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Using a cryogenic diamond anvil celDAC) the pressure dependence of the superconducting transition
temperatureT of Tl,Ba,Ca,Cuz04q,y (TI-2223 and T,Ba,CazCu,s04,.y (TI-2234 has been measured
resistively up to 21 GPa. At ambient pressure these compoundsThéref 128.5 K and 113 K. At low
pressures, the pressure dependeficg dp is 1.75 K/GPa in TI-2223 and 2.0 K/GPa in TI-2234. As pressure
is increased ; continues to increag@lthough the rate diminishgantil T, reaches a maximum of 133 K at 4.2
GPa in TI-2223 and of 120 K at 6.6 GPa in TI-2234. At higher presstigetecreases. In this region a rather
abrupt change i@ T./dp is observed ap.=12.0 GPa in TI-2223 and q,=10.5 GPa in TI-2234. The kink
at p. is interpreted as an indication of the presencdnefquivalentCuO, layers: Belowp, the T, of the
samples is determined by the intringig of the outer Cu@ layers while abovep, it is determined by that of
the inner CuQ layers.[S0163-182806)07134-2

[. INTRODUCTION dopedwhile compounds with a higher hole concentration are
said to beoverdopedIn the rest of this article it is assumed
Superconductivity in highF, superconductors is gener- that this parabolic dependence presents a reasonable descrip-

ally regarded as a property of Cy@ayers. The numbar of  tion of the superconducting phase diagram of the Cl&y-
CuO, layers per chemical formula unit may vary within a ers. All that appears to vary from one compound to another
homologous series: For JBa,Ca,_;Cu,Ozn44y bulk is the value ofT ma, the maximumT, attainable, which
samples witm=1, 2, 3, and 4 have been synthesized. In thecorrelates closely with the state of stress of the Glayers
n=2 compound both Cu@layers per half unit cell are crys- but depends in principle also upon interlayer coupling, as for
tallographicallyequivalent However, in then=3 andn=4 example in the resonating valence bdRy¥/B) modef or the
compounds, shown schematically in Fig. 1, there are twoan Hove singularity scenarr$, and the nature of the charge
different kinds of CuQ layers: the inneri() CuO, layers)  reservoir layers.
and the outer@) CuO, layers which are crystallographically =~ Where there exists a charge reservoir such as the TIO
inequivalent An interesting question which immediately layers in the thallium—based higliz superconductors, the
arises is whether the presence of inequivalent Cil&yers application of pressure appears to transfer charge from the
leads to characteristic features in the physical properties afharge reservoir to the CuQayers due to the contraction of
these compounds. Trying to find an answer to this questiothe Cu-(apica) O bond length which favors removal of an-
was the main motivation for the experimental work de-tibonding electrons. Thus, pressure raises the hole concentra-
scribed in this paper. In order to bring forward tindrinsic  tion on the CuQ layers which explains the similarity be-
propertiesof the inequivalentCuO, layers external pressure tween pressure and doping experiments. Assuming that the
is used. The application of pressure has proved to be a mosttrinsic effect of pressure ofi .y, IS Neglible this simple
useful means of changing the charge carrier or hole concemnodel implies that for compounds in the underdogeder-
tration ny,, defined as the number of holes per copper atomgoped region dT./dp is positive (negative, while at opti-
on the CuQ layers. By changing the charge carrier densitymal dopingdT./dp is zero. A large number of compounds
n, also T is changed and hence pressurdas will be de- indeed exhibit a parabolic dependenceTgfupon pressure.
tailed below a means to change the intrinsi¢ of the in-  Due to the small pressure dependencelgf.,, however,
equivalent CuQ layers in a different manner. From chemi- dT./dp is often found to be positive for optimally doped
cal doping experiments a clear picture has emerged in whichompounds. A general overview of high-pressure experi-
T, varies almost parabolically with the hole concentrafion. ments is given by Wijngaarden and Gries$eghilling and
For La, ,Sr,CuQ, , as well as several other cuprates, it Klotz,® and recently also by Takahashi and fifdFor com-
appears that optimal doping occurs }fotn,=0.16. Com- pounds withinequivalentCuO, layers a more complicated
pounds with a lower hole concentration are said taibder-  behavior is expectetf. In the simplest case the inner and
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T.(ny) and T¢(p) for the n=3 and n=4 thallium-based
high-T, compounds. In the first model, theheet-charge
TIO mode]| the charge on the CuQayers is assumed to be dis-
8 o S tributed uniformly even when the charge distribution among
\ the CuG, layers is not homogeneous. In the second model,

TI-2223 TI-2234

the point-charge modela more ionic approach is taken. Af-
BaO O BaO ter a description of the sample preparation and the experi-
Cu (2 l—x mental details in Secs. Il and IV, high-pressure results on
l%x Cu02 .\\\\\ N 0 .\&\\\\ \%‘.‘ Cud2 =5~ ;I-ZZ%/?; and TI-2234 samples are presented and discussed in
ec. V.

