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Pressure dependence of the superconducting critical temperature
of the Tly sPby sSr,Ca; _, Y, Cu,0O; system
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Using a cryogenic diamond anvil cell the pressure dependence of the superconducting transition temperature
T, of Tlp 5Py sSKLCa Y, Cu,0O; for x=0.0, 0.1, 0.2, and 0.35 has been measured resistively t{2@GPa.
In high-T, superconductors there are two contributions to the pressure dependeiigce offie related to
pressure-induced charge transfer and one due to intrinsic effects. In the present experiment these contributions
could be separated using a simple phenomenological model which incorporates the effect of changes in both
the yttrium contenk and the applied pressupeon T, . In this system it is found that there hardly is any charge
transfer by pressure so that the intrinsic pressure effect is the main contributiin t6p. The maximum
T. which can be reached in this system is 112180163-182@07)07517-9

I. INTRODUCTION the lead conteny and the yttrium contenk, one of the
two may be kept fixed and for the present study
Since the discovery of superconductivity in the TI-Sr-Ca- Tl sPhy sS1,Ca Y «Cu,0; was chosen.
Cu-O systerh? it has taken some effort to improve the su-  This system with the TI-1212 structure exhibits supercon-
perconducting transition temperatufe. The parent com- ductivity over the entire range 0sk<0.6. Forx=0.0, T,
pound TISsCaCuyO; (TI-1212 phasgis a metal, showing no has a value of 78 K. With increasing yttrium conteqtT
signs of superconductivity at all down to liquid helium tem- increases to a maximum value of 108 Kxat 0.2, and then
peratures. At room temperatui@00 K) TISr,CaCuyO; has a decrgases to 44 K at= 0.5. Forx=0.6, the system becomes
resistivity of 7.2 nf) cm which gradually decreases as tem-Semiconducting. _ _ _ _
perature is lowered. Extrapolation of the resistivity curve to APart from searching for the highedt;, studying this
0 K gives a residual resistance of 2.&mcm. Moreover, the
nominal copper valency in this compound 4s2.5. All of
this indicates an excess of holes on the GUu&yers giving
rise to a so-called overdoped state. The number of holes on
these layers can effectively be reduced by either substituting
Pb** for TI®" or Y3* for Ca?". As shown in Fig. 1, the
structure of the resulting compound ideally is built up of
alternating CuQ@ layers and(TI,Pb)-O layers. The Cu@
layers are essential for superconductivity to occur in these
materials and are doped by ti(&l,Pb)-O layers which be-
have as charge reservoir as suggested by Hybertsen and
Mattheis$ on the basis of band structure calculations. By
now it seems well established that the superconducting and
normal state properties of these and other related ceramic
compounds depend strongly on the charge carrier density
n, of the CuQ, layers*® The charge carrier density is de-
fined as the number of holes per Cu®yer and copper
atom.
A systematic investigation of
Tl,_,Ph,Sr,Ca_,Y,Cu,0; was carried out by Litet al®’ ® Y,Ca
By optimizing the oxygen content for a number of com- O TLPb
pounds with differenty and x, they were able to establish ° Cni
that at ambient pressure the high&stof ~110 K is found
for y=0.5 andx=0.2. Since many related compounds show F|G. 1. Schematic representation of the crystal structure of
an increase of; with pressurd®'it is tempting to also try Tlo.sPhy sSKHCa Y, CWw,O;. Ideally this structure is built up of al-
to further increase th&, of this system by applying pres- ternating CuQ layers and(TI,Pb)-O layers which act as charge
sure. Since the hole concentration is influenced both byeservoir(Ref. 3.
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system may give important information on the pressure defapica) O bondlengtf® which favors removal of antibonding
pendence of highi-. superconductors. As is well electrons. Thus, pressure raises the hole concentration on the
known?~1%he application of pressure not only changes theCuO, layers which explains the similarity between pressure
hole concentration on the CyOlayers, but also changes and doping experiments. The following relation, therefore, is
their maximumT .,ax @S a function of hole concentration. By able to describe th&. vs p behavior observed in many high-
studying the pressure dependence of samples with differefit, compounds®®

hole concentrationsi.e., different yttrium contenk) these

two effects can be discerned experimentally. This was done Te(P)=Temal 1~ @(P— Pman’]. v
previously atambient pressurddy, for instance, Neumeier |, sec. Vv it will be shown that even in

