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ABSTRACT

A high-temperature mechanism of superconductivity is proposed for
distorted perovskite-like structures of BaxLaz_xCuDa type. For x close
to unity it is shown that the Jahn-Teller effect of the Cu2+ cations might
bring about an attractive pairing interaction in the wavevector space. In
the opposite limit =x ~0 it is argued that the Coulomb repulsion might
cause a real-space electron pairing. In both cases optimal values of the
concentration x are predicted above 1 - 1/v and below /7 which agree

with the experimental data. The corresponding critical temperatures are
also estimated.
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1, Introduction

The high-temperature superconductivity in the recently discoverea
Ba(Sr)-La(Y)~-Cu-0  systems [1-5j seems ta be related (besides the
percolative, interfacial and two-dimensional fluctuation effects) to the
orthorhombically distorted oxygen-deficient perovskite-like structures
Ba(Sr) ta(y), Cul,  and Ba,Y0u 0. 5. s O £ x & 1, which are
layered structures of the KzNin type [6-8). They consist of alternating
Cu-oxygen and (8a(Sz),La(¥))-oxygen layers, the former being rather weil
separateu by an average distance of ~s 67 A and screened by the latter.
Consequently, we may take, as a first approximation, a single Cu-oxygen layer
and neglect its Iintersction with the others. The copper cation is coordinated
by four in-layer and two off-layer oxygen anions, the copper-copper in-layer
average oistance being a = 3.8 A. Suostituting. Ba(Sr) for La(Y) {or,
eqguivalently, lowering the oxygen deficiency) the valence state of the copper
catiun changes from Cu2+ to Cu3+, the ratio Cu2+/LIu3+ being recognized
as critical for the superconducting properties af these compounds. The average
vaience ot tne copper eation can ope written as z = .2+x, according to the
stoichiometry given above. we shall consider a square array of N copper sites
lavelled oy i and introduce the electron occupancy variable Ny which may

S+ and n.i = 1 For CU2+. The

take two distinct values: n, = u for Cu
valence z of the i-th copper cation is then given by z, = 3-ni, ang its

averaging over all the i sites leads to

Z n; = N(l-x). . (1)
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The hamiltonian
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of these localizea electrons includes the electron transfer between two
nearest-neighuour sites (ij) and the Coulomo repulsion which is represented,

for simplicity, oy a short-range interaction (d-M is the Madelung constant, e

is the electran charge and € is the dielectric constant}. A similar model has

veen used recently |41 for daPb 0

1—xdix 3°

A strony electron-lattice coupling is expected to occur in these
layerea structures as a conseguence of the oxygen-oisplacive modes (lu] and
low carrier concentration which is unaole to shielo the optical phonons {11j.
Inis interactlon has veen discussed in various contexts (124 ang, in fact, it
Cail aiwdys ue relatea to the Jahn=Telier eftect (13). Indeed, it is well-known
L+

Lia]), fur example, thal the distances uetween Cu and the off-layer oxygen

ahiluns  1n LAZL.UUH are much longer (Z.4 A) than the 1n-layer copper-oxygen

ulstances \l.¥ A). The Jahr-Teller effect of tre Cuét

cation in such type of
structures distorts the copper-oxygen bonuing and lowers the electronic level
ot Lhe coppel cdatiun., The enerygy invoived in this process may e written,

within a simpiified model, as

WM - g N, - g 2 o o
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wiere M 1 Lie uxygen mass, b is its characteristic frequency, Ui is the
ulsplacement ot the i-th off-layer oxygen anion and summation over (3) is
reslTicleu Lo the nearest-neignbours ot the i-th site. The coupiing constants
g, @y, aT8 such as Uy > Y- Ine  lattice coordinate l.l1 can be

clamingted from {3y oy mimimizing this enerygy wibth respect to l..ll. Une finds

gt  (3)  Fedciies  1Ts  minimum @b ui" = \sz)_l(goni + ng:nj),

[é)
_3_

so that we are left with a lattice-free electron energy

“'(92/”"02) Z ninj - (gg/mmz)an, . , (4)
gy L |
where gzl = 9.9 andt gi - contribution has been neglected. In view

of (1) one may also neglect the last term In (4). Therefore, -the model

hamjltonian proposed for this type of compounds can be written as

H=t 2—:. ci+CJ +J Z ninj, ‘ {5)
TN “y)

