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Anisotropy and pressure dependence of the upper critical field
of the ferromagnetic superconductor UGeg
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The temperature and pressure dependence of the upper criticalHigldof the ferromagnetic supercon-
ductor UGg is reported for fields applied along all three crystallographic axes. For fields parallel to the easy
magnetica axis, the relationship between an unusual reentrant behavidg0énd a field-induced transition
associated with a change in the electronic density of states is reviewed. For transverse field directions a
significant evolution in the behavior &f;, with pressure is found. As the pressure is decreased the dependence
of He, on temperature for fields along the crystal’sxis acquires a positive curvature that extends from the
critical temperatureT., down to almost the lowest temperature measufBd1Q) whereH., exceeds the
usual weak coupling paramagnetic and orbital limits.
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UGe;, is a material in which superconductivity and itiner- indeed spin triplet. Such measurements have previously led
ant ferromagnetism have been demonstrated to cd&iist to a hypothesis of triplet pairing in the heavy fermion super-
single crystals with a Curie temperature that is substantiallgonductor UP§ (Refs. 8-1]1 and in the quasi-one-
higher than the superconducting transition temperatlite ( dimensional organic compound (TMTSIPR,.1>3
~0.8 K andTcyre~35 K at 12 kbay. Both states exist over  our measurements 1., along the three principal crys-

a relatively wide range of applied pressuf@d—16 kbaj  (gjjographic directions of orthorhombic UGeover three
and apparently disappear simultaneously at an upper critic ifferent pressure ranges: just below and abByand close

pressureP_C~ 16 kbar. - . - to P.. The measurements were performed in a nonmagnetic
Theoretically, the possibility of finding spin triplet super- iston-cvlinder-tvpe pressure cell, was determined from
conductivity near to a ferromagnetic quantum critical pointp Yl ype p ©2 .
the electrical resistivity measured by the usual four terminal

was pointed out a long time add.However, the original )
scenario considered the divergence of magnetic fluctuatiorfg‘ethOd with an ac currerit0 or 100uA at 11.7 H2 passed

close to a second order quantum critical point, while it hatongd the length of the sample and parallel toaixis. He,
been arguetf that in UGe the ferromagnetic transition be- Was taken as_the m|dp0|r1t of the _superconductmg transition
comes first order just below?,. Although the associated Crossed by either changing the fiefseveral examples are
ferromagnetic fluctuations could still favor the formation of Shown in the inset of Fig.)lor the temperature; our conclu-
spin triplet Cooper pairs, the maximum interaction obtain-Sions do not depend on the particular choice of criteria, ex-
able is less than for a second order transition. Experiment§ept for H|c at 15 kbar, where there was a strong depen-
however, suggest that there could be a further phase boungél€nce on field history, which will be described latég, was
ary within the ferromagnetic staté. Even though the asso- measured parallel to tha and b directions at exactly the
ciated order parameter has not been identified, the observeame pressures without heating the cryostat above liquid he-
tion that the superconducting critical temperature is highesium temperatures. To make measurements Wifle it was
near to the critical pressureP(~12.5 kbay necessary to Nnecessary to warm the cryostat and pressure cell to room
suppress the transition suggests that it is intimately related t®mperature and change the magnet. This thermal cycle gave
the pairing interaction. Whatever the pairing mechanismfise to a small change of pressydetermined by measuring
odd-parity spin triplet superconductivity might be expectedthe superconducting transition of a tin strip in the cell prior
since the spin majority and minority Fermi-surfaces are veryf0 application of any fiel that was sufficient to change
strongly split in the ferromagnetic state. Since time invari-slightly the superconducting critical temperature of the YGe
ance is already broken by the ferromagnetic order, the supegrystal. To facilitate comparison we therefore show in Fig. 1
conducting state is necessarily nonunitargs suggested the temperature dependence of the upper critical field nor-
from measurements of the flux-flow resistivityChis situa- ~ malized toT, for all three principal orientations of the mag-
tion resembles that of the Al phase of superfidide. Dif-  netic field plotted against/T, for the three distinct pressure
ferences from the case 6He are expected since apart from ranges considered. The corresponding valueb.afre given
the obvious change to charged particles, the presence ofié the figure caption, while the zero field transitions have
strong crystal field can modify the orientation and symmetrybeen reported elsewhete.
of the order parameter. We discuss firsHZ,, the upper critical field for a field
Measurements of the upper critical field provide a power-applied parallel to the easy magnetization directiarakis),
ful method to help confirm whether the superconductivity issince a field applied along this direction gives rise to distinct
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phenomena in the normal state, and therefore requires special
consideration. In zero magnetic field, just below 12.5 kbar
there is a sharp transition in the temperature dependence of
the normal state resistivity and magnetization at a tempera-
ture T, [the latter is also visible in a neutron study at 9.5 kbar
where T,=15 K (Ref. 2]. T, decreases with pressure and
vanishes atP,=12.5 kbar. There is a drop in the residual
resistivity (20%), a sharp(300%) increase in the coefficient