[N

ee \\\\\‘ Il. PHENOMENOLOGICAL MODELS
x To modelT.(p) for compounds withinequivalentCuO,
Cwo, 3 layers the following scheme will be used. Pressure induces a
charge transfer from the TIO layers towards the Gu&yers.
1—x The distribution of this charge between the Cufayers is
T2 calculated using two different models$i) the model of
Di Stasio, Muler, and Pietronerd and (ii) the model of
7 8ao Haines and Tallod> Once the charge carrier density; of
each CuQ layer is found, its normalized intrinsit; is cal-
o] To culated from the known parabolit;(n,) dependence, and
T finally using either proximity coupling or no coupling at all,
Cu (b) the resultingT. of the compound as a whole is calculated.
Ca This section starts with a discussion of the two models to
Ba calculate the charge distribution among theequivalent
CuO, layers.

|
=

:c \\\\\\

T Cu02
BaO ©
0

TIO

O®®o

FIG. 1. Idealized structures ¢&) TI-2223 and(b) TI-2234 with,
respectively, threen(=3) and four f=4) CuQ, layers per half A. Model of Di Stasio, Muller, and Pietronero
unit cell. Both structures havenequivalentinner (i) and outer

(0) CuO, layers. While the copper atoms of the inner Guldy-

er(s) have a fourfold oxygen coordination, the copper atoms of thetN€inequivalentCuO, layers was made by Di Staséd a
outer CuG, layers have a fivefold oxygen coordination. using a simple model in which noninteracting holes are con-

fined to the square Cu layers, thus forming two-
i . dimensional sheets of charge. In their model the charge is
outer CuQ layers follow a different paraboli€c(ny) curve,  gistributed uniformly on the Cu@layers. Assuming that a
different in the sense that they are shifted with respect tqraction x of the total numbes of holes transferred from the
each other, since the charge carrier densitpf these layers  T|0 charge reservoir layers resides on the inner Guay-
may not be the same. . . _er(s), afraction 1—x has to reside on the outer CyQayers
The first |nd|cat|o?00f such behavior was in the experi-see Fig. 1

ment by Bermaret al.™ on a TI-2223 sample with, at ambi-  Tne total electron energy,, per formula unit, or in this

ent pressure, &, of 104 K. Using a Bridgman anvil cell they case per half unit cell, is then defined as the sum of a band
observed up to 7 GPa a linear increasd jnat a rate of 1.2 energyU, and an electrostatic enerdy,.:

K/GPa. At higher pressure$. reached a maximum and

started to decrease. After going through a minimum in the U= Up+ U D

range 13—15 GPdl started to increase again. On decreas-

ing pressure the same behavior was observed. The author

explain their results by supposing that there might be a struc- h2

tural phase transition. In the x-ray experiments of Fietz Up=

et al,'! however, no such transition is observed. The experi-

ment by Bermaret all® may therefore have been the first to wheren,,; is the charge carrier density of thén CuO, layer

show the effect of inequivalent CyQayers. There are a few given by

other experiments on TI-2223. Under hydrostatic conditions

Kubiak et al'?found, in an experiment to 1 GPa, an increase

in T, at a rate of 5.0 K/GPa. In two overdoped samples,

Berkleyet al®increasedr; from 116 K at ambient pressure

to 132 K at 7 GPa, with at low pressuresi&d./dp of 4.8 1—Xx

K/GPa. In two optimally doped TI-2223 samples the same npj=—— d for the outer Cu@layers, 3

group found a value of 0.7 K/GPa. For a further discussion

the reader is referred to the review articles mentioned abovéan® is the effective mass of the noninteracting holes in a
This paper is organized as follows. In Sec. Il two relevantparabolic CuQ band, anda is the lattice parameter of the

phenomenological models are considered in order to descriksguareCuO, layer.

A first attempt to calculate the charge distribution among
|l4

gr a particular Cu@ layer the band energy is given by

a2 @

X
Nhi=r—"% 6 for the inner Cu@ layer(s),
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The electrostatic energy of a pair of charged layers is

given by Lo (a) TI-2223 os [T T 4
2 ‘ 2 1]
€7 NNy I 3 ]
Ues__EC—ijl (4) 0.8 _ 1]
wheree is the electron charge, 5 0.6l
g v 1
co_ €a’ . io
= 2l = ]do ) 0.4 i
is the sheet capacitance of thi layer with respect to the ozl ]
jth layer, € is the background dielectric constant due to the
charge carriers which are not included in the parabolic 0.0l i
CuO, bands, andd, is the distance between adjacent '
CuO, layers. For simplicity the distance between the charge ' . L . ' L
reservoir layers and that between one of these layers and the 0.0 02 04 06 08 1.0
nearest Cu@ layer is also taken to bd,. After summation 8
over all the relevant layers Eq§2) and (4) yield for the
n=3 and 4 structures, respectively, . T . T
(b) T1-2234 o5 [T T T =
U wh? 52 2 1 f . 1.0} 3 i
= — — — X+ = = -
b(X) = 552 07| 5 X+ 5] for n=3, F
0.8 | o ]
B wh? ol 5 1 B y I
Up(X)= 2m*a25 X=X+ 5 for n=4, (6) = 0.6 .
and S ooal -
=]
Wdoez 2, 2
UedX)= . 8°(x*+3) for n=3, 0.2 | 7
7dge? . 0.0 | .
UedX)= ﬂ—é (2x+7) forn=4. (7) [ . ! ! ! !
€ 0.0 0.2 04 06 08 1.0
Minimizing the total band energy,, with respect tox obvi- s
ously leads to a homogeneous charge distribution with
x=1/3 for n=3 andx=1/2 for n=4. This, of course, cor- FIG. 2. Normalizedr values in the model of Di Stasio, Mer,

