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Analyzing the normal-state magnetic susceptibility y for TISr,(Lu,_,Ca,)Cu,0,, whose carrier densi-
ty covers the entire range from the underdoped to the overdoped regime, as a function of Ca concentra-
tion x and oxygen content y, we find significant correlations between ) and the carrier density. (1) The
temperature dependence of y gradually changes from positive to negative on going from the underdoped
to the overdoped regime. It is almost entirely temperature independent at the optimum carrier density
(maximum T,). (2) The magnitude of y gradually increases with the carrier density. For the optimum
carrier density, the spin susceptibility at 200 K is estimated to be about 1.2X 10™* emu/mol Cu. These
characteristics are typical of most high-T, cuprates and seem to be closely related to the high-T, super-

conductivity mechanism.

I. INTRODUCTION

The normal-state physical properties of high-T. cu-
prates have been extensively investigated in efforts to elu-
cidate the high-T, superconductivity mechanism. The
underdoped regime, where T, increases with carrier den-
sity, has been explored in many studies using various
kinds of high-T, cuprates. Research into the overdoped
regime, however, where T, decreases with carrier density,
is as yet insufficient because of the smaller number of
overdoped high-T, cuprates. Although the well-known
La,_,Sr,CuO, system can be overdoped for x >0.15,!
there remains controversy as to whether the overdoped
materials are homogeneous or not.>3 Recently, we
have revealed that Tl,Ba,CuOg, s (Refs. 4 and 5) and
T1Sr,CaCu,0,_; (Refs. 6 and 7) can be overdoped by ox-
ygen nonstoichiometry from high-T, superconductors to
metallic nonsuperconductors. Since these materials show
neither phase transition nor inhomogeneity, they are suit-
able for studying the overdoped regime. While their
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FIG. 1. Model crystal structure for TISry(Lu,_,Ca,)Cu,0,
(tetragonal, space group P4/mmm).
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normal-state transport properties have been studied in de-
tail,® 10 their normal-state magnetic properties have not.
The large Curie term of the magnetic susceptibility for
T1,Ba,CuOq, 5,° which is probably caused by the Cu?*
ion replacing the TI site, prevents us from determining
the intrinsic spin susceptibility of the CuO, plane in the
overdoped regime. In this respect, TISr,CaCu,0,_; is
more favorable because of its much smaller Curie term.’
In addition, the carrier density of TISr,CaCu,0;_5 can
be reduced by replacing Ca with Y or rare-earth ele-
ments, covering the entire underdoped regime. There-
fore, the carrier density of TISr,(R,_,Ca,)Cu,0, (R=Y
or rare-earth metals) can be changed to cover the wide
range from the underdoped to the overdoped regime, by
changing the cation substitution and oxygen non-
stoichiometry. !!

TiSr)(R,_,Ca, )Cuy0,, in contrast to La,_,Sr,CuO,,
has two CuOy square-pyramidal layers per formula unit,
similar to those in YBa,Cu;0,_s and Bi,Sr,CaCu,04.
An important point is that TISry(R;_,Ca, )Cu,0, is the
only pyramidal system that changes from an insulator to
an overdoped metal when it is doped. It also does not
contain a CuO chain layer like that in YBa,Cu;0O,_,.
Moreover, the relatively simple crystal structure (tetrago-
nal P4/mmm) of TISr)(R,_,Ca,)Cu,0, (Fig. 1), which
is independent of the doping level, should be an advan-
tage in studying physical properties.

This paper describes the preparation, superconduc-
tivity, and normal-state magnetic susceptibility of
TISr,(Lu,_,Ca, )Cu0,, from the underdoped to the
overdoped regime. Lutetium was selected because Lu**
is nonmagnetic, and because it was easier to prepare
single-phase samples when using it than when using
another nonmagnetic ion, Y>*.

