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ABSTRACT: The effect of the interlayer Josephson coupling on the figlsuperconductors (HTSCs) is re-examined

in light of the recent discovery that the critical temperatuf&s,of then = 4 members of the HTSC homologous series
HgBa,Ca, 1Cu,, O,, 1245, TI:B&Ca, 1CU, O,, 145, and TIBgCa,_;Cu,, O,,.3.5, are lower than those of the= 3 members

of the series. This is in contradiction to the prediction of a Ginzburg-Landau theory tHBt'shef a homologous series of

HTSCs would increase monotonically with the number of layers. That theory was based on the assumption that the strengths
of the Josephson coupling between the different Cla@ers within a homologous series are the same. It is shown that the

T.’s of then = 4 member in a series would be lower than those ofithe 3 member if the hole concentrations in the
interior CuQ layers are different from those in the outer layers.

KEYWORDS: high temperature superconductor, Ginzburg-Landau approach, layer effect, Josephson tunnelling

INTRODUCTION seen in the cuprate HTSCs. This is not true of
the ‘214’ superconductors where Webemusing a
The discovery of 90 K superconductivity infirst principle calculation based on the Eliashberg
YBa,Cu;0; 51, not the discovery of 35 K formulism, found that the electron-phonon interaction
superconductivity in a multi-phase Bea; ,CusOg,  could lead to &l between 30-40 K for the La-Ba-
ceramic, was the event that excited the whole worldCu-O ceramic. Also, it is clearly established that
Later studies showed that the 35 K superconductauperconductivity in two recently discovered super-
had the KNiF, structuré. Superconductivity was conductors, the fullerene @34, (7. ~ 40 K0 and
initially achieved by adjusting the oxygen contentMgB, (7. ~ 39 K1), are driven by the electron-
so that the copper valency was about 2.2. Thphonon interaction. For the high& HTSCs, many
reason for the lack of excitement about the 35 kexotic mechanisms to explain the superconductivity
high-T. superconductor (HTSC) is that at 35 K,have been proposed. One of these, the resonant
liquid helium still has to be used. Shortly after thevalence bond model of Andersth) has attracted
discovery of the 90 K HTSC, superconductivity atmuch attention. In spite of the tremendous amount
equally high or higher temperatures was seen iof research done on this model, it has not even come
some Bi-basetiand Tl-base®® perovskite structure close in accounting for the most important feature of
compounds. Noticing that the critical temperatureghe HTSCs, their highi.’s. It was recently pointed out
T., of Bi,Sr,Ca,_1Cu,0,,.4 (n = 1, 2, and 3}, of that there is still a lack of a generally accepted mecha-
TI,Ba,Ca, ,Cu,0,,., (n = 1, 2, and 3§, and of nism responsible for superconductivity in HTSCs, the
TIBa,Ca, ;Cu,0,,.5 (n = 2, 3, and 4§ increased same situation as twenty years ago
monotonically, Wheatley et &lproposed that th&,’s In the absence of a microscopic theory for HTSCs
of the layered superconductors would increase @irman and Li* and Eab and Tarl§ ¢ have sepa-
more CuQ layers are inserted into the homologousgately developed phenomenological theories for lay-
series. Toradi et 8l even conjectured that room ered HTSCs based on the Ginzburg-Landau approach.
temperature superconductivity could be achieved lfinlike the earlier conjecture made in Re3, both
enough layers were added. Birman and Lu, and Eab and Tang predicted that the
A consensus has developed that the electroflz would reach a maximum value (140 K) for the
phonon interaction cannot account for the highigs  bismuth series, and as more layers were added there
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would be a saturation effect. A similar conclusiorwhen the state is in that phase but becomes zero when
was reached more recently by Chen et’avhen the state leaves the phase. The free energy functional
they applied the Ginzburg-Landau approach to this taken to be real, gauge invariant, and possesses
homologous HgB#Ca, ,Cu,O,, ,,.s Series. For this the relevant space group symmetry elements of the
series Chen et al predicted a maximdinof 160 K. structure. The extension of the Ginzburg-Landau
All three studies predicted a monotonic increase in thiieory to multi-layer superconductors was done by
T.’s of the homologous series as the number of layetlsawrence and Doniacd. The first extension of the
increased. their formulism to HTSCs was by Eab and Taftg.
Recent measurements of tfig’s of then = 4 The free energy expressions for the= 1 and 2
and 5 members of the Tl seri¥s® and the Hg members of a homologous series are given in Refs.
serieg® show that theT,’s of these members are 14-16. Those for the: = 3 andn = 4 members are
lower than theT.'s of the n = 3 member. Setty given respectively by
and Singl! suggested that the drop in the is due
to the presence of CuQayers with different doping _ _ N 1 2
levels in the HTSCs.uﬁe presence of non-equivalent Far, @52, 05) = Z §/d "
layers is consistent with the actual structure of the !
cuprate superconductors. The Cu ions in the outer
(top and bottom) layers have pyramidal coordination
with the O?~ ions, while the Cu ions in interior - 9 9
layers have square-planar coordination with the O (@1 — @il +leis — @j-1al)
ions. Cu-NMR experiment§ done on ther = 3, 4, 2)} )

