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We consider the existence of high-superconductivity and the symmetry of the gap function when elec-
trons are scattered from tunneling units that interact via an elastic strainlike potential. We examine the conse-
guences of conduction electron scattering for the specific case of tunneling units found in experiments on the
high-T; superconductors YB&u;Og,,, Bi,CaSpCu,Og, TI,CaBagCu,Og, TI,CaBaCuw0O;y, and
TI,CaBgCuGQ;. Our calculations givéi) a strongly anisotropic scattering of the conduction electr@insa
strongly anisotropic superconducting gagkispace(iii) an isotope effect different from that associated with
phonon scattering in the BCS theofiy) a high transition temperature, afng a gap function with nodes and
a combination of as-wave and al,2_2-wave symmetry. Thel._,> symmetry arises from the directionally
dependent scattering of electrons by the tunneling units which have a well-defined orientation with respect to
the crystal axis[S0163-18206)03033-7

I. INTRODUCTION anharmonic phonons arising when electrons are scattered
from atoms in double-well potentialgiii) did not give a
There has been a great deal of interest in Higlsuper-  d-wave-like symmetry for the gap function, which by now
conductivity (SC) ever since it was discovered by Bednorz @PPears to be confirmed by eXper"’gelf%Slyz and (iv) gave
and Mueller* The literature on highF, superconductivity is 2" inversenegativea) isotope effect

quite extensivé™® and therefore we only quote here a few . In our model electron pairing arises directly from scatter-

review articles and books. Several theoretical explanationg]g by the interacting tunneling units with no phonons in-

e 6-8 . volved; i.e., we assume that the phonon contribution is not
were proposed for higfiz, SC.” One of these |dea%the ._the important one. Because of the experimentally observed
resonance valence bond method, was used to explain hig

hef-° 4 th i irection of orientation of the TU'’s, we get an anisotropic
Tc SC. Anothef™ suggested that antiferromagnet®F)  gcattering of the electrons and a combinatiorsofave and

spin fluctuations are the cause of hih-SC. The theory of 4\ ave symmetries in the gap functian(k). This s-wave
AF spir_l fluctuations g_ives an anisotropic gap functi_on anqand d-wave combination may be important in experiments
nodes in the glglp, which seems to have been confirmed ig c-axis tunneling of pairs discussed in Sec. IX. Because of
experiments®~'? Other models proposed were extendedihe interaction between the TU, we get asymmetric wells and
van Hove singularitie®> anisotropic electron-phonon obtain a usual isotope effegpositive «).
interactions:* and electron scattering from two-level tunnel-  For the sake of clarity, we next discuss the physical ideas
ing units*>1® in more detail. Consider a single partidiee., an atom or a
The purpose of this paper is to propose an approach to th@oleculg in a double-well potential at site. Because the
theory of highT,, superconductivity! We use the idea that particle can tunnel from one well to the other, we denote this
the conduction electrons are scattered by atoms in a twas a two-level tunneling unit TW) at sitei. For simplicity
level (or multileve) potential, denoted here as a tunnelingwe deal with a two-level TU; however, the principles de-
unit (TU). The TU’s interact with each other via a strainlike rived, but not necessarily the details of the calculation, apply
interaction. The orientation of the two-level TU, defined by to multilevel TU’s also. In fact we show later on that in a
the vector from one potential well to the other, has a well-certain approximation the two-level and four-level TU’s give
defined direction with respect to the crystal axis. This idea isthe same symmetry of the gap functidn(k). Tunneling
central to the understanding of our model. units with elastic interactions were extensively discussed in
For the highT, materials we consider, in Sec. Il we re- connection with amorphous and glassy materité® Here
view experimental evidence showin@) the existence of we explore the possibility of high superconductivity aris-
tunneling units andb) that the TU’s are indeed aligned in a ing from electron scattering by tunneling urffs.
specific direction of orientation with respect to the crystal The tunneling units are assumed to interact with other
axis. TU’s as well as with nontunneling atoms or molecules in the
The idea thatnoninteracting double-well potentials may high-T, solid via a strainlike interactiof?~?*The excitations
cause highF,  superconductivity —was discussed arising from the long-range strainlike interactiGhg® thus
previously'®1® however, has not been widely accepted. Forplay an essential role in pairing and superconductivity. In
this reason it is important to elucidate the differences beSec. VI we discuss that both the strain interaction and the
tween our model and previous ones. Previous derivafidfis single-electron—TU coupling are sufficiently strong to cause
(i) did not consider interactions between tunneling uriity, high-temperature superconductivity. The conduction elec-
relied on the concept that superconductivity is caused byrons are scattered by the TU and excite it to a higher-
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energy level, creating elastic excitations. A second electron Consider the leff(right) potential wells for the oxygen.
deexcites the TU via a virtual process. This process can cré=or simplicity we assume that with interactions the two po-
ate an attractive electron-electron interaction, pairing, andential wells have unequal depth. This idea is in qualitative
SC. Furthermore, if the TU's in the high: superconductor agreement with the experiments that at high temperafires
are oriented in a certain well-defined direction with respecthe two potential minima are occupied equally likely; how-
to the crystal axis as is found in experiments on a number oéver, below som& =T, the oxygen atom prefers to be in
high-T, materials, the scattering results in an anisotropicone of the wells only>
electron—tunneling-unit potential. This anisotropic potential
gives an anisotropic gap function with a combinationsof Ill. ZEROTH-ORDER HAMILTONIAN
andd,2_,2 symmetry. Thus the anisotropy in the gap func- _
tion comes out naturally from our calculations without any ~TO make a comparison between BCS thébrgnd our
assumptions other than the existence of TU’s which are orilmodel, we write the zeroth-order Hamiltoniady, for both
ented along a certain well-defined direction relative to thecases. Lety andcy be the electron creation and annihilation
crystal axis. operators(with the electron-spin index suppressetet by
TU's were found in experiments on a number ofandb, be the phonon creation and annihilation operators
high-T. materials. Experiments on YB@u;Ogz,, showed with wave vector q. The zeroth-order Hamiltonian
that there are Cu-O chains along the axis®?%?" and H(BCS) for the BCS theory is Hy(BCS)
that the oxygen atoms are displaced 0.08 A perpendiculas S ECK Ci+ Eqﬁwqbg by .
to the chain axis. For YB&u;Og., the direction of the The zeroth-order TU Hamiltoniah®® Hy( TU)
TU's is in the a direction. TU's were also found in =H +Hg, where Hg is the strain Hamiltonian,
experiments off Bi,CaSr,Cu,0g where the oxygen atom H = =3 Jdijofo{—2& 0] whereJ;; is the interaction po-
occupies, and can tunnel between, one of the four possiblential between pairs of TU’s at sitésand j, and o7 is the
sites, hence representing a four-level TU. Simiféftly 7 component of Pauli pseudospin operatris a local field
there are TU's in TiCaBa,Cu,Og, TI,C8Ba,Cus019, and gt sitei which acts as an external fieldl£; is related to the

