PHYSICAL REVIEW B VOLUME 53, NUMBER 18 1 MAY 1996-II

Three-dimensional gap structure in layered high-temperature superconductors
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NMR data and electromagnetic response are quantitatively described by a multiband-multiphonon exchange
model, which additionally explains why near zeros in the superconducting gap function are shifted away from
high symmetry points, as observed by angle-resolved photoemission spectroscopy measurements. The basic
idea concentrates on the three-dimensionality of superconductivity, incorporating a coupling of the plane to the
¢ axis via multiphonon exchange leading to a complex gap structure. Band structure related effects and
chemistry are consistently included in this approd&0163-18206)50718-9

High-temperature superconductivitias mainly been at- to three-dimensional superconductivity, if the itinerant elec-
tributed to the existence of the Cu-O planes. Consequentlyron system and the coupling to it are missing.
most gap functions have a two-dimensiof@D) character, From various experiments there is now a consensus that
neglecting that the onset of high-temperature supercondudhe superconducting energy gap is highly anisotropic with
tivity is intimately related to the true three-dimensional char-respect to k, kzy dispersion, but without addressink,
acter of the system. There are a few attempts to includgependencie$!” Also it seems clear thaj=0 phonon
c-axis coupling to a dominantly 2D-gap functiéNone of ~Modes “react” upon the onset of superconductivity, lout
them, however, gives explicit structure-derived relations. ~dependencies are less investigated. Planec-txis cou-

In the following we give an explicit expression for a com- Pling with the onset of superconductivity has been reported
plex three-dimensional gap function, which is derived fromfor & few examples ingﬁ' In the following we address these
structural considerations, chemical arguments, band stry¢SSues in more detail, and suggest key features to be investi-
ture, phenomenology, and experiment. This gap structureg,"’t[ed experimentally. L .
specifically deduced here for YBCO, self-consistently ex- In our approaqh, the ge_neral gap functl_on IS derlv_ed from
plains many observations from experiments as electromagg multlband-mul_tlphonon interaction Hamﬂtoman which h_as

. P 5 . Iready been discussed previously in the context of high-
netic response, Né\/lR, angle-resolved photoemission spec- temperature superconductivity:°but also has been used in
troscopy(ARPES,” extended x-ray-absroption fine structure ;,nnection with *“conventional” superconductors, many
(EXAFS),” and pair-distribution functionsPDP),” and is  years agd®17 The effective interaction Hamiltonian reads in
predictive with respect to ARPES, and inelastic neutron Scatalready condensed BCS notatit® using the transforma-
tering and local probes, such as EXAFS, PDF, and NMR. tjon techniques of Refs. 2, 17, and 18,

Common to all cuprate superconductors is a pseudo-two-
dimensional structure witlibad metallic behavior in the
planes and nearly ionic properties perpendicular to them. The + ot t T
planes usually show an average static buckling which has the ™= ; €kiCkiCki— kzq (948qCk ~ A T 9q@qCi +qCk,)
important effect thap-d antibonding bands are lowered in ’ a

energy, split, shifted away from high symmetry points, and S (gl al al (c! c)

related to broadened van Hove singularifieSimulta- ki Ky a2 9aq, 8,0, Ok —a; -0

neously, the Fermi velocity approaches zero which admits N

for coupling to the phonons in this specikiespace area. Due + g4qiaqlaq2(ckj+q1+q2Cki)}a (1)

to the antibonding character of these bands, doping substan-

tially and smoothly reverses their character and consequently " " )
delocalization can occur if reasonable coupling to the latticéVherea, ,aq andcy ,c, are phonon and electron creation and
is provided. This situation is similar to the superconductingannihilation operators, ane is the band energy, is the
A-15 Compoundé? where a dynamica”y drivennonstatia usual Franlich eIeCtron-phonon interaction term aggjqi the
lattice instability leads to an energy gain for the antibondingelectron-two-phonon exchange which provides the coupling
p-d bandst! In the case ofA-15's there is nevertheless an of a,b-related properties to the-axis related gap structure.
important difference from the cuprate superconductors, arom Eq.(1) it is clear that the phonon-mediated electron-
the van Hove singularities related to the the antibondingelectron interaction is strongly enhanced due to the mul-
bands are quasi-one-dimensional, which strongly reducephonon contribution which dominantly acts on the inter-
their k-space weight, i.e., their weight with respectTp. band interactions, whilg, mainly provides the intraband
That van Hove singularities, due to their high density ofrelated coupling.

