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UGe2: A ferromagnetic spin-triplet superconductor
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The identification of a spin-triplet superfluid phase in3He 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 UGe2 now calls for these
predictions to be reexamined experimentally. In this light it initially appears surprising that superconductivity
in UGe2 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 transition,Tx , decreases with pressure and disappears at
a pressurePx 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 abovePx . An 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 transition atPx is intricately related to the appearance of superconductivity, which
could explain why the superconductivity is apparently confined to the ferromagnetic phase.

DOI: 10.1103/PhysRevB.63.144519 PACS number~s!: 75.50.Cc, 74.70.Tx, 75.30.Kz
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INTRODUCTION

The discovery of superconductivity in single crystals
UGe2 under pressure was only recently announced.1 The
most sensational aspect of this discovery is that at the p
sure where the superconductivity is strongest, the Curie t
perature (TCurie535 K) is almost two orders of magnitud
higher than the superconducting critical temperature (Tsc

50.8 K). Although ferromagnetism and superconductiv
have been shown to exist in other systems, nota
ErRh4B4,

2,3 HoMo6S8,
4 and ErNi2B2C,5 in those cases

TCurie,Tsc and the two orders can be considered to be co
peting. For the case of ferromagnetic nuclear-spin ord
which has also been observed6 to exist in the superconduct
ing state of AuIn2, the nuclear and electronic spin system
are only very weakly coupled. More recently the coexisten
of ferromagnetism and superconductivity has been claim
to occur in the layered structure RuSr2GdCu2O8 with TCurie

.Tsc.
7 In this case the two states might occur in differe

structural layers and high-quality single crystals have not
been studied.

The superconductivity in UGe2 disappears above a pre
sure Pc'16 kbar that coincides with the pressure at wh
the ferromagnetism is suppressed. This fact suggests tha
superconductivity and ferromagnetic order are in fact co
erative phenomena in this compound. The general defin
property of superconductivity is the existence of perman
macroscopic currents that act to screen any static magn
fields. To be compatible with ferromagnetism, the superc
ductivity ~even if it has odd parity! must therefore be spa
tially modulated~at least to the extent of the mixed state o
conventional superconductor in an applied field!, even when
0163-1829/2001/63~14!/144519~13!/$20.00 63 1445
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no external field is applied. In this article we report on
series of measurements that address the origin and natu
the superconductivity and magnetism in UGe2.

The layout of the paper is as follows. After some gene
discussion of the structure and background physics of U2
we give some brief details of the sample preparation.
then focus the discussion on the pressure temperature p
diagram. The presence of an additional phase line that
entirely within the ferromagnetic phase is suggested b
strong anomaly seen in the resistivity at a temperat
Tx(P,H). We examine the compatibility of our data with th
idea that this transition might be associated with the form
tion of a charge density or spin density wave. This natura
leads on to a discussion of our neutron study and of
pressure evolution of the magnetic order. This study reve
a change in the temperature dependence of the ferromag
component of the order at high pressure, and a possible s
modification of the magnitude of the ordered moment in z
field atTx . However, we find no direct evidence for a char
density or spin density wave. An additional important res
is that at 13 kbar there is no significant change in the fer
magnetic component of the order (1mB /uranium) on enter-
ing the superconducting state. Having established that
ferromagnetic order is present at the same pressure and
perature as the superconducting state, we then return to
cuss the details of the latter. We summarize our meas
ments of the flux-flow resistivity, which are consistent wi
bulk superconductivity. In critical-field measurements we d
tected a very unusual reentrant behavior of the upper crit
field at 13.5 kbar. This feature is clearly correlated with t
transition atTx(P,H) which is induced by field at this pres
sure. The occurrence of superconductivity in UGe2 thus ap-
pears to be intimately related to the transition atTx(P,H).
©2001 The American Physical Society19-1



th
d
w
it
g
n
o

or
i

tin
o

e
5
ho

eig

or
om
at

re
ha
or

ur
ce

e
-

a
a
a

he
a

cell
tion

ads

e, a
,
re

de-
lly
of
ent

ve

he
a-
re.

re-
le in

o
a

lds

x-

rth

em-
t
gy
urie

ANDREW HUXLEY et al. PHYSICAL REVIEW B 63 144519
GENERAL CONSIDERATIONS

We do not believe the superconductivity we see in
ferromagnetic state of UGe2 to be an isolated event restricte
to some special combination of circumstances. Rather
believe that odd-parity superconductivity can occur qu
generally when ferromagnetic fluctuations are large enou
in the absence of competing orders, and when crystals ca
made sufficiently pure to avoid the pair-breaking influence
defects.8,9 The values of the critical temperature found f
UGe2 and the fact that superconductivity is not detected
the paramagnetic phase abovePc might, however, be related
to some special features of this material. It is then interes
to briefly review what the general distinguishing features
UGe2 are.

First, the magnetic properties of UGe2 are strongly aniso-
tropic, which is a common trait of light-actinid
compounds.10 The inherent anisotropy due to the uraniumf
electrons is further emphasized by the choice of an ort
rhombic crystal structure~space group Cmmm!.11,12The ura-
nium atoms are arranged as zigzag chains of nearest n
bors that run along the crystallographica axis, which is the
easy magnetization direction. The chains are stacked to f
corrugated sheets as in alpha uranium but with Ge at
included at interstitial positions. Additional planes of Ge
oms~Fig. 1! separate the sheets along theb axis. The similar
unusual low-symmetry structure of alpha uranium is favo
energetically since it splits the large density of states t
would otherwise be present at the Fermi energy of m
compact structures,13,14 A local minimum in the density of
states at the Fermi energy for the orthorhombic struct
might then be expected. The observation of a field-indu
polarized state~metamagnetic behavior! abovePc ~Ref. 15!
in UGe2, gives convincing evidence that for UGe2 there is
indeed such a minimum. For uranium the orthorhombic c
is still prone to nesting,16 and alpha uranium exhibits a com
plex charge density wave~CDW! below 43 K.17 For UGe2,
band structure calculations18,19 also suggest that there is
possible proximity to nesting which raises the possibility th
a CDW might also appear. Since the Fermi surfaces are
ready split into majority and minority spin surfaces in t
ferromagnetic phase, in this case a CDW almost autom