of the temperature dependent part of the resistitihich
remains quadratic at low temperatyfeand an increase in
the low temperature specific h&aasP is increased through

P,. These observations suggest that the transition marks a
change of phase to a state with a higher electronic density of
states abové, . Although such observations are consistent
with the suppression of a supposed charge- and spin-density
wave (CDW/SDW) with pressure and temperature, no direct
evidence(e.g., from neutron scatterindpas been forthcom-

ing to confirm such a hypothesis. A CDW necessary implies
a SDW because of the large splitting between the majority
and minority spin Fermi surfaces in the ferromagnetic state.
In this case an increase of magnetizatid{T) below T,
could arise as a result of mode coupling betwdgrSs and
N_g, whereSs and N_g are the SDW and CDW order

parameters with ordering vectorsQ.®

The consequence of the above fé, follows from the
sensitivity of T, to a magnetic field parallel to the easy axis.
The superconducting transition temperature is determined in
a strong coupling formalism by the spectral weight of the
Bose excitations that mediate the pairing interaction. In a
simplistic model this can be described by a Lorentzian func-
tion, g°F(w) =\ (I'/7)[ w/(®?+T?)]. Then the number of
parameters is reduced to three: a coupling constanthe
Fermi energy(assumed constantand the Lorentzian width,
I', of this distribution. With the approximation that the same
Bose spectrum accounts for the entire renormalization of the
electronic density of states from its valueR&0, N(P) is
simply proportional to the excess specific heat as a function
of pressure, which can be estimated from the data of Tateiwa
I33T(P) is then determined by the pressure dependence
T.(P). To understand the measurementskf,(T), P is
replaced byP(H) obtained by inverting the relationship
T,(P,H)=T,(P,0) based on the field dependenceTgfat
11 and 13.5 kbar and the zero field dependencé,oP).'

The upper critical field at different pressures can then be
calculated. The results of such a calculation are shown in

FIG. 1. The upper critical field normalized to the superconduct-Fig. 2. Despite the oversimplistic nature of the above analy-
ing transition temperaturéd, /T, is plotted against temperature, sis, it is apparent that the strange discontinuous behavior of

T/T, for applied fields parallel to tha, b, andc axes. The topand {2, for P just aboveP, seen experimentally at 13.5 kbar is
middle panels are, respectively, for pressures slightly below anyajitatively reproduced by this model and can therefore be
aboveP,, while the bottom panel corresponds to a pressure Clos%ttributed to a rapid evolution of and \ as the critical

to the critical pressure to suppress ferromagnetiand supercon-
ductivity), P, . The critical temperatures at the various pressures ar
0.757, 0.685, 0.466, 0.403, 0.258, and 0.225 K at 11.4, 12, 13.
13.5, 15, and 15.3 kbar. The solid lines are fits to a strong couplin
calculation described in the text, while the dashed lines serve on

