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The CuQ layer dependence of the superconducting transition temper@tua¢ ambient pressure on the
intrinsic transition temperaturg.(i) of the type-I Cu@ plane in which the copper atom has fivefold pyramid
coordination of oxygen and the fourfold square coordinated type-Il plane is studied in terms of the generalized
Lawrence-Doniach theory. Calculations show that the increa3e wifith the number of Cu@layers benefits
from the difference of the intrinsi€ (i) of the two types of Cu@layers and that interlayer coupling between
the neighboring Cu@layers can enhanck, for the multilayer cuprates. The upper limit of is predicted to
be 146 K for the bilayer thallium-based series. We present an extended pressure-induced charge transfer model
for layered cuprate superconductors, assuming that the charge distribution among the crystallographically
inequivalent Cu@ layers is nonhomogeneous, which enables us to investigate the pressure effect on the
intrinsic T.(i). The intrinsicT.(i) of the two types of Cu@layers is predicted to behave with pressure in a
paraboliclike manner. For the optimally doped single, double, and triple,Gh@ets compounds, the satura-
tion values ofT () of the type-I CuQ@ plane of 91.1, 119.6, and 133.9 K are obtained wRen2.3, 2.9, and
6.0 GPa, respectively. For the underdoped TI-2234 compoundTwithil13 K, the calculated.(l) of 118.5
K is obtained af=6.0 GPa. Under the application of pressure, the intring{dl) of the type-Il CuQ plane
in TI-2234 increases strongly compared with a modest increa3g(of) in TI-2223, possibly resulting from
its underdoped nature. We suggest that at low pressurg.tiethe intrinsicT.(i) of the type-l CuQ@ plane,
and at relatively high pressures the intrinsic effect of the type-Il plane dominates. Our theoretical results are in
agreement with experimentsS0163-182@09)04805-5

l. INTRODUCTION under high pressure, i.e., the role played by each pléne
in the mechanism of higfi, superconductivity.

The bilayer thallium-based homologous series of The most obvious connecting link betwed@p and the
TI;B&,Ca,-1ChLO 2n14-y (N=1,2,3, and 4 [designated number or type of Cu@layers is the charge distribution
Tl-22(n—1)n] compounds has drawn particular interest be-among the Cu@layers, since these layers are generally be-
cause of the following feature$l) A negative pressure de- fieved to play the central role in highs superconductivity.
rivative of T, was observed in the single layer compoundKasowski, Hsu, and Herméh calculated the electronic
TI-2201;% in contrast to the positive derivatives generally structure of the four members of the bilayer thallium-based
found for hole-doped higft;, superconductoréHTSC'9.*®  family, and found that the partial density of states of GuO
(2) Multilayer material such as TI-2223 or TI-2234 shows alayersNcyo,(Er) is different for the two types of CuQlay-
nonhomogeneous pressure effectTn®’ initially increas-  ers. D Stasio, Milier, and Pietronerd obtained nonhomo-
ing with increasing pressure, reaching a maximum, and thegeneous hole carrier distribution in the two types of GuO
decreasing with further increasing pressure. After goingdayers within the sheet-charge model. Haines and THllon
through a minimum,T; started to increase agaif8) The  modified the sheet-charge model to a point-charge model,
superconducting transition temperatufg varies with the and concluded that the hole distribution is nearly uni-
numbern of CuG, layers. T, is found to increase initially form among the Cu@ planes in TI-2223 and inhomoge-
with n, with a maximum value of 90 K for TI-2204118 K neous in TI-2234. The'’0 NMR measurements on
for n=2 (T1-2212,° and 128.5 K forn=3 (T1-2223.1%'*  (Bi,Pb),Sr,CaCu30,,-, (Ref. 16 and ®3Cu NMR measure-
The fourth membe(TI-2234) has a somewhat loweF, of  ments on HgBaxC&Cu;05g, s (Ref. 17 suggested that the
116 K12 There exist two types of CuOplanes which are hole concentrationr(y) is slightly higher in the type-l1 Cu®
crystallographically inequivalent when the number of GuO planes than that in the type-ll plan€Cu and 'O NMR
layers is greater than 2. The one in which the Cu atom has measurements on the triple-layered TI-2223 brought contro-
fivefold pyramidal coordination of oxygen is defined as aversial results. Early*’0 NMR measurements by Howes
type-l CuQ plane. The other, that has a fourfold squareet al® and ®3Cu NMR measurements by Hat al® in op-
coordinated Cu@plane, is called a type-Il plane. Therefore, timal doped samples witfi,= 125 K showed that there is a
the bilayer thallium-based system provides a good opportuhomogeneous charge distribution in the type-l and type-Ii
nity to investigate the relationship betwe€pand the num-  CuQ, planes. Recently®3*Cu and'’0O NMR studie€’ in an-
ber and the type of Cufplanes both at ambient pressure andnealed .= 123 K) and as-grownT.= 115 K) TI-2223 sug-
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gested that there are two different spin lattice relaxation ratepresent TI-2223 and TI-2234, Tristan Jowral.” measured
for the type-l and type-1l Cu@planes, suggesting a nonho- resistively the pressure dependenced gfup to 21 GPa, and
mogeneous charge distribution in this system. Furthermordnterpreted quantitatively the nhonhomogeneous pressure ef-
the NMR data® of 5%Cu and 'O in slightly overdoped T,  fect onT, by using the model of Haines and Tallbhinter-
=117 K), nearly optimally doped{.=123 K), and under- estingly, they suggested that at low pressures Theof
doped (T.=104 K) samples revealed that the hole concen-samples is determined by the intringig of the type-I CuQ
tration in the type-I Cu@ plane is in each case larger than layers, while at higher pressures it is determined by that of
that in the type-ll plane. The inhomogeneity of the chargethe type-Il CuQ layexs). It is interesting to verify the intrin-
distribution is weakened with the reduction of the hole con-sic behavior of the type-I and type-1l Cy@lanes under the
centration, and it may disappear in the highly underdopedpplication of pressure. Among the theoretical models pro-
regime. The calculation of the Cu valences forposed in the study of pressure effectsTon®®’ the pressure-
mercury-based?® and bilayer thallium-baséd series induced charge transf¢PICT) model has been proved to be
clearly demonstrates that the valences around Cu atoms & simple but powerful tool for cuprate superconductors. It
the type-1 CuQ plane are slightly higher than that around Cu has been used to interpret successfully the observed pressure
in the type-Il plane. Recently, Zht al?® performed polar-  effects onT, in HTSCs**3¥-%%|n the present paper we pro-
ized micro-Raman-scattering measurements on the fivpose an extended PICT model for layered superconductors
members of the mercury-based family; they found that thavhich can be used to predict the pressure dependence of the
oxygen-related phonon spectrum showed a systematic evolintrinsic transition temperatur& (i) for the two types of
tion with the number of Cu®layers. When increasing the CuQO, planes.
layer numbem above 2, the 590 cit peak becomes unob- The outline of this paper is as follows. In Sec. Il we study
servable while the 470 cit peak begins to appear and the effect of the type and number of Cu@lanes on transi-
eventually becomes dominant in Hg-1245. Using the selftion temperature on the basis of the generalized Lawrence-
consistent Born approximation, Yin and Géhgbtained Doniach theory. We discuss the influenceTgfon both the
quasiparticle bands for the multiple-layer superlatttc@  difference of the intrinsic transition temperaturg(i) of the
models, and found that the type-I Cu@lanes are slightly two types of Cu@ planes and interlayer coupling for the
less doped than the type-Il ones. bilayer thallium-based series. In Sec. Il we present an ex-
A variety of theoretical models have been proposed in theended pressure-induced charge-transfer model for layered
study of the connection betwed@i and the number of CuO  cuprate superconductors to extract the inequivalent LLuO
layers in the layered superconductors within the frameworltayers contribution tal.. We investigate the pressure effect
of interlayer coupling’~3* The results provide strong sup- on the intrinsic transition temperatufe(i) of two types of
port for an interlayer coupling between the adjacent €uO CuG, planes in the T+ 12(n—1)n (n=1-4) superconduct-
planes as the driving force of the large enhancement in ors. Section IV contains ours conclusions and a brief sum-
multilayer compounds. However, in these theoretical analymary.
ses, the topologically inequivalent Cu@lanes are usually