: MU 19
and Z|rT_1merman1rﬁ1 and by Gar@-Muroz et al. . Tlo Py SK,Cay Y, C,O,, where there is hardly any
In this paper, the pressure dependence ofof various  charge transfer by pressure, the experimental data can be

TloPhy sSRCa «Y,C0; samples is studied up 1620 reasonably described by this parabola.
GPa. In Sec. Il a phenomenological model is presented,

which described((x,p) in a single simple formula. After a |l: SAMPLE PREPARATION AND CHARACTERIZATION
description of the sample preparation and the experimenta

details in Secs. Ill and 1V, it will be shown in Sec. V thatthe ~ Samples with nominal composition
experimentally observed behavior Bf with pressure for the Tl sPhky sS1,Cay _ Y CWw,0; (0<x=<1) were prepared by a
different samples can be used together with the model ofolid state reaction as described in detail by &twal®” and
Sec. 1l to find both the intrinsic pressure dependenc&of Liang et al?® High purity CaCGQ;, Y ,03, SrCO;, and CuO

and the amount of pressure-induced charge transfer. powders from Aldrich Chemical Co. are thoroughly mixed in
the appropriate stoichiometric amounts using a mortar and a
Il. PHENOMENOLOGICAL MODEL pestle and subsequently calcined at 970°C for 12 h in air to

form a precursor. This precursor is then mixed witbGgl

It is generall_y a(_:cepted that the supercond_ucting critipa}ind PbO, ground, and finally pressed into a pellétmm in
temperaturel, in high-T. superconductors varies approxi- giameter and 2 mm in thicknessinder a pressure of 0.2

mately as an inverted parabola with the hole concentratiopa . |n order to prevent loss of thallium and lead during
M- Below a certain minimum hole concentration the sintering in a furnace at 950 °Cif@ h inflowing oxygen, the
compounds are not superconducting and in this region theye|ets are wrapped in gold foil. After sintering, the furnace
show nonmetallic behavior. As the hole concentration on thés cooled down to room temperature at a rate of 5°C/min. As
CuO, layers is increased,. increases reaching a maximum getermined by powder x-ray diffraction measurem&hts
value T nax at an optimal hole concentration, ... For still g the members of the solid solution
higher values of the hole concentratidn, starts to decrease Tlo Phy sSKCa _Y,CwO; (0<x<1) have the layered
and eventually goes to zero. In this region the compoundgcture of TIBaCaCuyO, (TI-1212) belonging to the te-
behave as normal metals. In most higheuprates it appears tragonal PA\mmm space group(see Fig. 1 More impor-

; H 23~ H . .
that optimal doping occurs&t*°n;,=0.16. Compounds with (antly, these measurements confirmed that the sintered
a lower hole concentration are said to tnederdopedvhile samples are homogeneous both in structure and

compounds with a higher hole concentration are said to bgomposition’

overdoped This behavior can be expres$&d®° by the fol- By now it has been established that substitution of Pb in
lowing simple equation: the Tl sites’=33or Y in the Ca site$**° not only stabilizes
the crystal structure of the phase responsible for high tem-
Te(h) = Temal 1= B(Np~ Nimad . (1) Y P P 9