FIG. 1. The crystal structure of UGe2 is shown. Thick bars
connect nearest neighbor uranium atoms~large spheres! that form
zigzag chains parallel to the crystala axis ~the easy magnetization
direction!. The Ge atoms are shown as small spheres and the o
rhombic unit cell by the fine lines.
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cally implies a spin density wave~SDW!. In general, high
pressures would favor the choice of a more symmetric
and for uranium the CDW can be suppressed by applica
of pressure.20

The important difference between UGe2 anda-uranium is
that in UGe2 the nearest-neighbor uranium separation,dU-U
53.85 Å, is larger. The increased uranium separation le
to a greater localization of thef electrons21 and much larger
magnetic entropy at low temperature. At ambient pressur
degree of delocalization of thef electrons is, however
suggested22 by the moderate value of the low-temperatu
specific heat~Fig. 2!, C/T532 mJ mol21 K22, and the ratio
of this to the step inC/T ~'200 mJ mol21 K22! at TCurie.
The value of the ordered moment, 1.48mB /uranium, which is
less than half the value for an isolated uranium ion, 3.7mB ,
does not give unequivocal evidence about the extent of
localization, since a reduction of this order can be potentia
explained by crystal field splitting alone. The small value
the ordered moment compared to the Curie-Weiss mom
(2.8mB /uranium) deduced from the susceptibility abo
TCurie is, however, consistent with a weak delocalization.23,24

Pressure should increase the extent of delocalization of tf
electrons asdU-U is decreased. This offers a possible mech
nism to explain the suppression of the Curie temperatu
Apart from separating the uranium atoms it should be
membered that the Ge atoms might also play a second ro
hybridizing with the uranium (dU-Ge52.9 Å). The suscepti-
bility of UGe2 is extremely anisotropic compared t
a-uranium, which does not order magnetically and has
nearly isotropic susceptibility. Measurements at high fie
reveal that the magnetic anisotropy energy in UGe2 is indeed
extremely large25 and that the electron spins are thus e
pected to behave like Ising spins.

o-

FIG. 2. The ambient-pressure specific heat divided by the t
peratureT is plotted againstT. The convex form of the curve mos
probably indicates a substantial contribution from low-ener
phonons or another soft mode. The height of the jump at the C
temperature and low-temperature limiting value~32 mJ mol21 K22!
are discussed in the main text.
9-2
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UGe2: A FERROMAGNETIC SPIN-TRIPLET . . . PHYSICAL REVIEW B 63 144519
The importance for superconductivity of these obser
tions is threefold:~i! the uniaxial nature of the magnetic a
isotropy diminishes the magnitude of transverse magn
fluctuations that would otherwise be pair breaking for a tr
let ~spin-parallel! paired superconducting state.~ii ! A ten-
dency toward nesting of the Fermi surface might enhance
coupling of the spin fluctuations with electronic excitatio
close to the pairing vector (2kf) and therefore favor super
conductivity. This condition might be expected to depe
sensitively on the volumes enclosed by the majority and
nority spin Fermi surfaces and therefore on the magnet
tion of the sample.~iii ! The possible strong energy depe
dence of the electronic density of states at the Fermi le
might actually reduce the effect of very low energy magne
fluctuations. These fluctuations might be pair breaking rat
than pair forming.26

Finally, the one other essential fact relevant to the app
ance of spin-triplet superconductivity is that UGe2 is intrin-
sically structurally ordered. This and a favorable metallur
mean high-quality crystals containing few defects can
made.27 Non-s-wave superconductivity is expected only
very pure crystals since, contrary to the case for conventio
isotropics-wave superconductors, all defects are pair bre
ing.

CRYSTAL SYNTHESIS

The crystals used in the experiments reported here h
ambient-pressure residual-resistance ratios of above 100
allel to the b axis. They were grown from a zone-purifie
ingot by the Czochralski technique under a highly purifi
pressurized argon atmosphere. Radio-frequency heating
a cold crucible were used. The crystals were additiona
annealed for 2 days under ultrahigh vacuum. Prelimin
neutron diffraction studies suggest that the annealing ma
important to remove stacking faults along the crystalb direc-
tion. Resolution-limited diffraction peaks (FWHM50.3°)
were recorded by neutron diffraction, and no change of
peak width was seen with applied pressure.

PHASE DIAGRAM AND Tx

The pressure-temperature phase diagram determined
resistivity and susceptibility measurements is shown in F
3. The measurements performed in Grenoble were perfor
on two sections of the same single crystal. The resistiv
was measured for a current applied along thea axis and the
ac field was applied along the same axis in the susceptib
measurements. Also shown are measurements made at
bridge~Saxenaet al.1! on single crystals and polycrystals c
from the polycrystalline zone-refined ingot. The superco
ducting transition is seen in both susceptibility and resistiv
measurements. The existence of an additional phase tr
tion, not shown in this figure, has been previously sugges
in the literature,28 although the evidence for it then appear
rather tenuous. An anomaly seen in the thermal expansio
ambient pressure,29 might rather be related to a change in t
pinning of magnetic domain walls, and therefore not rel
directly to a thermodynamic transition. In magnetic measu
14451
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ments we see a large magnetic remanence and hyste
below 10–30 K, depending on the measurement conditio
whereas there is almost no hysteresis closer toTCurie. This
behavior qualitatively resembles previous results
UCoGa.30 In accord with previous studies,25 we find no pro-
nounced anomalies in the specific heat and resistivity at
bient pressure, other than at the Curie temperature~Fig. 2!.
The convex curvature of the specific heat visible belowTCurie
could, however, indicate that there is an important contri
tion from low-energy phonons or other excitations, sugg
tive of a Kohn anomaly,31 and a proximity to nesting of the
Fermi surface. We have not yet performed measurement
the specific heat under pressure. However, at pressures
proaching 12 kbar we do see a second sharp change in
slope of the resistivity at a low temperature,Tx(P), in addi-
tion to the change of slope at the much higher Curie te
perature and superconductivity~Fig. 4!. This feature be-
comes very weak at pressures lower than 10 kbar, but
tentatively be associated with the previously reported28 broad
peak in the derivative of the resistivity. This peak is cente
at about 30 K whenP50, which corresponds approximate
to the position of the broad feature in the specific he
Above 13 kbar, the strong feature visible at 12 kbar is abs
A much weaker feature is, however, discernible at low te
perature, that is more akin to a crossover or coherence t

