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Order-parameter-node removal in the d-wave superconductor YBgaCuz0,_,
in a magnetic field
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We have measured the in-plane tunneling conductance of optimally dopeC¥fga, _, films/In junctions
as a function of magnetic field and film orientation. In zero applied field all samples exhibit a zero bias
conductance pealZBCP) attributed to thed-wave symmetry of the order parameter. In junctions formed on
(110 oriented films, the splitting’| (H) of the ZBCP in decreasing fields applied perpendicular to the,CuO
planes follows the laws, (H) =A-HY? with A=1.1 mV/T"% This law is obeyed up to 16 T for film thickness
varying from 600 A(less than the London penetration depjtup to 3200 A(about twice)). Since Meissner
currents are negligible in decreasing fields and at thickness smallek thiais splitting cannot be attributed to
a Doppler shift of zero energy surface bound states. The data taken in decreasing fields is quantitatively
consistent with a field induceitl,, component of the order parameter. The effect of the Doppler shift is
prominent in data taken in increasing fields and in the field hysteresis of the splitting.
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. INTRODUCTION dicular to the Cu@ planes, can indeed induce a nodeless OP.
Measurements of the thermal conductivity(H) on

The excitation spectrum of a conventional superconductoB;,Sr,CaCy0g (Bi2212) single crystals have shown a de-
(low T,) is characterized by an almost independent momencrease followed by a plateau at a certain fielhis field was
tums-wave energy gapl. This is not the case inthe high,  interpreted as that beyond which a finit,, component
cuprate superconductors; there it is broadly agreed that thgopears at the finite temperature where the experiment is
ground state superconducting order paramet®P) is  performed The finite gap in the plateau region prevents the
strongly momentum dependent, being maximal in the direcexcitation of additional quasiparticles. Field hysteresis of the
tion of the crystallographic axes a and b. In most cases, ithermal conductivity has, however, led to a controversy over
appears to have the pudgz_,> symmetry, being zero at 45° the actual origin of the plateau; to date, this issue has re-
between these axdshe node directions where it changes mained unresolvetf
sign. In contrast to the finite energy required to excite a A second set of experiments possibly indicating the oc-
low energy quasi-particle in a loW; superconductor, such a currence of a nodeless OP is the field evolution of the con-
quasi-particle can be excited with an infinitely small energyductance of in-plane tunnel junctions formed at the surface
in a d-wave superconductor along the nodes. This is n@f YBa,Cu;0,_, (YBCO) films oriented perpendicular to
longer the case if an additional imaginary component ishe CuQ planes'! The conductance of in-plane tunnel junc-
present in the OP. In this case, the energy spectrum of thgons formed at the surface of YBCO films having that ori-
superconductor is fully gapped. entation presents a peak at zero biABCP). This peak re-

Theoretically, it has been suggested that such an imagflects the existence of zero energy surface bound states that
nary component can result from an instability of thevave  come about due to a change of phasertypon reflection at
OP under perturbations such as surface pair bredkinga (110) surface'? Its split, often observed for instance under
impurities? proximity effect®>* and magnetic field Another  magnetic fields applied parallel to the surface and perpen-
view is that a phase transition occurs at a certain dopinglicular to CuQ planes, may indicate the occurrence of a
leveP” or magnetic fielfl from a pured wave to a nodeless fully gapped order parameter, having the symmetttyid or
OP having thed,>_,2+id,, ord,2_,2+is symmetry. Thed,,  d-+is. The new peak positiodH) would indicate the am-
component breaks both time and parity symmetries, hence filitude of theid or is component. However there exists a
involves boundary currents that flow in opposite directionsdifferent explanation of a field-induced split, in terms of a
on opposite faces of the sample as previously pointed out bpoppler shift of the bound states enefdy*The energy shift
Laughlin® These currents produce a magnetic momenis equal tovs.pg, Whereug is the superfluid velocity of the
which, through interactions with the magnetic field, lowersMeissner currents, angg is the Fermi momentum of the
the free energy by a term proportionalBod,,, whereB is  tunneling quasiparticles.
the magnetic field induction. On the other hand, in the zero In order to distinguish between these two possible inter-
temperature limit, node removal costs an energy proportiongbretations, we have taken detailed data in decreasing fields
to idfy. Minimization of the sum of the two contributions on (110-oriented films having thickness d, down to well
leads to an amplitudd,,=A- B2 whereA is a coefficient below\. At such thickness the Doppler shift should be much
given by Laughlin. reduced sinces=e\H -tanh@2\). Taking data in decreas-