> aklejkl® + brgid? e kl® + crloj il
k=1

and 5 members of the Hg-based series indicated that (i1 = @il + 1952 — ¢
the local hole doping in the two types of layers are
different. Kim et af® have recently suggested thatand
the hole concentrations in the interior planes may not
be the optimal values needed for superconductivity F(9j1,0j.2, 053 ©5.4) = Z 1 /er
to occur in these planes. If the hole concentration ; 2
were such that superconductivity did not occur in the 4
interior Iaygrs, then there would only be one order {Zakle,kIQ +bkgii3i2|saj,k\2 +ck|soj,k|4
parameter in the HgB&a;Cu,0,,s Superconductor. et

The aim of the present paper is to modify our
previous work so that it could yield results more con-
sistent with the recent observations, i.e., the decrease 9 9 9
in the 7. as more CuQ layers ¢ > 4) are inserted F1(51=0s2l 05 3=05.al )+l 0s 205 8] }
into a layered HTSC to create the homologous series @)
of superconductors such as HgBa, ;Cu,O,, 5.s-
We present the Ginzburg-Landau expressions for thvehere the summations ovgrare over the cell layers
free energies of thew = 3 andn = 4 members in the entire superconductor. In the above free energy
of the homologous series of HTSCs which wouldexpansionsy; ; is thekth order parameter in thih
more accurately reflect their crystal structure, i.e., thenit layer, a;, and ¢ are the coefficients of the first
top and bottom Cu@layers being different from the two terms in the even power series expansion of the
interior CuQ, layers. We then minimize the free free energy in terms of the order parametgy;, and
energy expressions and obtain a set of equations foyis the measure of the contribution to the free energy
the components of the order parameters for the nedtie to the non-uniformity of the order parameter.
two members® = 3 andn = 4) of the homologous The g;; are introduced to take care of any possible
series. asymmetry of the system. Thes are the strength of

the Josephson coupling between the different layers

GINZBURG-LANDAU APPROACH within the unit cell;y, is the strength of the tunnelling
The theory of (second order) phase transitions wakrough the charge reservoir layer lying in between the
developed by Ginzburg and Landau and is based dop (lower) and bottom (top) CuQayers in adjacent
basic principles of symmetry and not on the exaatnit layer cells,v; is the strength of the Josephson
form of any interactions. In this theory, every phase isoupling between an outside layer and the adjacent
characterized by an order parameter which is non-zemiddle layer, andy, is the strength of the Josephson

+7(lej1 — @ir1al® + loja — @j—11]%)
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coupling between middle layers. The values~gf 4 cases, we obtain
depend on whichn is under consideration. If the

amount of holes available is not sufficient to make Bror M "o ¥1
the number of holes in the middle layers take on the Y ferr M 2] =0 (4)
optimal values needed for the order parameter for the "o 7 Bion 1

layer to exist, then the order parameters in the outer
layers would not be equivalent to the order paramete?g]

in the middle layers. Biot M 0 Y o1

As was pointed out in Refsl5 and 16, if the M Borr e 0 0o
—bg::0? are non-definite negative, the uniform so- 0 v B m o | = 0 (5
lution that givesb,g::0%¢; , = 0 minimizes the free o 0 M Bior o1