FIG. 3. The pressure-temperature phase diagram of UGe2. The
full symbols were measured in Grenoble on the same single cry
The Curie temperature was taken as the temperature at which th
susceptibility shows a sharp maximum~small circles! or as the tem-
perature at which there is a discontinuity in the slope of the re
tivity ~large circles!. The Curie temperatures determined by neutr
scattering are shown by full squares. The onset temperatures
superconductivity and the temperatures at which the resistive t
sitions were complete are indicated by solid triangles joined
vertical lines. The point at 15.7 kbar~filled diamond! shows the
onset determined by ac susceptibility at this pressure. The o
symbols were determined on other crystals~see text! in Cambridge;
the midpoint of the superconducting transition alone is given
these measurements. The lines are to guide the eye.
9-3
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ANDREW HUXLEY et al. PHYSICAL REVIEW B 63 144519
FIG. 4. PanelA shows the temperatureTx of an anomaly seen in
the resistivity as a function of pressure~solid squares!. The lines
showing the onset of the superconducting transition and Curie t
perature are also redrawn from Fig. 3. The anomaly atTx occurs in
addition to a change in slope of the resistivity at the Curie temp
ture and superconductivity. Resistance curves showing all three
tures at different pressures are shown in panelB. The anomaly atTx

becomes much less marked at low pressure, but a broad maxi
in dr/dT can still be identified~the small glitches at 5 K intervals
are experimental artifacts!. Above 13 kbar there is no strong featu
corresponding toTx . However, a small change in slope is appare
at low temperature when the resistivity is plotted againstT2. This is
illustrated by the resistance curve shown in panelC for a pressure
of 15.3 kbar. The dashed lines are extensions of fits tor5r0

1AT2, above and below the region where the slope changes.
inset shows the superconducting transition at this pressure.
14451
perature and corresponds to a small change in theT2 coeffi-
cient of the resistivity@Fig. 4~c!#. However, in this pressure
range (13 kbar,P,Pc) the low-temperature susceptibilit
and resistivity display a sharp anomaly in an applied m
netic field~Fig. 5!. These anomalies occur at fields and pre
sures that are distinct from, and should not be confused w
the previously reported metamagnetic behavior15 seen at
pressures abovePc . The present features, namely, a step
the resistivity and a peak in the ac susceptibility occur in
magnetically ordered state at a characteristic field that
creases with pressure and extrapolates to zero nearPx
'12.5 kbar. The results suggest that magnetic field shifts
line Tx(P) measured in zero field to higher pressure. T
observation supports the view thatTx might correspond to a
phase transition facilitated by a special geometry of
Fermi surfaces. The Fermi surfaces for the majority and

-

a-
a-

um

t

he

FIG. 5. PanelA shows the relative longitudinal magnetoresisti
ity measured at 13.5 kbar and different low temperatures in
increasing field. PanelB shows the ac susceptibility measured
15.7 kbar. The field was applied parallel to the easy magnetiza
direction in both cases. The anomalies at 2 and 4.5 T occur in
ferromagnetic state for pressures greater thanPx'12.5 kbar~see
text!.
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UGe2: A FERROMAGNETIC SPIN-TRIPLET . . . PHYSICAL REVIEW B 63 144519
nority spin directions are expected to expand and contrac
the spin polarization is increased. A special condition, s
as a nesting of the spin majority Fermi surface, might then
fulfilled when the splitting approaches a particular valu
This could give rise to a phase line in the ferromagnetic s
below TCurie(P) corresponding approximately to a consta
value of the ordered ferromagnetic moment.

The microscopic nature of the transition remains elus
as discussed below. However, we can speculate that the
cal slowing down of the fluctuations related to the transit
could be the driving force for the superconducting pairin
This is supported by the fact that the superconductivity
strongest close to the pressure,Px'12.5 kbar, whereTx van-
ishes. Examination of theT2 coefficient of the electrical re
sistivity further supports this hypothesis. It has previou
been pointed out that theT2 coefficient is apparently peake
at 12–13 kbar rather than atPc .28 We find that theT2 coef-
ficient ~defined in the limit of low temperature! grows rap-
idly at 11 kbar and remains large over the range of press
where superconductivity is seen~Fig. 6!. Previous
reports28,32,33 show that the T2 coefficient decrease
smoothly with pressure abovePc . A different law r5r0
1ATn with n,2 is usually found in other systems near
second-order quantum-critical point, but such a behav
would not be expected for UGe2 nearPc if the transition is
first order as we propose. In the ferromagnetic state we a
find the Fermi-liquid exponentn52 even close toPx . This
indicates that spin waves, which might be expected to g
n.2 do not make a significant contribution to the resistivi
Further, if there is any deviation from then52 exponent
near the critical point atPx , it must occur in a pressur
interval sharper than the interval between our data point~1
kbar!.

FIG. 6. At all the pressures examined, the low-temperature
sistivity immediately above the superconducting transition is w
described byr5r01AT2. The residual resistivityr0 and theT2

