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Pairing symmetry from in-plane torque anisotropy in Tl,Ba,CuQOg, s thin films
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The in-plane torque anisotropy of high-quality epitaxiabB&CuGQ;, 5 thin films patterned into disks has
been investigated. We have found that the angular dependence of the reversible torque displays a clear fourfold
symmetry added to a twofold one. Excluding all experimental artifacts due to geometry or magnetic-field
misalignment, we propose in the frame of a model by Beal-Monod and Maki that this is real bulk evidence for
ad+ s pairing state allowed by the possible breaking of the tetragonal symmetry at low temperature. ldentical
measurements on a NbN thin film and a NpSgngle crystal show no anisotropy, in agreement with the
expected symmetry for these classical supercondudi®s.63-182608)05610-(

I. INTRODUCTION chain bands, and thus to blesd andd-wave features. Re-
cently Muler'®” proposed for the higfi-, cuprates the pos-

In recent years there has been a large amount of expersible coexistence of two condensates with different symme-
mental evidence favoring d._,> symmetry for the pairing try (s and d wave) but having the same superconducting
state of the high-temperature superconductarsyertheless transition temperaturd@,. The mixing ofd ands wave is
there still is a large debate on the possible mixinglafave  thus still largely debated, as several experiments cannot be
and s wave especially in the orthorhombic YB@u;O;_s  explained by a purd-wave pairing only. For example, tun-
(YBCO). Among the bulk of experiments, results from neling data on Pb/YBCO Josephson junctions indicate the
angular-resolved photoemissi®f, nuclear-spin-relaxation presence of a significans-wave component whereas
rate? or magnetic penetration depthave inferred the pres- phase-sensitive measurements on YBCO tricrystal micro-
ence of nodes in the superconducting gap of the figh- bridges also show evidence oftar s pairing symmetry?
cuprates. Furthermore quantum phase-interference experi- The problems raised by orthorhombicity and interplane
ments have also confirmed the presence of nodes and sigoupling can, in principle, be avoided by investigating the
changes of the gap function over the Fermi surfafeA  Tl,Ba,CuQ;, 5 (TI2201) compound, which has a tetragonal
particularly elegant experiment favorimgwave symmetry is  structure with a single Cu@layer per unit cell and no CuO
that of the YBCO tricrystal demonstrating the spontaneoughains. Using thin films of TI2201, the tricrystal experiment
generation of half integer flux quanta in rings interrupted bywas repeated by Tsueit al° in order to confirm the half
an odd number of Josephson junctidn&: Several groups integer flux quantum effect observed earlier with YBCO.
have also discussed the influencedefvave symmetry on the In this paper we present in-plane torque anisotropy mea-
transport properties through tilt boundary junctidf$®  surementsr(6) performed on epitaxial TI2201 films pat-
However, most of the data were taken on YBCO, where theerned into disks in order to gain information on the symme-
presence of CuO chains and the orthorhombic distortion ofry of the pairing state in this materi&l.The films are of the
the CuG, planes naturally induce an anisotropy in the pair-same manufacture as those reported in Ref. 20. Our results
ing interaction. Beal-Monod, Maki, and co-work¥thiave are compared with similar data taken on the classical super-
shown that the orthorhombic distortion leads necessarily t@onductors NbN and NbSewith known s-wave symmetry.
an admixture os-wave component in d+s superconduc- The torque measurement has the advantage of being a true
tivity model. In a band-structure model by Combescot andoulk experiment independent of the quality of grain bound-
Leyronas® the coupling between chains and planes in YBCOaries and interfaces in general, in contrast to the tunneling
was also proposed to lead to an anticrossing of the plane arahd phase-sensitive experiments. We expect that in a tetrag-
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onal structure thed-wave state manifests itself by a pure from the resistive transitions. The crystal structure was
fourfold symmetry in the angular dependence of the torquehecked at room temperature by x-ray diffraction and trans-
as the magnetic fiel® is rotated within the Cu@ planes. mission electron microscopy, and found to be tetragonal,
A simple model for the angular dependence of the in-c-axis-oriented, and free of twinning. It has already been
plane torque anisotropy was proposed earlier by Won andhown that the transition temperature of the TI12201 films can
Maki?? for orthorhombic YBCO. Based on Ginzburg-Landau be continuously and reversibly adjusted between 11 and 80
(GL) theory with d-wave pairing interaction and Coulomb K by annealing in argon or air, with no change in their te-
repulsion in thes channel, they calculated the free energytragonal symmetry® The surface topography of the films
AF in the vicinity of the upper critical fieldH.,. From the was further investigated by scanning probe microscopy
expression ofAF an expression for the in-plane torque an-[scanning tunneling microscop§STM), atomic-force mi-

