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Variation of the superconducting transition temperature of hole-doped copper oxides
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The experimentally observed difference of the superconducting critical tempefatufehole-doped cu-
prates is studied by using an extended interlayer coupling model for laglesede superconductors. We show
that the change of the maximuf from series to series is determined by the next-nearest-neighboring hopping
t’, while the difference of the maximuf, among the compounds in a homogeneous series is controlled by
the interlayer pairing strength. Our results also provide helpful guidelines in the search for neW,high-
superconductors.
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The nature of high-temperature superconductors is a chapingt’, while the difference of{'®* between the compounds
lenging problem in condensed-matter physics. A commorin a homologous family is controlled by the interlayer cou-
feature of copper-oxide superconductors is the presence gling strengthT;.

CuG, plane. It has been observed that the superconducting The effective layered Hamiltonian we consider is

critical temperatureT,. varies parabolically with the hole
concentratiomy in CuG, plane with a maximunT ¥ at an
optimal doping level:? Furthermore, in the homogeneous
series compound#\,,B,Ca, 1Cu,05,y+ s (A=BI, Tl, or
Hg, B=Sr or Ba,m=2 or 1,y=4, 3, or 2, T¢"* initially
increases with the number of CuCayers(n) per unit cell,
maximizes whem=3, and then decreases with further in-
creasingn,® as shown in Fig. 1. HoweveT,y'®* attainable is
different from series to series, e.g., 35 K in,LaSr,CuQ,
(Ref. 4 and 97 K in HgBaCuQ,, 5.° An obvious question is

what is the crucial parameter that governs * of each . -
P 9 e o. The summation ovdt’ runs over the layer indices of the

family. it cell. The intralayer interactioV | dtob
Among various parameters proposed, the Madelung po!Jnl cell. The Intralayer nteractiove 1S assumed 1o be

tential at the apical oxygen relative to that at the pIanaImdependent of. The interlayer tunneling is parametrized by

— _ 4
oxygen§ was found to correlate with'®* rather well, point- Ty(k) =Ty(cosk—cosk,)" (Ref. 9. . : .
. . . . We assume that the superconducting gap is characterized
ing to the primary importance of the apical oxygens for the

i T
electronic structure relevant to superconductivity. Furthelby the nonvanishing order parametéﬂr:@m.c,kl). Based
investigation&® revealed that the effect of the apical oxygens©n the BCS theory, the gap functiai, satisfies the follow-

on highT. superconductivity in reality translates into a cor- N9 €quation:

relation betweef{ **and the next-nearest-neighbor hopping

parametert’ in the t-t’-J model witht and J being the 150r ' ' ' ' '

nearest-neighbor hopping parameter and antiferromagnetic

interaction, respectively. In these approachésyas consid-

ered as a single parameter reflecting the main difference

among various cuprates. If we consider the homologous se- &
g
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where g, is the quasiparticle dispersiop, is the chemical
potential,c]! is a quasiparticle creation operator pertaining
to the layer () with two-dimensional wave vectdrand spin

ries, the universality of such a correlation would be seriously

questioned. For example, the bilayer and trilayes-Gdsed [T e BiSrCa CuO
A 27727 -1 0 T 204
and Hg-based compounds have almost séim&ef. 8, but 501 v TiBaCa_Cu0, . 7
their TI'®*s are significantly different. m TIBaCa Cu0, s
o HgBa,Ca Cu O,

Our goal in this work is to extract and identify which
parameters govern thE; behaviors in hole-doped cuprates.
We apply an interlayer coupling model to CuQyer sys-
tems and then calculat€, based on the Bardeen-Cooper-

2n42+8

1 2 3 4 5
Number of Cqu Layers (n)

Schrieffer(BCS gap equat?on withd-wave symmetry. Our FIG. 1. Dependence of the critical temperat@if** at optimal
results suggest that the difference Bf'** from family to  doping as a function of the number of Cyi@yers(n) of various
family is the result of different next-nearest-neighbor hop-homogeneous series.
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where b, = A| Xk and the generalized pair susceptibility is
xi=(2E}) ““tanh(BE}l/2) with the quasiparticle spectrum 80
Ex= (e m) 2+ [AY2 2 |
The spatial dependence of the gap takes the ¥oukj =
=A e *ial "Then the general solution of the homogeneous
part is

— V=0.035eV |i
—- V=0.037 eV
-+ V=0.039 eV
. o L = v=0.040eV
A=A+ A et 3 | T

i i i A : AR P I PR (R
Considering the fact that the gap vanishes on the layer ends O A = 5e 05 0 010505 04050507