TI,C5BaCuOg. Experiments thus show that TU's are strain energy arising from nontunneling atoms and
present in a number of highz materials. Are they presentin molecule<® Thus

all high-T. materials? We cannot say at this time.
In Sec. VIII we discuss that in a certain approximation the _ . , ,
two-level and four-level TU’s give the same symmetry of the Ho(TU) = Ek: €kCk Ck™ ;J Jijoioi— EI goj. (D)
gap function A(k). Therefore we treat the case of
YBa,Cu;0¢., Which has two-level TU's on the chain, to  In Eq. (1) the electron-spin index is again suppressed and

obtain the symmetry oA (k). only the pseudospin operataré appear. Equatiofil) for the
tunneling units is the analog &f,(BCS) for the BCS model.
Il. TUNNELING-UNIT MODEL We have not included the phonon contribution to the above

Hamiltonian since we consider a physical situation in which

We discuss the case of YBAuOg,  as a specific ex- the phonon excitations are much less important and negli-
ample of a highF, superconductor to which our derivations gible compared to the TU excitations. Instead of the phonon
may apply. We assume the validity of the charge transfeterm in Hy(BCS) we have the interaction term between the
model discussed by Jorgendtand by Cavaet al®*° As  tunneling units ~ = J;jofof— &0} . Thus instead of the
was discussed by Jorgensérin YBa,Cu;Os., the charge  phonon energies in the BCS theory, the TU energies enter in
transfer layer has Cu-O chains along thaxis*® From neu- our derivations.
tron diffraction experiments Francois and co-worker$' re-

ported that in YBaCu;Og.,  the oxygen atomén the charge IV. INTERACTION WITH THE CONDUCTION

transfer layer on the Cu-O chaingalong theb axis) are ELECTRONS

located in potential minima at a distande-0.08 A perpen-

dicular to the chain axi¢i.e., along thea axis) at tempera- In BCS theory, the electron-phonon interaction Hamil-

tures from 5 to 250 K. Thus the oxygen atoms along theonian H;,(ep) between the conduction electrons and the
chains have two minimum positions perpendicular to thephonons is given byHim(ep)zik‘qch’k‘ck+q(ba‘+b_q).
chain axis and are displaced from the chain axis by a wellWe next obtain the conduction electron TU interaction
defined distance in tha direction. A zigzag motion of the HamiltonianH 1y, which is analogous tél;,(ep) for the
O(1) oxygens on the copper oxygen chains was also obBCS case.