states and the very low Fermi velocity are of extreme impor- Proceeding on a BCS-type level, Eg) yields nonlinear
tance to high-temperature superconductivity, is clear. Howeoupled gap equatiort$, which have to be solved self-
ever, the van Hove singularities on their own would not leadconsistently, i.e.,
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where V(k; ,k/) comes from the second term in E), [g: l L) l/|7
while V(k; ,kj’) comprises the multiphonon interactions and 200 4
Exi=[ei+4i(K)]% 100
In the following an explicit gap function is given for ° 00 Ky o
YBCO; this function is, of course, material dependent and @)
only some features of it are common to all high-com- .0
pounds. In YBCO four major contributions to Eg) have to 4
be considered; related to the Cp@lanes, the interplanar Z Nﬂt
interactions, the plane-chain coupling through the apical ky N4
oxygen, and the chains. Considering phonon-mediated [em™ — AL
nearest-neighbor interactions only, the four corresponding 300 [ N
pairing potentials from the intraband potential are ?22E //
0
V(ky,kj)=Vi[cogka—k,a)+cogkb—kib)],  (3a) w0 kx or
V(ky,kp) = Vycogka—kia)cogkyb—k/b)cogk,c—Kjc), 0 o
A /V 2 (78
(3b) R R e /4
150 A S
V(k3,k3)=V3cogk,c—k.c), (30 100 )
( 3 3) 3 3 z z 53E I{V - W
| Kx omn
V(ky.Ky) =V [ cosk,c—kic) + coskb—kb)],  (3d) o
n.0
whereV(ky, k) to V(k,,ky) refer to the above cited struc- ="
tural elements in YBCO and,b,c are the unit cell lattice Zlv—i v aveAVe
constants. From Eqg3) it is obvious that the pairing inter- [em™'] kyﬂv AVava a4
actions are all decoupled from each other and act intraband 300 /]/ | VA
only, vielding separate gaps with one-, two-, and three- fggE AL AN A
dimensional structures. o I VA VA Vi )
Coupling of these gaps is provided througftk; k) 00 K or

d
which vyields additional contributions to each gap from @

the multiphonon terms such ase'(i*di*9lek; FIG. 1. Gap structures on the Fermi surface as derived from
+ekj~a~9)eki and simultaneous gap coupling. Quite gen-Egs. 3a)—3(d) (same orderincluding the modification through Eq.
erally the multiphonon contributions are small, which allows(4).

us to approximate them as

.. .. .. L strongest. Similarly, the chains showka dispersion in the
V(ki ,kj)=Vcogk;-rj—ki-rj)cogk;-ri—k{-r;). (4  gap function which, due to the multiphonon contribution,
. N requires that the local structure also has an appreciable
I:|ere, 6 accounts for the multiphonon contribution and component for the chair&ig. 2c)].
r=a,b,c. From Eq.(4) the gaps in Eq(3) are all coupled to The gaps appearing in ttke=0 plane are shown in Fig. 1
each other, and as Ed4) explicitly contains the vector \uith interaction potentials given by;=V,=42.18 meV?°
r=a,b,c, all gaps experience influences from three dimenV,=26.05 me\?' and V,=9.93 meV?® Note that even
sions. This is an extremely important result with numeroushough the contribution from the @) is rather small, it is
consequences.For example, the plane related gap functioncrucial for the electromagnetic response and NMR data, as it
[Eq. (3a)] disperses in the direction and still has a small gives an appreciable contribution to low-energy related exci-
finite component ak,= =/c. Also the zeros in tha,b plane tations, including conductivity. We relate experimental re-
are shifted away fronk,a=kyb=1 to low symmetry points; sults from penetration depth data which have been inter-
the same happens with the gap related to(Bh). The shift-  preted to favor a-wave-type order parameféf to this gap.
ing of the zeros to finité, ,k, values should be observed in Note that the @) related gap strongly couples with the
all high-T. compounds as the CuOplanes are common to plane coupling gap related to E@b).
all of them. From recent ARPES experiméhnthis indeed The chain-related gap is rather featureless, with minor
seems to be confirmed in the Bir,CaCyOg superconduc- dispersion in the, ,k, plane, but couples strongly with both
tor. The plane-@)-chain related gap experiences the stron-plane gaps and yields a large contribution between 100 and
gest modification as it now yields a dispersion with respec00 cm™ . Experimentally it is probably difficult to detect
to ky,ky and a strong variation ik, [Fig. 1(c)]. This means this gap due to the strong hybridization. But, of course, its
that the apex oxygen should show correlated displacements dispersion has to be closely examined. In order to calcu-
in all three directions, with the contributions being the late NMR and the electromagnetic response, it is necessary
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FIG. 2. Energy dependence of the gap functions E(-3(d) T [K]
from top (a) to bottom(d) and total energy dependen(s.
to evaluate the coherence factors which, of course, become FIG. 3. In1TT; T versus temperature. Full line corresponds to the
extremely Comp"cated_ To facilitate such Ca'cu'ationS, Wecalc-ulation as describe.d in the text, dotted line has been Faken from
differentiate the gap structure with respeckig k, to obtain Imai (Ref. 29, dashed !lne frqm Warremt al. (Ref. 25. The insert
a continuous gap function which is dependent on energ§ompares the calculatioffull line) with data from Ref. 5.
only. This approach corresponds to representing the gap spe-
cific k-space weight on an energy scale. In Fig. 2 the resultplanes will be presented elsewhere. The simplest expression
are shown for the individual gaps, as well as the contributiorfor 1/T, within the framework of BCS theory has been used,
from the sum over all gaps. It is obvious from Fig. 2 that alli.e., 1T;=C e T andC=1 sec !, whereA is given by
four gap structures contribute to very specific energies, i.eEq. (2) with interaction potentials Eq.3) modified by Eq.
as already outlined above, thé4)related gap has contribu- (4). The results shown in Fig. 3 agree very well with experi-
tions at small energies only; the chains appear between 10fiental data from Refs. 5, 24, and 25. Similarly good agree-
and 210 cm'!, while the plane gap provides the highest ment with experiment is obtained for the electronmagnetic
weight around 330—340 cit and an appreciable contribu- responsé® Note that for these calculations thg4D related
tion around 200 cm!. The plane-chain coupling gap ap- gap is most important to obtain deviations from BCS results,
pears mainly on the low-energy side, but helps to enhancas this gap structure covers the energy range from zero to
the high-energy contributions from the pure plane gap. small wave numbers~ 40 cm™ 1) dominantly and provides

