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Spectroscopic evidence for anisotropis-wave pairing symmetry in MgB,
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Scanning tunneling spectroscopy of superconducting MgB=39 K) were studied on high-density pel-
lets andc-axis oriented films. The sample surfaces were chemically etched to remove surface carbonates and
hydroxides, and the data were compared with calculated spectra for all symmetry-allowed pairing channels.
The pairing potential 4,) is best described by an anisotrofgavave pairing model, Witmk=Axysin20k
+A,cogd,, whered, is the angle relative to the crystallimeaxis, A,~8.0 meV, andA,,~5.0 meV.
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Since the discovery of superconductivity in MgBt a  grown MgB,.*~® However, a major concern presented by
superconducting transition temperatife~39 K,' a num-  existing quasiparticle spectra is that the measured gap values
ber of papers’ have suggested that this hole-doped layeredsary widely, and that most values are smaller than that the
superconduct8r® may be consistent with conventional BCS predictiorf:~’

BCS s-wave pairing. On the other hand, muon spin rotation Our starting point for investigating the pairing symmetry
(uSR) studies of MgB have found that the temperature de- of MgB, is to consider all the possible pairing channels
pendence of the magnetic penetration depth is suggestive 8sed on group theory. The global symmetry gra@iimf
unconventional pairing symmetry with nodes in the superMgB; in its normal state can be expresseddy U(1)xX 7T
conducting order parametgr.To address the issue of the X SU(2)XGspaces Where U(1) is the electromagnetic gauge
pairing symmetry in this new superconductor, possible combProken belowT, 7and SU(2) denote the time-reversal and
plications by disorder or surface impurities must be considSPin-rotational symmetries that are generally preserved be-
ered. Indeed, recent x-ray photoemission spectros¢épg)  OW Tc for spin-singlet Cooper pairs, al.ceis the space
studies have revealed that Mgg@nd Mg(OH), exist on  9roupDen for MgB,. Given that the Cooper pairs in MgB
the surface of as-grown MgB? It is, therefore, importantto &€ spin-singlefs and that no other obvious symmetry-

understand how these surface impurity phases may contrilp—r?"’.‘k'ng fields exist beIovac except U1), the pqss!ble
ute to surface-sensitive experiments such as the scannin Iring channels can be derived from the even-parity irreduc-

tnneling  spectroscofy® (STS and  point-contact ible representations dbg,. For a single-component super-

measurementof the quasiparticle spectra. In particular. ex- conductor, the relevant pairing channels can be further re-
- 4 P P - NP ! duced to four one-dimensionélD) even-parity irreducible
isting STS data on as-grown polycrystalline MgBRef. 5

2T e : representations iDgy,: Ayg, Ayg, Big, andBy,y. The pair-
exhibited *V-shape” differential conductancel(ys/dV) vs 4 notentialsA, for these representations can be expressed
voltage (V) plots near zero bia§.e., the Fermi leveEg),

with rounded “humps” rather than sharp peaks at the gapas a function of the momentukito the lowest order:

values {/==+A/e) and large residual density of states Aig:A=A,, (isotropics)

(DOS) atEr . Those spectra were fitted with arwave pair-

ing potentialA broadened by disorder parameterizedl'as ‘Ay=Ao[1+ € cog6¢y)], (anisotropics)
and a large ratio of [[/A)~60% was suggestedFor com-

parison, in cuprate superconductors the V-shape conductance A=Ay, sirfé,+ A, cos 6y, (anisotropics)
spectra neaEr for quasiparticle tunneling along theaxis

are known to be the signature of the._,2 pairing Agg 1A= Agsin® Gy sin(6¢by), 1)
symmetry:*~1’ and strong directionality in the quasiparticle

spectra has been obsen/éd'®In particular, a zero-bias con- B1g:Ak= A COSHy SN 6y sin(3¢y),
ductance pedR'® (ZBCP) can occur if quasiparticles are

incident close to the{110b nodal direction of the Bog:Ax=A( COSH Sin 6, cog 3¢).