served in M@sbauer experiments in the temperature region Letr andR; be the position of the electron and of the TU
from 80 K to about’ 400 K. The two positions seem to be sitei, respectively. Let th&/o(r —R;) be the Coulomb po-
occupied with equal probability at high temperatures.tential between the TU and the electron. The oxygen atom
However, as the temperature is lowered the oxygerexperiences a double-well potential and can jumptunne)
atoms move preferentially into one or the other of thebetween the two wells. The conduction electron which scat-
two positions?® As stated in the Introduction, in a certain ters the oxygen atom feels a potential which has a certain
approximation the symmetry ofA(k) for the chains magnitude but whose center varies as a result of the jump of
in YBa,Cu;Og,, is the same as that for the TU’s in the atom. When the atom jumps from the left well into the
the planes for HCaBa,Cu,Og, Tl,CaBa,CuzO19, and  right one or vice versa, the wave function of the conduction
TI,CqBa,Cu; Og. electron follows it. A similar problem was treated by
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Kondo* and we follow Kondo’s approach. energy and M, (renormalization of the TU energyerms

The electron wave function is assumed to be of the freejo not produce virtual excitations of the TU and therefore
electron type expk-r). Vo(r—R;) is assumed to depend are not relevant to the pairing of electrons and superconduc-
only on the relative coordinates £ R;). The oxygen atom tivity. The third term in Eq.(2) represents the physical pro-
has two localized states located at sitea/2 or —a/2 from  cess in which an incoming electron with wave veckois
the center. The distan@#?2 is a vector distance chosen to be annihilated (scatterefl by a TU which has an electron—
along thex direction, wherea/2 is measured from the chain tunneling-unit interaction potentid,(k’ —k). Another elec-
axis. tron is created with wave vectd’ =k+q. In this process

Let r(R) and ¥ (R) be the wave functions when the the particle in one state of the TU is flipped to the other state
particle is in the ground and excited states, respectivelyas is indicated by the operator. Thus, thél, ., term rep-
These states are localized preferentially in the rigaft)  resents the electron scattering followed by an excitation of
wells of the double-well potential. For clarity the indexs  the tunneling unit from the ground state to the excited state at

suppressed. Then we hate site i. The total Hamiltonian is given by summing over all
tunneling sitesi in the solid. The effective Hamiltonian
HeI,TU:E (Lrk+ Mo+ Ny o) e Cy i) Hin(el, TU) is
k'k
whgrea is. the Pauli pseudgspig maztrix exprezssed in the Hi(el, TU)= E Nik,i o CriCr (6)
basis functionsl', and ¥ (o5=0y=0;=1) and K7k,
here
W (R)2+W(R)? W
Lk,k=vo(k'—k)Je'<k-k>-R LR 5 R o,
@ o =Vo(k/ k) [ €% K RIWE (R)WA(R)
L CWR(R)2—W (R)? 3R,
Mk/k=v0<k'—k>fe'<k*k>“ «®) 5 (B o, +H.c.]%. @

(4)
) Equation(6) is the electron-TU interaction term, analo-
Ny =Vo(k'—k) gous to the electron-phonon term in for the BCS supercon-

T* (R)WR(R)+ ¥ (R)W, (R) ductor and H.c. denotes the Hermitian conjugate.
Xf el (k—k')-R L R > R L d3R

V. ANISOTROPY IN THE SCATTERING POTENTIAL

5
® We now show that for the YB&u;Og. , chains Eq.(7)
He Ty is the Hamiltonian for electron scattering by a gives an anisotropic potential which results in an anisotropic
single TU. The momentum due to the scattering is taken ugap function A(k) with a combination ofs-wave and
by the excitation of the system of interacting TU’s and will d-wave symmetried>** Each TU is directed in tha direc-
be discussed later on. The,, (renormalization of the Fermi tion, denoted as th& direction. The major contribution to
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tunneling occurs for large overlap integrals, i.e., between the VI. EXCITATION ENERGY
two minimum positions for the oxygen on the same $ite. FOR THE TUNNELING UNITS
This is so, since the overlap integral between wells on the . . .
opposite side of the copper atom in the chain is very small | " Weak-coupling BCS theory one obtains an attractive
due to the large distance between wells. We approximate th%lgctron-electron interaction arld the transition tempgrature
overlap in Eq(7) by the delta functions(y) and(z) inthe ~ USing secoqd-order perturbation theory, vyhereas in the
y andz directions. Thus the scattering potential is stronglyStrong-coupling case one has to use the EliasiBergua-

