural since for URthe 11.5 kbar in different applied magnetic fields. The measurements
magnetic anisotropy constrains the electronic spins to lie irgorrespond to transverse applied fields increasing from zero in steps
the basal plane of the hexagonal structure. For J@ehave of 0.25 T to 3 T (for clarity not all of the curves are labeled
argued that the moments are Ising-like, and are constraind¥jeasurements in zero applied field and at 0.25 T are indistinguish-
to point along a single crystalline direction. This would Sug_able from the ordinate axis. Parigshows the linear slopes through
gest that a nonunitaﬁ/ superconducting state should be these pointsW/d] plotted against the field normalized ith,,. The
formed. In such a state the superconducting gap is differerﬂbserveq t_)e_hawor strongly resembles that expected for the flux-
for the majority and minority spin directions. A very small row resistivity of a gapless bulk type-Il superconductor. The
gap for one spin direction might be expected, which WoulddaShed line s to guide the eye.
then justify the application of the t.|me-dep_endent Ginzburg- UPPER CRITICAL FIELD
Landau theorf to low magnetic fields as in the case of a
classical gapless superconductor. Further, the penetration A further confirmation that the superconductivity is a bulk
length\| would be large if the superconducting gap is closeproperty is provided by the fact that the upper critical field
to zero over large regions of the Fermi surface. A large valugaries smoothly with angle at pressures away frBm®®
for A is also expected from the large mass renormalizatiorlthough we have performed extensive measurements of the
suggested by the large? coefficient in the resistivity near upper critical field for all three crystallographic directions at
Py. The large mass renormalization and the large slope aflifferent pressures, we limit our discussion here to the case
dH.,/dT also indicate a small value for the coherence lengthor the field parallel to the easy axis. The temperature depen-
(é€=100A) and thus a large value af as suggested by the dence of this critical field measured at three pressures is
small values of the critical current. shown in Fig. 10. The measurements were made with small
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FIG. 10. The upper critical field is shown for applied fields
parallel to the a directiofthe easy magnetic ajiat three different
pressures. The temperature dependencté.oft 13.5 kbar is highly
unusual and is discussed in the main text. At this pressure we have
distinguished the points measured by sweeping the fisdgiare
symbolg from those measured by sweeping the temperature at con-
stant field(circles. Examples of the measured resistivity curves can
be found in Fig. 11. In all the figures the lines serve only to asso-
ciate the points.

currents and the criteria gf(T,H)/py=1/2 was taken to
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defineH.,. The features we describe below do not depend
on the particular choice of these criteria. The first obvious 0
feature of the data is a strong downward curvaturél gf at

small fields of the order 0.2 T, particularly visible at 11.4

kbar. This is understandable from the fact that the total field

is the sum of the applied fielt,,, and a field due to the FIG. 11. Paneh shows the resistivity plotted against the applied
magnetization of the sample. The latter depends on the digield at P=13.5 kbar at several temperatures. Both the current and
tribution of magnetic domains and is therefore not necessatfield directions are parallel to tteeaxis. There is a clear correlation
ily homogeneous or directed everywhere paralleHg,,. between the upper critical field ., nearT. in the superconducting
The local magnetization corresponds to 0.19 T perstate and the field at which there is a transition in the magnetore-
wgl/uranium and is therefore of the same order of magnitudéistivity at higher temperatureeurves at 1 and 3 K All the data

as the field range over which the strong curvature is seenvere measured for a current 100uA, except for the second trace
The value ofH,(0)/T is seen to be rather large and mostat 300 mK and the curve at 355 mK, which are fer 10A. In
notably at 13.5 kbar exceeds the so-called paramagnetic linRanelB representative curves of the _re5|st|V|ty as a fun(_:tlo_n of the
iting field H,/T,=184T/K for conventional isotropic temperature at constant field are given. The arrows indicate the

Superconductivit)§,7'58 although the application of the limit positions at which the resistivity is considered to have half its
directly to UGe requires careful consideration. The para- normal-state value.