treated as having an equal contributionTip, without con- ;. INEQUIVALENT CuO , LAYER DEPENDENCE OF TT*

sidering the possible inhomogeneity of charge distribution in FOR BILAYER THALLIUM-BASED SERIES
the two types of Cu@planes. Despite considerable theoret-

ical and experimental works so far, a thorough understanding N the phenomenological model of Klenfthjayered su-

of the influence of the number and type of Guyers on  Perconductors are viewed as a stacked array of two-

the transition temperature in homologous layered cupratedimensional conducting CuOlayers, coupled together by

series is still lacking. weak Josephson tunneling between adjacent layers. Assum-
The pressure dependenceh‘f of Cuprate Superconduct- Ing that the order parameter flew is.taken to be Spatlally

ors is of fundamental interest for elucidating the microscopidiomogeneous, no vector potential is present, and the cou-

mechanism of the superconducting state as well as for findPling between interlayers in adjacent unit cells is weak com-

ing new materials with h|gher critical temperature by usingpared with that within the unit Cel-l and can .thUS be neglected,

the chemical pressure. For multilayer cuprates, since the if2ne writes the free energy density per unit cell as

trinsic hole concentratiom,(i) in the type-l and type-Il n n—1

CuG, planes may not be the same, the pressure dependence _ N2 1) 14 2

of the intrinsic transition temperatufie(i) of these planes is f_z*l Lailt[*+ 2 Bil il ]+)\Z,1 = dial® @

expected to be different. Tristan Jover and co-workets

measured resistively the pressure dependenck, aff Hg-  Where

1223 and Hg-1234 under quasihydrostatic conditions up to T =TT
30 GPa. The results of several high-pressure experiments on = p[Te(n) =Te(DITe(),
different samples of Hg-1223 and Hg-1234 showed that at = [ To(n) = To(IN)T(11),

low pressuresT, increases relatively fast, while at higher

pressuresl, may either increase further, saturate, or everand 8, and 3, are the Ginsburg-Landau parameters for the
decrease, depending on the particular sample. They intetype-I and type-Il Cu@ planes, respectivelyT.(i) is the
preted this behavior in terms of the model of Haines andlistinct intrinsic critical temperature corresponding to each
Tallon!® They proposed that at low pressures Theis de-  ¢;, T(n) is the predicted superconducting transition tem-
termined by the type-1l CuPplands), while at high pres- perature for layered cuprates withCuG, layers, and\ the
suresT, is determined by the type-I CyQplanes. For the intracell interlayer coupling.
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Following Birman and Lif® we neglect all but the diag- 250
onal terms in the right-hand side of E@), and obtain the
free-energy density in another gauge invariant form:

n n-1 .
19
f=i:21 [ai|¢i|2+%ﬁi|¢i|4]—)\§1 gi-Yftec (2 :U
Minimizing f with respect to a variation igr* , we have the
matrix equation
n
zl[ailﬂi+ﬁi|¢i|2wi—)\(lﬂi_l+¢i+1)]:0. (3) ”00