responds to the minimum &f,(x). The electrostatic energy, and PietronerdRef. 14 for the inner and outer Cuplayers as a
which favors maximal charge separation=0), is therefore  function of the total numbep of holes transferred from the TIO
responsible for nonhomogeneous charge distributions irharge reservoir layers to the CyQayers in(a) TI-2223 and(b)
these layered structures. The minimum in the total energyl-2234 based on Eq10) and the calculated charge distribution as

U,qt is found to occur at shown in the insets takingr*/m,)/e=0.33.
1 B for TI-2223 as well as for TI-2234. Since E(B) does not
Xmin= 3 2A for n=3, depend explicitly oné the charge distributionin TI-2223
and TI-2234 does not change as a function of pressure and
hence the charge carrier density of both the inner and
Xmin:m forn=4, 8 outer CuG, layers shows a linear dependence &nThis
® behavior is depicted in the insets of Fig. 2. Hédepends
whereAs is defined as on the applied pressugeis beyond the scope of this simple
model.
A :Zmeezd m*/me ) Once the charge distribution among the inequivalent
STERZ 0 e CuO, layers is calculated, the empirically found parabolic

dependence off; uponn, may be used to determine the

. . . 14 : —
Following Di Stasioetal,™ by taking do=3.1 A and intrinsic T values of each of the CuQlayers normalized

m*/m,)/ e=0.33, a value of approximately 4 is obtained for _ . . ; o
,(As. Sugstituting this value in Ep(ES) shows t)f/1at according to Wil\tgnrebs)’fze' % t0Temax. This parabolic relation is generally
this model the charge distribution in both TI-2223 and -9
2234 is highly nonhomogeneous with a fraction-e0.1 of T=T 1— B(N—n 2 10
the holes in the inner Cuplayer(s) and thus a fraction of o= Temal 1= AN~ Nhmad "], (10
~0.9 of the holes in the outer CuOayers. So far it has with!? 3=82.6 andny,,a=0.16. Even though the values of
been assumed that at ambient pressuhas a value of 0.45 these parameters were obtained from measuremefits ad
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a function of the strontium conteatand hence as a function TABLE . lonic charge distribution in TI-2223.
of ny, in the La,_,Sr,CuQ, system it has been shown by
Shafer and Pennéyhat they describe the behavior of other Layer ~ Atom Charge Atom numbering
high-T. superconductors as well. Superconductivity is ob- I 3_1s 12
served fof 0.05<n,<0.27 with a maximum inT, at oW _ 34
n,=0.16. Generallyn, increases linearly with pressute, Ba ) 5 6
although, in principle, als@ ;nax, B, andnp,ax may change 0®3) P 7’ 8
with pressure. Ca 9 15’ 16
In Fig. 2 the normalized . values for the inner and outer !
CuO, layers of TI-2223 and TI-2234, which were calculated """ cul) zf fxo 7
using Eq.(10), are shown as a function & In TI-2223 the Inner ab —2+l§(1—f)x6 18, 19
Outer  Cuy2) 2+ 3(1-%)0 9,10

outer CuQ layers become superconducting ®walues be- 1
tween 0.1 and 0.6, reaching a maximipat 6~0.35. For ~ OUter a2 —2+3(1-H(1-x)3 11,12, 13,14
values of§ above 0.6 the inner Cuplayer becomes super-
conducting while the outer Cuplayers are not supercon- . : .
ducting anymore. In TI-2234 the outer CyQayers behave that afraction f of the available number of charge carriers

in a similar way as in Tl-2223. This is not so surprising sinceres'des on the copper sites whildraction 11 re3|_des on
the charge carrier density, of these layers is almost not the oxygen sites. Assigning to the rest of the atomic constitu-

influenced by the addition of an inner CyQayer together ents their nominal valencies, the charge distribution given in

with a single Ca layer. On the other hand, the amount 0]Zl'able | and Table Il is obtained for TI-2223 and TI-2234,

charge carriers originally available in the single inner€SPectively. The Madelung energy as given by @d) can
CuO, layer in TI-2223 has to be distributed equally amongthen bff—, simplified considerably as shown by Haines and
the two inner CuQ layers in TI-2234. As a result these inner Tallon,