dy2_2-wave order parameter. Thus, should the pairing sym- . o o

metry be unconventional, the observation of V-shape tunnelHere 6y is the angle measured relativekp, with k, parallel

ing spectra in polycrystalline MgBsamples associated with to the crystalline c axis, and, is measured relative to, . In
certain grain orientations would be accompanied by frequenaddition, 0<e<1 andA,,#A, for the anisotropics-wave
occurrence of ZBCP for other grain orientations. To date, n@airing potentials. The graphical representations of these dif-
ZBCP has been found from vacuum tunneling studies of asferent pairing potentials are illustrated in Figga)t1(d).
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relative ton, by the parameter§( 6., ,¢:,)=1:,, which ex-
plicitly considers the transverse momentum for the incident
guasiparticlesi.e., a finite “tunneling cone) relative toﬁk,

: such that6;, is primarily confined between 8 and 8, and
GENERAL - 0<¢,<2w, we can (eneralize the theory of
Blonder-Tinkham-Klapwijk®=?° (BTK) to three dimensions
(3D), and compute the tunneling currdpis as a function of
the bias voltagé/, temperaturel, tunneling barrier strength

Z, tunneling direction:nk, and tunneling cong:

di/dV (arb.unit)
5

27 /2 2, 5
INS:GNN d¢inJ' dGin COSGinei((’i”/ﬁ)J\dEk
0 0

di/dV (arb.unit)

g P B A o oy

X[1+A—B]X[f(Ex—eV)—f(E)]. 2

In Eq. (2), Gy denotes the normal-state conductariegjs
the quasiparticle energyA and B represent the kernals for
Andreev and normal reflection, respectively, di(&,) is the
Fermi function'®° Thus, the differential conductance spec-

tradlys/dV vsV can be obtained for given, andA, using
Egs. (1) and (2). The representative spectra for high-
impedance tunneling barri@g=5 are shown in the left pan-
els of Figs. 1a)—1(d).

Except for theA,4 representation, the spectral character-
istics for all other representations exhibit strong directional-

ity (i.e., dependence on the crystalline normalrelative to
the average quasiparticle momenjums manifested by cal-
culated spectra in the right panels of Figga)+1(d). It is
clear that the ZBCP would have been a common occurrence
in the tunneling spectra of MgBpellets had the order pa-
rameter been one of the unconventional pairing channels
4 (A2g aBlg 182g)-

ANTINODAL  GENERAL CASE To compare the calculated results with experiments, we

performed scanning tunneling spectroscopy on high-density

FIG. 1. Right panels: Graphical representations for possible 0rpe|let§1‘23 and c-axis textured films of MgB (Ref. 24 at
der parameters permitted by tfiz;, group symmetry and spin- 42 K. Both the pellets andc-axis films were fully
singlet pairing. Left panels: Simulated differential conductancecharacterizeag,21—24 showing single-phased material with
E(GNNO”NS_/ dg\f "SGVg'tage\(/V)fq”ahSipfarltliC'e, t““{‘;'mg spectraat 4.2 o harconducting transition a,=39.0 K, sharp magnetiza-

, assumingA,=6.5 meV, for the following even-parity rep- .. " :
resentations(a) A4, anisotropics wave with in-plane anisotropy; EIVOS ;r??g:()tzevg?ngs gr;[jc?elarF ggogﬁebﬁﬁllghs :rr(]:?n-gcu ot-
(b) A;4, anisotropics wave with uniaxial symmetryc) A,y ; (d) L | 21-24 ’ di ty XPSO tudi P th
B,g, Or Byy by rotating By, order parameter through an angle Ing Voslfzme‘ ccording 1o St .|es on ese
(/6) relative tok, . samples;” the surface MgC@and Mg(OH), impurities on
the as-grown MgB could be mostly removed by chemical
etching, with no discernible etch residues for the tunneling

Among different Ay, representations, the lowest-order experiments$? Tunneling studies were conducted on the as-
possibilities include the isotropis-wave order parameter, grown and etched MgBpellets and films at 4.2 K, using a
anisotropics wave with six fold in-plane modulations, or |ow-temperature scanning tunneling microscope. Spatially
anisotropics wave with uniaxial symmetry, with the latter resolved tunneling spectra were taken on over 100 randomly
two illustrated in Figs. (@ and 1b). The lowest-ordeA,, oriented grains of each sample. On each grain, the spectra
representation consists of twelve “lobes” of alternating were taken under the vacuum tunneling condition and on an
phases, and the phases are even ukgdénversion. For ei- area approximately (200 n&200 nm) in size with nanos-
ther By4 or B,y representation, the order parameter consistgale surface flatness. A large number of grains were studied
of twelve lobes with alternating phases, and the phases amn each sample to ensure sufficient statistical sampling of
odd underk, inversion. differentn, in pellets.