gular dependence was derived as croscopy(AFM)] and scanning electron microscof§EM).
The surface appears homogeneous with no preferential ori-
JAF B Heo(0) T entation of the grown islands. In the thicker films the mean
7(0,t)=— =- 2 | ( )ch(—,t) roughness over a 4m? area was about 15 nm. We have
a6 A7K5B B 4

paid special attention to the exact crystallographic orienta-
X[ a,Sin(20) + a,sin(46)], (1) tion _of the (001) substrate s_urface as checked by Laue dif-
fraction. Only substrates with a zero miscut angte0(2°)
where @ is the angle between the applied fi@@dand thea  were used for our experiment in order to avoid any anisot-
axis, andt=T/T, is the reduced temperature. ropy of the flowing currents in the epitaxial films induced by
In this equation, the twofold terra, describes in amd  the presence of steps at the substrate surface. For the same
hoc manner the anisotropy due to orthorhombicity, and thefilms, it has been shown by high-resolution magneto-optical
fourfold term a,=AH,/H(m/4t) reflectsd-wave sym-  imaging that the flux distribution for the magnetic field ap-
metry. The GL and Abrikosov parametets and 8, have a  plied along thec axis is fractal without measurable anisot-
weak temperature and angle dependence assumed to be negpy of the critical currend. .3 At larger miscut angles, e.g.,
ligible. at 2.5°, the effective anisotropy df can be as large as 11.
In-plane torque anisotropy measurements on a rectangul#@or the torque measurement the films were patterned into
untwinned YBCO single crystal were recently reported bydisks of about 2 mm diameter by conventional photolitho-
Ishida et al®® to exhibit a fourfold symmetry attributed to graphic technique, without any deterioration of the supercon-
d,2_y2 symmetry with a twofold contribution claimed to be ducting properties. A perfect disk shape is a stringent prereg-
due to geometrical effects. In this experiment no particulauisite for a proper in-plane anisotropy measurement without
attention was paid to an exact field alignment. Earlier meadominant geometrical and demagnetization effects at lower
surements of the-b plane magnetization in the Meissner fields (H=H,,).
state of LuBgaCu;O; by superconducting quantum interfer-
ence device(SQUID) magnetometry were dominated by
geometric demagnetization factors as well as trapped flux,
and were not conclusive about the anisotropy of the pairing Our capacitive torque magnetometer has been designed to
state?* From resistive measurements along thexis, a four-  reach the appropriate sensitivityA =102 Nm) for our
fold symmetry ofH.,(6) in the a-b plane was reported in thin-film experiments. It is formed of a flexible 20m-thick
La, geSh.14CUO, by Hanaguriet al?® and more recently by  Si lever located vertically between two electrodes, as shown
Koike et al?® in Pb,SKY,eCa 3dC 00 twinned single in Fig. 1(a). The sample is mounted on the ledge of the
crystals. However such measurements are affected by geoantilever at an angle as close to 90° as possible. In a homo-
metrical and structural artifacts, which might render their?eneous magnetic fielf, the lever is bent by the torque

conclusions on palr;!?g symmetry questionable. In a recent. = B which acts on the sample with magnetic moment
paper by Aubiret al=* the presence of a fourfold symmetry -