CuO, layers cannot be doped sufficiently in order to become
intrinsically superconducting.

e’s
UMad:Z_ES[bO+ b15+(b2+ b35)x+ b45X2], (13)

B. Model of Haines and Tallon
where the coefficients; depend onf and S;y/. Again the

The crystal structures of highs superconductors are usu- ., . .
y gle Sup dielectric constant enters Eq.(13) since not all electron

ally considered to béonic.!® This implies that charges can band taken int tin th lculat f the band
be assigned to each of the constituent catigmstal ion$ anads are taxen into account in the caiculation of the ban

and anions(oxygen iong which are represented as point energy. These ba’FdS act as an effective medium._ I_n Appen-
charges. Thesheet-charge modeif Di Stasio, Muler, and dix A and Appendix B expressions for these coefficients are
Pietronerd® has therefore been modified topaint-charge ~ 91ven for Tl-2223 and Tl-2234, respectivelywhile in Table

modelby Haines and Tallci simply by replacing the elec- !l numerical values are given in the cate 0.

trostatic energy as defined by Di Stasibal * [see Eq.(4)] Since the Madelung energy is calculated with respect to

with the Madelung energy its value atx=0 for any value off, the constant terms in the
coefficientsby andb; may be neglected.

UMad 2 E

E 2.2, ( sqq,) Increasing the value of for the given set of parameters
28] 2 )

tends to decrease the amount of charge transferred to the
(11) inner CuG, layer in TI-2223 considerably, hence increasing

the charge on the outer CyQayers. In TI-2234, on the other
wheree is the electron chargé, is the charge at sitg, Sis  hand, the charge distribution is not very sensitive to the value
the average Wigner-Seitz radius, and of f.

The distribution of charge between the inner and outer
Sqq=—22

|R+q ql

S CuO, layers may now be calculated by minimizing the total
Ty (12)
% |[R+q—q’| energyU,,;=Up+ Upag With respect to the fractiom. The

is the Madelung sum which is calculated using standard
techniquesg® To calculate the Madelung sums for TI-2223
and TI-2234 the atomic positions given by Kasowskal >°

TABLE II. lonic charge distribution in TI-2234.

. > Layer Atom Charge Atom numbering

were used. Given the lattice parameters 3.850 A and
c=35.88 A for TI-2223 (Ref. 20 and a=3.853 A and Tl 3-368 1,2
c=41.98 A for TI-2234?! the average Wigner-Seitz radius 0(4) -2 3,4
of these compounds is found to be 1.495 A and 1.479 A, Ba 2 5,6
respectively. 0o(3) -2 7,8

Since the affinity of the charge carriers within the CuO Ca 2 15, 16, 17
layers to reside on the oxygen sifé®., the Q1) sites of the  Inner Cu1) 2+3fxs 18, 19
inner CuQ, layer(s) or the 2) sites of the outer Cu® |nner Q) —2+H1-f)x$ 20, 21, 22, 23
layerg is probably larger than the affinity to reside on the oyter Cu2) 2+3f(1-x)6 9, 10
copper sitegi.e., the C(l) sites of the inner Cu@layexs) Outer Q2 —2+i1-H@a-x)s 11, 12, 13, 14

or the Cy2) sites of the outer Cu@layerd, it is assumed
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TABLE Ill. The coefficientsb; in Eqg. (13) for Tl-2223 and ‘ . . .

T
0.50 T

TI-2234 in the casd =0, wheref is the fraction of the available {a) T1-2223
number of charge carriers that reside on the copper sites. Neglecting 1.0 §<
the constant terms in the coefficiefitg andb,, as explained in the
text, it follows immediately from the expressions given in Appendix 0.8 |+
A and Appendix B that fof =0 bothby andb, are zero.
E 0.6
TI-2223 TI-2234 E
&=
b 0.0000 0.0000 ~ 0.4
b, 0.0000 0.0000 -
b, -0.6721 -0.4882 02|
bs 1.0725 1.0593
b, 0.3819 0.9229 0.0l
value of X, corresponding to the minimum must, of 0.0 02 04 06 08 1.0
course, satisfy the conditionsOx,=<1. If 9?U,/dx>>0, it 5
is given by
1-Ay(by/8+bg) . 3 (b) TI-2234 050 P
Xpmin=— or n=g., 1.0 ) £0.25 | H
min 3+2A,b, % =
0.00 I
0.8 | 0.0 0.5 1.0_
’ 5
1-Ay(by/5+bj)
p\M2 3
Xmin= forn=4, 14 % L ‘
M 2(1+Agby) 19 : 06 .
<) ©c 1n
where S o4l e out
H
mee? a2 m*/m,
= HZ aS e (15 0.2 | 1
However, if 9°U,,/dx?><0, the energy minimum occurs at 0.0 L )
x=0 and/orx=1. The same values are also foundxjf;,
given by Eq.(14) lies outside the rangeOx<1. : : : : : :
In the insets of Fig. 3 the variation in charge on the inner 0.0 0z 04 06 08 1.0

and outer Cu@ layers of TI-2223 and TI-2234 is given as a 1)

function of § in the case where all the holes reside on the

oxygen sites {=0) as suggested by photoemission FIG. 3. NormalizedT, values for the inner and outer CyO

experiment$3~2% again taking (*/m,)/e=0.33. Contrary layers as a function of the total numb&of holes transferred from

to the results of the model of Di Stasio, Ner, and the TIO charge reservoir layers to the Cu@yers in(a) TI-2223