directional. tions. We treat the electron-TU scattering problem in the

To simulate the experimental res@ftéor the oxygen tun-  Weak-coupling approximatiott.
neling between two positions located perpendicular to the In the BCS Hamiltonian the electron-phonon scattering
copper-oxygen chain we use the model potential shown ifiesults in superconducting pairing. The excitation energy
Fig. 1. The potential of the left well was assumed to be 50% wq is found from the equation of motion of the electron-
meV above that of the right well and the height of the barrierphonon interaction term withl,(BCS)
was assumed to be 70 meV. We calculdtede wave func- To obtain the effective interaction between pairs of elec-
tions ¥ (R;) and V(R;) and plotted them in Fig. 1. The trons scattered by TU's we have to derive the excitation
width of the two wells and the width of the barrier were eachspectrum of the interacting TU system. What range of exci-
assumed to be 0.1 A. For this potential the ground-state wavi@tion energies are we interested in? From treating the inter-
function is mostly localized in the right well; in the next acting random quadrupole syst€h??it was found that for
lowest state the oxygen is mostly in the left well. The nextthe random amorphous system there are very-low-energy ex-
excited state is no longer localizéils energy is above the Ccitations of the orderfal K and other excitations which arise
barrien. The two lowest energies corresponding to the twofrom the frozen-in system of TU’s that have much higher
wave functions shown in Fig. 1 are 17 meV and 59 meV.energies. The largest energy is determined by the total strain
The overlap integralN,,. /Vo(k—k') was calculated and energy of the TU with its surrounding. In the high-super-
plotted as a function of the angleg,and ¢’ between thex conductor we are not dealing with a random system and we
axis and the wave vectols andk’. Our calculations give are concerned here primarily with the high-energy excitation

that the overlap integral is proportional to descosy’,  Of the system because these excitations will give the major
showing that contribution to the attractive interaction and the high transi-
tion temperaturéthere may still be some low-energy excita-
Nkk’OCVO(k_ k’)(cosd—cosd’ e~ V“mAx/ﬁ, (8) tions).

The algebra here is very similar to the one in the case of
where U in Eq. (8) is some average potential barrier andthe phonon€? Ny, replaces thé(q) for the phonons, and
Ax is the distance between the wells. Assuming the isotropid @q for the phonons is replaced by the TU excitation energy

Coulomb interaction/o(k—k’) we have Js=(2Z;J5i— &) derived in the Appendix. In our calculation
we useJ,., the average value of;. We obtain the
Ny =N;(cosf— cost’), (9) exp-ressiofll2 for the electron-electron interaction Hamil-
tonianHg ¢,

where N; is an isotropic coefficient which incorporates the
Gamow factor from Eq(8). Equation(9) will be used to
solve the tunneling problem. _
It is important to note that the interaction of a pair of He|,e|—k2q N(@N(=aq)
two-level TU’s via the conduction electron scattering was
discussed in a number of articles related to the Kondo Jave %
effect®®” Let this interaction potential be denoted by e s q)?— I Skt dC k=i (10
V(ruu) - V(Tu,TU) IS somewhat similar to the interaction po-
tential arising between localized magnetic impurities in the
presence of as-d scattering of the conduction electrons by We find that for €,— ».=k+q)2<J§“,e He e is attractive, and
the localized magnetic impurities. Thésd scattering leads causes pairing. The interacting tunneling system takes up the
to the well-known Ruderman-Kitt# potential between the momentum when the particle is scattered from one well to
localized spins. the other. When there are no phonons excited, all the mo-
It was found that the interaction between pairs of two-mentum is taken up by the interacting tunneling system. In
level TU's, V(qy 1y, arising purely from conduction elec- principle, however, part of the momentum could be trans-
tron scattering is quite weak.It is important to understand ferred to phonon excitations, in which case the interacting
that the indirect interaction between TU¥y 1y, arising  system will take up onlyart of the momentum imparted to
from conduction electron scattering is not relevant to ourthe TU.
problem, and thus it does not matter that 1) is weak, It is important to estimate the strength of the average
since we assume that the interaction potential between th&rain-interaction potential,,. Whereas calculations by
TU’s arises from the strain interaction. We discusgrangly ~ Brown®® show the presence of relatively large strains, we
interacting systeni® in which the coupling due to strain in- could not estimate the strain energy for the highsuper-
teraction is much greater thafr, 1yy. Hence in our prob- conductors from Brown’s paperdirectly. However, experi-
lem V(1y 1y) can be neglected compared to the strain interments on the insulating strain-interacting TU’s of CNlis-
action. solved in KBr(Refs. 43 and 44show that estimates of the
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near-neighbor strain interactidr are large and vary some- T will be determined by the high-energy excitations present
what in different experiments. Experiments by Eesal*®  in the system. Our estimates indeed give that the strain in-
obtain the strength of the near-neighbor strain interactiorieractions may be large enough to cause Higtsupercon-
Jun from the low-energy excitations of CNin KBr, and  ductivity.

find that Jyy is about 300 K* Dobbs et al*® obtain Jyy

from low-temperature specific heat experiments and find that vii. EQUATIONS FOR THE GAP FUNCTION AND T,