Experimentally, two sets of experiments have been intering fields has also the effect of reducing Meissner currents
preted as indicating that a magnetic field, applied perpenand the corresponding Doppler shift. This is because there is
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FIG. 1. (Color onIine_ Schemgtic presentation of the measure- s o (Color onling Normalized dynamical conductane
ment setup for th¢110 films. Indium pads are pressed against the _ 4,4y, ys biasV for increasing(a) and decreasingb) applied
surface of the oriented thin film. The crystallographic orientation Ofmagnetic fields for an YBC@110-oriented film at 4.2 K. Film

the film enables one to apply a magnetic field parallel or perpenE:haracteristicsTc=88 K, film thicknessd=600 A. The splittings

SLCrl;:(l:reto the Cu@ layers while it is been kept parallel to films’ is defined as half of the distance between the positions of the con-

ductance maxima. In increasing field it can be determined clearly
o . ) o from a field of about 0.1 T up to 5 T, and in decreasing fields from
no Bean-Livingston barrier against flux egithile there may 13 T gown to 0.9 T. Applied fieldéin Tesla: 0, 0.1, 0.3, 0.5, 0.7,

be a strong one against flux entry 0.9, 1.2, 1.5, 1.8, 2.1, 2.5, 3.0, 35, 5, 6, 7, 11, 13, and(apb.
Behavior of the same junction for magnetic field applied parallel to
Il. EXPERIMENTAL SETUP AND RESULTS the CuQ planes at fieldsin Tesla: 0, 0.5,1, 2, 4, 8, 12, and 15.5.

The strong anisotropy of the field effect confirms the good in-plane
YBCO films near optimal doping, having thicknessesorientation of thec axis.

ranging from 600 to 3200 A, were prepared in th&0) and
(100 orientations by the template method, using SgTadd
LaSrGaQ substrates of the appropriate orientattbn’
Critical temperatures of all films were in the range of 88—90
K. Junctions were prepared by pressinglimdium) pads on
a fresh films surfac&’'®In almost 100% of the cases a good
junction is formed by this method and théV) characteris-

behavior can be understood within the Doppler shift model
of the ZBCP splitting? if we take into account the properties
of the Bean-Livingston barrier. In samples thicker than the
London penetration depth, this barrier prevents flux entry up
to fields on the order of H Up to that field, the superfluid

; ) . ) elocity of the Meissner currents increases almost linearly;
tics are reproducible. The junctions were measured at 4.2 y y

g . ._beyond that field, it saturates. The Doppler shift, proportional
and some were also measured at 1.6 K. All junctions c.j'sio the superfluid velocity, follows the same behavior. By con-

Grast, in decreasing fields, there is no barrier that prevents

face, either parallel or perpendicular to the Guilanes(see
Fig. 1 for the sample configuration and field orientation
Measurements were systematically taken in increasing a
decreasing fields. Field splitting was only observed when th
field was applied perpendicular to the Cuflanes, in agree-
ment with previous results, confirming the uniaxial in-plane
orientation of thec axis!® A total of 20 junctions were mea-
sured. A typical data set is shown Fig. 2 for a 600(&10)- T ' " 32004
oriented film. 4.(a) . ] ( )cP o
We first address the question of the origin of the hysteretic A ¥1 ] &/0® 1>
behavior in field apparent in Fig. 2. In general the split, for a “‘ v L S
given field, is always higher in increasing fields. The peak ol o
position for the same sample as in Fig. 2 is shown in Fig. A
3(a) in increasing and decreasing fields. In increasing fields,
the peak position reaches about 4 meV at 5 T. At higher
fields, the exact maximum point cannot be determined be- R — r r
cause the peak becomes smeared, possibly because it merges o 3 6_ s n ) U_ ! 2 -
with the main gap structure. We define the hysteresis ampli- Applied Magnetic Field (Tesla)
tude as the differencad(H) between the peak position at FIG. 3. (Color onling Field splitting hysteresis curve for a