in the angular dependence of the thermal conductivity in 4" !t deflection is measured by a differential low-noise ca-
YBCO detwinned single crystal was reported. The resultdacitive tech_mque. The torquemeter with the film posmor_]ed
were explained byd-wave superconductivity with possible horizontally is mounted in a flow cryostat, and the applied
mixing of up to 10%s-wave component. To our knowledge, 11€!d produced by_"j} large-bore NMR electromagiieid in-
only angular dependence of tieeaxis normal-state magne- Nomogeneity<10"7) is rotated within the plane of the film
toresistance has been reported in TI22B8&f. 28 and ex- with an angular rgsolunon better than O.Ql .The NMR mag-
hibits an anisotropy with fourfold symmetry. net has an additional compensation coil, which allows the

remanent field to be cancelled and external field perturba-
tions to be compensated for.

To avoid any artifact due to out-of-plane contributions
A. Thin films such as thes-axis pinning component, the fieB must re-
ain strictly parallel to the Cu@layers during its rotation.

B. Torquemeter

Il. EXPERIMENTAL DETAILS

TI2201 films of thickness 200 and 500 nm were deposite : : P
on thin SrTiO; (001 substrates by RF magnetron sputtering e have de.velop*ed .a compensation te_chmque o m!mr_mze
and then annealed using a two-step proé&s%The films the precession oB W'th respect to t.h.e film .plfme; Th's 1S
investigated here were optimally or overdoped with respecachieved by applying a small additional fiels= bosin(6
tive transition temperatures,=82.5 K (200 nm and 69 K — ) along the vertical directiom, with an amplitude modu-
(500 nm, as measured from dc SQUID magnetization andated in phase with the rotation angheof the main fieldB
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FIG. 1. (@) Schematic view of the capacitive torquemeter with
sample geometry(b) Sketch of the compensation method used to -25] . . , ‘ . . s .
eliminate the misalignment of the rotating fiell with respect to -180 -135 90 45 0 45 90 135 180
the film plane by addition of a small field having a variable Angle 6 (deg)

amplitude along[ B,= B+ bysin(6— 6y)].
FIG. 2. In-plane torque angular dependence of the 500-nm

[Fig. 1(b)]. The angle is defined with respect to one of the TI2201 film atT:_ 37.7 K_ obtamed_by roIatlon of the fleBI:O.S_T
. . . around the verticak-axis clockwise ) and counterclockwise
a axes of the film. We have checked by Laue diffraction that, ~ bef diusting for the sliht fil isali ith
these axes are well aligned with the edges of the substrat 7 ): (@ before a Justing for the sight film misalignment wit
espect taB, (b) after optimized alignment.

After zero-field cooling the sample throudh, the angular

position §, of the node line, wherB is strictly parallel to the large hysteresis with two peaks due to pinning contributions

film plane, is found by making successive runs in field until N ) ; -
the Forque curver(B)y becom%s sero and well reversible. along thec axis[Fig. 2@)]. The peaks, i.e., the irreversibility