perature superconductivity but in addition also increases the
Considerable effort has been devoted in recent years to eliolume fraction of superconducting material in the TI-1212
cidate the pressure dependence of the superconducting trgphase. As mentioned in the Introduction and as previously
sition temperature of high; superconductors. High- proposed, substitution of Y¥* for Ca’?" in the system
pressure experiments on these compounds are done in th& sPhy sSKLCay Y Cu,0; effectively reduces the hole con-
hope that they provide some answers as to why superconducentration on the Cu@ layers. Several experimental find-
tivity occurs at such high temperatures. They may also proings seem to corroborate this. With increasing concentration
vide important clues in order to synthesize other superconef Y3 in the C&" sites, the following effects have been
ducting compounds with even highéF.'s at ambient observed’ (1) an increase in tha lattice parameter as de-
pressure’’ The important information on the mechanism of termined from Rietveld refinement of neutron powder dif-
superconductivity is contained in the pressure dependence éfaction data, which generally is attributed to a decrease in
Temax[S€€ Eq(1)]. Unfortunately, due to the strong pressurethe average copper oxidation state, leading to longer Cu-O
dependence dfi,, the pressure dependenceTqf,, is gen-  distances within the Cu@layers,(2) an increase in the room
erally very difficult to find. As will be shown below, the temperature resistivity;3) a decrease in the effective number
present study of a series of compounds with, at ambient presf holes determined from Hall coefficient measurements, and
sure, different values dfi,,, allows one to derivel.,.{p).  (4) an increase in the absolute value of the thermoelectric
This is possible even if the pressure dependencg aihd  power. Contrary to the increase in thdattice parameter, the
Nhmax IS taken into account. c lattice parameter decreases. This is probably due to the fact
The pressure dependencemgfis due to charge transfer that in an eightfold coordination the radius of thé'Yion
from the (TI,Pb)-O layers in T} Phy SrL,Ca_,Y,CwO; to  (1.019 A is slightly smaller than that of the G4 ion (1.12
the CuQ, layers as a result of the contraction of the Cu-A).%®
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. Several T&_SP.Q),SSrZCaO,SYO_ZCl_JZO? samples were s_ub- Tl, sPb, sSr,Ca, .Y,Cu,0,
jected to annealing treatmehtshich included slow cooling 110
T v T T T T I T T

to 350°C in oxygen and annealing at 500°C and 600°C in
2, 0.2, 0.009, and 0.0% of oxygen in nitrogen at 1 bar. Fol-
lowing each of these annealings no significant shift in the 105 -
diamagnetic onset temperature of 108 K was observed. Liu
et al.” hence conclude that this compound with the highest
T, is very stable and does not exhibit any deviation of the 100 |
oxygen stoichiometry. In all compositions the oxygen sto-

ichiometry determined from neutron diffraction experiments

was found to be very close to 7 and independent of the 95
yttrium contentx. As at ambient pressure, the sample with
nominal compositiorx=0.4 showed a highef value (ex-
trapolated from thél'; vs p curve compared to the one re-
ported by Liuet al’ it is not inconceivable that the small :
piece used in the high-pressure experiment had a slightly 85 overdoped : underdoped
lower yttrium content with as result a higher hole concentra- :
tion and hence a highdr. value. UsingT. as a calibration, :
x should have a value of 0.35(see Ref. Yinstead of 0.4. 80 | : -
Throughout the rest of this paper this value will be used in :
the calculations and the sample is consequently labeled

— 75 L . I A L ! . I
x=0.35. 0.0 0.1 0.2 0.3 0.4

X

Te (K)

20

IV. EXPERIMENTAL DETAILS

aF!G. 2. The superconducting transition temperatdig of
lo.sPy 5SCa Y Cw,0; vs yttrium contentx at ambient pres-
sure. Forx<<0.21 the samples are overdoped whilexXor0.21 they
are underdoped. Optimal doping is almost reached inxth®.2

Pressure is generated and applied to the samples usingT
cryogenic diamond anvil céff (DAC). Its principle of op-
eration is descritlaéaéjs in detail by Scholet al®” and by
Tristan Joveet al.”"*°*The applied pressure is determiriad AL s .
situ, close to the superconducting transition of the samplests,;rzglt: The solid line s a parabolic fitee textto the experimen-
with the ruby fluorescence method. After correction for the '
temperature-induced shift of the ruRy fluorescence liné®
the calibration of Macet al*® is used. All experiments are x=0.0 and x=0.1 samples are overdoped, the=0.35
made with the same pressure cell. The pressure is alway@ample is clearly underdoped. Tke=0.2 sample is only
changed at-185 K and the data points are taken with in- slightly overdoped.
creasing pressure only. The T, vs x behavior reflects the parabolic dependence of