Here|;|? denotes the carrier concentration of ille layer. .
Suppose the maximurfi, is independent of théy;|? term &< 150
when the layered compounds are optimally doped, we can,_°

take the value of; to be zerc®® Then Eq.(3) reduces to 100
n 2
> [t —N(hi-1+ i+1)]=0. @ 50 = = = = =
=1 200[
The Ginsburg-Landau parametey is defined by the deter-
minant 150
@ -\ 0 - éo
-\ a| -\ 0 ce = 100
0 —N a5 -—A\ T (T ()=9/10
_k .. .. 50 L 1 1 1 1
—0. 0 2 4 6 8 10 12
A
T Y FIG. 1. Relationship betweeii, and the interlayer coupling
-\ @ —A\ parameter for the ratio of distinct intrinsic transition temperature of
0 —) @ inequivalent Cu@planesT (11)/T.(1)=3, 3, and% as a function
! ) of the number of Cu@layers in bilayer thallium-based compounds.
This equation haa roots, and the superconducting state is
defined by the lowest value of} (j=1,2,...n).% If a ay(a—\)?—2\| a? Cos(i) —2\2q, CO{L)
homogeneous contribution ®, is considered for the two n—1 n-2
types of CuQ@ planes, one can pui, =« [ie., u -
=p,T(1)=T,(I1)]. Thus a remarkably simple expression +22 cos{m =0, (7)

for T¢(n) is found,

To illustrate the above, we investigated the dependence of
, (6) T. on the type and number of CyQayers at ambient pres-
sure in multilayer cuprates. Based on the experimental values

where T (1) is the critical temperature of the single-layer Of Tc for the single Cu®@ layer compound TI-2201 and
compound, and its value is just equalg(i). It is interest- ~ double CuQ layers compound TI-221%? one can obtain the
ing that our result agrees well with the work of Byczuk and intrinsic T¢(l) =T(1)=90 K and the parametar x of 0.31
Spa|ed based on microscopic theé%y by USing Eq(?) In the multilayer cuprates WIth?S, there
For the casey, # , , that is, the superconducting transi- €Xist two types of inequivalent CyCplanes per unit cell.
tion temperaturd’, of layered cuprates depends on the typeChoosingT(11)/T¢(1)=3, 3, and 15, Eq. (7) yields the

of CuO, layers, one can rewrite Ed5) in the following corresponding\/v of 2.25, 1.27, and 0.40 according to the
form: T. (3) of 128.5 K for the triple TI-2223 phas&.lt is shown

that for a given value of the numberof CuG, layers, T,
n=1, «,=0, exhibits a significant variation with interlayer coupling

In Fig. 1, T, vs \ is plotted for different values of

n=2, a,2—>\2=o, T(11)/T(1). It is clear that the transition temperatufe
increases with\. At any \, T, is an increasing function of

n=3, aya;—2\?>=0, n, reaching 95% of the maximum possible vallig{) by

n=>5. The larger the difference between the intringig!1)

n=4, andT¢(l), the stronger the increase ®f with n. This be-

Te(n)=Te(i)

1+2)\ 7
,uCO n+1
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160 two type-I planes. The fraction of the total number of carriers
on each of the type-ll CuPplanes has a form within the
a0 Leecescccccecs framework of sheet-charge model for layered syst&his:
- ° [ ]
[ ]
1
®
< o0l . X n+(n—2)A’ ®
E" where A=4e?d,m*/e#2. The geometric parameter, de-
notes the distance between two adjacent Clapers within
100 - the unit cell,m* is the effective mass of the electrons, and
. the medium dielectric constant.
. . . It is now well known that the superconducting transition
800 5 10 15 20 temperatureT; in cuprate superconductors varies approxi-

mately in an inverted parabolic manner with the hole con-
centrationny, in the CuQ planes’®*~>'Below a certain mini-
H min
FIG. 2. Plot of the maximunT, vs the number of Cu®layers mum  hole goncentraﬂomlﬂ thg compounds  are nOt_
in bilayer thallium-based compounds. superconducting, and in this region they show nonmetallic

behavior. As the hole concentration, is increased[ . in-

havior looks quite reasonable because the greater the inh6L€ases, reaching a maximum vallg™ at an optimal hole

mogeneity of carrier distribution among the inequivalentconcentratiomy. For still higher values of the hole con-

CuQ, planes, the larger the difference between the distinceentration,T,. starts to decrease and eventually goes to zero.