Onced, is set, the angular torque measurement is performefl@ximum, occurs wheB crosses the film plane. After op-
at a given amplitudd by varying the amplitudéo, (typi-  timizing the field alignments(6) becomes fully reversible,
cally 100300 G until 7(8) becomes fully reversible. With ~as shown in Fig. @), with zeroes a8, becomes parallel to
this technique the field misalignment is controlled withinthea axes @=nm/2,n=0,1,2...). Full reversibility con-
0.07°. Usually the experiment is performed by starting thefirms the cancellation of all pinning contributions. Adjust-
rotation at the node lined= 6,)) in order to avoid any abrupt ment of the two parametelg, and 6, is rather critical owing
stepAb, susceptible of generating trapped flux in the sampleto the thinness of the sample but can be done in a very
Trapped flux, like a fixed moment, would generate &sin  reproducible way. We have checked that the measured
the anisotropy curve and not a sthBuch a si component  torque is independent of the rotation speed when reduced
was only observed upon field cooling in a larger field from 110°/min to 10°/min. This proves the negligible role of
(~0.3 T), but was totally absent after our zero-field-cooling €ddy currents. Through simulations we also found that the
procedure. During a run, the temperature is stabilized withirs€nsitivity of the lever to a torsion around its mairaxis is
+5 mK using a Cernox thermometer. seven orders of magnitude smaller than to that around its
axis. Thus, such a torsion does not affect our torque results.
Under these conditions the reversible torque given by
el 0) =3[ 71 (0)+ 7 (6)] is expected to reflect the intrin-
A. TI2201 films sic in-plane properties of the film. For both TI2201 films
Trel 0) exhibits a twofold and fourfold symmetry as shown
in Fig. 3 for the thicker film(500 nm at T=37.7 K andB
=0.3 T. After subtraction of the background measured above
T., which is mainly due to the SrTiQsubstrater,.(6) can
be fitted by the expression

lll. RESULTS

The angular dependence of the in-plane torg(€) was
measured over 360° in two different TI2201 films of thick-
nesses 200 nmT=82.5 K) and 500 nm T.=69 K). Data
were taken in clockwise[ 77 (8)] and counterclockwise
[7(0)] directions of rotation at constant speed. Without
correction for the slight misalignment of the film with re-

spect to the rotating fielB, the torque curves(6) display a 7(0) = 79+ T5SIN2(0— 05) + T,4SINA(0— 6,), 2



6140 WILLEMIN, ROSSEL, HOFER, KELLER, REN, AND WANG 57

Z

OIO

o

-

% <+

(%3

‘™
o
04{ D R -
_3 Il 1. 1 1 " 1 N 1 Il Il I3 A AA
-180-135 -90 45 0 45 90 135 180 o A a
Angle 8 (deg) :w N
0.2+ .
FIG. 3. In-plane reversible torque.( #) of the 500-nm TI2201 -g “
film at T=237.7 K upon rotation of the fiel8=0.3 T. The solid line Q‘z s a 4
represents the fit to the data using E®), which is the addition of
the twofold (dashed lingand the fourfold componeritiotted ling. 0.0 : : : :
0.0 0.2 04 0.6 0.8 1.0
wherer,, 7, are the amplitudes ang,, 6, the phases of the Reduced temperature t = T/T
C

two- and fourfold components, respectively. In this particular
case, 7,=1.92x10"° Nm, #,=87.3°, and 7,=6.25
X 10 ¥ Nm, 6,=—0.6°.
At different fields up to 1.5 T7(6#) was measured as a
function of temperature. Two typical curve$6) taken at : _ ,. . o
s 200-nm thick,T,=82 K; filled symbols: 500-nm thicKT .= 69 K).
23.7 and 43.2 K for the same TI2201 filtRig. 4) clearly The factorB is the specific measuring field at each temperature.

show a modification in their shape with changing tempera-rpe g Jines are the respective fits with the power law-¢}". (b)
ture. During one set of measurements the phaisesnd 64 corresponding rati®R= r, /7.

remained almost unchanged, within experimental errors.
Upon warming up and cooling down throughin zero field, e have occasionally observed a simultaneous shifé,in

and 0, of 90° and 45°, respectively. This demonstrates that
the two- and fourfold components are locked to each other.
The general trend is a progressive dominance of the twofold
component at lower temperature. This behavior is clearly
seen in Fig. 5, where the two coefficienty =7,/B, 7
=17,/B and their ratioR= 7,/ 7, are plotted vs reduced tem-

4 peratureT/T, for both films. The normalization caused by
% the measuring field is used to determina, anda,, which

° 4 can be derived from Eqg1) and (2) asa,=c7; anda,

1 =cri with c=1/(4mk5B8,)IN(Hc(0)/B)Ho(m/4t). The

. general agreement between the data of the two T12201 films
having different thicknesses and critical temperatures is a
good proof of the generality of our observation. The tem-
perature dependence can be described by-aT/T;)" law

with the exponenh=2.5 for 7, and 4.5 forr,.