coefficientA are shown as a function of pressure. Other data32 show
that theA coefficient falls at higher pressures abovePc'16 kbar.
The data are characterized by a sharp increase inA and fall inr0 at
the pressurePx . The lines serve to connect the points.
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If we do indeed interpret the anomaly atTx to be a sig-
nature of a phase transition, it is interesting to see how far
can go in explaining qualitatively some of the details of o
observations. To be definite we will consider the scenario
a CDW/SDW transition. The effect on the resistivity of th
CDW/SDW depends sensitively on the amplitude of t
CDW/SDW, the angle of the current to the nesting vecto
as well as the magnitude of the nesting vectors, which de
mine the effectiveness of the CDW/SDW fluctuations
scattering the conduction electrons. For a 3D material
these quantities can evolve continuously with temperat
and pressure~as for the CDW in alpha uranium!. In the
CDW/SDW phase the low-energy density of states is
duced due to the formation of a gap in nested regions of
affected Fermi surfaces. At low-enough temperature t
would then lead to an increase in the resistivity, particula
for currents parallel to the CDW/SDW nesting vectors. Fro
the calculated Fermi surfaces in UGe2, nesting vectors close
to the c axis appear to be the most likely, which would b
perpendicular to the current in our measurements. Howe
in agreement with the above argument we still find that
residual resistivity of our sample is higher belowPx ~Fig. 6!.
At higher temperature, fluctuations in the CDW/SDW mig
lead to an increase in scattering of the conduction electr
that is peaked atTx , but disappears rapidly belowTx . The
form of the resistivity we observe nearTx is broadly consis-
tent with this effect acting in parallel with other scatterin
processes. A similar situation is found for our data in
applied field. Figure 5 shows that the resistivity falls on e
tering the high-field phase~the supposed CDW/SDW phase!
at temperatures of several Kelvin and above, which co
sponds to a reduction in the scattering of the conduct
electrons in the CDW/SDW state. At lower temperature
situation is reversed and the resistivity increases abruptly
entering the CDW/SDW phase. At low temperature there
few thermally excited fluctuations and the scattering is due
sample defects or impurities. In this case the change of
resistivity is dominated by the opening of the gap and
reduction in the low-energy electronic density of states.

Although all the attributes of the charge density wave c
change with pressure it still appears surprising34,35 that the
anomaly in the resistivity weakens so rapidly with decre
ing pressure belowPx whereasTx increases. To develop thi
point further, we note that a nesting or near nesting of
Fermi surfaces alone is not sufficient to form a CDW/SD
structure. The interaction between electrons on the ne
sheets must also be considered. It is possible that the s
trum of the magnetic excitations therefore plays a role
determining the amplitude of the CDW/SDW in conjunctio
with other excitations such as phonons. Since the lo
temperature magnetic fluctuations are modified asPc is ap-
proached, this could offer a scenario to explain an increas
amplitude of the CDW/SDW. Such an idea is not unpre
edented, as the proximity to a magnetically ordered~antifer-
romagnetic! state has previously been suggested to unde
the formation of an SDW state in chromium.36 We thus ar-
rive at a picture in which the nesting condition is optimiz
for a particular splitting of the spin majority and minorit

-
ll
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ANDREW HUXLEY et al. PHYSICAL REVIEW B 63 144519
sheets corresponding to a ferromagnetic moment of ab
1.2mB . For P.Px , the ordered moment in zero field
smaller than this and the relevant Fermi surfaces are
close to fulfilling the nesting condition at any temperatu
Below Px the interaction that controls the amplitude of t
CDW/SDW might depend in part on the magnetic fluctu
tions associated withPc and these increase in amplitude asP
approachesPc . A full treatment of the problem should the
include the coupling between the various order paramet
magnetic fluctuations, including other low energy~finite q!
modes as well as those directly associated with the ferrom
netic order, and phonons. In the next sections we desc
our neutron measurements. Although we do not find any
rect evidence for a CDW/SDW our results do suggest t
the ferromagnetic order is slightly modified by the transiti
at Tx .

CRYSTAL STRUCTURE

The crystal structure of our crystals was examined
neutron diffraction on the four-circle instrument D15 at t
Institute Laue Langevin~ILL !, France. Approximately 150
independent reflections were measured for two incid
wavelengths~0.85 and 1.17 Å!. A refinement of the previ-
ously published structure11,12 ~space group no. 65, Cmmm!
accounted for the data with a weighted deviation of
55.25% andx253.08.

MAGNETIC STRUCTURE AT AMBIENT PRESSURE

The change in the temperature dependence of the res
ity with pressure suggests that the low-temperature magn
structure might change at aboutPx512.5 kbar. This moti-
vated us to study the magnetic structure more closely
neutron diffraction with the D23 instrument at the ILL.
complete study at atmospheric pressure37 with polarized neu-
trons revealed that the magnetization density is due to
nium f moments with a low-temperature~5 K! moment of
MU-5 f51.48(2)mB/uranium~at 4.7 T! with no contribution
from the Ge sites (MGe-3d,0.01mB). The best fit to the
form factor is obtained for either a U41 ion with a reduced
5 f orbital contribution (mL /mS522.60) compared to an
isolated ion (mL /mS523.34), or alternatively to a U31 ion
with close to a full orbital contribution. From the neutro
scattering it is not possible to distinguish between these
scenarios. For comparison, the orbital contribution is co
pletely absent for alpha uranium~with U31!,38 which has no
local moments and a strongly delocalizedf band, whereas the
full orbital contribution characteristic of an isolated U41 ion
is found for the compound UO2. The case for UGe2 is inter-
mediate, again indicative of a weak delocalization of thf
electrons.39 The profile of the form factor was found to b
unchanged in the paramagnetic state at 60 K~4.7 T!, and at
an intermediate temperature of 30 K. Direct measuremen
the saturation moment in a SQUID magnetometer g
Mmax51.50(2)mB/uranium~also at 4.7 T and 5 K!, with no
significant field dependence at this field. Any contributi
from the polarization of the uranium 6d orbits must therefore
be almost exactly compensated by an opposite polariza
14451
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from other non-f conduction bands. Finally, a compleme
tary study by x-ray magnetic circular dichroism37 supports
the choice of a U41 form factor over U31.

NEUTRON SCATTERING UNDER PRESSURE

Due to the near cancellation of the nuclear scatter
lengths at some magnetic peak positions, it is straightforw
to measure the magnetic moment as a function of temp
ture at different pressures without resorting to polarized n
trons. The 001 peak is particularly suited to study since
magnetic structure factor is large at small wave-vector tra
fer, while this peak has only a small nuclear contributio
The integrated intensity of this peak therefore gives a dir
measurement ofM f

2.
The experiments under pressure were made with the

piston-cylinder pressure cell on the D23 instrument. Cyl
drical crystals of height 2 mm parallel to theb axis, and
diameter 2 mm, cut from the same parent crystal as
samples used to determine the phase diagram were used
samples were mounted vertically on a single crystal of Na
and held at the center of a sealed copper capsule of inte
diameter 3 mm containing the pressure-transmitting med
~a deuterated ethanol/methanol mixture!. The construction of
the pressure cell restricts the incident and diffracted beam
lie within a narrow angular window of66° to the horizontal
plane. To be sure not to truncate peaks we only conside
peaks inclined within64°. The pressure was estimated b
determining the change in lattice parameter of the NaCl.

