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Flux-flow resistivity in UPt5: Evidence for nonsingular vortex-core structure
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We have investigated the core structureBgbhase vortex lines in two clean URtrystals, using flux-flow
dissipation as the probe. The flux-flow resistivity is determined from the skin depth of the high-frequency
oscillations of the vortex lines in the pinned state. With ¢, our data agree with the previously established
scaling law of the moderately clean limit with anisotropic gap. Wﬁ%, the resistivity is three times larger.

We interpret this increase as evidence for a vortex-core structure with two length scales, as predictegl for UPt
with a two-component order parameter.
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[. INTRODUCTION In this work, the vortex core is investigated by measuring
the flux-flow resistivity p;(H) in clean samples, with a
Recent studies of the heavy-fermion superconductog UPtmean-free pathl ,,~500 nm. At low vortex density,n
are providing increasing support for odd-parity pairing, = uoH/@o<& 2, flux-flow dissipation is governed by the
where the orbital symmetry belongs to the two-dimensionatlynamics of localized core excitations, which are quasibal-
E,, representation of the hexagonal grdudts low- listic (I,>¢) and sensitive to the confining energw{
temperatureB phase breaks time-reversal symmetry, with ax& 2). Our measurements are performed in Biphase T
nodal structure of the gap as. ~k,(k.*ik,)? whereas the =0.1-0.3 K), withH.L ¢ and H|/c, using a high-frequency
high-temperaturé\ phase violates in-plane rotational invari- skin-depth technique. Witk L ¢ the results agree with pre-

ance withA~k, (ki —ky). This change in symmetry is con- vious dc measurements of flux-flow resistghaad its scal-
sistent with a rotation of the hexagonal flux-line lattice with jng |aw? in the low-field and low-temperature limit. In the

respect to the crystal axes, which was observed to take pla

at the AB§ transition in ~ récent - neutron ~ scattering sistivity exceeds the scaling result by a large fagtg¥ pr,
experiments. The upper critical fieltH., shows a paramag- =3. The difference cannot be explained by material, scatter-

netic |imitati0n, when the external fiel is along thec aXiS, ing, and/or pairing anisotropy; but different vortex-core

which is characteristic of a spin-triplet state. The twofold structures in the two crystal directions, as predicted by the

orbital degeneracyl(,. = *c) opens the possibility for the odd-parity pairing theory, can readily account for the result.

existence of unconventional nonsingular structures in the

twq-component order parameter fielg ( ,'77,), such as do- Il. VORTEX CORE RESISTIVITY

main walls or new vortex cores? A multitude of different

vortex structures and other topological defects have been dis- As discussed by Kopnin and Lopatin in moderately clean

covered in®He superfluidg, but to our knowledge, their ob- superconductors &< ,,<&Er/A) flux-flow dissipation is

servation in superconductors is uncharted. proportional to the minigap, and the normal-state collision
The size of such nonsingular structures is determined by time 7.9 Taking axisymmetric vortices of radius=¢ and

larger length scal&= ¢/, which is related to the super- allowing for anisotropy imA(kg) over a spherical Fermi sur-

conducting coherence lengéhvia the coupling coefficieng  face, they predict that

in the termp| 5, 7_|?, which breaks time-reversal symmetry

in the two-dimensional Ginzburg-Landau functiofal. eoe 1 p(H) ke

When the coupling is small3Q<1), €= ¢ leads to modifica- (M= b2 po(H) - AT @

tions in the vortex-core structure. Numerical calculations

predict three different structures as function @f(and the for wgr<1. The dimensionless factasz,znmJ(Az(k)) ac-

coefficients of the gradient term&the classical axisymmet- counts for gap anisotropy, and) denote a Fermi-surface

ric singular core at largg and, for3=0.25, two noAnaxisym- average, weighted by the factdf1— (k- H)2]. For an iso-

metric nonsingular coregvhich are different fotH=+L,  tropic gap 6-wave superconductpr« is unity, but it is

and H=—L,). In contrast to the former, in the latter two larger than unity and has angular dependence,(K) has

cases the order parameter amplitude does not go to zero anyedal structure. The previous dc measuren’?ehas/? veri-

where within the core, which has a large radiusé=2¢.  fied the temperature dependence in B, whenH.L ¢, and

With H.L ¢, the coupling between the orbital and vortex mo-y'2eld a=3.2. These basal plar;e vortices are classical, with
menta vanishes. Thus basal-plane vortices are expected to Be= §aéc and uoHco= @o/2m&,€¢, so thatr* reduces to the
classical, albeit distorted owing to the hexagonal anisotrop@xPerimental quantityo=(p¢/pn)(Hc2/H). We shall see be-
(£,=0.6£.=9 nm). low that the situation wittH| c is different.