increasing 4 (H), and decreasing field, (H). For compari- (110-oriented film in increasingA) and decreasing¥) magnetic
son, this hysteresis amplitude is shown in Figo)Jor two  fie4s. (a) ZBCP splitting (6) for a 600 A thick film, and(b) the
fllmS W|th dlf‘fel’ent th|CknesseS: 600 and 3200 A It IS appal’- ifferenceA o= 5T7 5l between the position of the ZBCP Sp“ttmg

ent that the hysteresis saturates at about 2 T in the 3200 # increasing and decreasing fields &0 600 A (full circles) and
film, a field of the order of the thermodynamical critical field 3200 A (open circlesthick films at 4.2 K. This is a measurement of
H.. The hysteresis amplitude is larger for the thicker film,the Doppler shift effectsee the tejt The lines in(b) are a guide to
about twice as high as for the thinner film. This hystereticthe eye.

tunneling experiments by Moore and Beadfand in YBCO
system by Xif! Hence, when the field is decreased, the sur-
ce superfluid velocity quickly reduces to zero, as does the
‘f)oppler shift. This is the origin of the hysteresis. The impli-
cation is that by subtracting, — 6, [Fig. 3(b)] one measures

5 (mV)
A8 (mV)
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5 P A p— 61(H), for two films differing only by their crystallographic
*  d=800A T=42K ® orientation. While thé¢110) oriented film exhibits splitting of
~ 4 N Tk o 4.4 mV at 3 T, a splitting of only 1.1 mV is seen at the same
> 3. ; ﬁ;iéggiijéﬁ 2 ¢ | field in the (100)-oriented film. Moreover, at high fields the
g O d=3200A T=1.6K o splitting has a different behavior in these two orientations. In
& 9. * i the (100 film &,(H) almost saturates at fields higher than 1
T, while in the(110) film the ZBCP keeps splitting rapidly. In
1 ] addition, splitting values in theL00) orientation are strongly
thickness dependent. For samples thinner than 1600 A, we
0 . : ; r find that they are too small to be determined experimentally
0 lim 2 4 at 4.2 K up to 6 T(not shown. These results are consistent
(},LOH) (Tesla ™) with a splitting dominated in th¢100) orientation by the

Doppler shift effect, with a differenfadditiona) mechanism
FIG. 4. (Color onling ZBCP field splitting in increasing and being responsible for the splitting behavior(tL0-oriented
decreasing fields fof110 600 A (full circles) having thickness films.
ranging from 3200 to 600 A, as a function of the square root of the
magnetic field(H) applied parallel to surface and to the crystallo-
graphicc axis. The line is a linear fit to all data points and has a
1.1 mV/T? slope. Surface faceting is thought to be the reason for the ZBCP
commonly observed in(100-oriented films:® Recently,

only the Doppler shift effect. The results in FigbBare in  Some direct evidence has been provided by scanning tunnel-
qualitative agreement with the Doppler shift model predict-ing microscopy measurements, suggesting thao) faces

ing the saturation at fields higher thap fér the thicker film, ~ are present in films of that orientatiéhWe have shown that
and the thickness dependence observed. The influence of tMdile the zero field ZBCP is similar for both macroscopic

Bean-Livingston barrier is, as expected, more apparent in tharientations, their field-splitting behavior is entirely different.
thicker film. As for the substantiab, (H), it must find a Our results demonstrate that in order to observe a substantial

different explanation. splitting in decreasing fields and in films thinner than the
Our central result is shown in Fig. 4, which presents prelondon penetration deptinamely, under conditions where
cisely the ZBCP splitting measured in decreasing fields fothe Doppler shift effect is very weak—one must use samples
(110-oriented films having thickness ranging from 3200 having the(110) orientation. Then, and only then, the experi-
down to 600 A, plotted as a function of the square root ofmental data show the'f law in the entire field range stud-
the applied field. Data for all samples follow the lagy ~ ied (up to 16 T), and at all film thickness. This strongly
—A-JH, with A=1.1+0.2 meV/™2 For reasons explained Suggests that node removal occurs, but only for that film
above, this behavior cannot be attributed to a Doppler shiffrientation. Although(100 films do have(110 facets at

of the zero energy surface bound states. We attribute it t&heir outer surface, the inner surfaces at the interface with the
node removal. (100 LaSrGaQ substrate and PrB&u;O; intermediate