Although Friedel pairs of peaks gave equal intensit
within 10%, the ratios of the various strong nuclear-pe
intensities differed by up to 50% from their calculated va
ues. This reflects an angular dependence of the absorp
and scattering from the cell body. The intensity from t
strong nuclear peaks, however, did not evolve with press
We therefore measured the accessible peaks at zero pre
and low temperature and normalized the data at other p
sures~9.5 and 13 kbar! to the zero-pressure values. The da
at 14 kbar were measured at a different time with anot
crystal and a different configuration of the spectrometer. T
analysis of the data at 14 kbar is therefore limited to prese
ing the temperature dependence of the scattering of the m
netic 001 peak. This data has been normalized to the
Bragg peak to place it on the same scale as the other m
surements, although it should be remembered that the a
lute value of M f

2 deduced for this pressure might not b
accurate.

EVOLUTION OF THE CRYSTAL STRUCTURE
WITH PRESSURE

Although the intensity of the strong nuclear peaks did n
change, the intensity of the weak nuclear peaks of type^310&
and^312& decreased slightly with pressure. This is shown
Fig. 7. The decrease can be explained by a small displ
ment of the atoms. The structure factors for the 310 and
peaks are the same,

f 54 f U cos~2pyU!14 f Gecos~2pyGe!

⇒ f 5~0.96219.23dyGe216.43dyU!3~10212cm!,
9-6
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wheredyU and dyGe are the displacements of the uraniu
and Ge1 atoms in the unit cell from their zero-pressure v
ues of 0.141 and 0.308~measured in units of the unit-ce
parameterb515.04 Å!. The decrease in the intensity of th
^312& and ^310& peaks is consistent with a small increase
either or both ofdyGe and dyU of the order 1023 kbar21.
This corresponds to a straightening of the buckled uran
chains with applied pressure. This would be consistent wi
larger compressibility along theb direction compared to the
other directions. Although the compressibilityk has not been
directly measured, the Gru¨neisen relation~k53 Va/GC,
whereG is a constant,C is the specific heat, anda is the
thermal expansion! suggests that the thermal expansi
should also be largest along theb direction aboveTCurie.
This indeed appears to be the case,29 although the anisotropy
of a is not very large. The magnitude of the jump in th
thermal expansion coefficient atTCurie is, however, almost a
factor of 2 larger parallel to theb direction than for thec
direction, both directions being perpendicular to the orde
moment.

TEMPERATURE AND PRESSURE DEPENDENCE
OF THE MAGNETIZATION

Figure 8 shows the temperature evolution ofM f
2 mea-

sured at various pressures. The minimum value of the
ment detectable is 0.1mB , against background scatterin
from the cell, a weak nuclear contribution to the 001 pe
and a weak contribution due tol/2 contamination from the

FIG. 7. The integrated intensities of the^312& ~squares! and
^310& ~circles! diffraction peaks normalized to their ambien
pressure values are shown as a function of pressure. The mea
ments shown were made at low temperature, but no significant
perature dependence of the diffracted intensities was observed
60 K. The peaks are therefore nuclear in origin, and for the Cm
structure should have an identical structure factor. The obse
reduction in intensity with pressure is consistent with a flattening
the corrugations of the uranium nearest-neighbor chains. The
serves only to guide the eye.
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stronger 002 reflection. At ambient pressure the total fer
magnetic momentMs measured in a SQUID magnetomet
is also shown. To facilitate comparison,Ms has been scaled
by a few percent to be equal to the value ofM f at low
temperature. The evolution ofMs is then seen to follow
closely the evolution ofM f measured by neutron scatterin
The small difference is in part due to difficulties in determi
ing the total ferromagnetic moment in the direct magneti
tion measurements. In these measurements at low temp
ture, sufficiently strong fields have to be applied to ens
the sample is monodomain. Close toTCurie, however, small
fields have to be used to distinguish the zero-field orde
moment from the large linear response.

The relationship between the Curie temperature and s
ration magnetization predicted40 in the standard SCR~self-
consistent renormalization! theory for weak itinerant ferro-
magnetism isTCurie}M0

3/2. At 13 kbar the low-temperature
moment we observe is 1.0mB/uranium and the critical tem
perature is 28 K, which can be compared to 1.5mB and 53 K
at zero pressure. The anomalous temperature dependen
the data at 9.5 kbar belowTx discussed in the next para
graph, however, means that the relationship betweenTCurie
and M0 for UGe2 is probably more complicated than th
simple theoretical form given above.

At ambient pressure aboveTCurie/2 the temperature depen
dence of the neutron data fit well a lawM}(12T/TCurie)

a.
The critical exponenta50.30 is close to the value 0.326
predicted for a three-dimensional Ising magnet.41 The same

re-
-
to

m
ed
f
e

FIG. 8. The diffracted intensity of the magnetic contribution
the ^001& peak as a function of temperature for different pressur
The data have been scaled to give the correct value ofM2 at zero
pressure and temperature determined independently by neu
scattering in the absence the pressure cell. The solid line thro
the P50 data represents a functionM}(12T/TCurie)

n with n
50.30 above 30 K andM2}12(T/TCurie)

m with m53.2 below 30
K. The line through the data atP59.5 kbar is for the same expo
nentn. A different, much smaller exponent is, however, required
describe the sharper curvature nearTCurie at 13 kbar. The dashed
line is the saturation magnetization atP50 determined in a mag-
netometer.
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critical exponent also fits the data at 9.5 kbar. However
low temperature belowTx'5 K, the magnetization densit
shows a positive deviation from this law contrary to the e
pected saturation of the moment. This suggests that the
romagnetic component of the order is slightly enhanced
low Tx . For the case of a CDW/SDW, the opening of a g
over a section of the Fermi surface would reduce the t
density of states and the magnetic fluctuations. Since th
fluctuations are responsible for reducing the Curie temp
ture from the Stoner~mean field! value, their partial suppres
sion could indeed lead to an increase in the ordered mom
as observed. It is then at first sight surprising that no cl
effect is visible at zero pressure nearTx530 K. The expla-
nation for this is probably related to the weakening of t
anomaly seen in the resistivity discussed earlier. We n
however, that over a wide temperature range and in part
lar at low temperature the zero-pressure data is well
scribed by (M /M0)2512(T/T0)n, with n close to 3 andT0
only slightly higher thanTCurie. This is not consistent with a
(M /M0)512(T/T0)3/2 dependence at low temperature th
would be expected if there was a significant population
noninteracting ungapped spin waves. Further, the expone
higher than the valuen52 expected for a simple weak itin
erant ferromagnet.42