energies, 1) and @). For these types of solutions,
the terms containing thé;’s in free energies drop inwhich 3, = a; —v; — V-
out. Therefore, the question of whether thé& are The expressions for thHE.’s are obtained by first
temperature dependent is unimportant. Due to theettinga; = a1 (T, — T}) andas = a3 (T, — T%) and
inverse symmetry of the structure, the top and bottonhen evaluating the determinant equatidas M = 0
CuG, layers are identical and so for the= 3 layer where thel/ are the matrices which appear on the left-
HTSCs,¢;1 = ;3 while the order parameter for hand sides of4) and 6).
the middle layer can be either the same or different In the case of equivalent layers, simple analytical
from the order parametep;;. For then = 4 expressions can be obtained. Setting= a2, T} =
members, layers 1 and 4 are equivalent and 2 and73 = 7%, a; = az = a, andy; = =, in (4) and
are equivalent. (5), and solving the determinant equations forthe

In the cases where the order parameters in adja; 2, 3, and 4 members of the homologous series, we
cent layers are not equivalent, it would be reasonablshtain
to expect that the strength of the Josephson tunnelling

between the first and second and between the second a—2v =0, (6)

Enq{;hird CuQ@ Ia%/hers in the:h:fStrTeTber \r:vould not . ala—2(y +71)) =0, 7
e the same as the strength of the Josephson coupling B oy 8

between the first and second layer in the = 2 ala 331)(a 120 =0, @)

member. For ther = 4 members, we would expect a(a — 271)(a* = (4m + 270)a

that the strength of the coupling between the middle + (67 —2m)) =0, (9

layers would be different from the coupling between

the outer and middle layers, i.ey; # ~.. Inthe wherea = a(T, —T%).

case that there are enough holes available to optimally Based on the values df. given by Chen and

dope all layers, all the coupling strengths within &.in?® for the n = 1, 2, and 3 members of each

homologous series would be the same. series we have calculatefi*, ~,/« and v, /«, and
The a; and ¢; are assumed to be of the sameusing these values i), we have obtained theé.’s

form as those found in the standard Ginzburg-Landaof the 4th member of each of the homologous series

theory, i.e.,a; = «;(T — T;), whereT; is the (Table ). Comparing these with the experimentally

temperature at which an isolatéti CuQ, layer would measured values for the 4th member of three of the

go superconducting. The symmetry arguments faeries, we find the predictéll.’s are higher than the

then = 3 case giveTy = T; # Ty anda; = observed valuesTable J).

as # ag, and for then = 4 case, I} = T #

T; = T anda; = ay # az = as. For all CONSEQUENCES OF NON-EQUIVALENT

layers being equivalent, the inequalities in the aboeYERS

relations become equalities. We now consider what would be the consequence of
The minimization of the free energies is achievedome of the Cu@ layers in then > 3 member of

by applying the condition a homologous series of layered superconductors not

being equivalent. When this happens, the two free
OF{p}) =F({p+dp})—F({p})=0 (3) energyexpressionsl)and @), will depend on the six
parameter§y, 75, a1, as, A1, andXe. The outer (top
For the case of = 1 and 2, we obtain the same matrixand bottom) Cu@layers are the closest to the charge
equations obtained in Ref$4-16. For then = 3 and reservoir layers (the HgO layer, in the case of the Hg
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Table 1 Observed critical temperatureB.j of the first four members of the 4 homologous series (from R&), the values
of the parameters in the Ginzburg-Landau expression for the free energies, and the pedidimdthe n = 4 members
using the Ginzburg-Landau theory for layered superconductors where all layers are equivalent.