The temperature of the sample is measured using a stafl;. vs n,, as described by Ed1), since the chemical doping
dard platinum resistor placed in a copper block in which onex leads to a change in dopimg, ; in factn,o— x. Therefore
of the diamonds is mounted. Since at low temperatures digthe quadratic functio.(x)=a,+a; x+a, x> was used to
mond has an even higher thermal conductivity than coppefijt the experimental data in Fig. &olid line). With T, in
there is good thermal contact between sample and thermonomits of K, the fitting parameters am,=77.9, a;=266.7,
eter. To check for possible thermal gradients in the body otind a,= —639.3. From this fit the optimum value of at
the high-pressure cell, two other platinum resistors areambient pressure is found to be,,,=0.21 with
mounted approximately 1 cm above and below the diamond .= 105.7 K, i.e., slightly lower than the maximum value
anvils. The temperature difference is found to be 0.6 K. In-reported previousl§.’
terpolated linearly, this corresponds to a temperature differ- Figure 3 shows typical superconducting transitions for the
ence across the sample of 3 mK. x=0.2 sample at two different pressures. The resistance

The superconducting transition temperatufg of the  curves are normalized with respect to their values measured
sample is determined resistively using the standard fourat 80 K. As indicated on the 2.5 GPa curve in Fig. 3, the
probe technique. The electrical leads are placed on top of orsuperconducting transition temperatdrg is defined as the
of the diamonds. These leads consist of flattened gold wireiitersection of the tangent through the inflection point of the
with a diameter of 25u.m which are pressed onto the sampleresistive transition with a straight line fit of the normal state
for electrical contact. The four-point resistanR€T) of the  just above the transition. A clear shift @f, towards higher
sample as a function of temperature is then measured with\alues is observed in going from 2.5 GPa to 10.8 GPa.
Keithley 2001 multimeter using a current of 1 mA. Above T, the resistance increases with decreasing tem-
perature. This is attributed to the presence of intergrain
boundaries in these samples, which have a measured density
of the order of 55—-65 % of the theoretical density, and hence

In Fig. 2 theT, values at ambient pressufextrapolated is not related to superconductivity at all. From scanning elec-
values from theT . vs p curves of the investigated samples tron microscopy the grain sizes are found to be approxi-
are plotted as a function of the yttrium contentWhile the  mately 1 um for all the compositions investigated in this

V. EXPERIMENTAL RESULTS AND DISCUSSION
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Tly sPbg 55r,Cay 5, ,CU,0, Tc(p)=bo+b;p+b; p2 ©)
o S ] was used to fit the experimental data for each compound
1.08 |- Te — X § with different yttrium contentx in Fig. 4 whereT, is ex-
< 106l ] pressed in K ang in GPa. The fit parametels are given in
3 2.5 GPa 1 Table I, the corresponding curves are the solid lines shown in
€ 104 Fig. 4. These fits will now be used to construct a single
£ 1.02 10.8 GPa functionT;(x,p) which describes all the data of Fig. 4. As a
o« 1.00 first step parabolas such as the one shown in Fig. 2, which
1 ] holds for ambient pressure, are constructed at various pres-
o8l—u—L 1. 1. 1 sures; i.e., the relation
80 90 100 110 120 130
T(K) To(X)=ap+a;x+ a,x? (4)
FIG. 3. Typical resistance curves of Is constructed fop=0,2,...,20 GPa. Since in general the

Tlo.gPhy sSCay 8Y 0 CW,0; at two different pressures. The curves increment in pressure in the experiment is not constant, at
are normalized with respect to the resistance values measured @ach given pressure for all fourvalues the corresponding
T=80 K. The superconducting transition temperafiigds defined T, values are obtained by the interpolation of E§) of

as the intersection of the tangent through the inflection point of thavhich the appropriate coefficients are given in Table I.
resistive transition with a straight line fit of the normal state just ~As a result the fit parametees are obtained at all pres-
above the transition as shown by the dashed lines. A clear shift ofure values considered. To obtain a single function
T. towards higher values is observed in going from 2.5 GPa to 10.87,(x,p), a smooth function can be fitted to the parameters
GPa. Temax: B, andxax @s a function of pressure after rewriting

. .. Eq.(4) as follows:
work. This background fortunately has only a very limited

2

effect upon the determination af . a2 —a, a,
TheT, val tained for all four sampl re plott T(x,p)=|ay——/||1-| ———]|| X+ 57—
e T, values obtained for all four samples are plotted as T(X,p) ( " 14, 29— (adiaay) T

a function of pressure in Fig. 4. A parabolic pressure depen-
dence ofTC_ is found for all samples except for _the one with =Temad P){1— B* (P)[X—Xma P) ]2} (5)
x=0.0. This sample shows an approximate ling&arvs p . .
dependence. For the nearly optimal doped sampteQ;2)  The pressure dependencelQfy.y, B*, andXmaxis shown in