FIG. 5. () Normalized twofold ¢ = 7,/B) and fourfold (7
= 1,/B) coefficients vs reduced temperature obtained by fitting Eq.
(2) to 7e(#) curves of two different TI2201 filmgpen symbols:

B. Classical superconductors NbN and NbSg

In order to further validate our torque measurements on
TI2201 films and exclude experimental artifacts, we have
performed exactly the same measurements on a NbN film
, . , , , . . , , and a NbSe single crystal. NbN has a fcc cub{B1) struc-
-180-135 -90 -45 0 45 90 135 180 ture and can easily be grown by sputtering on &)

wafer. Its surface structure checked by STM is granular
Angle (deg) (grain size=20-30 nm) but very homogeneous. The 200-

FIG. 4. Examples of angular dependence of the in-plane reverglm'th'ck films with a shar_p SUpe_rcondUCtmg tran_S'tlon at
ible torque in the 500-nm TI2201 film measured at two different 1 c=15.7 K were patterned into a disk of the same size as the
temperatures 23.7 and 43.2 K. The change in shape is evident. TI2201 films. Without a perfect in-plane alignment®f the
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FIG. 6. Angular-dependent torque of a NbN fil@00 nm) pat-
terned into a 2-mm-diameter disk, measured at 10.2 K upon rotation S.0r i
of B=1 T around thez axis: (a) before proper in-plane alignment ' ; ' ' ' ' ' : :
of B and (b) after alignment correctior(c) Corresponding revers- -180-135 90 45 0 45 90 135 180
ible torqueT [ 6). Angle 6 (deg)

. . . FIG. 7. Angular-dependent torque of a triangular 2H-NpSe
torque signal displays a large hysteresis betweefy) and single crystal upon rotation of the fieB=0.82 T around the axis

7 (0), CharaCt?r'zed by two large max'ma and minima; 4 g5 K (a) before proper in-plane alignment 8f and (b) after
around+90° [Fig. 6(@)]. After proper adjustment of the pa- alignment correction(c) Corresponding reversible torque,[6).
rameterd, and 6,, the torque amplitude is largely reduced
compared to the initial uncompensated one, with negligibl
angular dependencéFig. 6(b)]. The derived reversible
torque 7( ) ey itself is almost completely flat and shows no () in Fig. 73
anisotropy[Fig. 6(c)]. This holds true at the different tem- We note Here .that the torque amplitud@,t) at a given
peratures and fields used in the measurements. This reSlﬁlcteld B is mainlv determined by the ratid (t),/KZ see Eqs
confirms that in an isotropic material with very strong pin- (1) and (3) of tze sample andyb its volszmé Fér TI2201.
ning, the out-of-plane magnetization effects can be fully can- nd NbSe. which are Ft))oth in th)(/a clean Iimif this ratio can
celled with our technique and that, as expected, no in-plan% 058, N 2 L4
torque anisotropy remains. e estimated al=0 to beH,(0)/k*~4—-5X10"° T fo_r