Pietronero™* the insets of Fig. 3 clearly show that for small and(b) TI-2234 based on Eq10) and the calculated charge distri-

values of§ all of the charge is confined to the inner CyQ bution as shown in the insets takingi{/me)/e=0.33.

layer(s). Transfer to the outer Cuflayers occurs only for

6>0.23 and$>0.13 in Tl-2223 and T|-2234, respectively, In the present model the intrins](':\c /Tcmax values for the

while at the same time the amount of charge on the innefyner and outer Cug layers may be calculated using Egs.

CuO, layer(s) decreases. Assuming at ambient pressuﬁe a (3), (10), and (14) wherex,;, is substituted fox. In this

value of 0.45 for TI-2223 as well as for TI-2234, it appears icyation the free paramete, determines the relative

that in T-2223 the charge .d'sgf;b““o” 'S allr?ost homoge-contipution of the electrostatic and band energies. For

neous —in n%ag%eerge?]t \;]V'thc ClIJ and OI NMR (m*/m,)/ e the values of 0.04, 0.016, and 0.008 are consid-

?rﬁgflégepﬁz Intetrjrlgstitng;il;t v?ith L:n@cééirii;rsogﬁzet:%ohp&eered. On the left-hand side of Figs. 4 and 5 the intrinsic
’ ’ T.'s of the inner and outer CuPlayers are shown normal-

concentration on the inner CyQayer decreases, while for . . . : ; 28
the outer CuQ layers it increases; i.e., the inner layer ap- ized with respect t omgy. Since it was found previously

poaches optimal doping from the overdoped side while théhat_the ma‘? effect of pressure is an increase of the _charge
outer layers approach from the underdoped side. In contrastaTier density of the Cu@layers, 5~p; hence thes axis

in TI-2234 the charge distribution is clearly inhomogeneoust@n be replaced by a pressure axis. The right-hand side of
where the inner Cu@layers are underdoped while the outer Figs- 4 and 5 showgopen squargsthe maximum value of
CuO, layers are overdoped. In Fig. 3 the normalizEd  Tc/Tcmax Of the inner and outer Cuplayers corresponding
values for the inner and outer CyQayers of TI-2223 and t0 the case that the CuOlayers are decoupledtwo-
TI-2234, which again were calculated using E@0), are  dimensionatasg. It also ShowsT /T max (solid squaresfor
shown as a function oé. the case where the CuyOlayers are coupled in the
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T1-2223 T1-2234
(a) (b) (a) (b)
Lo (m*/m_}/e = 0.04 (m*/m_)/e = 0.04
O F 1r T 1.0 Py 2
gO;,g OQ\OQO D‘:‘/.EE iﬂ-e:% -* ‘o‘.\ OOUOOC’C'O
3 / B I A0 = , .xoo
g J 3 A\ 2 e L
> 0.8 1F \ -1 0.8 | O,O' p
< o in " g o
= e out . \R = o’O
|k o
\ o o0 in
0.6 - \ RK B 0.6 | c(o e out B
n e
: t t A e 2 L L
Lol (m*/m )/e = 0~016_ | ] (m*/m_}/e = 0.016
. o o900y J}E’i.. o i
[ Dp/. 9;2 EH& *,
< /. \ / o LS
g " B 5 £ .
°o0.8 [ 1t ] ° .
<u O in \.\ i@ .\.
= e out n = O in
\. e out
0.6 1r . 1K _
\
: : : : —h . . . . .
o (m*/m )/ = 0,00B_ i | {(m*/m_)/c = 0.008
ST : e S Dﬂﬁwﬁg'ﬂffﬂuuh
>< ;59/ o o o Q, Ha LR
g 4 3 o« d i -
£ e ./. =
° 0.8 | 4 - o 4 L / L
i{) o in ‘\‘\J i‘) . \.\.\. /E/E p~
= ® out = O in ./
e out \0
0.6 |- 1F X 1 . i i
1 1 \ L 1 Il \\ 1