The slopedM/dT at TCurie appears to be substantial
higher than given by the Ising model atP513 kbar. The
previous observation of metamagnetic phenomena15 above
Pc suggest that the transition is second order at low pres
but becomes first order at some pressure belowPc . This
would explain the observed increase in the slope with p
sure near 13 kbar, a vertical slope would be expected w
the transition became first order. At still higher pressu
dTCurie/dP becomes larger and therefore even a small p
sure gradient will cause a smearing of the measured s
dM/dT due to a spread in values ofTCurie. A very similar
experimental situation pertains for the evolution ofM (T)
with composition in the series of compounds UCoAl12xGax ,
where the compositional parameterx plays the role of the
pressure in UGe2; x50 corresponds to the high-pressu
paramagnetic state and an increasingx to reducing the
pressure.43 Compositional disorder would play the role of th
small pressure gradient. Interestingly, the analogy extend
the metamagnetic behavior. In both UCoAl12xGax and UGe2
metamagnetic behavior is found both starting in the pa
magnetic state~high pressure or smallx! and for a limited
range of compositions just within the ferromagnetic state
similar metamagnetic behavior has also been reported in
series of compounds Y12tGd~Co12xAl x)2 .44 This suggests
that the underlying physics of the magnetism is indeed
unique to UGe2 or to uranium compounds. The disorder d
to the random sites of the substituted atoms in these o
materials would, however, rule out any possibility of findin
spin-triplet superconductivity in those cases.

As well as examining the known nuclear and magne
peaks that were accessible, we also looked additionally
long-wavelength modulations (q.0.002 Å21) close to the
001 magnetic peak along the three principal crystal dir
tions. Further scans were made at low temperature anP
513 kbar including a scan along (1,1,0.51dk) to look for
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further components of the magnetic structure. No extra pe
were detected at this pressure, or in scans along the cr
axis atP517 kbar.Pc ~the paramagnetic state!, or in more
extensive scans at low temperature and ambient press
The measurements do not, however, rule out the possib
of a change in the magnetic or crystal structure with pr
sure. A nesting transition need not necessarily give a mo
lation vector close to a high-symmetry direction and the
fore might not be seen in these scans. A study with a L
camera at ambient pressure and low temperatures provid
more systematic survey ofq space. However, again no add
tional diffraction peaks were detected. The amplitude of a
structural or magnetic modulation could, however, be v
small, as is the case of the charge density wave in al
uranium.45 A final possibility is that the nesting could con
cern mainly non-f electrons whereas the neutron data det
the component of the magnetization density principally d
to the f electrons and the displacement of the nuclei.

The data taken at 13 kbar extend down to 300 mK, wh
is below the temperature for which superconductivity occ
~the superconducting transition is complete in the sense
the resistivity is zero up to above 400 mK at this pressu!.
At these low temperatures the intensity of the magnetic s
tering ~determined with a sensitivity of 2%! and the width of
the magnetic peak showed no detectable temperature de
dence. Thus there is no strong modification of the magn
order on entering the superconducting state. The orde
magnitude of the condensation energy of the supercond
ing stateN0Tsc

2 ~N0 is the density of states at the Ferm
energy! should be compared to a much larger energy of or
N0T0

2(m/mB)2 for the formation of the ferromagnetic orde
(T0 is the Stoner temperatureT0.TCurie!. The anticipated
change in the ferromagnetic moment due to the appeara
of spin-triplet superconductivity is then expected to be e
tremely small, at most of orderTsc/TCurie. Finally, we com-
ment on the possibility of observing a modulated structure
the superconducting state. The spontaneous magnetizati
zero pressure is 0.19 T/mB ~i.e., for 1.0mB/uranium at 13
kbar, m0M50.19 T!. This would give a flux-line spacing
corresponding to a wave vector of 0.006 Å21 for a conven-
tional flux-line lattice. The modulation of the magnetic fie
associated with a conventional flux-line lattice is smal
thanf0/2plL

2. The expected modulation of thef-moments is
then equal to the susceptibility multiplied by this value. T
amplitude of the resulting modulation is thus estimated to
many orders of magnitude too small to be observable rela
to the strong ferromagnetic Bragg peak with a conventio
diffractometer.

FLUX-FLOW RESISTIVITY

The observation of the zero-resistance state in UGe2 ap-
pears to be particularly sensitive to the magnitude of
applied current. Low critical currents have previously be
observed in clean single crystals of other high-k supercon-
ductors~k5lL /j, wherelL is the penetration length andj
the superconducting coherence length!. Typical values of the
critical current densityJc ~for B/Bc2'0.5 andT/Tsc'0.5! of
the order 100 Å cm22 have been reported46,47 for CeRu2 (k
9-8
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UGe2: A FERROMAGNETIC SPIN-TRIPLET . . . PHYSICAL REVIEW B 63 144519
517), while a value of 10 Å cm22 has been reported48 for
the nonconventional superconductor UPt3 (k550). For
comparison the value we find for UGe2 under the same con
ditions at 11.4 kbar is 0.1 Å cm22. The critical current, of
course, depends on the concentrations and types of def
However, for equivalent concentrations of defects, a highek
tends to favor a lower value of the critical current for t
relevant case of weak collective pinning.49 This occurs be-
cause the decrease withk of f p , the maximum force exerted
by a single defect, more than compensates a reductio
rigidity of the flux-line lattice. Thus a very small value ofJc