conditionT,— 0 is approached by application of a field. By

e same argument there should also be an enhancement of
12, at 15.3 kbar P>P,) and a small depression &fZ, at
1.4 kbar P<P,) at low temperatures. This is consistent

to associate the points. The inset shows resistivity versus magnetiith th% data: at 11.4 kba2,(T) has a stronger Clérvature
field at temperatures from 0.1 to 0.6 K in steps of 0.05 K at 12 kbathan HZ,(T) at low temperature andHZ,(0)<HZ,(0),
for H||c. whereas the situation is reversed at 15.3 kbar. No evolution
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0 02 0.4 0.6 0.8 FIG. 3. He(T) for H|c at 15 kbar determined from both tem-
T(K) perature and field sweeps is shown to illustrate the unusual hyster-

FIG. 2. Ho,(T) for H||a calculated taking into account the field/ esis(see the insg¢tbetween the increasing and decreasing field mea-
pressure dependence of the transitiorT at(see text for explana- surements.
tion).

hysteresis forP~P_ occurs only forH|c. This hints that
of Ty for applied fields perpendicular to the easy axis haglose toP,, a rotation of the moment in thec plane might
been observed and the above considerations therefore wWiccur. The unusual hysteresis is not visible for the other field
not modify the form ofH, for these directions. directions or at lower pressure.

After accounting for the particular effects described inthe  The curves foHS,(T) are also remarkable at lower pres-
previous paragraph, the upper critical fi¢ld, is seen to be  gures, where they show an unusual positive curvature and
systematically larger thaH¢, andHZ, (except perhaps very HE,(0) is much larger than given by both the usual weak
close toT.). In our data the critical field refers to the applied coupling orbital and paramagnetic limits. A positive curva-
field which could differ from the total field by up t&oM  ture of H,, has been seen in other superconductors, notably
<0.2 T whereM is the sample magnetization in the ferro- in T|,Ba,CuQ;,'’ the organic material (TMTSEPF;,'? and
magnetic state. The additional field due to the magnetizatiofh the heavy fermion material UBg'® although for
of the sample can explain an apparent down turn ofthe  T|,Ba,CuQ; H., does not exceed the paramagnetic limit.
curves forH<0.1 T close tol.. To avoid this complication (TMTSF),PF; is extremely anisotropic and the low dimen-
all of the fO“OWing analysis is restricted to data in fields Siona”ty of the Fermi surface in h|gh fields is proposed to
above 0.1 T, where to a first approximation the differenceead to the reestablishment of superconductivity above the
between the applied field and total field can be neglectedysyal orbital limit!® although the exact form of théi.,

The anisotropy ofdH.,/dT close toT. can then be ex- curve is predicted to be very sensitive to the purity of the
pressed in terms of an anisotropic effective mass tensafaterial'® The anisotropy oH ., manifest in this and other