These results are quite different from those previously@yer presumably quite flat and have t#00) orientation.
reported for(100) (Ref. 17 and (103-oriented*?2%films. The presence ofl10-oriented surfaces on both sides of the
Generally speaking, field splitting values are smaller forfilm appears to be a necessary condition for node removal.
these orientations. We demonstrate the difference between OUr data are in agreement with the expression given by
tunneling into(100- and(110-oriented films in Fig. 5. Here, Laughlin for the amplitude of the field induced,, compo-

v . . e _ I : - -
we present the splitting versus increasing magnetic fieldient, =A-BY2% Under our experimental condition, thin
films and high magnetic fields, we can assume tBat

= uo- H. The coefficient Ain his theory is proportional to the

Ill. DISCUSSION

' ' A square root of the gap and the Fermi velocity. For the com-
(110) film t of th dthe F locity. For th
s A4 ] pound Bi2212 he calculates=1.6 mV/T*2. Taking into ac-
9 as count the respective values of the gap in this compound
g 3 e ] (about 30 meY and in YBCO (about 20 meY, our experi-
= £ mental resultA=1.1 mV/T*2 can be considered to be in
! 1 good agreement. Yet, it must be emphasized that Laughlin
2 (100) film d Yet, i b hasized that Laughli
A AAAAL Aaas has not considered the effect of the orientation of the samples
1r ] boundaries. Therefore, one cannot say directly whether our
. . . . . . observation that node removal only occurg1i0)-oriented
00 1 ) 3 4 5 6 films is in agreement with his model or not. For similar rea-
p H (Telsa) sons, one cannot say whether there is a connection between
o

our results and the thermal conductivity measurements of
FIG. 5. ZBCP field spliting measured in increasing fields for Krishanaet al? carried out in a different geometry, which
(100- (full triangle) and (110- (empty triangle oriented films.  Laughlin has interpreted within the framework of his theory.
Film thickness is 3,000A for both films and data taken at 4.2 K. In a previous publicatiof we reported ZBCP field split-
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ting data taken in increasing fields. We noted that tH& H creasing fields where it is negligible. (@10-oriented films,
behavior seen up to about 0.5 T is incompatible with thesplitting is strong even in decreasing fields, where it is found
Doppler shift model, which predicts a linear behavior at lowto be thickness independent and to have a square root depen-
fields. Likewise, we also noted that a field splitting that per-dence on magnetic field for fields ranging from 0 to 16 T. We
sists in films having a thickness of orderor less is incom-  attribute the hysteretic behavior to the Doppler shift effect
patible with this model. We believe that the data presentegredicted by Fogelstroret al,*® and the splitting in decreas-
here, particularly taken in decreasing fields and at eveing fields to node removal. Our data in decreasing fields for
smaller film thickness, reinforce this conclusion and make avhich Meissner currents are negligible are in good agree-
much more compelling case in favor of the node removament with the existence of a field induced,, component
effect. predicted by Laughliff. His theory, however, does not take
In addition, we would like to point out that the absence ofinto account the orientation of the samples boundaries, which
ZBCP field splitting in geometries different from ours may we find to be crucial. We conjecture that the presence of
now be understood. This is the case in grain boundary110 surfaces on opposite faces of the sample is necessary
junctiong® and for junctions grown on single crystal edgés. for the flow of Laughlin’s currents, and thus for the estab-
With the field applied perpendicular to the surface, vorticedishment of theid,,, order parameter. Furthermore, his model
penetrate at low fields, and there cannot be any substantidbes not take into account the presence of vortices, as
Doppler shift because there are no large screening currentgointed out by Liet al?” More theoretical work is necessary
Second, the geometry of the boundaries is unfavorable fdio establish whether Laughlin’s model can explain the effect
the flow of Laughlin’s currents. It could be that the contra-of films orientation on the field-splitting of the zero bias
dictory results reported in thermal conductivity experiments,conductance peak.
concerning the existence of a field induced gap, also stem
from the ability or inability of the samples to carry boundary
currents under the specific experimental conditions. ACKNOWLEDGMENTS