%I c orientation, which was not investigated before, the re-
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JLc, andp,=0.17+0.53T2 Q cm for J|c (andH=0).
The dc field ugH=<3 T) and the vortex lines are along

the z direction. The excitation fieldh e

—i2mft

, is applied

along thex direction, so that the vortices oscillate in the
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FIG. 1. Spectra of the apparent penetration depifif)=\'
+i\N", showing as a function of frequency the crossover from
pinning-dominated to free-flow response. The latter corresponds tg
the high frequency plateau, witf' =\’ = &/2. The solid curves are
fits to Eq.(2) with Lg, A\c, andp; as adjustable parameters. To
illustrate their relative influence on the fitting, the dashed curves®
represent pure bulk-pinning (14=0) and the dash-dotted curves
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pure surface-pinning (1£=0).

IIl. MEASUREMENT OF ac PENETRATION DEPTH

plane close to the-oriented surfaces, and electric fiells

are induced along th}sdirection, so that penetrating currents
are always perpendicular to tieexis. Owing to the Lorentz-
force anisotropy, closing currents at the sample edges are
superficial(within the London depth\) and lead to negli-
gible contributions in flux penetration. The measured signal
is the fluxd . through a 15-turn pick-up coil wound directly
around the sample in the direction. The apparent complex
penetration depth is defined as,.=[®,{H)—P,{0)]/
(2uohW).
The sample with its pick-up coil and the slightly larger
excitation solenoid are placed inside the mixing chamber of a
3He*He dilution refrigerator. The measurements are per-
formed in the temperature range=0.1-0.3 K, by recording

the spectrumi ,{H) at fixed frequencyf and by moving
from one frequency value to the next, while the temperature
IS kept constant with a feedback loop. The temperature is

monitored with a calibrated Ge resistance thermometer in-

ide the mixing chamber. Its field dependence is adjusted by

comparing the measurdd., values with those in Ref. 13.
The amplitude and phase of the signal voltage are calibrated
against the difference between the responses in the normal-

state (6,=40-400um) and the Meissner

state A (

~0.6 um). This normalization procedure yields a phase ac-
In the B phase the use of large dc currents, to unpin vortexeuracy better than 1° and a resolutioh, =1 um.*

lines and to bias the system into the free-flow state, is pro- TYPical spectra oh,(f) are shown in Fig. 1. The com-

hibited due to excessive Joule heating. Here this difficulty id°/éte data set consists of more than 200 different spectra. The

overcome by measuring the complex penetration deptlﬁeal and imaginary parts of,; can be accurately fit with the

NadF)=N'+iIN" in  the

high-frequency

range f(

=0.01-1 MHz) above the pinning frequenty, where a
low dissipation level can be maintaineg 0.1 nW/mnft). In

the overdamped reginfe>f, which is achieved at interme-

following formulal®4

1 1 1 2i

-4
Aac Ls

2 2"
Ao O

diate and high fields, the rf-field penetration is restricted to )
Lg(H,T) and Ac(H,T) are two frequency-independent

within  the

free-flow skin depth and\’'=\"= /2 ' =1L, -
= Jpi /(47 mof). Note that these frequencies are sufficientlyle”gths’ that describe surface and bulk pinning, respectively.
low so that the anomalous-skin and relaxation-time effect
can be ignored. At low fields, pinning is so strong tliat

~f,. Even in this regime we can still extract reliable values
for p; by fitting [Eq. (2) below] to the measured resistive and —
reactive components af,{ f) (Fig. 1). This fitting procedure

yields better accuracy and gives results ferover the full g
range of applied fields. Experimental details, as well as ouPVer regime.
methods of data taking and analysis, can be found in Ref. 10.