-1 2 . . . .
mj; “=(vivgjA9)  such that @Hc,/dT),/(dHc,/dT)y  organic materials where such explanations might be appro-
o \/m_yy/ myx (Wherex, y are principal axis The mass ten- priate is however orders of magnitude larger than for LIGe
sor depends on the Fermi-surface averaglesoted by)) Therefore, the explanation put forward for a strong curvature
of different components of the Fermi velocity«) and the of H, in the cubic material UBg appears more relevant to
superconducting gap. The Fermi-velocity anisotropy can the present case. Thomesal® proposed that in UBg the
eventually be estimated experimentally from the anisotropycoupling parameter), is extremely large which can give
of the temperature dependence of the resistivity in the norboth a largeH,(0) and a positively curved temperature de-
mal state measured with currents along different crystal dipendenceH ., is required(as observed in UBg) to saturate
rections. From our data the limiting value 0H.,/dT (de-  and have negative curvature in this model at very low tem-
duced from the data above 0.) @ecreases strongly with peratures in contrast to the models that apply to
pressure. The corresponding coherence lengthat 11-12  (TMTSF),PF;. The details of the form ofi., calculated for
kbar are all within 25% of 100 A. While the anisotropy be- strong coupling depend upon the details of the Bose spec-
tween thea and b axis is hardly changed at 15 kbar, a trum and its coupling to the electrons to give pairing. How-
marked anisotropy with respect to thexis becomes appar- ever, a simple estimate in an extreme case where the spec-
ent with £,~210 A, £,~140 A, andé,~700 A. In addition  trum is aé function at finite frequencyan alternative form
at 15 kbar there is a large hysteresisHfl, on cycling the to the Lorentzian centered at zero frequency considered ear-
field. Figure 3 shows that the transition to the normal state itier) can be made as outlined by Bulaev&kin terms of the
increasing field occurs at a lower field than in a decreasingoupling parametex, wherex <1 again gives the weak cou-
field. This suggests that there are differently oriented magpling BCS resulf! In such a model with isotropic pairing the
netic domains with different appareht.,’s depending on form of the curve is completely determined by the low tem-
the relative alignment of the applied field to the domain di-perature limiting field and the slope of the upper critical field
rection. In the low pressure magnetic structure the orderedear toT.. The calculation should be regarded as illustra-
moments are, however, locked to theaxis, whereas the tive, serving only to give a taste of the forms that might be
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compatible with a more realistic pairing spectrum and takingty. Although the necessary parameters to make complete cal-
into account the gap anisotropy. With Bulaevskii's mélel culations including the anisotropy of the pairing interaction
we cannot explain the anisotropy bif., along different di- and Fermi surface are not yet established, it is clear that the
rections(different\'s would be requirefibut we can get an positive curvature oH,(T) contrasts with the usual depen-
idea of how the coupling strength might evolve with pres-dence for phonon mediated superconductors, but bears some
sure. Fits to the experimental data téf, are shown in Fig. similarity with the heavy fermion material UBg sugges-

1 as solid lines, where the values of the parametere 14, tive of a very strong coupling. Thus although phonons could
7,and 1.7 at 12, 13.2, and 15 kbar, respectively. Unlike forstj|| contribute to pairing, other pairing interactions related to
UBe3, good fits are obtained only if Pauli limiting is ex- the strongly correlated electronic state might play a signifi-
cluded in the calculation as would be appropriate for certainkgnt role. The strength of the coupling appears to decrease

;pin triplet states. For a spin triplet state.another higher ”m'rapidly and the coherence lengths become larger as one
iting field occurs due to the effect of the field on the NONZero,, oy es away from the critical pressuPe . This relationship
orbital momentum of the Cooper pa?r?s,H,=(m*/m)Hp

. ; is m ramaticall monstr he resul
(wherem*/m is the effective electron mass compared to theS ost dramatically demonstrated by the results

bare mass ané, is the usual paramagnetic limiting figld where the extreme sensitivity af, to field parallel to the

Sincem*/m is at least 3 in the pressure range where super?asy axis gives rise to an unusual reentrant behavior of the

conductivity is observed, this limit is not quite attained. supecrconductivity.. Finally, close . an unusual hysteresis

In this paper we have reported that at pressures close & Hcz occurs, which suggests that the applied field required
P,, H., significantly exceeds both paramagnetic and orbitaf® suppress superconductivity is different in differently ori-
limits that would apply to a weakly couplesiwave super- ented magnetic domains. The observation of hysteresis only
conductor. Further, the paramagnetic limit appears to be exXor fields parallel to thec axis, however, is surprising given
ceeded even for the case of strong coupling. The lack othe Ising-like anisotropy of the magnetism at lower pressures
paramagnetic limitation argues against a hypothesis ofvhere the ordered moments have been shown to be aligned
s-wave pairing, but is consistent with triplet superconductiv-to thea axis.
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