T, reaches a maximum value of 112 K-aB GPa. A further ~ Fig. 5. It turns out that in order to describe all these depen-
increase in pressure only leads to a decreade iA similar ~ dencies separately a simple quadratic function similar to Eq.
behavior is also seen in the=0.1 andx=0.35 samples. (3) suffices. The fit parametets so obtained for each func-

In agreement with Eq(2), the quadratic function tion are given in Table Il. Equatiofb) together with these
parameters now completely defin€gx,p). As an example

T.(x,p) may be calculated fok=0.0, 0.1, 0.2, and 0.35.
_ : . The result of this calculation is shown as the dashed lines in
110 e . ' Fig. 4. Clearly To(x,p) very closely fits the experimental

3 data, which shows that the procedure used here is justified.
Of course not only the fit to the experimental data can be

Tl, ;Pb, ;Sr,Ca, Y,Cu,0,

105 |

I calculated, but indeed the whole,(x,p) landscape can be
100 | &= investigated. The result is shown as a contour plot in Fig. 6:
the maximumT,; which can be reached in this particular
95| system is 112 K. This value can be reached only under pres-
b sure at optimal yttrium contenix& 0.21). As stated above,
£ ool this analysis is done with a corrected concentration value of
= x=0.35 for one sample. If for this sample the nominal value
85} x=0.4 (which applies for the bulk from which it was taken

is used, the quantitative analysis is slightly modified. For
N example, the maximunT,; would then occur forx=0.23,

_ TABLE |. By fitting the experimental data for each compound
] with different yttrium contenk in Fig. 4 with the quadratic function
Ty Eq. (3), the following values for the fit parametes are obtained.

0 5 10 15 20 X bo b, b,
p (GPa)
0.0 78.4 -0.40 0
FIG. 4. Pressure dependence Tf of four differently doped 0.1 99.3 0.77 -0.057
Tly 5Py sSKHCa Y ,Cw,0; samples. The solid lines are fits to the 0.2 105.2 15 -0.094
experimental data using a parabdlig vs p dependence, while the 0.35 92.0 1.1 -0.098

dashed lines result from a full,(x,p) fit (see text
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112 T, for Tly (Pb, 5Sr,Ca, Y, Cu,0,
| 20 T T T
g 108 [ 95 75\
= 75 90 \ 80\70
g 104 80 100 85
o 3 15+ 105 4
100 —
i '} g
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95
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- ol 190\ | .
0.0 0.1 0.2 0.3 04

FIG. 6. Contour plot ofT.(x,p). The maximumT . which can

0.21 be reached in this particular system is 112 K. This value can be
reached only under pressure and at optimal yttrium content
0.20 _
3 (x=0.21).
><E
019 explained above there is practically no oxygen deficiency in
L these compounds and doping due to it can be ignored. The
0.180 > 4 6 8 10 12 14 16 18 20 pressure dependence xf ., also contains these two contri-
p (GPa) butions: the pressure-induced shiftrip,,,,and in doping by

Y3+ and PH*. Regrettably these two contributions cannot

FIG. 5. The values off o, B*, andXpa at p=0,2,. . .,20 be separated in the present experiment.

GPa. The solid lines show the parabolic fits of which the parameters It i of course interesting to try and relatdo ny,; first the
are given in Table II. zero-pressure case is considered. As the Riglsupercon-
ductors are usually considered to ioaic,** charges can be

while the sharp dropoff at the upper right corner in Fig. 6 isaSS'gned to each of the consfituent catiametal ions and

reduced: the position of the 75 K isotherm as shown Woulqanlqns(oxygen |on$ which are _representgd as pqlnt charges.
. Assigning the nominal valencies to tienic constituents of
then represent a 90 K isotherm.