To obtain the quasiparticle spectra for all possible pairing  Representative tunneling spectra for a Mgillet after
channels with differenAﬁk, we consider a crystalline plane etching are shown in the main panel of Figa2 and those
with a normal vectorn, characterized by the parameters for the same sample before etching are given in the lower
(6¢, ). Defining the direction of an incident quasiparticle right inset. We note significantly improved spectra after etch-
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FIG. 2. (a) Spatially resolved tunneling spectra of a high-density o
MgB, pellet. The main panel and the lower right inset illustrate data c

taken at locations 015 nm apart within one grain after and be-
fore chemical etching, respectively. The upper right inset shows

o
o

BTK

representative spectra on the etched pellet with different junction ('Sogcipéc's) BCS
resistance at 20 mV:)1108 MQ, 2) 179 MQ, 3) 253 MQ. The A <57 meV ?_=_51% ’:12\\//
work function for these spectra is typically 6-1 eV.(b) A series 0.0 \ L )

of tunneling spectra on an etched c-axis filmain panel, showing -20 -10 v 0 V 10 20
long-range spatial homogeneity in the spectral peak-to-peak ener- (m )

gies and a large junction resistanc@30 M() (insep. (c) An im- FIG. 3. BTK anisotropic and isotropiswave fitting, together
age of the surface topography of the etched sample over an aI5th the isotropic BCS fitting to representative s ectra(@f an
(196 nmx 60 nm). The full scale for the height is 4.7 nfd) An P 9 b P

atomic-force-microscopgAFM) image over an area (620 nm etched Mgg pellet, and(b) an etche_d c-axis fllr_n._ Glyen emplrlca_l
values ofA,, andA,, the anisotropic s-wave fitting is only sensi-

X620 nm). The white lines indicate two grain boundaries forming.. 2 - - -
an anale at-120° tive to the variation inf, and is insensitive to a wide range gf
9 ' values that we have tested, from/(L8) to (7/2). The fitting curves

) . ) . shown have assumed the most general case pvithr/2.
ing, with long-range spatial homogeneity>#00 nm)

within each grain, which correlated well with the long-range
atomic flatness of the topography as exemplified in Figs. 2
and Zd), and was in contrast to the strong spatial variation
in both the spectra and topography of MgBowder?® Fur-

for the spectral characteristics, particularly the linewidth and
lineshape of the peaks, as manifested in Figa) &nd 3b).

SSecond, significant variations in the supposedly isotropic
. : . pairing potential must be invoked to account for all data
th?rmorea IDO/ivnearI)// :j/?ms/zf/d B, with ;’lzgormva\‘/lﬁfd taken on the pellets. The variation was unlikely the result of
value [(dlys/dV)y-o/(dIns/dV)v=20 mevl~2%. '® " pulk stoichiometric inhomogeneity because of the sharp su-

th? tunneling.spectlra were hompgeneous within each gralBerconducting transition width<(1 K) revealed in the mag-
(with Iatg:ral d|men5|9nv a fevy m_lcrometer?§), the gap val- netization measurement of our MgBPellet. In other words,
ues varied from grain to grain in the peIIets,_ ranging fromhad the gap variation been the result of the grain-to-grain
~5 10 ~8 meV. On the other hand, tunneling spectra ofgyichiometric variation, we would have observed a very

eotched"c—amsZoBrggted f'lmE were dhomogeneous f.everKWh(frecszroad T, distribution in the magnetization measurements,
verall, no was observed among over 1ive NUNAréG,, 39 1o ~24 K for the 5~8 meV gap variation.