We are indebted to Malcom Beasley for pointing out to
V- CONCLUSIONS one of us(G.D.) Ref. 20 on the effects of Bean-Livingston
In summary, a ZBCP field splitting is observed in tunnelbarrier as seen in a tunneling experiment, and to Dr. H. Cas-
junctions fabricated on optimally dopgd00- and (110-  tro and A. Kohen for helpful conversations. This work was
oriented films. The ZBCP splits as a function of magneticsupported by the Heinrich Herz-Minerva Center for High
field with a hysteresis which is thickness dependent, i.e., th&emperature Superconductivity, by the Israel Science Foun-
hysteresis increases with the film thickness. The splitting islation and by the Oren Family Chair of Experimental Solid
generally weaker ir{100-oriented films, particularly in de- State Physics.

*Email address: Roy@tau.ac.il, Home page: M. Covington, M. Aprili, E. Paraoanu, L. H. Greene, F. Xu, J.
www.tau.ac.il~supercon Zhu, and C. A. Mirkin, Phys. Rev. Let¥9, 277 (1997.

"Present address: Center for Superconductivity Research, DepafJ. R. Clem Thirteenth International Conference on Low Tempera-
ment of Physics, University of Maryland College Park, College ture, Boulder, Colorado, 1972edited by K. D. Timmerhaus

Park, Maryland 20742, USA. (Plenum Press, New York, 19¥4. 102.
1Y, Tanuma, Y. Tanaka, and S. Kashiwaya, Phys. Rev68  1°Y. Dagan, R. Krupke, and G. Deutscher, Europhys. [511.116

214519(20012). (2000.
2A. V. Balatsky, M. I. Salkola, and A. Rosengren, Phys. Re%1B 7R, Krupke and G. Deutscher, Phys. Rev. L88, 4634(1999.

15547(1995. 18y, Dagan, R. Krupke, and G. Deutscher, Phys. Re\6B 146
3Y. Ohashi, J. Phys. Soc. JpB5, 823 (1996. (2000.
4A. Kohen, G. Leibovitch, and G. Deutscher, Phys. Rev. Le8f.  '°J. F. Bussiere, Phys. LeB8A, 343(1976.

207005(2003. 20D, F. Moore and M. R. Beasley, Appl. Phys. Le36, 494 (1977).
SA. V. Balatsky, Phys. Rev. B1, 6940(2000. 2IM. Xu, D. K. Finnemore, G. W. Crabtree, V. M. Vinokur, B.
6y, Dagan and G. Deutscher, Phys. Rev. L8%, 177004(2001). Dabrowski, D. G. Hinks, and K. Zhang, Phys. Rev4& 10630
M. \Vojta, Y. Zhang, and S. Sachdev, Phys. Rev. L&g, 494 (1993.

(2000. 22\, Aprili, E. Badica, and L. H. Greene, Phys. Rev. L&B, 4630
8R. B. Laughlin, Phys. Rev. Let80, 5188(1988. (1999.
9K. Krishana, N. P. Ong, Q. Li, G. D. Gu, and N. Koshizuka, 233, Lesueur, L. H. Greene, W. L. Feldmann, and A. Inam, Physica

Science277, 83 (1997). C 191, 325(1992.
10A. Aubin and K. Behnia, Scienc280, 9a(1998. 24A. Sharoni, O. Millo, A. Kohen, Y. Dagan, R. Beck, G. Deutscher,
11G. Deutscher, Y. Dagan, A. Kohen, and R. Krupke, Physica C and G. Koren, Phys. Rev. B5, 134526(2002.

341-348 1629(2000. 25, Alff, Eur. Phys. J. B5, 423(1998.
12C. R. Hu, Phys. Rev. Letf72, 1526(1994. 2. Aubin and L. H. Greene, Phys. Rev. Le#9, 177001(2002.
By, Fogelstrom, D. Rainer, and J. A. Sauls, Phys. Rev. L#. 27Mei-Rong Li, P.J. Hirschfeld, and P. We, Phys. Rev. B63,

281 (1997. 054504(2001).

144506-4