It is obvious from Fig. 2 that the problem still remains the rather larg&k-space weight. This gap is clearly the basic
very complex and we limit ourselves to the BCS equations ireason why features suggestivedsfvave pairing appear in
order to calculate the above cited quantities. We also includelectromagnetic response data.
in our calculation a temperature-dependent scattering rate In this work, highT. superconductivity has been attrib-
., as deduced from microwave dé&tz *which is given by  uted to an attractive multiphonon pairing potential where in-
w,=A+B(T/T,)* with a between 4.4 and 4.8 and=1  terband, and intraband couplings are considered explicitly.
cm 1, B=67 cm . Note that theT-independent park re-  The pairing potentials are specifically given for YBCO,
flects scattering due to impurities while thiedependent yielding a very complex anisotropic three-dimensional gap
term is due to thermal scattering from phonons. The prefacstructure which has not been considered previously. While
tor of the second term together with the exponent are dicthe intraband related pairing potentials provide a three-
tated by experiment. dimensional gap structure for one specific hybridized band

In order to calculate temperature-dependent propertieinly, multiphonon interband interactions give rise to a
each term in Eq(2) has to be multiplied by the correspond- coupled three-dimensional gap structure from plane-related
ing Fermi-Dirac functions. Due to the mapping procedure ofgap functions; and one attributed to the apex oxygen. The
Eq. (2) to an energy scale, the calculated nuclear spin latticéwo plane-related gaps have the largest energies near the van
relaxation rate IV, refers to the in-plane rate and neglectsHove singularities, but have practically no significance for
a,b anisotropy. Calculation of T; perpendicular to the experiments testing low-energy properties like NMR, pen-
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etration depth, etc. These properties are almost exclusivelyearly vanish ak,=z/c. The small finite structure which
attributed to a small gap arising from(9) which has in- remains here stems from coupling with the other gaps due to
plane contributions due to its large anharmonicity. The chaimmultiphonon exchange.

related gap is rather uninteresting experimentally, except that (jii) The apex oxygen atom has a small gap, but one
the chains should show correlated displacements inxthe which crucially influences all small energy sensitive experi-
direction, thus Corresponding Strongly with the plane'relate%ents_ Systems W|thout “apex” oxygen are predicted to be_

gaps. i . have more like conventional BCS superconductors as they
The suggested model has a variety of aspects whicliss this key property.

should be tested experimentally and have already been par- (iv) The static plane buckling has the important effect of
tlally obser.ved.l ted oh hould le to th strongly enlarging thé-space weight of the van Hove sin-

| (i) 1g'gx'stre a Tt. hp onons ﬁ ou thcou;tae 0 " - gularities, which we relate to the largest gap energies. Sys-
plane.=Lue 1o mulliphonon exchange the srongest anomag, o i 5 single Cu-O layer which is flat, are suggested to

lies in specific phonon modes are predicted to occuq at contain buckled sandwich layers which again enlarge the
values around (0)0(0,7),(,0), (,7) = 0.05. For the @) . ) ye 9 9
g—space weight of the singularities.

related mode the anomaly should be approximately in th ) . .
y bp y (v) The oxygen related isotope effect is site selective as

middle of the Brillouin zone and has strong coupling to
g ping the Q4) is highly anharmonic—much more than the other

a,b phonons. S :
(ii) If ARPES is able to measureaxis related effects, we 9XY9€l! atoms—which is known to suppress the isotope
predict that the observed gap structure is strongly dispersiveffect™" A similar argument holds for the other isotope ef-

with respect to this axis, and plane-related gaps shouléects for plane and chain oxygen atoms, but is less dramatic.
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