J = (of Mezlaas_) - {g®Mw?, which should pe used in conjunction with

the condition {(1).
| Among many oversimplifications of this rnodel there is one which needs
a furtner comment. In the dilute limit x~/ 1 the attractive electron-lattice
1nteraction wouid prevait over the Coulomb repulsion and J would acquire a
negative sign. Un the cdntrary, in the opposite -dense limit x ~ U this
attractive interaction would te overridden by the Coulomo repulsion and tt;e
coupling constant J would become positive. The model hamiltonian (5) does nut’
contain trnis feature (J should be x ~ dependent in this case) wnich, however,
wlll oe incorporated in the forthecaming discussion. In addition, it is
worthwhile empnasizing tnat J affects all the available electronic states, in
contrast to the wusual electron-phonon interaction which is restricted to a
very thin sheli around tné Fermi surface. The low mobility (small values of t)

and carrier concentration favour such an wunscreening effect which is one of

the maln reasons for optaining high-values uf the critical temperature.




2. The dilute limit x~ L

Accoraing tu the preceding discussion the attractive electron-lattice
interaction {J & u) will, in this case, lead to a standard electron pairing in

tne wavevecior space, descrioed by the pairing hamiltonian

- Lt ~ . et ot
“'3{ = thtg)Lch l\J\/N)Z vik-k }c_bckck,c_K, (6}.
k. = bk "o
A For e
whe:re v(b) = ztcuskxa + coskya). For low occupancy we may approximate the
Fermi sea by a disc of ravius kg, dzké = 47 (l-x) and v(i(_') by

a=a%K2. Averayiny v(ﬁ—b'i over tnis Fermi sea one flnds that the effective
pairing strength is q\J\(l—'ﬂ +0 x)/N which impopses a lower bound x, = 1—1/‘;‘(’
for the present approximation.

standaru calculations leao to cne critical temperature

- A ~
/L% Ku"

I R VAT W . oh = 2t/ V0, (7)

whicin has & maximum for the optimal concentration

X =X + * (8)

Ihe curresponging critical temperature is given by

2 :
18 Y y.lzc( - >&1FK'—T[&GL-‘-~ J}_‘_“[&-lit)] ) (%)
RN FODUTS

whicn predicts critical temperatures as high as lUS.t (ev¥] K in the .
limit |3} —> ee (oL = 2t/ {J| —> 0). The most interesting prediction is,
nowever, tne existence of an optimal concentration X (given by.(B)) above
the Limit l-l/'r(f\_a U.68, This is in good agreement with the value x ™ 0.8

reported for ta Y, Cu0, [4).

3. The dense limit x~ v

For small values of x almost all of the sites are occupied by
electrons and, consequently, the Coulomb repulsion will prevail aver  the
attractive electron-lattice interaction. The coupling constant J in  (5)
acguires positive values in this case. we argue that in this limit the
fedl-space electron pairing 1is favourea wvia "virtual" electron exchange
processes petween two neighbour sites. Indeea, suppese that for x = O an
electron 1is destrayea on the i-th site; at the next moment the Coulom:
repulsion will prompt an electron placed on the neighbour j-th site to replace
1t, any the i1-th electron may well occupy this latter emptied site. It follows
that the Coulomd repulsion correlates these two inter-changed eiectrons in
“virtual" pairs, named so as long as the two partners are "flying" between the
(1,j)-tn sites. Moreover, one may observe in addition that, as far as the
inany-exchange processes are neglected (which woulg involve more than two
sites), the wavevectors of the two partners (viewed as wavepackets) should be
equal 1n magnitude ana opposite in direction. The correction to the electron
energy levels owing to these Mvirtual" real-space electron-pairs coulg pe
eslimatey oy means of & standard second-Order perturbation calculation.
However, the proolem is whether these electrons could bound together in pairs.
It such  "virtual" electromnpairs .are to exist in the real space the
yrounu-state of the system would contain a superposition of states with a
variable numuer of electron-pairs (the partners in a missed pair “"flying"
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continuously between two neighbour sites), the average number of electrons
Leing, of course, constant. This fluctuation effect in the. total number of
electrons might well be ennanced oDy the two-c¢imensional geametry of the
proolem. The consequence of this pair-number fluctuating ground-state is that
tne gqusntity AiJ :Lclcj) may ge taken as an order parameter.