Measurements have been performed on two large single
crystals (labeled B22 and B3b). They were prepared in
Grenoble and were spark cut from the same ingot. Thei[h
quality is very similar to the sample of Ref. 8 and compa-
rable to the best samplés!? After cutting, the crystals

2

Jdhe high-frequency limit,\ j{f—o)=(1+1)5/2, corre-

sponds to the ideal flux-flow response, while the low-
frequency limit, the quasistatic responsg(f—0)=\'(0)
—()\51+ Lgl)*l, is purely inductive and cannot discrimi-

nate between surface and bulk pinning. The relative weight
of surface and bulk pinning becomes apparent in the cross-

IV. VORTEX PINNING

As explained in Ref. 10, the excitation field penetrates as
e sum of two modes. The first one, localized near the sur-
face, is associated with strong screening currents, whose am-

were annealed, but no surface polish was applied. Their fin

dimensions

are L(x)XW(y)xd(z)=5.5@*")x2.9(a)

x1.16) mm® (B3b), and 5.5€)x3.04@a*)x0.63(@)

mm?® (B22). They have low residual resistivity,,=0.52
+1.44T%40.02(uoH)? nQ cm (uoH in Teslg for currents
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litudes are governed by surface roughness. If the bulk

ample is free of defects, the screened field penetrates further
over the free-flow depths;. This situation §c—>) has
been systematically the case in the conventional supercon-
ductors, which so far have been measufeth contrast, if
there are bulk defects, such as those usually introduced in
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— FIG. 3. Flux-flow resistivityp;(H), as deduced by fitting the
(é.) measured\ ,(f) (Fig. 1) to Eq. (2). The data show thap;(H)

. 5 becomes temperature independent below 0.3 K as a function of
s 10 ] H/H.,. The results differ when measured with ¢ (sampleB3b)
= r ‘1 R TIR 1 or HLc (sample B22). The limiting low-field low-temperature

e O.IS : "H/IHCI2 = slope is denoted withry, assuming the linear relatiop:/p,

=ro(H/H¢y). The dashed lines define the fitted valugs=1.6
FIG. 2. Field dependence of the bulk and surface pinning™0-15 @ndrgj=4.7=0.3. The inset shows unscaled data at 0.15 K

strengths, N (solid symbolg and 1Lg (open symbolgin two and illustrates thaH, coincides in the two directions. The over-
crystal orientations. The different symbols denote measurements S0t inpr just belowHe;, is an artifact due to the onset of flux
different temperatures below 0.33 K. The data are derived from fitP€netration at the edges of the sample. In the main frame as well as
to the measured ,(f) spectra, as shown in Fig. 1. Bulk pinning " Fig- 2 such data points have been omitted.

1/\¢ vanishes aH,, while the surface contribution 1§ decreases » ) ] o )

surface-pinning fraction is shown in gray-scale units in the insetMent, should provide better insight in the pinning processes.
together with the URtphase diagram as a function of field and
temperature. V. FLUX-FLOW RESISTIVITY

The flux-flow resistivity is deduced from the high-
guency extrapolation of the ac penetration depth to the
ree-flow limit " = \" = (pg/4m uof)°> which correspond to
6 e plateaus in Fig. 1. The normalized resistivity/p,, is
ghown in Fig. 3. A characteristic of the moderately clean

classical theories of pinning,the bulk mode is strongly at-
tenuated, but penetrates at low frequencies over a Campb
length A¢ (<6; at low frequencies Note that nonlocal
vortex-creep corrections, considered in some theories, can
B?D%;es(,:;?pgir.e due to the high pinning frequencies of th fuperconductqr gpypears to be thdtH) tends to exceed th_e