Jyn May be as high as 1000 ‘R Assumingdyy is of similar . ) .
magnitude in the high=, materials as in CN in KBr, we We next derive the expression for the gap function

obtain that if strains from two or more near neighbors act o (K). We start with an effective electron-electron potential,
the TU under consideration, the high-energy excitation is aflénoted byv(6,6"). V(6,6") consists of two parts, a repul-
least 600 K but may be even much higher than that. ThéiVe mterailctlon\/l arising from the Coulomb interaction be-
single-electron—tunneling-unit scattering potential which eniween pairs of electrons as they are scattered by the TU's,
ters our equations can also be quite large. For one particuldyithout the TU's being excited, and a second part in which
case, involving the glassy metal aSiy 164,06, *° this po- the TU is V|rtuaIIy. scattered from one state to thel other,
tential was deduced from experiments on electron relaxatiof2USing an attractive electron-electron interaction given by
in metallic glasses and was found to be about 0.4 eV. Usin§ - (10). Substituting Eq(8) into Eq. (10) we have

the value ford,, of 600 K and the value oN(q) to be 0.4 N 2
eV we obtain a coupling constant which gives a high We V(8,8")=V1+V,(cosy—cost’)". (1D
glso have to consider the number.of TU’s which are presenfye assume that the gap function can be written as

in the crystal. If the TU concentration were very low, as it is

in glasses, we would most likely not get high-supercon- A(6)=A,+ A,co20. (12)
ductivity. However, here we expect the concentration of the

order of one tunneling unit per unit cell, thus enabling theWe use the standard expressib(k) ==, VA (k") for the
possibility for highT,.. There may be additional low-energy finite-temperature integral equation for the gap functton
excitationd’ in the strain interacting system; however, hereand obtain

, (V1+V,c080" +V,c080) (A1 +A,c080") P‘B\/E,2+(Al+ A,co$6")?
Je' 2+ (A, +A,c020" )2 o 2 ’

N0 J T
A+ A,cod0= Eﬁjde' J,,,de
(13

whereJ is the maximum TU excitation energy, similar to the cutoff enegy. in BCS calculations, anbl, is the density of
states at the Fermi surface. Equatid®) can be separated into a system of two equationafoand A,:

Ng (3 ™ V1+V,c0860" ) (A, +A,co86 €'+ (A +A,c0o80")?
Al:_of de’J’ d¢9’( 1+V2 )(A1+A; )t :3\/ (A1 +A4, ) ' (14
am) - Je'Z+ (A +A,co20')? 2
No (9 m V(A + A,co86’ "2+ (A +A,c080")?
Azz_of de’f 40’ 2(A1+ A, ) - :3\/6 (Ay+A; ) _ (15
am) —7 Je'ZH (A, +A,c080)? 2

At T=T; bothA;=0 andA,=0. Letb be the limit of V,+bV; 3 Jde  B.e
A,/A; asT—T,. Dividing Egs.(14) and (15) by A; we 1=No| Vi+ —5—+ghV, Jo —tanh—-, (18
obtain the following pair of equations fdr and T :

No (3., (™ ., - EJJE Bee
1:EJod€ f_ﬂda b=NgV, 1+2 . EtanhT. (19
Y1+ V20080")(1+bcos'o )tamfc; (16 Dividing Eq. (19) by Eq.(18) we obtain
€
, ’ . V,(1+0.50)
b ;\'_OJJde,f” de’ Vz(lJf'C’,COSQ"9 )tanhBC; _ T Vi(110.50)+0.5V,(1+0.7%) "
mJo —a €

17

1 3
0=<—v1+ —vz)b2+v1b—v2,

Integrating overd’ yields 2 8
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NoV(2)
V= (V1 +V,)2+0.5v2 Eq.(23), V, is negative(repulsive interaction Equation(12)
b= V. 10757 . (20 can be rewritten to show the explicit dependence of the gap
7= ieve function upon cos2 We have
Substituting Eq(20) into Eq.(19) and dividing it byb gives
us the final BCS-like equation for.: A(0)=As+Ayc0s20, (29
Jde I,Bcf whereA;=A;+A,/2 andAy=A,/2. The coefficientAy of
1=NoV eﬁfo ?tan 2 @D cos gives the amplitude of the,2_,2 part of the gap func-
tion. The gap functiom(6) has nodes when, is greater
We thus have thanAs.
kBTC%\]e’l/(NOVeﬁ)’ (22)
h VIIl. SOLUTION FOR THE ZERO-TEMPERATURE
where GAP EQUATION
VY 1 v 1 V;+0.75V, For zero temperature we solved the integral equations
= —+ —| = — 4+ . . . .
eff=Vo| p T 5 2|5 v, + \/(V1+V2)2+0.5\/§ (14) and (15 and constructed algebraic equations which

23 closely approximate the computer calculated results. The co-
efficients A and Ay for the zero-temperature gap function

We chose the plus sign in ERO) because it yields a higher were obtained as functions of the parametdig/, and

effective potentiaV . for any combination oV, andV,. In NoV,. Figure 2 showd\g andAq4 vs NgV, for a fixed value
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FIG. 3. Line of constant valugA,/J|=0.5. The solid line FIG. 4. Line of constant valuA,/J=0.5. The solid line shows

shows the best-fit parabola. the best-fit third-degree polynomial.
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of NgV;=—1.8. It also shows direction of the nodes in the Consider a four-well TU with well coordinates
gap functionA (k). r.=(—a,0),r,=(0a), r;=(0,—a), andr,=(a,0). We as-