The problem can be looked at from a slightly different point of view,
Wil the same conciusion. Suppose that two neighbour electrons in a completely
fillea system are squeezed out of their equiiiorium positions against one
anotner. They will oscillate arouna these eguilibrium positions with an
off-site probabiiiity which is sensioly large in low-dimensional systems. These
osciliations are nothing else but the fiuctuations in the electron positions
of & two-cimensional wigner crystal (1. As long as two neighbour electrons
are off their (i,y) - positions they may be viewed as forming a "wirtual®
pdir; the corresponding groung-state will then contain a state with one pair
lesser anu  the parameter b ij chcJ > will acquire non-vanistiing
valugs. If the interaction favours (as it seems to do) such a pairing, then
the grouna-state energy of the system would lower and the "wirtual”
electron-pair in the real space would be pound. The point is, as it will be
gaslly ta see, Llnat the namiltonian (5} with J > U actually possesses such a

Jrounu-state.

Within @ mean~-fiela approximation the hamiltonian (5) can be written as

o=t Z c;'cj - WW2) Z L{SiJC;cJT + h.c.) (lu)
(t'&) (13)

whicn becomes

h = L?_Jvkb)c:ck - \J/sz\&KK,c;c;, + e \11)
~ ra nd A
k. b
~ LY
_7-
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in an extended-orbital representation, where

-ikr. - 1K'T.
YU Zbij e T, o u
MU

r. being the i-th site position vector. Im the high-density limit, when

practicaily all the N sites are occupied, one may e:q:zet:t&i:| not -depending
on i. In tnis case D‘kk' = [ K gk _Kk' ana one can see that only
o ~ H,N

single-exchange processes contribute, in agreement with the previous

qualitative discussion. Within this approximation (11) acquires the form

.
h=t) vl -
k o P

- LJ/ZN)Z [V("fflf.,')(c:kc;)Ck'c-k' + ha, ] {13)
~ ~
L -

which, as one can easily see, corresponds formally to a pairing hamiltonian of
tne type (6). 1t follows that the "wirtual"-pair exahange-processes discussed
above actually lead to a pairing of electrons in the real space, described b‘y
the order parameter 513' In the present hign—density approximation these
real-space pairs of electrons amount to pairs in the wavevector space. For
high-occupancy (x~ U) one may further approximate v(lf;&_:) by its agverage
ay1-TT %) over the Fermi disc which sets up an upper bound X, = l/"t for the

effective pairing strength 43(1-N x)/N. Standard calculations led to the

optimal concentration
ok,
i (1a)
ol + \Q + Yaliy

and the same critical temperature as that given by (9). The existence of

=]
a
Al

~

optimal concentracions below l/-,-i = '4.32 agrees with the experimental data

X= U.l5, V.2 L4-3] and x= U, 25 (B].
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4, Lonciusions

A simple model has peen put torward in the present paper for the

higr-temperature supercongucting phases Ba(sr )x La( Y)z_ xCuO and

4
Bayoudo o o In the recently discovered Ba(Sr)-la(Y)-Cu-0 systems.
The salient features incorporated by this model are the two-dimensional
gJeometry of the copper-oxygen layers, the oxydizing function of the Ba(Sr)
concentration  (or,equivalently, the reoucing function of the oxygen
uetficiency) cuntrolied oy the x paramecer (u £ x & 1}, the mixed-valence state
cuét/o’t o the copper cations anu the attractive (copper) electron -
tuxyygen) lattice interaction brougnt about by the Jahn-Teller effect of the
va®® cations. Tne mooel has ueen  treated approximately in two limiting
cases: Lhe dilute limit xs~ 1 anu the dense limit x ~ u. In both cases optimal
values Mave peen ootained for the cuncentration x, placed avove 1-1/ =% U.68
and below LAl U3¢, wnich agree with the experimental daba. It is concluded
Lhdl  the supercunductivily in the ullute range x ~ L arises by electron
palring in the wavevectur space, owin.g to the strong eattractive
electrun-Llatiice interaction wnien prevails over the Coulomo repulsion. In the
opposite limit xo U it ras oeen argued that an elsctron pairing in the real
SPECE woulu e Vavgured vy the coulomu repulsion, via tne exchange processes
vetween the "virtual" electron pairs. It has been snown that, in both cases,
L 0lgh vaiues oF the critical temperature come from the strong interaction
which atfects almost ali of the availaule eleciron states.

1t 15 wurbiwhile noting that the electron spin does not piay any role
witnin the preseni moder in view of Un: tact that there are only two valence
slutes of  whe cupper cation and therefore, we ware in the situstion of a
"raltetilled"” vand. dubpara's Coulowns repulsion term is, consequently, much
teos effective, ws compared with Lne present intecsite Couloumb repulsion.