magnetic limit is, however, not expected to apply to odd-

parity superconductivity when the field is directed along a We now examine the most striking feature of our data, the
direction where the total spin of the Cooper pairs can besharp jump of the upper critical field at 13.5 kbar just below
nonzero. Our results are therefore compatible with the hyTg.. At this pressure an extrapolation lg§, from below 300
pothesis of spin-triplet superconductivity, whereas carefuimK in Fig. 10 would suggest a value dfy. closer to the
discussion would be necessary to reconcile them with a spimnaximum value found for pressures néys rather than the
singlet state. For a spin-triplet state another higher limitingvalue of 400 mK we observe. The resistance data at several
field H, might eventually be reached due to the effect of thetemperatures and fields are shown in Fig. 11, along with the
field on the nonzero orbital momentum of the Cooper pairs, curves for the magneto-resistivity at temperatures afQye
Hi=(m*/m)H, (wherem*/m is the ratio of the effective Strikingly, the large value oH, that occurs just below ¢
electron mass to the bare mass corresponds to the field at which there is a “metamagnetic”
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transition in the ferromagnetic state. In our previous discussion might have otherwise been questioned in view of the
sion we suggested that the applied field inflates and deflatesmall values found for the superconducting critical current.
the spin-majority and spin-minority Fermi surfaces and reeswe have also established that the ferromagnetic component
tablishes the nesting condition that exists belByin zero  of the order is still large(of the order Jug/uranium at a
field. If it is the fluctuations associated with this transition pressure and temperature where superconductivity is found.
that drive the superconductivity, the application of a field at  Our continued investigation of the phase diagram has re-
a pressure just above, thus also strengthens the supercon-vealed a strong correlation between a transitiof,atvithin
ductivity and this could then explain the near reentrant bethe ferromagnetic state and the appearance of superconduc-
havior. Expressed differently, we would say that the cou-ivity; the maximum transition temperature for superconduc-
pling constant for the superconductivity depends strongly onivity occurs near to the pressufg, whereT, vanishes. In
the applied field and is enhanced as the nesting condition igis light, it is interesting to ask whethd?, might corre-
approached. spond to a second-order quantume-critical point for an as yet
We show in the figure the resistivity against field curvesunidentified order parameter in lieu of the first-order transi-
at 300 mK, measured for two values of the current to em+ion at P,. This question remains open, although we point
phasize thatl, becomes small close tds.. In our earlier  out that any potential experimental determination of the or-
discussion the jump in the residual resistivity at 2visible  der of this transition based on detecting hysteresis is less
at 1 K) was related to a reduction in the electronic density ofthan straightforward. This is because the domain structure of
states, possibly due to the appearance of a field-induceghe underlying ferromagnetic state could itself give rise to
CDWI/SDW phase. It is not an incomplete transition to su-some irreversible behavior. In agreement with previous work
perconductivity. Finally, we note that an inhomogeneous suwe found that the enhancement of the temperature depen-
perconducting state modulated along the field direction ca@ence of the resistivity @, is slightly more significant than
occur theoretically in a strongly paramagnetic singlet superat P... This suggests that the low energy fluctuations associ-
conductor at high field>®* Experimental and theoretical in- ated with the transition a®, might, regardless of the order
vestigations to examine the relevance of similar states in @f the transition, be at least as important as those associated
ferromagnetic triplet superconductor and in the presence of @ith P, and therefore could play a significant role in forming

CDW/SDW are left to future work. or enhancing the superconductivity. A comparison with the
case of alpha uranium and the calculated band structure for
CONCLUSIONS UGe, suggest that the transition Bf, might be related to a

Fermi-surface nesting and a tendency toward the formation

One of the original motivations for our study of UBsas  of a CDW/SDW. The formation of such a state would de-
to look for odd-parity spin-triplet superconductivity in the pend on the geometry of particular sheets of the Fermi-
vicinity of the critical pressureP., where ferromagnetism surface. This geometry could change significantly with the
disappears. This type of superconductivity mediated by magmagnitude of the ferromagnetic ordered moment, due to the
netic fluctuations in analogy to the Al-ph&ef °He is change in population of the majority and minority spin
predicted to occur generally near and on both sides of &ands. It is then a natural possibility that the CDW/SDW
second-order ferromagnetic quantum-critical p8ifn. gen-  transition is confined to the ferromagnetic phase, at least for
eral, however, such a state is difficult to observe due to théow applied fields. The above scenario is also supported by
need to have high enough quality crystals of the appropriateur observation that there is a metamagnetic transition within
materials. Our initial investigation was focused on pressurethe ferromagnetic state at pressures just ab®ye It also
just aboveP,, where no signature of superconductivity was explains qualitatively the observed changes in the residual
seen down to 70 mK. An observed metamagnetic behBvior resistivity, and a small change in the ferromagnetic compo-
above P, however, indicated that the magnetic transitionnent of the order af, noted in our neutron scattering study.
was probably first order at pressures just bewand there- However, our efforts to detect any CDW/SDW modulation
fore the divergence of the fluctuation amplitude, characterisby neutron scattering have not been successful.
tic of a second-order quantum-critical point would no longer Irrespective of the origin of the transition Bt , the fact
be expected. In performing this work we did, however, ob-that it can be induced by field at higher pressure provides a
serve a response in the ac-susceptibility characteristic of sualitative explanation for a near reentrant behavior of the
perconductivity (a complete diamagnetism in the limit of superconductivity with field, that we have observedPat
very small ac fieldsat a lower pressure just inside the fer- =13.5kbar. This emphasizes that there is a close relation-
romagnetic state. ship between the superconductivity and the proximity to this

The present article provides a more extensive and subfansition.
stantial account of some of the experimental data reported or Future work is clearly required to look more carefully for
referred to in Ref. 1, which established the pressure domaiamall modulations of the structure or spin density and to look
over which superconductivity exists. In particular we havefor low-energy modes related tB,. If a CDW/SDW is
provided evidence that ferromagnetism and bulk supercorfound to occur only belowP, , we are indeed dealing with
ductivity actually do physically coexist, in the sense thatthe coexistence of ferromagnetism and superconductivity be-
both are bulk properties. To this end we have discussed ouween P, and P.. Below P, the magnetic structure might
measurements of the flux-flow resistivity that appear to baurn out to be more accurately described as ferrimagnetic.
consistent with a bulk superconducting state. Such a conclurhe eventual identification of the nature of the transition at
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P, should also clarify whether the pairing interaction is pre-We also thank F. Bourdarot, B. Grenier, G. Mcintyre, F.
dominantly spin based, phononic or due to the combinedhomas, S. Pujol, and L. Melesi for help in performing the
action of both mechanisms. neutron scattering measurements. It is also a pleasure to ac-
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