Homologous Series Observéd (K) Parameters (K) Predicten. (K)
n=1 2 3 4 T* Yo/ v/ n=4
HgBa,Ca,_;Cu, 0,,.» 97 127 135 129 90 35 15 142.4
Tl,Ba,Ca, ;Cu, 05,4 90 115 125 116 87.5 1.25 12.5 130.6
TIBa,Ca,_;CU,,Os,,43 52 107 1335 127 51 0.5 275 145.0
Bi,Sr,Ca, 1CU, 05,44 36 90 110 29 35 27 122.3

series). It would be easier to transfer the holes intthe determinant of the matrix appearing on the left-
these layers than into the layers further away. As wigand side of §) and using M\THEMATICA to solve
have pointed out, NMR experiments have indicatethedet M = 0 equation. We did not usé& {) to obtain
that the hole concentrations in different layers are ndhe 7.'s of the fourth member since the equation is
the same. Early measurements of thés of the linear ind7T. On the curves shown iRig. 1, we have
La,_,Sr,CuQ, superconductord clearly established also indicated the values of the obsern&ds (black
that the hole concentration in the Cu@lane is one squares) reported in Re26 for then = 4 members
of the main factors controlling superconductivity inof three of the seriesT@ble ). The intercepts of
the cuprate superconductors. It appears that in madsie curves with the-axis are the predicted, values
high T, superconductors, tHE.'s exhibit an inverted of the 4th member of the homologous series. The
parabolic dependence on the hole concentration, witlalues of theyT' at which the predicted:. of the 4th
the highesfl. occurring at the optimal concentration. member would be the observad are 9.45, 10.82,
Assuming that the optimal hole concentratiorand 10.45 for the Hg, ) and Tl series, respectively.
occurs in the exterior layer, we havE" > T5. In other words, the pair condensations in an isolated
Inserting Ty = 17 — 6T into (4) and §), fairly interior CuG, layers would have to occur at 80.55 K
simple expressions for the determinants can be stéls opposed to a pair condensation temperature in the
be obtained if we assumg = v, anda; = ag. exterior layer of 90 K for HgBsCa,Cu,0,4,s. For
Evaluating the two determinants and setting them tthe other two superconductors, ,BB,CaCu,0;,.5

zero, we obtain and TIBgCaCu,0, .5, the two pairs of condensation
temperatures are (77.18 K, 87.18 K) and (40.55 K,
ala —3v1)(a — 1 — 2%) 51 K), respectively. The higher value in each pair is

2 2 _ the condensation temperature for the exterior layer.

Flle=r0-m) —wtedl" =0 10) g superconducting §8r,Ca;Cu,0,,,; has not

and been found, we cannot list an observéd for this
superconductor.

2 Another possible reason for the decrease in the
ala —271)(a® = (471 + 270)a + 71 (670 — 271)) T.'s of the 4it)h member of a homologous series of
+{a® = (491 4+ 2%)a® + (7o +71)(270 +571)a  layered superconductors could be the strength of the

— 2 (v — 370)}04 oT* =0 (11) Josephson tunnelling between interior layess, This
parameter does not appear in the expression for the
where only terms up to first order #i™* have been free energy of the three layer members of the ho-
kept. In the limité7T* — 0, (10) and (1) reduce mologous series. We now assume that# ~; and
to (8) and @), the equations for thd.'s of the 4- that7} = T3 anda; = ao and substitutey, =
layer superconductors in which all the Cul@yers are ~; + 6+ into the determinant equation as before. We
equivalent. then systematically varg~y and solve forT, using
Using the values df™*, vy /«, and~; /o (givenin - MATHEMATICA. The values oféy needed for the
Table ] for the Hg-series, the Tl-series, and the-Tl predictedI:’s to agree with the observél}'s are too
series, we have calculated thgs of the 4th member large, i.e.,y2 would have to be negative. We do not
of each series whefiy = T} — 6T is systematically consider this to be the cause of tiig's of the 4th
changed. Thd.’'s were obtained by substituting the members of the series being lower than those of the
numerical values of all the parameters appearing i8rd members.
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that of the 3-layer superconductor whereas di Stasio
o—--+ Bi,SrCa,Cu,0,, et a’’ obtained a 4-layer Tl superconductor having a
150 +-— TiBa,Ca.Cu'0
- o--n TIBRCECED T. lower than that of the 3-layer superconductor.
- = o —- H§Ba;Ca.Cu,0, As a final point, the authors wish to convey
° | T their puzzlement over the continued referral to the
2 130 \‘B*a\E\E\ MS\%&*Q resonant valence bond model as a viable model for
g ey, e e high temperature superconductivity when it has not
E e ﬂ‘i*ﬂ—ﬂ;ﬂﬂﬂ been able to account for any experimental observation
110 e, seen in the superconducting phase of HTSCs. The
e, layer model of HTSCs introduced by Birman andtu
and by Eab and Tart§® has been able to account for
90 the layer effect seen in HTSCs.
0 10 20 30
oT
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of the homologous series on the difference between the paif \vy MK, Ashburn JR, Torng CJ, Hor PH, Meng RL
condensation temperatures in the interior and exterior CuO  (1987) Superconductivity at 93 K in a new mixed-phase
layers. Y-Ba-Cu-O compound system at ambient pressure.
Phys Rev Leth8, 908-10.
2. Bednorz JG, Niller KA (1986) Possible higi:. super-