=0 andn+1, the natural boundary conditions for the gap n,. (holes) n, (holes)

areA)= A”“—O. The wave vector of the oscillating gap is " "

then determlned by FIG. 2. (Colon The critical temperatur&, vs the hole concen-
tration ny for various next-nearest-neighbor hopping parameters

1 1 A: with the interaction strengtiv=0.038 eV (a) and for variousV

Ag =0. with t"=—0.02 eV (b) in monolayer cuprates.

eial —ial

The vanishing determinant of the matrix provides a non-The value ofT, in layeredd-wave superconductors is then

trivial solution only whena=éw/(n+1) with £ being an  obtained by solving Eq9) at A;=0.

integer. Thus we obtail\, = —A, =A,. The solution of In order to self-consistently calculaig for a givenu in

spatial dependence of the gap is then given by conjunction with the equation determinimg,, we need an
explicit form of g,.. It has been establishBd'°that the qua-

| I7-r§ siparticle excitation spectrum of cuprates can be well de-
A=2iAgsin 7 (4 scribed by thet-t’-J model. Within the framework of the

t-t’-J model, the dispersion, is given by*1°

The solution with the lowest energy is nodeless insiderthe

CuG, layers which leads tg=1 for the superconducting J

state. Thus, the spatial dependence of the gap has the form  &x=(J+2t")coskscosky+ 7 (cos Z,+cos X, ). (10

(5) For monolayer insulator L&uQ,, experiment® and theo-
retical calculations’ give aJ=0.128 eV. There are small
variations ofJ among various Cu-O insulatdfsbut we ex-

Around critical temperaturdl,, we can takey, in @ pect a value 00=0.128 eV is a generally good representa-
simple form: xi=(2E,) ‘tanh(8EJ2)=x, with E. tion for all Cu-O materials. Then one can determineas a
= J(ex— )%+ [AJ?. Inthis case, Eq2) can be rewritten as function of n,; based on Eqs(9) and (10) once having
knowledge oft’, V, or/andT;.

First we consider the variation of, in monolayer (
=1) hole-doped cuprates. Figureg&aRand 2b) show the
calculatedT . in monolayer superconductors as a function of
Substitution of Eq(5) into Eq. (6) yields a simpleA, equa-  n,, in some interested parameter rangetofand V. As
tion shown, T, initially increases with increasingy, takes a

maximum around an optimal doping levef?', and then
—> Vi xe A =M T5(K) xil (7) ~ decreases with further increasing . This parabolic relation
betweenT.; andny agrees with general experimental obser-
vations in monolayer cupratég.We notice thatT™®* sys-
tematically changes with’, but it monotonically increases
with V, as one expects. The difference between these two
parameters is thaiPP' depends significantly ott, while it
= , _ _ ' scarcely changes for different values\af These results in-
Vi =Va(kg(k'). g(k)=cosk,—cosk, ® dicate that the parameters controlliig®* would be eithet’
The gap magnitude is thus,=Ayg(k) and the parameter or V or both of them.
A, is determined by the following self-consistent equation:  In Fig. 3 we plotted the’ dependence of both]'** and
) npP! for monolayer cuprates. A increasesT [ ¥ i mcreases
1 Vg (k)+f(n)TJ(k)tan,,(@) 9) and then decreases through a maximum forVaktudied.

1: R
2N % Ex 2 Note that the enhancement Bf'®* from 25 to 100 K occurs

Ap=2iAsin ——

T
n+1

A= Vigexiw A + Ti(0 Ak + xdl . ()
k!

wheref(n)=2 coga/(n+1)].
To account for the experimental obsenagdave gap, we
assume al-wave pairing potential
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J+2t (eV i i
0,032 0,008 eV 0,088 0.198 valence sum$BVS) of copperV¢, and the difference in the

120 Madelung site potential for a hole between the copper and

the in-plane oxygem\V), . To get effective BVS of copper,
we follow the method proposed by BrovhThe results of
AV\, based on the structural data are taken from the works in
Refs. 6 and 24. Here we observe one important experimental
fact: T{ ®* increases systematically with enlargidg, o) -
Band-structure calculatiohsevealed that’ increases with

g VopEEEEmena, ey ] dcu-o@) for the monolayer cuprates reported so far. Thus the

g 051 Cyates ] increase off¢'® with increasingt’ should capture the basic

% 04f physics of the monolayer cuprates.

o3 ®) It has been proposé® that V., and AV, are two es-
ool o M. sential factors governing. and represent an essentially
-0.08 20.06 -0.04 0.02 0