FIG. 4. (a_) Intrinsic T¢/T¢max value_s for the inner and_ outer FIG. 5. (3 Intrinsic T /Ty Values for the inner and outer
CuG; layers in TI-2223, calculated using the model of Haines andCu02 layers in TI-2234, calculated using the model of Haines and
Tallon (Ref. 13 for (m"/m,)/€=0.04,0.016, and 0.0080) Effec-  15,5n (Ref. 15 for (m*/m,)/e=0.04,0.016, and 0.008b) Effec-

tive Tc/Temax values for the compound as a whole, calculated inthey e 1 /1 values for the compound as a whole, calculated in the

case whergopen squargsthe CuQ, layers are decouple@wo- case whergo
. . g pen squargsthe CuQ, layers are decouple@two-
dimensionalcasg and(solid squaresthe CuG, layers are coupled dimensionalcase and (solid squaresthe CuQ, layers are coupled

in the Cooper—de Gennes Iirrfmret_a-dimensionabase). A_‘” the in the Cooper—de Gennes limithree-dimensionatase. All the
charge carriers are assumed to reside on the oxygen $ite3)( charge carriers are assumed to reside on the oxygen §ie)(

Cooper—de Gennes limithree-dimensionatase. To calcu- N
late an effectivel; in this limit a simple BCS-type relation is DY

used: eff™ T (18

which can be substituted for in Eqg. (16) to give an effec-
Tc=1.140pexp(—1/)), (16)  tive T, in the Cooper—de Gennes linift.

where\ is the coupling parameter of the Cooper pairs. For)j. sSAMPLE PREPARATION AND CHARACTERIZATION
the Debye temperatui® a value of 500 K is taken. After

calculating\ from T, for both the inner and outer CuO As already discussed, and shown in Fig. 1, TI-2223 has
layers, an effective coupling parametes; can be obtained three i=3) CuQ, layers per half unit cell while TI-2234
using the equaticii has four =4). It is this large amount of stacked CyO

layers that makes the preparation of single-phase TI-2223
and TI-2234 material difficult. An additional eleméhis the
control of oxygen partial pressure during annealing.

The TI-2223 sample studied in this work was prepared
following the method described by Liet al3* Their proce-
whered; is the thickness of théth CuO, layer, D; is the  dure involves synthesizing a material with nominal stoichi-
density of states of that layer, ang is the corresponding ometry Tl; Ba,Ca, ,Cu3z044, by thoroughly mixing ap-
coupling parameter. If the density of states and the thickneggropriate amounts of high-purity 305, BaO,, CaO, and
are taken to be the same for all Cy@ayers, then Eq(17) CuO powders using a mortar and a pestle. This mixture is
reduces to a simple average then pressed into a pellét0 mm in diameter and 3 mm in

\ :EidiDi)\i 17
ot SdiD;
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thicknes$ under a pressure of 0.5 GPa and wrapped in gold
foil to prevent loss of thallium at elevated temperatures dur-
ing sintering in a furnace at 910 °Crf8@ h in oxygen. After
sintering, the furnace is cooled to room temperature at a rate
of 5 °C/min. The as-sintered sample with a zero-resistance
temperature of 119 K was then wrapped in gold foil, encap-
sulated in an evacuated-(L0” 4 Torr) quartz tube, and an-
nealed at 750 °C for 10 days. This procedure resulted in an
increase of the zero-resistance temperature to 125.1 K. The
resulting sample was then annealed in an oxygen-nitrogen
atmosphere with an oxygen partial pressure of 0.2% at

DIAMOND II
SAMPLE

STAINLESS Al,04*

600 °C for 2 h and rapidly quenched into liquid nitrogen. STEEL  EPOXY EEESTSRICAL
This annealing optimized the hole concentratignand at GASKET FLaT

ambient pressure &, of 128.5 K (extrapolated value from GOLD

the T, vs p curve was reached in the TI-2223 sample. The
fact that this sample was optimally doped could easily be SAMPLE
confirmed by further oxygenating a similarly prepared
sample in an oxygen-nitrogen atmosphere with a partial oxy-
gen pressure of 2% which showed a lower. Analyzing the
powder x-ray diffraction(XRD) patterns of the TI-2223
sample studied in this work using a Philips PW1710 x-ray
diffractometer with CuK « radiation(1.54 A) almost all of

the XRD peaks in the sample could be assigned to the TI-
2223 phase, showing no dominant impurity phase. Neutron
diffrac_tion experiments showed furthermore_ that th_e sample FIG. 6. (a) Cross-section anb) bottom view of the sample
was §|ngle phased. The TI-2234 sample with .nomm.al.comépace in the DAC before compression. As shown, the gasket is
position '_I'I1,7Br_:12Ca3_3Cu4012+y was prepared in a similar . 12164 from the flattened gold wires using a thin Kapton foil
way starting with a T| sBa,Ca, sCus0 14, precursor. XRD

) . glued to the gasket using a mixture of A5 and epoxy. In the
showed that the TI-2234 sample with, at ambient pressure, Gnter of the gasket a hole with a diameter of 30@ is drilled