We have not attempted to predict the value of the  conductivity in the Ba-La-Cu-O systen??Phys B64,
critical temperature of the 5th member of any series. 189-93.
To do this, we would have to include terms containing 3. Uchida SI, Takagi H, Kishio K, Kitazawa K, Fueki
a fifth order parameter in the Ginzburg-Landau free K, Tanaka S (1987) Superconducting properties of
energy. We would then have five critical temperatures ~ (L&1S1,),CuG,. Jpn J Appl Phy26, L4434 ,
(Ty, Ti, T, Tf, andT¥) at which theith isolated 4. Subramanian MA, Torardi CC, Gopalakrishnan J, Gai

layer becomes superconducting. Symmetry consid- L Calabrese JC, Askew TR, Flippen RB, Sleight AW
eration would requird”s — T3 andTj — T with (1988) Bulk superconductivity up to 122 K in the TI-

. . N . Pb-Sr-Ca-Cu-O systercience242, 249-52.
nothing required offy. It would not be possible to 5. Parkin SSSP, Lee VY, Engler EM, Nazzal Al, Huang

determine both the differences betwe#n and T TC, Gorman G (1988) Bulk superconductivity at 125 K
and betweefly andT3 with only the measured, of in TI,Ca,Ba,Cus;0,. Phys Rev Let80, 2539-42.

the fifth member of a homologous series. We would g, pool R (1988) New superconductors answer some
need thel:. of the sixth member. However, as we add  questions: “Triple-digit” materials raise critical tem-
additional layers, the structures of the higher members peratures for superconductivity, may also yield impor-

of the homologous series become unstable. tant clues to understanding 8cience240, 146—7.
7. Wheatley JM, Hsu TC, Anderson PW (1988) Interlayer
DISCUSSION effects in high?: superconductordature333 121.

8. Toranrdi CC, Subramanian MA, Calabrese JC,

As new experimental evidence at odds with the pre-  Gopalakrishnan J, Morrissey KJ, Askew TR, Flippen
dictions of the current theory in vogue or which RB, Chowdhry U, Sleight AW (1988) Crystal structure
indicate that some of the assumptions used in the of Tl;BaCa&Cu;0y0 a 125 K superconductoBcience
theory are wrong emerge, the theory needs to be 240 631-4.
modified. We have done this in this paper. We have9- Weber W (1987) Electron-phonon interaction in the
shown that that a difference in the hole concentrations NeéW superconductors ba(Ba,Sr),Cu0,. Phys Rev
in the interior and exterior Cuplayers in a four- LettS8, 1371-4.
layer superconductor can account for the differenc&”: Palstra TT™, Haddon RC, H?bard AF, zaanen J (1995)

. . Electronic transport properties of;Kg, films. Phys
between the experimental and predictEds of the Rev Let8 10547
4th members of the three series. Since itis not always, Nagamatsu J, Nakagawa N, Muranaka T, Zenitani V
possible to fabricate ceramics the exact same way each  ayimitsu J (2001) Superconductivity at 39 K in mag-
time, there will always be the possibility that the hole  pesjum diborideNature410, 63—4.
concentrations will be different every time. This may12. Anderson PW (1987) The resonating valence bond
account for why Kim et &@° were able to obtain a state in LaCuO, and superconductivityScience235,
4-layer Tl superconductor having ‘B higher than 1196-8.