' (eV) equivalent physical content. Materials with largef®* tend
to have a smalleV, (Ref. 25 or AVy, (Ref. 28. Since the
FIG. 3. The calculated maximum critical temperatlig™ (&) variation ofV, or AV, reflects the corresponding change of

and the optimal hole concentrationf?* (b) as a function of the n, (Refs. 26—28 the increase of the calculated"® with

- -nei i =+ ! i . . . . .
next-nearest nelghbo_r hopping parameefor J+2t") for various decreasingn?P" for a widet’ range is obviously consistent
interaction strength¥ in monolayer cuprates.

with the experimental data shown in Table I. Thi§"" de-
pendence of{ *is also consistent with the muon spin reso-

over a rather wide parameter space. Such a huge enhand@nce measuremerftsOn the other hand, the fact that the
ment completely covers the variation df'®* among the change ofT{"®* with V is almost independent of?®" [Fig.
monolayer highf. superconductors. The occurrence of the3(b)] rules out the possibility 0¥ being a dominant factor in
maximum implies that the enhancementTdf®* due to the  governing the change ifif' 2*. The present results lead us to
increase irt’ is limited. SinceJ+ 2t is the coefficient of the  conclude that the increase ®f'** with dc,.0) among the
cosk,cosk, term in Eq.(10), the effect ofJ+2t" on T¢'®is  monolayer cuprates is a result of the increase’inOne
obviously the same as that of. That means thaf; **in-  prediction is thatfT'® decreases with further increasing
creases with increasing the coefficient of the kgesk,  after a saturation. Thus, materials with a relatively long
term in quasiparticle dispersion, saturates, and then decreas&@u_o(a) bond length would not always expect to have a high
with the further increase of this coefficient. This nonmono-tmax,
tonic T¢'** dependence is consistent with those reported pre- " The values ot’ were determined in a self-consistent way
viously within the framework of the tight-binding as follows. From Fig. @) we learned that there exists a
approximation>*° We also notice than®®* behaves in a maximum for a giver. Among the monolayer cuprates dis-
similar manner witht’ as T¢®*. For J+2t'>0, npP" de-  covered so far, HgB&UO, , 5 possesses the highd&f?* of
creases with increasing. Although T'®* depends orv, 97 K. Assuming this is the highest value in all monolayer
nPP'is nearly independent of over a wide range of’ . cuprates, we derived a value \éf=0.037 62 eV from curves
To trace the clue to the change Bf'®* among monolayer of T¢ ®* versust’. Equation(9) yieldst’=—0.0183 eV for
cuprates, we list in Table | the experimental resultpf*  the optimally doped HgBZLuG,. ;. For other optimally
(Refs. 2, 4, 5, 21, and 22he distancalc, o between the doped monolayer compounds witlf **<97 K, t’ should be
copper and apical oxygen atoms, and the distaigeo, smaller than—0.0183 eV because of their shortg, o) -
between the copper and in-plane oxygen atoms taken frorhhe relativet’ is then obtained by using the experimentally
the works in Refs. 5 and 6, the calculated values of bonabservedTy ®*.

TABLE I. Summary of the experimental results of the critical temperalit&* at optimal doping, the
distancedc,.on) between the copper and apical oxygen atoms, the discs;,) between the copper and
in-plane oxygen atoms, and the calculated values of the bond valence sums of\¢gpped the difference
in the Madelung site potentialaV,, for a hole between the in-plane oxygen and copper atoms in some
typical monolayer cuprates.

Cuprates TIaX (K) devo@ (B) deyop) (B) Veu AVy (eV)
Lay ST 1:CUO, 35 2.4124 1.8896 2.539 49.620
Bi, SN, 51180 5CUOs : 5 36 2.461 1.901 2.437 48.437
TIBay ,La, {CUQ; 52 2.500 1.9240 2.280 48.409
TI,Ba,CuG; 90 2.714 1.9330 2.135 47.081
HgBaCuO;, . 5 97 2.780 1.9375 2.091 46.81
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160

] systems. This does not conflict with the experimental fact
. that TZ'®* decreases as=3. In fact, there exist fivefold
(outep and fourfold CuQ (innen planes surrounded by py-
ramidal and square oxygens in the multilayer system. Inves-
tigations carried out by different experimental techniques
- and model calculatioR$34~*showed that the distribution of

] charge carriers is nonhomogeneous among the,Gin@ets

+ n=1

- n=2
* n=3 1 and the hole concentration in the outer Gufane is larger
: E:g‘ than that in the inner Cuplane. BVS analysé$and NMR
- n=infinite ] studies® on the Hg-based series revealed that the highest
e s T0'® corresponds to the smallest differencenin between
n,, (holes) two types of Cu@ planes. When the number of Cyyer

is larger than three, the reduction ©f'®* comes from the
large difference inny between the outer and inner CuO
planes. For compounds with more than three gu@@nes,
the enhancement df'** seems possible at ambient pressure
if one can adequately dope the inner planes.