While our model deals with repulsivénegativeé NoV,;  sume that in the ground state the oxygen atom is in the first
and attractivepositivel NyV,, we used a wide range of both well atr,. We also assume that the wells located aand
negative and positive potentidlgV, andNyV, to examine  r3 have the same potential, that this potential is higher than
the mathematical properties of Eqd44) and (15). We plot-  that of the first well, and that well number 4 has a potential
ted isolines ofA; and A4 (lines of constant\ and of con-  different from wells 1, 2, and 3. If¥;(R) is the wave
stantAy) usingNgV;, andNgV, as coordinates. For clarity function of the oxygen localized in thigh well, then the
we denoteu; =NyV; andu,=NgyV,. Some of these plots are ground-state wave function ¥ ,(R)=¥,(R) and possible
shown in Figs. 3 and 4. excited-state wave functions arp¥,(R)+¥3(R)]/\/2,

For 0.J<A¢=<0.5] the lines of constanA¢ can be ap- [W¥,(R)—¥4(R)]/2, and¥,(R). Coupling to ¥ ,(R) is
proximated by third-degree polynomials in andu, with  small due to the large exponent in the Gamow factor. From
very high accuracy as is shown in Fig. 4. Coefficients ofthe two remaining states the symmetric one always has
these polynomials can in turn be analyzed as functions obwer energy; therefore we must us&. (R)=[¥,(R)

As, leading to the approximate algebraic equation +W4(R)]/V2 as the wave function for the excited state
5 in the coupling integral similar to Eq2). Let Ng;; be the
Uu;~1.57As+(1—-0.032IM¢)u,+(0.0414+0.0716IMg)uz  function N, when the oxygen is scattered from state

_ 3 i to statej. Usingg=k—k’ the resulting coupling constant
*(~0.000 114-0.001 49l o)us. (25) can then be expressed &k =(Ng,+ qul3)/\/§=(1/\/§)

The lines of constanA 4 have somewhat different behav- X[’\:]isot(qﬁqé)/ﬁ/zj Nisort](qx_qy)/\/z]: Nisolx, ~ where
ior. In the vicinity ofu,=0 these isolines go almost parallel WeF aveh useb the fact t NﬂriimNti)SO‘[q'l(éi_;J)]l'
to theNyV, axis. The reason for this is that for a system with or the above argument to be val ’.t € owest-energy
spherical symmetryNyV,=0) Ay=0. For an assumed re- state of the TU shoylc_i not change qllrec_non from one
pulsive anisotropic potentigthis is a mathematical assump- site to the other, for if it did change direction, the angle

tion not within our TU model which always gives an attrac- g Vé’:OUIg \(/:aryofrolr:n S'rtf to S't?'l ?}on5|der fthe case_blof
tive (positive anisotropic potentidl one can derive the D!2C@1SrCU2Og. For this material there are four possible

important feature that\y has always the same sign as wells in which the oxygen can be found. The microscopic
NoVs. The lobes of thel-wave component of the gap func- symmetry, ase determined by eleptron beam d_|ffract|on, IS
tion change sign if one uses &assume repulsive aniso- orthorhombic®® Thus the lattice .dlstor_ts, removing the. te-

tropic potential instead of an attractive one. When the scatragonal symmetry of the four orientations and introducing a
tering is preferred to be in the direction and the potential preferred orientation for the ground state of the oxygen. An

NoVs is atiractive thed-wave lobes are positve in the TRV B IS RO S T el B SRR
direction and negative in the direction, whereas for a re- P '

pulsive anisotropic potentiall,V, with the same preferred teristic length is the distance between wells on the same site.

direction of scatteringX direction), the lobes in the direc- This results in a factor of; in the expression foN,; .
tion are negative and those in thialirection are positive. To

simplify the picture let us concentrate on a sufficiently large  IX. POSSIBLE EXPERIMENTAL CONSIDERATIONS
|Us|>Upmin, Whereu, i, varies from the highest value of
0.8 for|A4|=0.5] to lower values for smalled-wave com-
ponents. Then for anyAy both positive and negative
branches of the remaining 4| isoline can be very accurately
approximated bythe samesecond-degree polynomial im
andu,. Analyzing coefficients of these polynomials as func-
tions of |A4| leads to the algebraic expression

Is it possible to obtain experimental verification of our
calculations? Further theoretical as well as experimental
work needs to be done to decide this question. There are,
however, two possible experiments that could shed light on
our calculations. These afi the pressure dependence of the
transition temperature ard) the isotope effect.