Anolher  polnt of  Lpportance  that shuoulu ve noted is the almost complete

~Q-

decoupling between the magnetic activity (as when Gd.is substituted for Y} and
superconductivity, as a consequence of the layered structure of these
compounds, in agreement with the experimental data.

In spite of its great samplifications tne present model could provide
the rignt way towards understanding the high-temperature superconductivity in
this class of materials. Tne mocel com.ﬁ pe improved by carefully treating the
long-tange character of the Coulomb interaction as well as its depengence on
tne rfiliing factor x. Thas is likely to provive us with the desired x -
gependence of J, which should be so as J {u for x =24 and 3 3 U for x —u. A
wore careful freatment also needs the electron-lattice interaction gy refining
its form as to include tne dynamics of the oxyger-displacive modes and the
wertial effects of the oxygen snions.

As Tegards the mathematical treatment of the model it should be
anphasizes that the pairing hamiltonian requires a deeper analysis in the
Tanye of strony coupling. The role of the two-aimensional fluctuétions of the
pair-numwer in  the real-space pairing regimé shgulg also be further k
investigaleu 1n close confection with the wigner eiectron-lattice p_icture,
aliowance pelny maue for the site uvependence of the order parameterﬁij.
Although interesing technical proolems will occur (such as the transient
Teyime oetween low anu nigh electron occupancy, wnich, however is nof likely
to pe Telateu to any significant superconducting properties) the physical

picture vulilneu agove 15 noC iikely Lo ve drasticaliy altered.

Acknow ledgements
The author would like to thank Professor Abdus S5alam, the International
Atomic Energy Agency and UNESCO for hospitality at the International Centre for

Theoretical Physics, Trieste.

-10-.



References

Li] J.us.gednorz ang K.A.Muller, £.Phys.Bosa (1586) 189,
L£) CuW.Chu, P.H.Hor, r.L.Meng, L.Gao, Z.J.Huang and Y.4Q.Wang, Phys.Rev.
Lett. 58 (1987}, aus.
Lad Rod.Lava, R.d.van Uover, d.datlogy and E.A.Rietman, Phys.Rev.lett. 58
L1887} aub.
Ll M.K.Wu, J.H.Asnoorn, C.J.Torng, P.H.Hor, R.L.Meng, L.Gao, Z.J.Huang,
Y.w.Wang and C.W.Chu, Phys.Rev.lett. 58 (1987) su3.
i21 P.H.Hur, L.Gao, H.L.Meny, £.J.Huang, Y.Q.wang, K.Forster, J.vassilious,
L.W.Lhy, M.K.Wu, J.R.Ashburn and L.J.¥orng, Phys.Rev.lett, 58 (1987) ¥ll.
Lol Holekayi, S.Ucniga, K.Kitazawa and 5.Tanska, Jpn.J.Appi.Phys.lett 26
Ve, LiZs.
L7y 2.Utnilua, G Takeyr, K.Kitazawa and S.Tangka, Jon.J.Appl.Phys.lett 26
Vlds/), Wbl
Lty R.d.lava, d.oetlogg, R.d.van vover, U.W.Murphy, S.5unshine, [.5iegrist,
JoP.Hemeiky, coACRietman, 5. Zshurak and G.P.Espinosa, Phys.Rev.iett. 58
(lvg/) 1o/o.
L7 T.MLRlce and L. Sheddun, Phys.Rev.lelt, a7 (1981) 689.
Liu] L.F.Mattneiss and D.R.Hamann, Phys.Rev. BZ28 (1983} 4227; 533 (1986) B23.
tii] A.W.sleight, J.L.Gillson anu F.k.BierTstedt, Solid State Commun. 17 (1975)
27; u.dallogy, Physica 1268 (1984) 275,
Llsg Po Anuersun, Phys.Rev.lett. 34 (1u7s) 5035 B.K.Chakraverty, J.Physigue
aU (1979) Y5 42 (1981) 13oi.
L12) K.H.Hock, H.dickisch anu H. Thomas, Helv.Phys.Acta 2o (1983) 237,
vle ) uuML onge anu P.ML.Haccan, J.solld state Chem. & (1973) 52o.

Lo L. dovan Ul gk anu G.Vertogen, Phiys.ett. ALLS (1986) o3,

Al‘l_