In both crystal orientations vortex pinning is strong and is normal-core I|r_n|t, _pf:pDH/HCZ’ as was a_llrea<_jy ”Oteq n
dominated by the surface process at low fielgig. 2. This ~ Ref. 8. In the dlreCt.IOﬂ.-U_ (o} vv_here comparison is possible,
is not surprising, since after spark cutting the surfaces aref(H) agrees quantitatively with the earlier dc measurements
visibly rough. With increasing field, surface pinning falls of Ref. 8. At low field the scaling factary(T) tends to the
down and finally vanishes at a field value close, but belowaluero, =1.6=0.15 in the low-temperature limit. In fact, as
the B—C transition. This result is consistent with recent seen in Fig. 3, below 0.3 K0.6T, rq is already tempera-
observations in point contact Spectroscé%‘yl,swhich sug- ture independent. This is in agreement with the results in
gest a suppression of the order parameter at the surface Ref. 8, when these are extrapolated to low temperatures, and
higher fields. Our crystals also display a large bulk pinningtestifies for good general consistency between two different
strength I, which decreases only slowly as a function of measuring methods and samples. If we talg0)
(He,—H) and is the dominant source of pinning in tlie  =1.%gT. from Ref. 16 and put* =r, in Eq. (1), then we
phase. No clear anomaly can be distinguished aBtheC ~ 9et @, =1.6X1.9=3.0, which agrees within the combined
transiti()n:]-4 Nor do we observe hysteresis as a function OfeXperimental preCiSionS with the value 3.2 obtained in Ref.
the field-sweep direction. Low-field vortex-creep 8. This large value ot arises from gap anisotropy.
measurement$ have suggested that new pinning mecha- An analysis of the measurements in terms of &g.ap-
nisms could be present, such as intrinsic pinning by domaiflies for conventional superconductors withy=r*, or
walls in the bullé If this is the source for the unusually large equivalently,b? = &,é.= ¢o/(2muoHeo, ). Here, however,
bulk pinning, then the domain walls have to persist in@he H¢y is not a good scaling parameter because of the Pauli
phase. On the other hand, we cannot exclude that more mparamagnetic limitation at low temperatures in this direction.
croscopic defects, such as stacking faults in the crystal laffo compare the results in the two orientations, we assume
tice, which are known to control the residual resistivity in that the effective core radii atef = ¢,£. andbf=£5. From
clean UP§ samples:! might also play a role in bulk pinning. the high-temperature anisotropy we ggt=0.6&.. In the
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perpendicular orientation we set equal to its measured Fig 3 measured withi||c, can then be explained by assum-
valuery, =1.6, while in the axial direction we then have ing rﬁkzrj and bﬁ=3 bf=3§a§c, rather thanbﬁzgg, as
rif=roj(é:/é2)=7.8. Equation(1) shows that these corre- \yas done above. If we ascribe in this way the entire mea-
spond toa, =3.0 ande=7.8x1.9=14.8, which represents syred anisotropy to an increase in the effective core radius in

alfﬁirﬂgii?éropymo@s/?airzjés this cannot be explained b the axial orientation and také)H:E' we_estimate the
Py 9 P yGinzburg—Landau coefficient to b@=¢2/£2~0.2. This

the UPt structure, by taking into account the possible o . . .
anisotropies from th®g;, point group symmetry in the ex- value fallgs wthln '.[he regime of the_ nonamsymmetrlc core
pression ofa in Eq. (1). For E;4 with a nodal structure strufcture ,whllea/wth ,GZIO%ZS.theIam'symmetnc core .V\rl]mﬁ:d
~kz(kxiiky)2 we find a=1.25a, =4.4. There is no an- ge avqred: Such a result ‘ﬂr'f ?}50 n agreemegtfth the
isotropy at all associated with thE,, symmetry anda eterminations~0.2-0.5, which was extracted from the
specific-heat jump at..=” For better quantitative compari-

=a, =3.9. Thus the small jump of about 10% m/p,, T
whiéh was observed in Re]g. 8pat the— B transitmnpgor son, Eq.(1) for the flux-flow resistivity needs to be recon-
sidered to account for the actual core structures.

in-_plane VOF“CGS KLL c), might be ascribed to the CO”?bi”ed In summary, our measurements provide indication for an
anisotropy in crystal structure and symmetry breaking, buhnconventional vortex-core structure in UPThe effective
not our large value Of g /ro, . core radius in the axial orientation appears to be two times

_Quasiparticle scattering may additionally contribute to theIarger than for vortex lines oriented along the basal plane,
anisotropy inp;(H). An estimate can be worked out by com- .

. : . : i.e., their radius acquires the valge 3&.6.~2&,. Thisis
gfi\tr;ggl tf?;damsf(tgpét"#"(.‘])[(;& tzhl?jt-rl]r‘: jr1e7s£o$/eKo;r:2e possible if the “hard vortex core” has reduced rotational
C c C - "

[dHe,/dT], =—4.6 TIK}2 These values yieldy=¢,/¢, SYMMely, asis known to be the case for the dumbbell-like

=0.64, which corresponds to an effective mass ratio mdouble-core vortex irfHe-B at low temperatures.
my/m* =»2=0.41. The anisotropy im,(J) amounts to a
ratio py /pn; =0.33-0.37. This value includes the anisotro-
pies in effective masses and in quasiparticle relaxation times. We acknowledge instructive discussions with N. Kopnin
Comparing the two estimates we conclude that the anisotand J. Flouguet. N.L-E. and B.P. thank the LTL for hospi-
ropy in quasiparticle scattering is of orderl0%, in agree- tality. This work was funded partly by the EU Improving
ment with the estimates in Ref. 11. Human Potential PrografContract No. EC HPRI-CT-1999-
Finally, one more source of anisotropy is a different vor-50). The UMR 8551 is “UnifeMixte de Recherche” of the
tex core structure in the two orientations. The lapgép,, in CNRS, associated with universities Paris 6 and Paris 7.
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