intrinsic T(11) and T¢(1). For the layered cuprates, this behavior can be expressed by
From Eq.(6), we have seen thaf,(n) can be obtained the following equation:

from the observed values of the.'s of single and double

Number of CuO2 Layers

CuQ, layer compounds. The predicted superconducting tran- Te(D)=TIi){1— BInP'—ny(i)]1%. 9
sition temperaturd . as a function of number of CuQayers
is presented in Fig. 2. As showii, increases initially with  Here T¢(i) (i=1,11) and T{'®(i) (i=1,l) are the intrinsic

increasing the layer numbar and reaches saturation when transition temperature and their maximum values of the
tends to infinity. The upper limit ofT, for the bilayer type-l and type-ll Cu@ planes, respectively.
thallium-based cuprates is 146 K. Our present theoretical Considerable effort has been devoted in recent years to
study shows that interlayer coupling can enhance the supeelucidate the pressure dependence of the superconducting
conducting transition temperature for the multilayer systemstransition temperature of cuprate superconductors. It is gen-
It is therefore possible that, at large numberT, maintains  erally believed that the pressure dependence eniers
a relatively high value because of the existence of the importhrough the two independent variabl@'® and n,;. The
tant coupling of Cu@ planes, even in spite of the depletion variation in the maximum value of transition temperature at
of intrinsic hole concentratiomy(11) in the type-Il CuQ  optimal doping TT®) among the various cuprate
plane. This is supported by detailed experiments onTihe superconductoré™* indicates that T"® should be a
~n correlation in both thallium and mercury-based pressure-sensitive variable. Some reasons such as interlayer
series’’*? coupling between the two neighboring Cuyers, the ef-
fective interaction strength, phonon frequency, etc., are be-
Ill. PRESSURE EFFECTS ON INTRINSIC T.(I) FOR TWO lieved to contribute to changes ' .5°-%9 Measurements
TYPES OF CuO, PLANES of Hall effecf® and thermopow&t under high pressure,
pressure-induced structural chan§esbond-valence-sum
calculation$? and electronic structure calculatiGAg®’ dem-
onstrate that the mobile hole carrier concentration in the
The general structure of hole-doped layered cuprates cor€uO, plane increases under the application of pressure. As-
sists of an alternate stack of a charge resert©R) block  suming thatg andngf are independent of pressure, the full
which contains f1-0), (e.g., BbO,, Tl,0,, TIO, HgOs,  derivative of T, with respect to pressure is obtained from
etc.;mis the number oM-O plane$ planes and a so-called Eq. (9)
infinite-layer (IL) block in whichn CuG, planes anch—1

A. Pressure-induced charge transfer
model for layered cuprates

alkaline-earth(typically Cg atomic planes are alternately dTy(i)  T(i) dT™(i)

stacked. There are twB-O (R is Ba, Sr, La, etg. planes S - ¢

with a rocksalt structure on both sides of the CR block. Thus dP 77y dP

all the layered cuprates can be represented by the general .
formula, M —m2(n—1)n. Taking é to be the total charge of +2B8TM(i)[ NP nH(i)]dnH(') (10)
electrons in the 1-0),, layer(s), one can obtain a density ¢ dpP

of holes to be shared among all the Gu@lanes. If one

definesny(l1)=6x as the hole carriers concentration on In order to generalize Eq9) to include the effect of
each of the type-Il Cu@plands) in the layered cuprates, this pressure, we assume that both TE(i)(P) and ny(i)(P)
givesn(l)=[1—(n—1)x]6/2 for the charge on each of the vary with P in the following forms:
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_ A7) 92
T?aYI)(P)ZTcma‘U)WLd—PP (11
90
and
. o dny(i) 88
Ny (i) (P)=ny (i) + —5—P. (12) c
—° 86|
Hence the variation of the intrinsi€.(i) with pressure can
be expressed as
84t
Te()(P)=Tg™()(P){1—BInP'—nu(i)(P)]%. (13
82 1 1 1
The pressure derivative df.(i)(P) under pressure is then 0 2 4 6 8
obtained from Eq(13): P (GPa)
dT.(i)(P) T()(P) chmaYi) FIG. 3. Pressure dependenceTof in the optimally doped TI-

dp = Tg‘a’?(i)(P) dp 2201 compound witl';.=90 K up to 8 GPa.
dny(i) In the following, we will concentrate on the charge distri-
+ 28T (P)[N2P'=ny(i)(P)] i bution and pressure effects on the intrin3ic among the
inequivalent Cu@ layers in the typical bilayer thallium-
(14) based superconductors,BB,Ca,_ 1CuU,0zn44-y (N=1, 2,
3, and 4. The hole sources in the bilayer thallium-based
From Egs.(11)—(14), one notices that the change of compounds contain some combination of thallium and cal-
pressure-induced maximum value of intrindig(i) signifi-  cium or thallium and copper, vacancies on the thallium site,
cantly affects the variation of (i)(P) anddT.(i)(P)/dP  and excess oxygefl. The partial replacement of trivalent
with pressure for the two types of Culayers. As a defini- thallium by divalent calcium and/or copper, or the deficiency
tion of TU'®{i), one chooses the initial pressure derivative ofof thallium, might explain the somewhat lower oxygen con-
T for layered cuprates akT"®{1)/dP for the type-l CuQ  tent values observ_ed in this series. There are other possible
planes. The crystal structure of the IL compound contain®rigins of hole doping such as charge transfer between TIO
two-dimensional Cu@ layers separated from each other byand CuQ layers, which leads to a mixed-valency state of
alkaline-earth atom& [E=(Ca, Sr), Sr, (Sr, Ba), eft®®®®  TI°" and TI". Such coexistence of 1 and TI* ions was
In this structure the Cugsheet has no apical oxygen, which Proposed in an x-ray photoemission spectroscopy study of

is just like the type-Il CuQ plane in layered cuprates. Thus T1-2223/ while only a TP* signal was detected by*°TI
it is reasonable to take the initial slope &T™dP in hole- NMR measurementS. Furthermore, both the wet chemical