T, between 113 K(extrapolated value from th&: vs p  which serves as sample space and confines the high-pressure gen-
curve and 115 K(determined from resistance measurementsrated in the DAC. Although strictly only four electrical leads are
at ambient pressurevas nearly phase pure with only a slight needed to perform four-point resistance measurements, six leads are
fraction of TI-2223. In resistance measurements at ambiergositioned in order to have two spare ones. The small pieces of ruby
pressure this small amount of TI-2223 results in a secondaryre used to determine the pressure in the cell.
superconducting transition around 123 K. In ac-susceptibility
measurements a sharp transition was observed at 114 K tghe superconducting transition of the samples, the ruby fluo-
gether with a very small diamagnetic signal around 122 Kyescence method is used. For this purpose several small
For high-pressure experiments, however, such small amoungeces of ruby are pressurized together with the sample. The
of the sample material are needed that the TI-2223 phase fRiorescence spectrum of such a ruby grain is obtained by
practically absent; i.e., this phase is not visible in the resisfocussing an At -ion laser (operating at 514.5 njmon it
tance measurements under pressure. with the aid of a camera system and is then detected with a
1403 spectrometer from SPEX Industries.
Ruby has two distinct fluorescence lines, known as the
R; andR, lines, and their positions depend not only on the
Pressure is generated and applied to the samples usingaaplied pressure but also on the temperature. After correction
cryogenic diamond anvil céfl (DAC) made of hardened be- for the temperature-induced shift of the ruBy fluorescence
ryllium copper alloy(Berylco 25 and can be simply changed line® the calibration of Macet al* is used to determine the
by turning a knob at the top of the cryostat. By doing this,applied pressure.
two parallel aligned diamonds are pushed towards each other During the superconducting transition of TI-2223 and TI-
(see Fig. using a lever-based system. In this work 16-sided2234 the pressure in the sample space is measured at tem-
diamond anvils are used with a cul@tigh-pressure fage peratures close td.. The temperature of the sample is mea-
diameter of typically 0.9 mm. The type-I diamon@®ntain-  sured using a standard platinum resistor placed in a copper
ing small amounts of nitrogen platelets, enhancing theitblock in which diamond Il is mounted. Since both copper
strength are cut according to the standard Drukker designand diamond are good thermal conductors, thermal gradients
and are single beveled under an angle of 5° in order to rebetween the platinum resistor and the sample are certainly
duce pressure gradients across the edges of the culet. Thisléss than 0.5 K. This value is obtained from the thermal
done to prevent breakage of the electrical leads for resistivithysteresis observed in the superconducting transitions while
measurements under pressure. Under such conditions resisscling the temperature up and down.
tive measurements up to pressures as high as 21 GPa areThe sample can be cooled by flowing liquid helium
possible within this DAC. through a heat exchanger while its temperature can be in-
In order to measure the applied pressireitu, close to  creased by passing a current through a constantan wire
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FIG. 7. Superconducting transitions of TI-2223 at different pres- £ 8. Superconducting transitions of TI-2234 at different pres-

sures. After subtraction of the residual resistance the superconducdyres. After subtraction of the residual resistance the superconduct-
ing transitions are normalized with respect to their values at 170 King transitions are normalized with respect to their values at 150 K.