If the strain interactions are important to high-super-
conductors, one should be able to observe the chandg in
as the strain interaction is varied, assuming we keep the tem-
perature of the material very close 7@ and apply a slowly
h varying-time dependent pressure. Since the near-neighbor
strain interactions, which primarily determine the transition
temperature, are proportional 10 3, as the pressure is
changed, so is the distance between the atoms, and one could
drive the material from superconducting to normal and vice
versa as the pressure is slowly varied. This is one possible
experiment which may be very relevant to our results.

Uy~(0.251+1.88 A y|) —u,+(—0.118+0.121IA 4| )u3.
26)

Equations(25) and(26) can be rewritten in a form whic
can be easily solved faky andAg,

|A g ~eB39ust Up—0.251+0.11813— 1.84A4))/u3 27)

A %el3.§1u1+u270.0414jgf1.57As)/(70.44612+u§+0.02011§)
s .
(28)
Now we return to discuss the relation between the two- A. Calculation of the isotope effect
orientational tunneling units and the four-orientational ones Another possible experiment is the isotope effect. The
and show that in a certain approximation the two give theisotope effect arising from a particle in a double-well poten-
same symmetry for the gap function. tial has been discussed previou¥lyin these earlier calcula-
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tions the isotope effect was derived from the mass-dependent m  NVeg IV,
coupling of electrons to excitations of an atom in a symmet- =" NVZ. 9V, om” (29
0Veff 2

ric double-well potential described in terms of anharmonic
phonons. In a similar fashion, we use the electron-TU cou-
pling term expressed in E¢?) to calculate the isotope effect
for our model. The major difference is that we consider , i L i
asymmetric potential wells due to the interaction between the Because of the first partial derivative term, the isotope
tunneling units. This leads to very different resdfts. effect partly depends on the relative importance of the two

Here we present a brief derivation of the isotope effect€MsV1 andV; in the expression foW ¢ in Eq. (23). V,
a=—dInT,/dnm for our model. Starting from Eq22) we arises from the effective electron-electron Hamiltonian, Eqg.
have I, =In(Jkg)—(NoV o) ~ . As seen in Eq(23) the ef-  (10). The mass dependence\tf comes fron{N(q)|? where
fective potentialV o depends on two termg,; andV,. We  the electron-TU coupling termN(q) is given by Eq(7). This
assume that there is no isotope effect associated witterm depends on the mass of the particle through the wave
electron-electron Coulomb interactiafy, and the strain in- functions¥_ and V. The final expression for the isotope
teractiond. Thus we have effect can therefore be written as

MmNV, [ Ve 1.5J(V1+V,)2+0.5V2+ 0.5V, +V,) JIn[N(q)|?
(NoVer)?\ Vo 2 (V14 V) 2+ 0.V Vy— (V1 + Vo) 2+0.5V22 * 2] om ~

(30

a=

We have evaluated the isotope effecfor a model po- potentialU,ig,. The asymmetry in the potential arises from
tential shown in Fig. 1 varying both the depth of the well, the strain interaction between the tunneling units and hence
Uight. and the barrier heightl e We solve for the exact s absent in earlier double-well modéfs.
eigenfunction for the oxygen atom in the double-well poten-  As a consistency argument for our result we should men-
tial for a continuously variable oxygen mass to numericallytion that at about 200 K, which we choose as our barrier
calculate the derivative’in|N(g)|%Jm. We find that for a height, the oxygen is no longer localized in one of the wells
symmetric potentiafwells, of equal depthl) ign=0) we get  as was found previouskp.
an inverse isotope effe¢hegativea). This is in agreement One of the shortcomings of this calculation is that we do
with previous calculatiort§ where the isotope effect is also not know how the depth of the wells and, hence, how the
derived from the coupling term. However, for our model theisotope effect are related to the oxygen concentration.
wells are asymmetric. As the wells become more asymmet-
ric, @ increases, approaches zero, and then changes sign with
increased asymmetry of the wells, leading to the usual posi-
tive isotope effect. In Fig. 5 we show the calculated value of We next make some qualitative remarks about experiment
«a for a barrier height of 20 meV and a variable right well on c-axis tunneling performed in Ref. 48. The tunneling of

B. c-axis tunneling

1.0 —r—v—r— —————r— —————r
3 05 /
5
k)
§ FIG. 5. Isotope effect exponemt calculated
S 00 . for NgV;=-1.8 and NyV,=1.6. The barrier
% 4 height is fixed alJ . ie=20 meV. The depth of
e the right wellU ;,, is used as a parameter. See
& on
~§ Fig. 1 for the definition ofU parier aNd U ign.

05 s

v/
_1'0 PSP i " —
0.0 5.0 10.0 15.0 20.0 25.0

-U(right) (meV)
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pairs along thec direction indicates as-wave contribution port of this work under the University Resident Research

and an almost complete absence ofl-avave contribution. Program.