4 .
doped IL materials liked T™(1)/dP for the type-ll Cug ~ '0Ut€”* and xray absorption near edge spectra mea-
planes7.° suremen® reveal that the thallium valence remains constant

It should be noted that at present it is very hard to deterf’lnd close to+3.0. Wet chemical analyses show the optimal

mine the intrinsicdny(i)/dP value which possibly depends M°!€ Cg?gef‘traﬂ,omﬁm 7'? 0.14 holes in the thallium-based
on both the type of CuPplanes and hole concentration. series"® Sinclairet al.”” determined very precisely the cat-

Gupta and Gupf4 obtaineddn,,/dP=1.13x10"2 holes/ ion content using combined powder neutron and resonant
GPa for La gSt, 14CUO; calculated from structural data de- x-ray diffraction, and confirmed th|s. valut_a. Extensive experi-
termined by neutron analysis using a cluster model. JorMents revealed thgB=82.6/holeé is universal for many

a8l H
gensenet al®® calculateddn,, /dP=6.5x 10~3 holes/GPa hole-doped HTSC’S! In the present analysis we choose

opt__ . . .
for YBa,CusOg o3 Using the bond valence sum method, while i —0-14 holes ands==82.6/hole$ for bilayer thallium-

a modest dn,/dP of 3.46x10 3 holes/GPa for the bassq compounds. In this way, appears to be maximized
YBa,Cu;0; compound was reported by Gupta and Gfpta at ngf'=0.14 holes, and falls to zero on the underdoped and
using a cluster model. The slightly lower value i, /dP ~ overdoped sides at};"=0.03 holes andh;j*=0.25 holes,

of 2.17< 1072 holes/GPa was obtained for the triple Hg- respectively.

1223 system in a local-density approximatfnRecently,

Chen and Jiadt reported a value ofdny/dP of 1.51 B. Results and discussion

x 10" 2 holes/GPa for a HgB&aCuy0Og », compound using
the bond-valence-sum model. Since there is no calculation
for the value ofdny /dP for the thallium-based class super-  Calculation of T,(P) was carried out for the optimally
conductors so far, we tentatively usie,/dP=5.0x10"2  doped TI-2201 compound wiffi,=90 K. Based on the work
holes/GPa for the single- and double-sheet gti@llium-  of Sieburger and Schilling, we assumed T"®/dP=0.9
based compounds, in which there exists only the type-1 CuOK/GPa. With these parameters, from Ef3) we can calcu-
plane. For the multilayer thallium-based compounds, we takéate the variation off ; with pressure. The results are shown
thedn,(i)/dP value of 3.5¢ 102 holes/GPa for each CyO in Fig. 3. As can be seeff,, increases modestly with pres-
plane in our calculation. sure initially, and saturates at 91.1 K wher-2.3 GPa. For

1. TI,Ba,CuQq4_ 5 and Tl,Ba,CaCu,Og systems
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FIG. 4. Pressure dependenceTgfin the nearly optimally doped FIG. 5. Calculated values afT,(P)/dP with pressure up to 8
but slightly overdoped TI-2212 compound wilh=117 Kup to 8  GPa in the TI-2212 compound wiffi,=117 K.
GPa.
maximumT.(P). At the pressure level of 8 GPa, the calcu-

higher pressure®, begins to decline, and reaches a value oflated value ofdT/dP is — 3.6 K/GPa, compared to the ex-
84.4 K at 8 GPa. In contrast, in a single Gui@yer Hg-1201  Perimental value of-2.3 K/GPa.

compoundT, strongly increases from 97 &=0 to a maxi-
mum of 118 K at 24 GPa, with an initial slope of 1.7
K/GPa’® Since experimental values af, are not available According to Eqs(8) and(9), one can determine the in-
beyondP=0.6 GPa in the present single Cufayer TI-2201  trinsic T.(i) values of the two types of Cu(planes normal-
compound, further experiments are required to compare ouzed with respect td ¢ >*. ParameteA in Eq. (8) denotes the

2. Tl;Ba,Ca,Cuz0qq_y System

theoretical prediction. relative contribution of the electrostatic and band energies.
For the second member of bilayer thallium-based seriesSubstituting the values ofl,=3.16 A’ and m*/m.e
i.e., Tl-2212, we take the experimental dataTo{ P) ob-  =0.33!%0.09, and 0.045 in the definition &, one attains