spectra taken on all samples. We, therefore, conclude that tr@iven the quality of the spectra and topography of our well

pairing symmetry must be of th,q representation. characterized sample surfaces, we suggest that the variation

To idetntti'fy theEccirrect pai:cing pgt&ntingt'J(nderltlﬁggf observed in the gap values of MgBellets is the result of
representation in Eq1), we performed the analysis 1or- jigerent grain orientations relative to the incident quasipar-

both anisotropic and isotropiwave pairing, as well as the ticles. The single gap value in tleeaxis oriented films fur-

|§otrop|c BCS fitting to al! spectlra. The I'atter mvoIvgd 2 ther corroborates the notion kfdependent pairing potential.
disorder parametdr for an isotropic gap with the density 46 importantly, had the pairing symmetry been isotrapic
of states\(E) given by Ref. 26, wave, the (2A/kgT.) ratios deduced from our tunneling
_ . e T2 A2 spectra would not have varied from2.5 to~4.5 from grain

ME)=RE(E-IT)/(B=IT)"= A%Jdlys/dV. to grain for T, variation smaller than 1.0 K. In addition, to
For both BTK and BCS isotropis-wave fitting, we notice date there is no known theory for isotrofgevave supercon-
several difficulties. First, the inclusion of the disorder- ductors that can justify a (2/kgT.) ratio smaller than the
induced pair-breaking strengih alone cannot fully account BCS value.
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On the other hand, the electronic and structural anisotropg-wave pairing scenario has been proposed to account for the
in the MgB, system can lead to anisotrogevave pairing, thermodynamic and optical properties of Mg®ires?® and
and, therefore, B-dependent pairing potential and a range ofrecent Raman scattering measurements on Mujigle crys-
gap values in the STS studies of polycrystalline samplestals have also confirmed an anisotroivave scenarié?
Comparing the two possibilities of anisotropic s-wave pair-Furthermore, a number of experimental reports including the
ing potentials depicted in Figs(d and Xb), we note that an upper critical field H.,) measurement®, high-resolution
in-plane sixfold anisotropy would have resulted irt-axis  photoemission spectroscopyand electron spin resonante,
spectrum with a sharp peak af(1+¢€) and complicated are all supportive of significantly anisotropic properties in
spectral curvatures itV(E) for Ag(1—e)<E<Ay(1l+e€), the superconducting state of MgB
as shown in Fig. (). Such behavior was never seen in our In summary, we have investigated the possible pairing
data. In contrast, spectra derived from the order parameter isthannels in MgB based on group theory consideration, and
Fig. 1(b) appeared to be most consistent with our finding ofhave calculated the quasiparticle spectra using a generalized
smooth spectra on all samples, and with one maximum gapTK theory for quasiparticle tunneling in 3D. Comparing the
value atA,~8 meV for the c-axis films. calculated results with spectra taken on fully characterized

Using the anisotropicswave pairing potential Ay MgB, pellets and c-axis oriented films, we conclude that the
= Ay SiPG+A,co8 6, with the minimum gap A,,  order parameter of MgBbelongs to theA,, representation
~5 meV and the maximum gap,~8 meV determined of D, group, and is best described by an anisotrepicave
empirically, we can consistently account for all experimentalpairing potential with uniaxial symmetry.
data on both pellets andaxis films by varying one param- The research at Caltech was supported by NSF Grant No.
eter 6. As exemplified in the main panel and inset of Fig. DMR-0103045 and the Caltech President’s Fund. Part of the
3(a), the former is consistent witlh,= (7/5) and the latter work described in this paper was performed by the Center for
with 6,=0. Similarly, the same pairing potential can also beSpace Microelectronics Technology, Jet Propulsion Labora-
applied to thec-axis film data with8,=0, as shown in the tory, and was sponsored by NASA. The work at Pohang
main panel of Fig. @). Our empirical finding of a smaller University was supported by the Ministry of Science and
in-plane gap valueX,,<A,) is consistent with the stronger Technology of Korea through the Creative Research Initia-
in-plane Coulomb repulsion in Mgg”’ A similar anisotropic  tive Program.
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