A better comparison to the layered TI2201 is made withbc’th compognds. Now, as the volume of the NpSgstaUs
2H-NbSs,, which is a clean type-Il superconductor with a about 100 times larger than that of Fhe T2201 film, It ap-
transition ’temperatur§cz7.2 K and a charge-density-wave pears that the norr_nahzed . reversible torque amplitude
transition at 33 K. This material has a layered hexagonafrr’]e"t/ vat ﬁf tlh?t formter IS effgctn;e:y tlr?oo t'[:?ée_i smallletrttr&an
structure formed by stacking triple layers of SeNbSe on toﬁ a ﬁ € latter, 6|‘ apprfxmr?zggl ehsa ’ u?, pdo € |
of each other. The superconducting gap and its temperatu the same scale as for » the normalized angular
dependence are known to follow the BCS predictitfishe torque of NbSe would be absolutely flat.
first observation of the Abrikosov vortex lattice using an
STM was made by Hesat al3® on this material. We shaped
the single crystal into an equilateral triangle having 2.5-mm-
long sides, expecting to observe a three- or sixfold symmetry The striking result of our experiment is the presence of
in the in-plane torque anisotropy. This is not the case. In factthe twofold (sin®) component in the in-plane torque aniso-
prior to exact field alignmenfFig. 7(@], the 77 (#) and tropy of TI2201, which is unexpected for a tetragonal sym-
7~ (6) curves again display a large hysteresis with peaksnetry. A possible origin in the microstructure of the film can
located around+90° because of the pinning contribution a priori be excluded, as confirmed by the absence of any
along thec-axis. After proper alignment the out-of-plane preferential growth structure in the film in the AFM/STM
components are reduced by a factor up-t@5, leaving two and SEM images. If stacking faults were to occur, they
parallel lines with minimal structures and, in contrast to thewould run along both crystallographic axes and thus contrib-
TI2201 films, no evidence of any specific symmeffig.  ute more to a fourfold symmetry. The measurements per-
7(b)]. The offset between™ () and 7~ (6) is believed to formed on 2H-NbSg¢ and NbN, which show no anisotropy,
originate from in-plane pinning, which produces a frictional are a strong proof that all non-in-plane pinning contributions

%orque on the vortex lines during rotation. This also explains
the small angle shift{ 6°) between the peaks in" (6) and

IV. DISCUSSION
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due to field misalignment and geometrical effects can be N S e e e
fully cancelled. The argument that flux pancakes could be

trapped during the cooling along one direction and remain in 2t -
this configuration during the entire rotation does not hold, as =

such trapped flux would mainly generate aésaomponent. Z 4L J
Several tests have been done to exclude this effect. Finally, 2 I

by turning the film/substrate on the cantilever by 45°, we = ol i

have observed a shift of the torque signal by the same angle.
All these tests substantiate our view that the observed two-
fold term is not artifactual but must be related to the super-
conducting state.

As pointed out by Annett,group-theory arguments do not
allow the mixing of the four singlet pairing states in a single

rev

Torque 7

plane with square symmetry unless fluctuation effects are _3-180 135 90 45 0 45 90 135 180

dominant. Thus, in order to explain our data it is reasonable
to expect that the mixing can be generated by an orthorhom-
bic distortion of the TI2201 film occurring at low tempera-
ture. One possibility C()3li|d be the presence of defe_cts '”_thﬁlm using the angular dependenfigq. (3)] proposed for a super-
TI films. Jorgensewt al>* have recently shown that mterstl_- conductor with mixedi+s-wave symmetry.
tial oxygen between the TI-O plane as well as Cu substitu-
tion on the TI sites affects the properties of TI2201. In par-
ticular the latter defect is found to correlate with Fig. 8 for the same experimental curve of Fig. 3 taken at 37.7
orthorhombic strains: samples with less Cu on the Tl site and B=0.3 T. In this case the fitting parameter Xs
have larger orthorhombic strains. The breaking of the local= 0.427. From the measurements done on both TI2201 films
symmetry could also arise from thermal fluctuations ancdt different temperatures, one observes a monotonic increase
other disorder effects. This point still has to be clarified byof X(t=T/T,) as displayed in Fig.(@). The anisotropy ratio
low-temperature x-ray or neutron-diffraction analysis. Rab(t)sz:’le‘g‘2 plotted in Fig. 9b) is found to increase

In order to develop the idea of a single- s pairing state  continuously from about 1.1 to 1.7 in the given temperature
further, we should note that the formal separation into a twofange, 0.25t<0.65. A value forr can only be derived in a
fold and fourfold component does not really make sense. lgiven limit, for example, in the case of an isotropic Fermi
general thed+ s wave function retains the shape of a four- surface, i.e.,e=0. In this caseX=—(r+2g)/(1+4rg).
leaf clover with two large and two small leaves until the Close toT,, the coefficienty depends on the effective at-
amount ofs character becomes equal to or larger thandhe
component. Thus we tried to fit our torque data with an ex-