tained by Mai et al,! and compare with results of the fol- corresponding values & of 8.8, 2.4, and 1.2, respectively.
lowing calculations. Now we evaluafe,(P) numerically as  So far, there is not an effective way to distinguish the intrin-
a function of pressure for a nearly optimally doped butsic T{'®{(i) among the inequivalent CyQayers; we assume
slightly overdoped TI-2212 compound wilf,=117 K. The  their values are equal at ambient pressure. In the
maximumT¢ @ of 118 K (Ref. 9 is attained at an optimal TI,Ba,CaCu;0;0_, System, the maximuriiy > is 128.5 K
hole concentratiom®’'=0.14 holes. The hole concentration (Ref. 10 obtained anP'=0.14 holes®® Figure 6 shows
can be determined by E¢Y) asny=0.15 holes. The maxi- the normalized intrinsicT.(i) values for the type-lI and
mum pressure derivativd T, */dP is then calculated from type-ll CuQ, planes of TI-2223 as a function of total hole
Eq. (10), which yields a value of 2.71 K/GPa. Based on theseconcentrations for A=8.8, 2.4, and 1.2, respectively. Three
parameters, we calculatdg from Eq.(13) as a function of clear parabolas are presented for the type-l Cpl@nes, and
pressureP in the range of &EP<8 GPa. In Fig. 4 we the optimal carrier concentratiof?™ pushes backward from
present the pressure dependencg&dbr TI-2212. As can be 0.3 through 0.4 to 0.5 with decreasing the valueAoAddi-
seen, as pressure is increaskd increases initially, then tionally, the width of the parabola expands with the decrease
reaches a maximum at some pressure level, and decreasesmathe value ofA. One can also see that the type-ll GuO
higher pressures. For comparison, data frontiMo all are  plane possesses a broad parabola, and the peak in the curve
displayed. We found that the experimental data pointshifts to higher carrier concentration with increasitwgFor
roughly lie on our theoretical curvel. already reaches a the case ofA=8.8, superconductivity occurs in the type-I|
maximum value of 118 K at normal pressure of the TI-2212CuQ, plane for values of5 above 0.35. With a further in-
cuprates. For a pressure of 2.0 GHg,is calculated to be crease ofé above 0.7, the type-Il CuQplane is still super-
119.3 K, in excellent agreement with the work of Met al! ~ conducting while the type-I CuQOplanes are no longer su-
The maximumT_ of 119.6 K on theT.~P curve occurs at perconducting. FOA=1.2, the type-l Cu® planes become
2.93 GPa. Susceptibility studfé$? revealed thatT,(P)  superconducting fob values between 0.11 and 0.95, reach-
passes through a maximum at 3 GPa after increasing bipng a maximumT, at §=0.5. The type-Il Cu@ plane be-
~2.5 K. Interestingly, our prediction coincides well with haves in a similar way: it is superconducting in the broad
these experiments. range 0.12—-1.05, with a maximum valueTgf(11) at a large
Figure 5 shows the pressure dependence of the pressufeof 0.6. WhenA=1.2, one findsy(1)=1.1n4(11), which
derivative of T evaluated from Eq(14) for a nearly opti- is in agreement with the ®Cu and O NMR
mally doped but slightly overdoped TI-2212 compound with measurement$:1"?%21Sjnce there is not an available value
T.=117 K. The initial pressure derivativéT./dP is 1.7  of m*/m.e for cuprates, we choosk=1.2 in the following.
K/GPa. The value ofiT,(P)/dP decreases with increasing  Choosing the experimentally observed values as the in-
pressure, and changes sign from positive to negative at theinsic T.(1) anddT.(l)/dP of the type- CuQ plane, one
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’ FIG. 7. Pressure dependence of the intringi¢i) for Tl-2223
0.0 with T,=128.5 K. The solid and dotted curves denote the predicted
1.0 values ofT (i) (P) for type-1 and type-Il Cu@ planes, respectively.
0.8F
5 found by Berkleyet al®! In the type-ll CuQ plane, the
200-6- maximum value of intrinsicT;(11) is 131.9 K at 6.2 GPa
L:_\ 0al which is slightly lower than that in the type-1 Cy®lanes.
. The lower maximuni (1) of the type-ll CuQ plane com-
02r pared with that of the type-I plane is possibly caused by the
0.0 f , . A\ low value ofd TZ'®{11)/dP chosen for the type-Il plane in the
0.0 0.3 0.6 0.9 12 TI-2223 phase. The difference in tAg(i)~P curve arises

& (holes) from the different intrinsic values of (i) andny(i) among
inequivalent Cu@ planes. In recent pressure measurements
FIG. 6. Normalized intrinsicT (i) values for the inequivalent on TI-2223 by Tristan Joveet a|_'7 the variation ofT, with
CuQZ planes in the TI-2223 system as gfunction of carrier Concen'pressure clearly exhibits two regimes. Below 12 GPa the
tration for A=8.8, 2.4, and 1.2, respectively. data points follow one parabola, while above 12 GPa they
follow another parabola which has a slightly lower maxi-
mumT_ and a larger width. Both parabolas have maxima at
approximately the same pressure. Furthermore, a kink on the
T.~P curve was also observed at about 13 GPa for Tow-
TI-2223 phasé.It follows that this kink may stem from the
nonhomogeneous charge distribution among the two types of
CuO, layers. Since the intrinsic value af.(i) in the type-I
%uoz planes is the exact value @f at ambient pressure for
superconductors, the variation a@f, with pressure is ex-
pected to be followed from the curve of the intrinsic
T.(1)(P) for the type-1 Cu@ planes under low pressures.
Above the pressure level of the occurrence of the kink, the
effect of the type-Il Cu®@ plane dominates. Interestingly, our
extended PICT model for layered cuprates can be used to
explain this pressure dependenceTlgfsuccessfully.

gains dTP®{(1)/dP=1.75 K/GPa for the optimal material.
The effect of pressure ofy in IL cuprates has been reported
by various laboratorie¥ Takahashkt al.”® showed that for
(Sry.sCa& 7)0.9:CUO,, T, increases up to 120 K for 8 GPa at
a rate ofdT./dP=0.7 K/GPa. It is therefore reasonable to
takedT{'®(11)/dP=0.7 K/GPa for the type-Il Cu@plane in
the layered cuprate superconductors due to the similar stru
ture of the Cu@ sheet for the IL and layered HTSC's.