could simply indicate a pure sample with a large value ofk.
However, it is important to eliminate an alternative explan
tion, that the low value ofJc is indicative of weak filamen-
tary superconductivity. To this end we performed some v
age versus current measurements at elevated cu
densities~Fig. 9! in different transverse fields. A linear re
sponse was obtained when the current was well above
critical current, with a constant differential resistance,r
5dV/dI, that at low fields was well below the resistance
the normal state,r N . For filamentary superconductivity
linear response would not be expected, since the differen
resistance would increase with the current as the peak cu
density exceeded the critical current for successive in
vidual filaments. If all the filaments were similar, the norm
state resistance would be rapidly approached. Our results
instead compatible with the standard theory for a bulk flu
flow resistivity.50 The linear differential resistancer in-
creases smoothly withh5H/Hc2 and approachesr N at h
51 @Fig. 9~b!#. The concave form of the curve agrees w
the predictions of the time-dependent Ginzburg-Land
theory as applied to conventional bulk superconductivity.51,52

In this theoryd(r /r N)/dh'5 is predicted ath51, which
agrees with our results. At lower field our data also appe
to agree with this theory. For comparison, in a recent st
of the flux-flow resistivity of the nonconventional superco
ductor UPt3,

53 an unusual convex curvature ofr /r N versush
was found. In UPt3 the superconductivity is probably unitary
although still spin triplet.54 This is natural since for UPt3 the
magnetic anisotropy constrains the electronic spins to lie
the basal plane of the hexagonal structure. For UGe2 we have
argued that the moments are Ising-like, and are constra
to point along a single crystalline direction. This would su
gest that a nonunitary55 superconducting state should b
formed. In such a state the superconducting gap is diffe
for the majority and minority spin directions. A very sma
gap for one spin direction might be expected, which wo
then justify the application of the time-dependent Ginzbu
Landau theory50 to low magnetic fields as in the case of
classical gapless superconductor. Further, the penetra
lengthlL would be large if the superconducting gap is clo
to zero over large regions of the Fermi surface. A large va
for lL is also expected from the large mass renormaliza
suggested by the largeT2 coefficient in the resistivity nea
Px . The large mass renormalization and the large slope
dHc2/dT also indicate a small value for the coherence len
(j5100 Å) and thus a large value ofk, as suggested by th
small values of the critical current.
14451
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UPPER CRITICAL FIELD

A further confirmation that the superconductivity is a bu
property is provided by the fact that the upper critical fie
varies smoothly with angle at pressures away fromPx .56

Although we have performed extensive measurements of
upper critical field for all three crystallographic directions
different pressures, we limit our discussion here to the c
for the field parallel to the easy axis. The temperature dep
dence of this critical field measured at three pressure
shown in Fig. 10. The measurements were made with sm

FIG. 9. PanelA shows the ac voltage-current (V– I ) dependence
measured in the superconducting state at 300 mK and a pressu
11.5 kbar in different applied magnetic fields. The measureme
correspond to transverse applied fields increasing from zero in s
of 0.25 T to 3 T ~for clarity not all of the curves are labeled!.
Measurements in zero applied field and at 0.25 T are indistingu
able from the ordinate axis. PanelB shows the linear slopes throug
these pointsdV/dI plotted against the field normalized toHc2. The
observed behavior strongly resembles that expected for the
flow resistivity of a gapless bulk type-II superconductor. T
dashed line is to guide the eye.
9-9
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ANDREW HUXLEY et al. PHYSICAL REVIEW B 63 144519
currents and the criteria ofr(T,H)/rN51/2 was taken to
defineHc2. The features we describe below do not depe
on the particular choice of these criteria. The first obvio
feature of the data is a strong downward curvature ofHc2 at
small fields of the order 0.2 T, particularly visible at 11
kbar. This is understandable from the fact that the total fi
is the sum of the applied fieldHapp and a field due to the
magnetization of the sample. The latter depends on the
tribution of magnetic domains and is therefore not neces
ily homogeneous or directed everywhere parallel toHapp.
The local magnetization corresponds to 0.19 T p
mB/uranium and is therefore of the same order of magnit
as the field range over which the strong curvature is se
The value ofHc2(0)/Tsc is seen to be rather large and mo
notably at 13.5 kbar exceeds the so-called paramagnetic
iting field Hp /Tsc51.84 T/K for conventional isotropic
superconductivity,57,58 although the application of the limi
directly to UGe2 requires careful consideration. The par
magnetic limit is, however, not expected to apply to od
parity superconductivity when the field is directed along
direction where the total spin of the Cooper pairs can
nonzero. Our results are therefore compatible with the
pothesis of spin-triplet superconductivity, whereas care
discussion would be necessary to reconcile them with a s
singlet state. For a spin-triplet state another higher limit
field Hl might eventually be reached due to the effect of
field on the nonzero orbital momentum of the Cooper pair59

Hl5(m* /m)Hp ~where m* /m is the ratio of the effective
electron mass to the bare mass!.

FIG. 10. The upper critical field is shown for applied field
parallel to the a direction~the easy magnetic axis! at three different
pressures. The temperature dependence ofHc2 at 13.5 kbar is highly
unusual and is discussed in the main text. At this pressure we
distinguished the points measured by sweeping the field~square
symbols! from those measured by sweeping the temperature at
stant field~circles!. Examples of the measured resistivity curves c
be found in Fig. 11. In all the figures the lines serve only to as
ciate the points.
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We now examine the most striking feature of our data,
sharp jump of the upper critical field at 13.5 kbar just belo
Tsc. At this pressure an extrapolation ofHc2 from below 300
mK in Fig. 10 would suggest a value ofTsc closer to the
maximum value found for pressures nearPx rather than the
value of 400 mK we observe. The resistance data at sev
temperatures and fields are shown in Fig. 11, along with
curves for the magneto-resistivity at temperatures aboveTsc.
Strikingly, the large value ofHc2 that occurs just belowTsc
corresponds to the field at which there is a ‘‘metamagnet