Angle 6 (deg)

FIG. 8. Fit of the reversible torque of the 500-nm-thick TI2201

pression proposed by Maki and Beal-Mofibtf in a two- 0.8 ' ; ' '
dimensional2D) model for mixedd+ s wave superconduc- © 500nm, T=69K
tivity for an orthorhombic superconductor and characterized 06k ™ 200mm T=825K a) |
by a gap function of the formA(k)=A-[cos(2p)+r], ?j °
(r|<1). Here ¢ is the angle the wave vectér makes with § 0.4k ol ) i
the a axis, andr measures the amount sfwave contribu- 2 -
tion and vanishes in the absence of an orthorhombic distor- k5, .
tion. In this model the normal-state anisotropy is also taken 8 0.2f o 1
into account through an elliptical Fermi surface with a den- "5
sity of statesNy(¢) and an effective mass ratie=(my 0.0L . . . .
—m,)/(my+m,). From the calculation of the free energy L3l
and ofH.,(6) for B parallel to thea-b plane, the following s
angular dependence for the torque is derived: m‘) L6 ° b)
= ° 8
. o
O, = BHco(w/4}t) In( nH(6,1) Xsin(26) _ 14l . |
87K?Ba B /[1+Xcog26)]% I
(3) & 1l - ]
. . o

Here n is a constant of order unityx andB, are the GL and °
the Abrikosov parameters, respectively. The quanitys 1'8'0 02 04 06 08 10
essentially a function of the anisotropy of the s-wave ad-
mixturer, and of a coefficieny measuring the orthorhombic t= T/TC
distortion. Thus, the in-plane anisotropy of the upper critical
field can be written asl2,/H2,= (1+X)/(1—X) . FIG. 9. Temperature dependen@ of the fitting coefficientx

We found that the fit of our torque data with E&) isin  and (b) of the corresponding upper critical field anisotropy ratio,
fact much better than with Eq2). An example is shown in  H2,/H3, .
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traction A, on the Coulomb repulsiom, and onr in the enced by the gap reduction at the interface and by the rela-
following way*% g=(\+u)r/[A(1-2r?)]. A relation tive crystallographic orientation in such a way that the
betweenr and X can then be derived from these two equa-s-wave component is partly filtered out. As suggested by
tions. Taking the reasonable values 0.5 andu=0.2 and  Miiller and Keller!’ the fact that the critical current of a
our experimentaK=0.427, one obtains two solutions for the bicrystal tunneling junction decreases with increasing mis-
s-wave contribution, namely= —0.12 andr=—0.97 in the  orientation angle¢ between two adjacent graifiscan be
range|r|<1. According to the model, a puwave state understood by the relative orientation of tdg 2 lobes.
corresponds tX=0 andR,,=1. As thes-wave contribu- Indeed close to¢p=45°, the d-tunneling current is sup-
tion increases, these two quantities increase correspondinglpressed because the contributions of the positive and nega-
Thus the temperature dependenc&XafndR,,, derived from tive lobes cancel out, and thus only the snsatbmponent of

our data suggests that tlsewave component rises continu- the current prevails. Therefore the faceting, which is always
ously with temperature up t@.. A question that naturally present at the grain boundarfésmight explain why the
arises is whether Eq3) is appropriate to analyze our torque d-wave component dominates in most phase-sensitive ex-
data. If one assumes TI2201 to be a conventional anisotropigeriments. On the other hand, the torque experiment, which
s-wave superconductor, a natural way to proceed would bgrobes the entire bulk of a single-domain sample, does not
to solve the London equations for an anisotropic supercondiscriminate betwees andd wave, and therefore sees the

ductor using the effective mass anisotropy m,/m,. Fol-  mixture of both components.
lowing the procedure of Kogatf;*®we would get an expres-
sion for the torque resembling E¢3), but with a term V. CONCLUSIONS