www.scienceasia.org


http://www.scienceasia.org/2009.html
http://dx.doi.org/10.1103/PhysRevLett.58.908
http://dx.doi.org/10.1103/PhysRevLett.58.908
http://dx.doi.org/10.1103/PhysRevLett.58.908
http://dx.doi.org/10.1103/PhysRevLett.58.908
http://dx.doi.org/10.1007/BF01303701
http://dx.doi.org/10.1007/BF01303701
http://dx.doi.org/10.1007/BF01303701
http://dx.doi.org/10.1143/JJAP.26.L443
http://dx.doi.org/10.1143/JJAP.26.L443
http://dx.doi.org/10.1143/JJAP.26.L443
http://dx.doi.org/10.1126/science.242.4876.249
http://dx.doi.org/10.1126/science.242.4876.249
http://dx.doi.org/10.1126/science.242.4876.249
http://dx.doi.org/10.1126/science.242.4876.249
http://dx.doi.org/10.1103/PhysRevLett.60.2539
http://dx.doi.org/10.1103/PhysRevLett.60.2539
http://dx.doi.org/10.1103/PhysRevLett.60.2539
http://dx.doi.org/10.1126/science.240.4849.146
http://dx.doi.org/10.1126/science.240.4849.146
http://dx.doi.org/10.1126/science.240.4849.146
http://dx.doi.org/10.1126/science.240.4849.146
http://dx.doi.org/10.1038/333121a0
http://dx.doi.org/10.1038/333121a0
http://dx.doi.org/10.1126/science.240.4852.631
http://dx.doi.org/10.1126/science.240.4852.631
http://dx.doi.org/10.1126/science.240.4852.631
http://dx.doi.org/10.1126/science.240.4852.631
http://dx.doi.org/10.1126/science.240.4852.631
http://dx.doi.org/10.1103/PhysRevLett.58.1371
http://dx.doi.org/10.1103/PhysRevLett.58.1371
http://dx.doi.org/10.1103/PhysRevLett.58.1371
http://dx.doi.org/10.1103/PhysRevLett.68.1054
http://dx.doi.org/10.1103/PhysRevLett.68.1054
http://dx.doi.org/10.1103/PhysRevLett.68.1054
http://dx.doi.org/10.1038/35065039
http://dx.doi.org/10.1038/35065039
http://dx.doi.org/10.1038/35065039
http://dx.doi.org/10.1126/science.235.4793.1196
http://dx.doi.org/10.1126/science.235.4793.1196
http://dx.doi.org/10.1126/science.235.4793.1196
www.scienceasia.org

ScienceAsi&5 (2009)

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Hufner S, Hossain MA, Damascelli A, Sawatzky GA
(2008) Two gaps make a high-temperature supercon-
ductor?Rep Progr Phyg'1, 062501.

Birman JL, Lu JP (1989) Competing order parameters
for increasedI. in “polytype” multilayer Cu-O sys-
tems.Phys Rev B9, 2238-44.

Eab CH, Tang IM (1989) Upper limit for th&:.'s of

the “new” highT. superconductord?hys Lett A134,
253-6.

Eab CH, Tang IM (1989) Phenomenological theory for
copper oxide highF, superconductor$2hys Rev BIO,
4427-30.

Chen X, Xu Z, Jiao Z, Zheng Q (1997) Relationship
between superconducting transition temperature and
number of Cu@layers in mercury-based superconduc-
tors.Phys Lett A229 247-53.

Ihara HR, Sugise M, Hirabayashi N, Terada M, Jo
K, Hayashi A, Negishi M, Tokumoto Y, Kimura T,
Shimomura A (1988) A new highiz. TIBa,Ca;,Cu,0,,
superconductor witl, > 120 K.Nature334, 510-1.

lyo A, Aizawa Y, Tanaka Y, Tokumoto M, Tokiwa K,
Watanabe T, lhara H (2001) High-pressure synthesis of
TIBa,Ca, ,Cu, 0, (n = 3 and 4) withT, = 133.5K

(n = 3) and 127 K = 4). Physica C357, 324-8.

Kim MS, Jung CU, Lee Sl (2001) Superconductivity
of four-layer HgBgCaCu,04.s. Physica C364-365
228-31.

Setty AK, Singh KK (1992) Transition temperature
variation in layered high temperature superconductors.
Solid State Comr@3, 479-83.

Kim MS, Jung CU, Lee SI, lyo A (2001) Two-
dimensional nature of four-layer cuprate superconduc-
tors.Phys Rev B3, 134513.