Finally, we would like to comment on the possibility of
applying Eqg.(10) to the highT. superconducting oxides.
Angle-resolved photoemissioARPES experiment¥ re-
veal that there exists a flat region neat,Q) in many high-

T. compounds. Such an extended region of flat
CuO,-derived bands seems a universal property of the hole-

: ; 4 X doped cuprates. The hole dispersion relation of @q) de-
determined by using the experimental valuesTdt™ for rived from thet-t’-J model reproduces well the flat bands

monolayer and bilayer compounds in the same homogeneo%?.m”ar to those observed in ARPES experimefitBagotto

series. As an example, in F|g. 4, we show curves of Calcué\nd his co-worker€ have shown that the effect of strong
lated T, versusny as a function of layer number in the

Ho-based series. The theoretical curves exhibit the enercorrelations can quantitatively account for such flat bands. It
9 ' 9eNeMiGas peen fourld® that the sign, doping, and temperature

parﬁbollg): behaw”or. frgl\.”?]uzl% tht?\ relat|on| betwfﬁrand ﬁependence of the Hall coefficient, thermopower, specific
Ny has been well establisned 1or the monaolayer, bilayer, an eat, magnetic susceptibility is in excellent quantitative

trilayer Hg-based superconductéfaCompared to the avail- agreement with experiments when the dispersion obtained

able experimental 22? the agreement Is excellent, . from thet-t"-J model is used. Furthermore, the momentum-

The calculatedT; ™ in four typical homogeneous series yonendent spectrum as a function of hole concentration has
are summarized in Table Il. The experimental results are aISBeen calculated based on the'-t"-J model by using both
listed for comparison. As can be se€f"* initially in-  he exact diagonalization and Monte Carlo metfibt The
creases with increasing and then saturates @s—. This  cgjculated results explain the experimental data of ARPES
behav_ior is in good agreement with those pbtained from bothy, hole doped BiSr,CaCyOg. 5 from underdoped to over-
the interlayer mechanisi?® and Ginzburg-Landau doped regime. The results indicate that once the flat region
theory®** The upper limit of T{'®* for infinite layer com-  around ¢7,0) has already formed, it remains almost un-
pound is in the range of 139.4-164.6 K. The highESt“of  changed upon additional doping. This means that the elec-
164.6 K is found in the Tl-based series. Our resultsor tronic structure is essentially the same in a highmaterial
=3 agree with experiments very well. The predictions madewith different doping level. Therefore, the dispersion relation
here for T]'®* of the trilayer compound are the best onesof Eq. (10) is essential in describing the low-energy physics
compared to previous theorig%31-33 of high-temperature superconductors.

The present study shows that interlayer coupling is the In summary, we have investigated the obserVedaria-
driving force for the enhancement @il'®* for multilayer  tion in hole-doped cuprates on the basis of an extended in-

FIG. 4. The calculated critical temperatufe vs the hole con-
centrationny in HgB&Ca,_1Cu,0,,. .. s as a function of the
number of Cu@ layers.

Next we considen, the number of Cu@layers, depen-
dence ofT{'®*in the layered homogeneous series. In general
TI®* initially increases witm, maximizes an= 3, and then
decreases with further increasing To calculateT, for mul-
tilayers, we use the same dispersigpand V as obtained
from the monolayer. The interlayer tunneling strengthis

TABLE II. The critical temperaturdy'®* and the ratio off ;/V in homogeneous copper-oxide series at optimal doping. The brackets are
the experimental data taken from the works of Refs. 2—6, 21, 22, 28, and 33.

n 1 2 3 4 5 e T,V
Bi»SbCay_ 1CUOons 4+ 5 36 (36) 90 (90) 115.5(110) 127.8 134.7 150.7  0.1945
TIBa,Ca,_1CUOn- 3+ 5 52 (52) 107 (107) 131.3(133.5 143.0(127) 149.5 164.6  0.1930
T1,Ba,Ca_1CUhOgns 4+ o 90 (90) 115 (115 125.2(125) 130.1(116) 132.9 139.4  0.0906
HgB&Ca,_1CUOsn 2+ s 97 (97) 127 (127) 139.2(135) 145.2(129) 148.6(110 1564  0.1135
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