The pressure dependence of the intringi¢i)(P) for an
optimally doped TI-2223 compound with,;=128.5 K can
be evaluated by using Eq$§11)—(13). Hence the intrinsic
T.(1)=128.5 K, and the corresponding intrinsic,(l)
=0.14 holes for the type-lI CuOplanes. The intrinsic hole
concentration for the type-Il CuQplane can be determined
by Eg. (8) as ny(11)=0.127 holes; the intrinsid (1) is
then calculated from Ed9), which yields a value of 126.7
K. From the parameter values determined above, we calcu- )
lated T, as a function of pressur@ in the range of &P In the ThB&,Ca;CuyO;,-, System, we obtained a theo-
<20 GPa. Figure 7 gives the results for the inequivalenfetical maximum value off; of 135.3 K within the frame-
CuO, planes. We can see that the intrindig(i) changes work of the Lawrence-Doniach theory. Fqllowln_g the a_bove
with pressure in a parabolic manner. There exist two differireatment, we also suppose that the intrinsic maximum
ent parabolas for the two different types of Gu@lanes, T () is the same for the two types of Cy@yers, that is,
which cross at 12 GPa. However, the maxima for the type-T¢ (i)=135.3 K. The normalized intrinsi€(i) values for
and type-ll CuQ@ planes occur at nearly the same pressurdghe type-l and type-ll Cu@planes as a function of total hole
level. The maximunT (1) of the type-I planes is 133.9 K at concentrations calculated from Eqs(8) and (9) are plotted
6 GPa, in good agreement with Tristan Jover andn Fig. 8 for A=8.8, 2.4, and 1.2, respectively. Three clear
co-workers’** who measured a maximum value of 133 K at parabolas are presented for the type-l Gyianes, and the
4.2 GPa. At 7.4 GPa, the calculated valudgfl) is 133.6 K optimal carrier concentratio@*™ moves back from 0.51
for the type-1 CuQ planes, compared with 1329.5 K as  through 0.41 to 0.31 with the increase &f On the other

3. TI,Ba,CazCu,04,-y System
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0.0 (solid) and type-li(dotted CuG, planes in the TI-2234 phase with
10} T.=113 K up to 15 GPa. Inset: A plot of the intrinsic(I1) vs
pressure in the range from 0 to 30 GPa.
0.8}
=
£,06f maximum pressure derivativeT'®{1)/dP of —1.79 K/GPa
F:: 04l in the type-l CuQ@ plane. The pressure derivative
|—°02 dTZ®{(11)/dP for the type-1l CuQ plane is chosen to be 0.7
“[ K/IGPa’®
0.0 - . In Fig. 9 we present the pressure dependence of the in-
0.0 0.3 0.6 0.9 12