Qualitatively this idea is consistent with our derivations. We

get a combination oé-wave andd-wave solutions. Thel APPENDIX: THE EXCITATION ENERGY

waves have lobes which are 90° out of phase with each OF THE TUNNELING UNITS

other. Thus when the pairs tunnel along tbeaxis the I . . X .

d-wave contributions will cancelif the perpendicular lobes Dgrlvanon of the_ equaﬂon of motion far, 4L915|ng ferm|on

are of the same magnitudand one is left with ars-wave c_reat|on and annihilation operatcaé a_mdai : The interac-

contribution as is observed in experiments. tion part for the system of pseudospins which represent TU’s
is assumed to be of the form

C-:. Poss-lble other e-xperlments Hi— E 3 Uizajz_ 2 ¢ Uiz (A1)

If our model is applicable to high, superconductors, the i< i
the effgctive number of tun_neling units is of the order oneg g the tunneling part of the Hamiltonian of the form
per unit cell. Thus an experiment that could probe the num-
ber of TU’s in the highT. material should show this. T «

The coupling of the electrons to the tunneling units could H = _Ei Ajoy, (A2)
be derived from a relaxation experiment similar to the one
performed in glasse®.It would be useful to obtain this pa- Whereo{ and o] are Pauli spin matrices.
rameter which enters into E). We introduce the representation of spin operators in terms
of Fermi creation and annihilation operattar,%andai using
the form suggested by Jordan and Wigner, described in the
book of Mattis*>

We explore the consequences of electron scattering from We use the following definitions
interacting tunneling unitéTU’s) and find that it could give
high-temperature superconductivity with a gap function
A(k) which has a combination cd-wave andd,z_y>-wave  where
symmetries. For certain parameters we obtain nodes in the
A (k). Tunneling units were found in experiments on a num- ot -1 + t
ber of highT, materials. The anisotropy ia(k) arises be- Q=Q =Q _jllli (aj+ay)(aj—a). (Ad)
cause the TU’s have a well-defined direction of orientation
with respect to the crystal axis as was found in experiments. The operatoio; is expressed as
We emphasize that for our derivations of the transition tem-
peratureT, it matters little whether the oxygen atoms or the, G?ZE(UﬁL o )=(Qia; +aiTQi)- (A5)
copper atoms, or any other atoms, tunnel. As long as TU'’s 2
are in a well-defined direction with respect to the crystal axis . + .
we obtain a combination af-wave andd-wave symmetries _The Fermi operatora; anda; obey the commutation re-
in the gap function. However, experimental properties, fol@tions
example, the isotope effect, will depend on the specific atom {a;,a}=0 {aT aT}=0 {a afr}:&, . (A6)
which tunnels. In our derivation an analogy is established R
between the scattering of conduction electrons by phonons in Eigenvalues 0 and 1 of the Fermi number opera;h[i
BCS theory and the scattering of electrons by TU’s in ourcorrespond to the eigenvalues-6fl and+ 1 of the operator
model. Because the excitation energies arising from the elasfiz
tic interactions between TU's are expected to be much = sypstituting for Pauli spin operators in the expressions for

greater than the phonon excitation energies in BCS theonne jnteraction and tunneling terms of the Hamiltonj&gs.
we obtain a higher transition temperature. Thus in our modeja1) and (A2)] we obtain

elastic excitations play a very important role and therefore
we expect a strong pressure dependence of the transition , to to Ay to
temperature. We calculated the isotope effect and find that 1 = ,ij Jij(2a;a—1)(2aja,—1) EI ¢i(2aja—1)
fpr symmetric wells we get an inverse isotope effawga- (A7)
tive ). However, as the wells become asymmetric becausgn d
of the interactions between the tunneling unitsincreases,
becomes zero, and for more pronounced asymmetry becomes

X. CONCLUSION

of =2alQ;, o =2Qa;, of=2ala—1, (A3)

positive. We also comment that our model may explain why HT=-2> (Qa+aQ)). (A8)
one observes only astwave component ic-axis tunneling '
of pairs®® Consider a TU at sité. As was stated in the text, at low
temperature the patrticle in the two-level state will be found
ACKNOWLEDGMENT in its lowest-energy state. We denote this state as the ground

state of the patrticle at site whereas when the particle tun-
One of us(M.W.K.) thanks the Air Force Office of Sci- nels to the higher-energy level it will be denoted as the ex-
entific Research and the Air Force Rome Laboratory for supeited state.
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Let |0) denote the ground state of the system. Then for < il ) .
any sitei (a7 ,H'|0)=(Eo—Ey)i)= _(2; Jij —fi)ai |0).
a;|0)=0[0), afa]0)=0l0), (A9) (ALD)
ai0)=li), (A10) We finally have

where|i) denotes the state wittth fermion excited.
We use the relatio;|0)=|0) and we letE, andE; be

the groun_d—state and excited-state energies, respectively. We E—Eo= ( 22 - §i> _ (A12)
then obtain ]
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