ve

n-

-

FIG. 11. PanelA shows the resistivity plotted against the appli
field at P513.5 kbar at several temperatures. Both the current
field directions are parallel to thea axis. There is a clear correlatio
between the upper critical fieldHc2 nearTsc in the superconducting
state and the field at which there is a transition in the magnet
sistivity at higher temperature~curves at 1 and 3 K!. All the data
were measured for a currentI 5100mA, except for the second trac
at 300 mK and the curve at 355 mK, which are forI 510mA. In
panelB representative curves of the resistivity as a function of
temperature at constant field are given. The arrows indicate
positions at which the resistivity is considered to have half
normal-state value.
9-10
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UGe2: A FERROMAGNETIC SPIN-TRIPLET . . . PHYSICAL REVIEW B 63 144519
transition in the ferromagnetic state. In our previous disc
sion we suggested that the applied field inflates and defl
the spin-majority and spin-minority Fermi surfaces and re
tablishes the nesting condition that exists belowPx in zero
field. If it is the fluctuations associated with this transitio
that drive the superconductivity, the application of a field
a pressure just abovePx thus also strengthens the superco
ductivity and this could then explain the near reentrant
havior. Expressed differently, we would say that the co
pling constant for the superconductivity depends strongly
the applied field and is enhanced as the nesting conditio
approached.

We show in the figure the resistivity against field curv
at 300 mK, measured for two values of the current to e
phasize thatJc becomes small close toTsc. In our earlier
discussion the jump in the residual resistivity at 2 T~visible
at 1 K! was related to a reduction in the electronic density
states, possibly due to the appearance of a field-indu
CDW/SDW phase. It is not an incomplete transition to s
perconductivity. Finally, we note that an inhomogeneous
perconducting state modulated along the field direction
occur theoretically in a strongly paramagnetic singlet sup
conductor at high field.60,61 Experimental and theoretical in
vestigations to examine the relevance of similar states
ferromagnetic triplet superconductor and in the presence
CDW/SDW are left to future work.

CONCLUSIONS

One of the original motivations for our study of UGe2 was
to look for odd-parity spin-triplet superconductivity in th
vicinity of the critical pressurePc , where ferromagnetism
disappears. This type of superconductivity mediated by m
netic fluctuations in analogy to the A1-phase62 of 3He is
predicted to occur generally near and on both sides o
second-order ferromagnetic quantum-critical point.8 In gen-
eral, however, such a state is difficult to observe due to
need to have high enough quality crystals of the appropr
materials. Our initial investigation was focused on pressu
just abovePc , where no signature of superconductivity w
seen down to 70 mK. An observed metamagnetic behavi15

abovePc , however, indicated that the magnetic transiti
was probably first order at pressures just belowPc and there-
fore the divergence of the fluctuation amplitude, characte
tic of a second-order quantum-critical point would no long
be expected. In performing this work we did, however, o
serve a response in the ac-susceptibility characteristic of
perconductivity ~a complete diamagnetism in the limit o
very small ac fields! at a lower pressure just inside the fe
romagnetic state.

The present article provides a more extensive and s
stantial account of some of the experimental data reporte
referred to in Ref. 1, which established the pressure dom
over which superconductivity exists. In particular we ha
provided evidence that ferromagnetism and bulk superc
ductivity actually do physically coexist, in the sense th
both are bulk properties. To this end we have discussed
measurements of the flux-flow resistivity that appear to
consistent with a bulk superconducting state. Such a con
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sion might have otherwise been questioned in view of
small values found for the superconducting critical curre
We have also established that the ferromagnetic compo
of the order is still large~of the order 1mB /uranium! at a
pressure and temperature where superconductivity is fou

Our continued investigation of the phase diagram has
vealed a strong correlation between a transition atTx within
the ferromagnetic state and the appearance of supercon
tivity; the maximum transition temperature for supercondu
tivity occurs near to the pressurePx whereTx vanishes. In
this light, it is interesting to ask whetherPx might corre-
spond to a second-order quantum-critical point for an as
unidentified order parameter in lieu of the first-order tran
tion at Pc . This question remains open, although we po
out that any potential experimental determination of the
der of this transition based on detecting hysteresis is
than straightforward. This is because the domain structur
the underlying ferromagnetic state could itself give rise
some irreversible behavior. In agreement with previous w
we found that the enhancement of the temperature de
dence of the resistivity atPx is slightly more significant than
at Pc . This suggests that the low energy fluctuations ass
ated with the transition atPx might, regardless of the orde
of the transition, be at least as important as those assoc
with Pc and therefore could play a significant role in formin
or enhancing the superconductivity. A comparison with t
case of alpha uranium and the calculated band structure
UGe2 suggest that the transition atPx might be related to a
Fermi-surface nesting and a tendency toward the forma
of a CDW/SDW. The formation of such a state would d
pend on the geometry of particular sheets of the Fer
surface. This geometry could change significantly with t
magnitude of the ferromagnetic ordered moment, due to
change in population of the majority and minority sp
bands. It is then a natural possibility that the CDW/SD
transition is confined to the ferromagnetic phase, at least
low applied fields. The above scenario is also supported
our observation that there is a metamagnetic transition wi
the ferromagnetic state at pressures just abovePx . It also
explains qualitatively the observed changes in the resid
resistivity, and a small change in the ferromagnetic com
nent of the order atTx noted in our neutron scattering stud
However, our efforts to detect any CDW/SDW modulatio
by neutron scattering have not been successful.

Irrespective of the origin of the transition atPx , the fact
that it can be induced by field at higher pressure provide
qualitative explanation for a near reentrant behavior of
superconductivity with field, that we have observed atP
513.5 kbar. This emphasizes that there is a close relat
ship between the superconductivity and the proximity to t
transition.

Future work is clearly required to look more carefully fo
small modulations of the structure or spin density and to lo
for low-energy modes related toPx . If a CDW/SDW is
found to occur only belowPx , we are indeed dealing with
the coexistence of ferromagnetism and superconductivity
tween Px and Pc . Below Px the magnetic structure migh
turn out to be more accurately described as ferrimagne
The eventual identification of the nature of the transition
9-11
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Px should also clarify whether the pairing interaction is p
dominantly spin based, phononic or due to the combin
action of both mechanisms.
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