trinsic T(i) for TI-2234. As can be seen, the two types of
8 (holes) Cu0, planes have themselves paraboliclike curves. As pres-
FIG. 8. N(_)rmalized intrinsicT (i) values fqr the inequivalent ?ga:?:rismgr?;fi?nﬂﬁ IQEHQSES)plggrsia:ze;\',rgffagﬁéﬂgy Eigher
CuG, planes in the TI-2234 system as a function of carrier concen- . : L
tration for A=8.8, 2.4, and 1.2, respectively. pressuresT (i) decreases. Th? max'lmum Intrlngr@(l).Of
118.8 K on theT (1)~ P curve is exhibited at 6.0 GPa in the
_ type-1 CuQ plane. For a pressure of 6.6 GPa, the intrinsic
hand, the minimum carrier concentratiof" in the type-1l  T.(l) is calculated to be 118.7 K, in good agreement with
CuQ, plane increases with an increasing valuefofHow-  Tristan Jovelet al’ The inset of Fig. 9 gives the variation of
ever, thed™" in the type-1 CuQ@ planes scarcely change. For intrinsic T.(I1) with pressure up to 30 GPa for the type-Ii
the case ofA=8.8, superconductivity occurs in the type-lIl CuG, plane. The intrinsid’.(11) increases in a regular man-
CuG, plane for values of above 0.65 compared with 0.35 ner withP. It already attains 113 K, the value for the under-
in the TI-2223 system. To our surprise, there is a regime otloped TI-2234 compound at normal pressuré?a19.7 GPa.
0.55-0.65 where superconductivity would vanish completelyFurther increasing pressure to 15.4 GPa, it reaches the theo-
due to the high inhomogeneity of charge distribution be-retical maximum value of 135.3 K at normal pressure for the
tween the two types of CuQayers. ForA=1.2, the type-l TI-2234 cuprates. At higher pressures it considerably ex-
CuG, plane is superconducting fa¥ values between 0.12 ceeds this value and the maximum is achieved For 26
and 0.90, reaching a maximum at 5=0.51. When the hole GPa with intrinsicT.(11)(P) of 152.8 K, which is larger
concentration is over 0.9, the type-I Cu@lanes are no than the theoretical saturation valueTof of 146 K at ambi-
longer superconducting while the intrinsi.(11) reaches ent pressure for the bilayer thallium-based series. It is sug-
nearly the maximum in the type-Il Cy(lane. gested that the type-ll CuOplane becomes active under
To our knowledge, there are few reports on the pressurbigh pressure. It is possible to attain higher critical tempera-
dependence of the superconducting transition temperature tares for the multilayer superconductors by using chemical
TI-2234. Recently, Tristan Jovet al.” investigated the pres- pressure to increase the mobile carrier concentration in the
sure effect o, for the TI-2234 compound witii;=113 K  type-Il CuQ, plane, which may mimic the effect of a true
up to 14 GPa, and reported an initial pressure derivativepressure. Atomic substitution introduces off-diagonal or non-
dT./dP of 2.0 K/IGPa. Here we use our extended PICThydrostatic stresses which have a large effecTpnas has
model to interpret their results. For the type-1 Guflane, been found in Y-123 ¢,, VS o}p,)- It should be noted that
the intrinsic T.(I) and intrinsic initial pressure derivative the maximum intrinsicT.(I1)(P) in type-ll planes exceeds
dT,(1)/dP are 113 K and 2.0 K/GPa, respectivélJhe cor-  the maximumT(P) of 120 K in the IL compound? There
responding intrinsiay (1) is obtained to be 0.095 holes ac- is also a kink inT.(i)(P)~P curves. The calculated pres-
cording to Eq.(9). Then, the intrinsic hole concentration for sure level of the kink occurrence is at 10.5 GPa, which is just
the type-Il CuQ plane can be determined by E() as the experimentally observed value of 10.5 GPAe found
ny(11)=0.056 holes, and Ed9) yields an intrinsicT(I1) that the experimental data obtained by Tristan Jateal.
value of 56.6 K. Using Eq(10), one can obtain the intrinsic lie between the two intrinsi€ (i) (P)~ P curves when pres-
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sure is above 10.5 GPa. Therefore the type-Il gyptane based superconductors both at ambient pressure and under
should become the dominant conducting layer under highefigh pressure. Our major results and predictions are the fol-

pressure.
In the above calculation, we found that the intrinsic
T.(Il) of the type-ll CuQ plane in Tl-2234 can increase

strongly from 56.6 to 152.8 K under the application of pres-

sure, while a modest increasef(11) occurs from 126.7 to
131.9 K in TI-2223. This is because the type-Il Gu@ane

in TI-2234 is highly underdoped due to the depletion of in-
trinsic hole concentration compared to that in TI-2223.

lowing.

(1) The transition temperatuf®, increases with interlayer
couplingA. At any \, the larger the difference between the
intrinsic T.(I1) and T(l), the stronger the increase ®f
with the number of Cu@layers.

(2) T, is an increasing function af, reaching 95% of the
maximum possible valu&,(e«) by n=5. The upper limit of
T. for the bilayer thallium-based cuprates is 146 K.

Therefore, mixed-phase samples of TI-2223 containing some (3) For the optimally doped single, double, and triple

superconducting TI-2234 phase should have a high¢han
the pure TI-2223 phase. This behavior has been confirmed
the pressure effects on. in Hg-1223 and Hg-1234 by Ihara
et al.,®2 who reported the highest ons&t of 156 K at 25

CuG, sheets thallium-based superconductors, the predicted
igaturation values of ;(1) of the type-l CuQ plane of 91.1,
119.6, and 133.9 K are obtained wher-2.3, 2.9, and 6.0
GPa, respectively. For the underdoped TI-2234 compound

GPa for a Hg-1223 and Hg-1234 mixed-phase sample andith T,=113 K, the calculated.(l) of 118.5 K is obtained

140 K at 13 GPa for a Hg-1223 phase sample.

IV. SUMMARY AND CONCLUSION

atP=6.0 GPa. These predictions are in good agreement with
experiments.

(4) The intrinsic T.(i) of the type-l and type-Il Cu®
planes follow from two different parabolas which cross at

We have presented a simple pressure-induced chargggh pressure in multilayer compounds TI-2223 and TI-2234.
transfer model for layered cuprate superconductors based gthe results indicate that at low pressufiesis the intrinsic

sumption that each Cuplane has its intrinsic hole concen-
tration, critical temperature, and pressure derivativel of

pressures the intrinsic effect of the type-1l plane dominates.
(5) Under the application of pressure, the intringig11)

can distinctly predict the pressure effect on the intrinsicof the type-Il CuQ plane in TI-2234 increases strongly com-

T.(i) among the crystallographically inequivalent Gul@y-

pared with a modest increase Df(I1) in TI-2223. We sug-

ers. The effect of interlayer coupling between the adjacengest that the strong pressure effect on the intrifisid!) in

CuG; layers on the superconducting transition temperaturghe type-1l CuQ plane results from its underdoped nature.
has been investigated using the generalized Lawrence-

Doniach theory based on the hypothesis that the distinct in-
trinsic critical temperature corresponding to each order pa-

rametery; is probably different for the two types of CyO
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