: P =172
proportional toasin(2)[1+5cos(2)]**, where a and j The in-plane torque anisotropy measured on TI2201 thin

are functions ofy. Analyzing our data with this term did not _. . : o ;
yield as good a fit as the above expression for the miked films, patterned into disks, do not exhibit a simple fourfold
symmetry as would be expected for a purely tetragonal su-

+s state. This is in fact expected as quantum phase . ; . ! .
interference experiments exclude the anisotrepicave ow- perconductor, but is consistent with a mixéd s-wave pair-
ing state. The most plausible candidate seems to be an ad-

ing to the sign change of the order parameter. Thus the in-

terpretation of our data with a mixedi+s state seems the rTthure of ad,e_y2 component with a fairly large amount of
s’ . In the temperature range measured, we observe that the

most reasonable approach mainly because we do not Obser}/a(?t.io of s- overd-wave character continuously increases with
the single fourfold term expected for a putevave. Estimat- ; - ously
temperature. The mixed pairing state is only allowed by a

wgv??srﬁf\:gﬁhg?g:t dﬁ]tiéﬁﬁ vaz\i/r:el Wk;t:c;izzefrfetoetr de u breaking of the tetragonal symmetry, possibly an orthorhom-
. . ny . 9Y35ic distortion occurring at low temperature. The validity of
tion for the free energy is a nontrivial funct|or_1 of the orderOur results, especially the absence of artifacts due to geo-
Fearrrﬁ;n?r:?\rlfﬁhiﬁfeﬁ i?gf:u;(j'E;SLC?Sﬁz'\Ir;Si';(e?jV\{nlggméo dljre]zeto metrical effects or out-of-plane pinning contributions, has

; L . ) been confirmed by performing the same torque experiment
gr_adlents _and f'el.d' Thus, trying to fit the free enngy)_b- on NbN films and NbSg single crystals. In both of these
talgedtby m;etg?]ratlngtg_(;t\},e ﬁ')(‘ge'nr.nentat\l torq(@) ovetr ? in classical superconductors no anisotropy is observed. The ad-
order to get the ralig™ dl IS Not easy except If one vantages of torque magnetometry, which is truly a bulk ex-

. . . 2 . . - _ .
g(l?nts_(l:de\;\?eozg/nthe_njlrlst t(Sr:1m AQI’J évmgf[hﬂ']se n;); qlfgf trgr eriment, have to be further tested on other highsuper-
IStC. simply phasiz gular torqu onductors, in particular single crystals with cylindrical
curve 7(6) has only four zeroes overs2rather than eight, I%eometry

which corresponds to an energy angular dependence wi
two maxima and two minima. This can be explained only in
a picture in which the ratio ofi- to s-wave component is
approximately (¥4|/| ¥ 4|)=1. Now, how does this conclu- The authors would like to thank D. Ariosa, M. T. Beal-
sion agree with the tricrystal results of Tsuei al?® on  Monod, D. E. Farrell, V. Geshkenbein, R. Griessen, K. Maki,
TI2201? One element of the answer is proposed in Ref. 17K. A. Mtiller, T. M. Rice, and M. Sigrist for helpful sugges-
Because of the strongly layered structure of the cuprate, exions, comments, and enlightening discussions. The experi-
periments that probe physical quantities along given crystalmental contributions of R. Berger, M. Despont, and G. .
lographic directions might be sensitive to the combination ofMeijer are also acknowledged. The NhSesas provided to

s andd wave to a different extent. For example, because olis by F. Levy of the EPFL, Lausanne, Switzerland. Partial
the short coherence length in tiaeb plane, tunneling and financial support by the Swiss National Science Foundation
interface experiments through grain boundaries can be influs also deeply appreciated.
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