Kim KH, Kim HJ, Lee SI, lyo A, Tanaka Y, Tokiwa K,
Watanabe T (2004) Enhanced two-dimensional proper-
ties of the four-layered cuprate high-superconductor
TIBa,CaCu,O,. Phys Rev B0, 092501.

Lawrence WH, Doniach S (1971) Proceedings of the
12th International Conference on Low Temperature
Physics, Kyoto, p 361.

Eab CH, Tang IM (1988) A Ginzburg-Landau theory
for a multi-layer highT. superconductoiPhys Lett A
133 509-12.

Chen XJ, Lin HQ (2004) Variation of the superconduct-
ing transition temperature of hole-doped copper oxides.
Phys Rev B9, 104518.

di Stasio M, Miller KA, Pietronero L (1990) Non-
homogeneous charge distribution in layered High-
superconductor®hys Rev Letb4, 2827-30.

69

www.scienceasia.org


http://www.scienceasia.org/2009.html
http://dx.doi.org/10.1088/0034-4885/71/6/062501
http://dx.doi.org/10.1088/0034-4885/71/6/062501
http://dx.doi.org/10.1088/0034-4885/71/6/062501
http://dx.doi.org/10.1103/PhysRevB.39.2238
http://dx.doi.org/10.1103/PhysRevB.39.2238
http://dx.doi.org/10.1103/PhysRevB.39.2238
http://dx.doi.org/10.1016/0375-9601(89)90405-2
http://dx.doi.org/10.1016/0375-9601(89)90405-2
http://dx.doi.org/10.1016/0375-9601(89)90405-2
http://dx.doi.org/10.1103/PhysRevB.40.4427
http://dx.doi.org/10.1103/PhysRevB.40.4427
http://dx.doi.org/10.1103/PhysRevB.40.4427
http://dx.doi.org/10.1016/S0375-9601(97)00167-9
http://dx.doi.org/10.1016/S0375-9601(97)00167-9
http://dx.doi.org/10.1016/S0375-9601(97)00167-9
http://dx.doi.org/10.1016/S0375-9601(97)00167-9
http://dx.doi.org/10.1038/334510a0
http://dx.doi.org/10.1038/334510a0
http://dx.doi.org/10.1038/334510a0
http://dx.doi.org/10.1038/334510a0
http://dx.doi.org/10.1016/S0921-4534(01)00238-6
http://dx.doi.org/10.1016/S0921-4534(01)00238-6
http://dx.doi.org/10.1016/S0921-4534(01)00238-6
http://dx.doi.org/10.1016/S0921-4534(01)00238-6
http://dx.doi.org/10.1016/S0921-4534(01)00759-6
http://dx.doi.org/10.1016/S0921-4534(01)00759-6
http://dx.doi.org/10.1016/S0921-4534(01)00759-6
http://dx.doi.org/10.1016/0038-1098(92)90042-8
http://dx.doi.org/10.1016/0038-1098(92)90042-8
http://dx.doi.org/10.1016/0038-1098(92)90042-8
http://dx.doi.org/10.1103/PhysRevB.63.134513
http://dx.doi.org/10.1103/PhysRevB.63.134513
http://dx.doi.org/10.1103/PhysRevB.63.134513
http://dx.doi.org/10.1103/PhysRevB.70.092501
http://dx.doi.org/10.1103/PhysRevB.70.092501
http://dx.doi.org/10.1103/PhysRevB.70.092501
http://dx.doi.org/10.1103/PhysRevB.70.092501
http://dx.doi.org/10.1016/0375-9601(88)90526-9
http://dx.doi.org/10.1016/0375-9601(88)90526-9
http://dx.doi.org/10.1016/0375-9601(88)90526-9
http://dx.doi.org/10.1103/PhysRevB.69.104518
http://dx.doi.org/10.1103/PhysRevB.69.104518
http://dx.doi.org/10.1103/PhysRevB.69.104518
http://dx.doi.org/10.1103/PhysRevLett.64.2827
http://dx.doi.org/10.1103/PhysRevLett.64.2827
http://dx.doi.org/10.1103/PhysRevLett.64.2827
www.scienceasia.org