; + 4+ 2+ 2+
Now Fig. 5 will be discussed in more detail. The pressur Tlo Pl sS5Ca ., Y,Cu0y, e, TP, PB*!, Sr*7, Cat,

3F 2+ -

dependence of .2y, Which represents the intrinsic pressure , Cu™", and O, the number of holes per CuyQayer
dependence of ., shows a maximum around 8 GPa, con- PE" copper atom would be given by

sistent with Fig. 4. In general, a maximum fog.,,, as a X

function of pressure would be expected: due to the stronger n,=0.25- > (6)
coupling between Cu@layersT, increases until the layers

are too close and deformation or other detrimental effects

take over. The parametgs* defines the width of the pa-
rabola shown in Fig. 2, and corresponding ones at high
pressures. The increase @f with pressure implies a slight o
narrowing of the parabola, which means tfiatis more sen-  9'Ven by An,=2 V1iB; it is well knOV\{FFO that An,=0.22.
sitively dependent upon doping, but also that the compounb"s'ng the fit to the _exper.|mental data in Fig. 2itis found that
is superconducting in a narrower range of doping. In prin-2X=0-8, whereAx is defined analogously tiny, . As a first
ciple the parametex,., contains two contributions due 9  aPProximationn,=const- (An,/Ax)x or after substituting
the effect of doping by ¥+, Pb** and oxygen deficiency (he values forAn, andAx given above:

and(ii) the fact that the ambient pressure maximunT gi/s X

N, is not atn,=0 but atny=ny,,,=0.16. Incidentally, as np=const- 6 (7)

TABLE II. By fitting each of the parameterScnox, 5%, and  Comparing this relation to Ed6), it becomes clear that the
Xmax Of Eq. (5) as function of pressure with a quadratic function cyQ, layers in this particular system benefit only from about
f(p)=co+c1p-+c,p? the following values for the fit parameters paf of the chemical doping. Possibly some charge is trapped
¢; are obtained. elsewhere, or not all ¥* replaces C4".

Now the magnitude ofdn,/dp close to zero pressure

The validity of this relation can be easily checked. The
eParabola given by Eq(1) yields preciselyT.=0 for nj
=Npmax™ V1/B. The width of the parabola at its base is thus

Co “ C2 is discussed. If the initial slop@Xmy./dp IS entirely
Temax 105.8 1.4 -0.092 attributed to a change in the hole concentration (to
B* 6.2 0.21 -0.0049 obtain an upper boundhen it is found thatin,/dp~3.9
Xonen 0.20 0.0014 -0.00012 x10~* GPa !, close to the value of 810~ GPa !

found?*® for CalLaBaCyO,. Both CalaBaCyO, and
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Tlo Py sSKCa Y, Cw,O, have a special crystal structure. VI. CONCLUSION

In CalaBaCyO;, the doping of the Cu@layers is provided = j5ing 4 cryogenic diamond anvil cell the pressure depen-
by the CuO chains, which are very short due to the formationyece of the ‘superconducting critical temperature of several
of very small crystallites which make CalLaBag;, mac- Tlo.&Phy sSKCa Y, CbO, samples has been measured re-

roscopycally tetragonéf‘f Gupta and Gupfd have calculated sisiively under quasihydrostatic conditions. Thevs p be-

that this §everely hinders the transfer of charge and hem}r‘?avior for the different samples investigated can be ex-
gnp/op is expected to have a small value. 1IN pained in terms of a phenomenological model which

Tlo Py 551Ca Y, Cu0; the doping is provided by the pagicaiy involves two terms: one directly related to

(TI,PD)-O layers, which are also known to be of iregular nessyre-induced charge transfer and another more dominant
nature. Due to this, charge transfer from {igPh)-O layers one related to intrinsic effects.

to the CuQ layers is frustrated. Hence it is considered likely
that in Th sPhy sSrL,Ca Y, Cu,0O; pressure-induced doping
of the CuG, layers is very small, although it cannot be ruled
out that the change in doping from tki€l,Pb)-O layers and One of the authoréD.T.J) would like to thank M. Tristan
the pressure-induced shift in,,,, accidentally cancel. A Jover. H.W. acknowledges titéuman Capital and Mobility
small value forony, /dp implies that pressure-induced charge Program of the European Community under Contract No.
transfer would have a small effect ap. Hence the extrinsic  ERBCHBICT 940952 for its financial support and the hos-
value of 9T;/dp is small in this particular system. pitality of the Free University in Amsterdam.
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