heater. In this way the temperature of the sample can be | i i
varied continuously between 10 K and 300 K under control! c increases with pressure is found to be 1.75 K/GPa and 2.0
of a temperature regulator at an average rate of 0.5 K/min,K/GPa for TI-2223 and TI-2234, respectively. As the applied
The superconducting transition temperatifg of the Pressureis mcrgased furthar, continues to increase until it
sample is determined resistively using the standard four€aches a maximum value of 133 K at 4.2 GPa in TI-2223
probe technique Wh|Ch was improved for high_pressure exand Of 120 K at 6.6 GPa in T|'2234 At St|” h|gher pressures
periments by van Eeniget al® On top of diamond | six T, starts to decreas_»e. During this decrease a rather abrupt
flattened gold wires with a diameter of 26n are positioned change in Fhe slope is observed at 12.0 GPa in TI-2223 and at
although strictly only four are needehe other two are 10.5 GPainTl-2234. .
spares Their ends lie within a radius of 15am from the This behavior is qwte.dlfferent from that observed in the
center of the diamond anvil. A 10@m thick stainless steel N=1 andn=2 layered hight. superconductors. In most of
gasket is placed on top of the gold wires. In the center of thdh€Se compoundd,; as a function of pressure is reasonably
gasket a hole with a diameter of 3Qem is drilled which ~ Well described by a simple pargbdi& 3I;or example in
serves as sample space. For insulation a@8thick Kapton Y 2Ba4Cu7015 32 (Y-247) van Eenigeet al™" observed such
foil is glued to the side facing the wires ugia 1 : Imixture & Parabolic behavior over a wide temperature and pressure
of Al ,O, powder with an average grain size of 0,0fand  ange. They showed that, first increases from its ambient
epoxy adhesive. The sample space is completely filled witfyalue of 80 K to 108 K and then drops down to 50 K at 21
sample material. The main purpose of the gasket is to sugePa. Incidentally, in Y-247 at still higher pressuigsdoes
port the diamond anvils and to sustain the quasihydrostatifot follow the parabola anymore for reasons related to the
pressures generated in the DAC. The temperature depefiscussion below. .
dence of the four-point resistandg(T), of the samples is _ For Tl-2223(see Fig. § clearly two regimes are present.
measured with a Keithley 197 A multimeter using a currentBeélow 12.0 GPa the data points follow one parabola while
of 1.8 mA. above 12.0 GPa they follow another parabola which has a
slightly lowerT.naxand a larger width. The parabolas shown
in the figure are the result of least-squares fits to selections of
V. EXPERIMENTAL RESULTS AND DISCUSSION the data points as indicated in Table IV. Both parabolas have
In Figs. 7 and 8 typical superconducting transitions of themaxima at approximately the same pressure. These experi-
TI-2223 and TI-2234 samples are shown at different presmental results show qualitatively the same behavior as the
sures. Under pressure the polycrystalline samples break wggiculation based on the model of Haines and Tafiqre-
into smaller grains. Since the intergrain boundaries are nggented in Fig. 4. A possible interpretation of the experiment
superconducting, they are responsible for residual resistancégsas follows. At low pressure thE, observed is the intrinsic
observed at temperatures beloly. After subtraction of T, of the outer CuO, layers in which the charge carrier
these residual resistances, the superconducting transitions @encentration has a strong pressure dependence and where a
normalized with respect to their values at 170 K for the Tl-clear parabolic behavior fof(p) occurs. At the highest
2223 sample and at 150 K for the TI-2234 sample. The supressures the effect of thener CuO, layer dominates. As
perconducting transition temperatuffg, is defined as the seen in the inset of Fig.(8 dn,/dp of these layers is
intersection of the tangent through the inflection point of thesmaller and hence the parabola is broader. Clearly the ob-
resistive transition with a straight-line fit of the normal stateserved behavior in TI-2223 is consistent with the predictions
just above the transition. At low pressures the rate at whictof the model of Haines and Tallbhfor the decoupled case
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FIG. 9. Pressure dependence of the superconducting transi- FIG- 10. Pressure dependence of the superconducting transi-
tion temperaturd,, of TI-2223 up to 21 GPa. The lines are fits to 10N temperaturd’;, of TI-2234 up to 14 GPa. The lines are fits to
the experimental results using the parabolic equationfh® expenmentazl results using the parabolic equation
T.=a,+a,;p+a,p? The fits were done separately for pressures!c— a0+ aip+a,p®. The fits were done separately for pressures
below and above 12.0 GPa. The fit parameters are given in Tabllg\?low and above 10.5 GPa. The fit parameters are given in Table
V. :

as shown in Fig. 4. In particular the model predicts a nearl)}he 'observed behavior in TI.-2234 is consistent with the pre-
homogeneous charge distribution between the inner angictions of the model of Haines and_TaIF&rfor the decou-
outer CuQ, layers and hence the maxima for the inner andpleq case as shown in Fig. 5._ In_par_t|cular the model_pred|cts
outer CuG, layers occur at approximately the same pressur an inhomogeneous charge dlstr|but|0n.between tht_a inner and
For TI-2234 (see Fig. 1D also two regimes are present. outer CuG layers and hence the maxima for the inner and
Below 10.5 GPa the data points follow one parabola and®Uter CuQ layers occur at different pressures.
above 10.5 GPa they follow another parabola which has a  Although the model of Haines and Talfdris consistent
slightly lower T and a somewhat larger width. The pa- with the present experiment, it must be emphaS|zeq th.at
rabolas shown in the figure are the result of least-squares figher interpretations are possible. For example the kink in
to selections of the data points as indicated in Table IV. The/Tc/dP might be due to a kink ign,/dp for a single
positions of the maxima of the parabolas differ by approxi-CUQ2 layer.
mately 4 GPa. These experimental results show qualitatively
the same behavior as the calculation presented in Fig. 5 and
can be interpreted as follows. At low pressure the observed
T. is the intrinsicT of the outer CuO, layers in which the The pressure dependence of TI-2223 up to 21 GPa and of
charge carrier concentration has a strong pressure depeft2234 up to 14 GPa has been measured. For both TI-2223
dence and where a clear parabolic behaviofMidip) occurs. and TI-2234 a clear deviation from the parabolic pressure
At the highest pressures the effect of theer CuO, layers  dependence has been observed inTth&s p curves seen in
dominates. As seen in the inset of FigbBon, /dp of these many other compounds. This deviation is ascribed to the
layers is smaller and hence the parabola is broader. Clearfyresence of two different kinds of CyQayers, viz., the

VI. CONCLUSION

TABLE IV. The experimental results shown in Figs. 9 and 10 are fitted with the parabolic function
T.=ag+a,;p+a,p?. The pressurg is expressed in GPa and the superconducting critical temperBtiine

K.
Fit parameter TI-2223 TI-2234

p<12.0 GPa p>12.0 GPa p<10.5 GPa p>10.5 GPa
ap (K) 129.9 129.9 112.8 110.1
a; (KIGPg 1.190 0.3362 1.959 1.756
a, (KIGP&2) -0.1139 -0.0437 -0.1392 -0.09276

&Constrained during the fit to be smaller or equahto(p<12.0 GPa
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