II. SAMPLE PREPARATION AND
CHARACTERIZATION

TISry(Lu,_,Ca, )Cu,0, samples with x=0, 0.1, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, and 1.0 were prepared by the solid-
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state reaction of 99.999% pure CaO (Johnson &
Matthey), 99.999% pure CuO (Johnson & Matthey),
99.995% pure T1,0; (Johnson & Matthey), 99.9% pure
Lu,0; (Shin-etsu Chemical), and 99% pure SrO (High
Purity Chemetals) powders. Before the as-received SrO
and CaO powders were used, their formula weights were
calibrated by thermogravimetric, titrimetric, and spectro-
scopic analyses. It is not easy to prepare single-phase
TiSry(Lu, _, Ca, )Cu,0, because the volatility of thallium
makes it difficult to keep stoichiometry at the sintering
temperature. Therefore, we started with Tl-rich compo-
sitions and adjusted the final Tl compositions by measur-
ing the sample weight. Except for the samples with
x=1.0, the SrO, CaO, Lu,0;, and CuO powders were
thoroughly mixed with stoichiometric compositions using
an agate mortar. For x=1.0, a Ca-poor composition
(Sr:Ca:Cu=2:0.85:2) was used because the Ca site was
found to be partially substituted with T1.5712 The mixed
powders were dried at about 350°C for 5 h in flowing ox-
ygen and then mixed with the T1,0; powder in Tl-rich
compositions. The excess amounts of Tl were 20% for
x=0.1 and 0.2, 40% for x=0.3 and 0.4, and 70% for
x 20.5. Then the mixtures were pressed into pellets and
each pellet was wrapped with gold foil. This process was
performed in a dry box with a nitrogen atmosphere. The
pellets were sintered at 890-940°C for 1-5 h and the TI
loss during sintering was estimated by weighing. The
sintering was repeated 2-3 times, with intermediate
grinding, pressing, and wrapping, until weighing indicat-
ed that the Tl composition was stoichiometric. For
x=1.0, the final T1 composition was adjusted to about
1.2, since T1 partly occupies the Ca site in addition to the
Tl site. In fact, for x =1.0, a single-phase sample was ob-
tained only for such a nonstoichiometric composition.
Each of these synthesized samples was confirmed to be a
single-phase sample by powder x-ray diffraction. Fully
oxygenated samples were obtained by annealing at 350°C
for 10 h in flowing oxygen.

Scanning electron microscopy (SEM) and electron-
probe microanalysis (EPMA) were performed using a
JEOL superprobe JXA-8600MX to survey the sample
homogeneity and to determine the chemical com-
position for each sample. The standards used for
EPMA (wavelength-dispersive x-ray analysis) were T1,0;,
SrTiO;, CaF,, LuP;O,4, and Cu metal. The average com-
position for each starting composition x is listed in Table
I, in which each composition is normalized so as to yield
six cations per formula unit. Sample homogeneity was

confirmed by analyzing about ten different points for
each sample. Moreover, backscattered-electron (compo-
sitional) imaging for each sample indicated no impurity
phase within the crystalline grains or on the grain
boundaries. The composition of the x =1.0 sample was
Tl-rich and Ca-poor, suggesting that the Ca site was sub-
stituted with T

Powder x-ray-diffraction data were collected by using a
Rigaku Geigerflex diffractometer and a Cu K« radiation
source (12.5 kW) with a curved graphite monochromator.
The diffractometer was stepped by 0.02° in 20 at every 4 s
over 5°<26<90° with a slit width of 0.5°. The results
were refined using the Rietveld analysis program
RIETAN. ' The observed and calculated diffraction pat-
terns for representative samples (x =0, 0.4, 0.7, and 1.0)
are shown in Figs. 2(a)-2(d). The peaks of each observed
pattern could be all assigned to the peaks for the crystal-
structure model, tetragonal space group P4/mmm. No
impurity peaks were observed. As shown in Figs.
2(a)-2(d), in each pattern the ratio of the height of the
(102) reflection peak to that of the (101) reflection peak
increases as the amount of Ca substituted for Lu in-
creases. The peak heights for (003), (111), and (112)
reflection also change significantly with the amount of
substitution. In the Rietveld analysis, the thermal pa-
rameters (B) were assumed to be isotropic. Because the
samples include heavy atoms such as Tl and Lu, it is
difficult to refine the occupation factors (g) for the oxy-
gen ions. Thus, only the occupation factors of the metal
ions were considered and the occupation factors of the
oxygen ions were fixed at 1.0. The resulting large isotro-
pic thermal parameter (=2.0) for Tl, which was first lo-
cated at an ideal 1b site, suggested that the Tl atom had
been displaced. Therefore, the T1 site was split into four
pieces by assigning a 4m site deviating slightly from the
ideal site.® The occupation factor of the copper ion was
also fixed at 1.0 because it could not be refined together
with the isotropic thermal parameter for Cu. The final
refined structural parameters and R factors for the oxy-
genated samples are listed in Table II. For the x=1.0
sample, the Ca site was refined assuming that it was par-
tially substituted with T1. This result was consistent with
the EPMA data presented in Table I. The g values of the
Ca sites for the x =0.6 and x =0.7 samples were found to
be fairly small compared with the designed compositions.
This suggests that the Ca sites of these samples are partly
substututed with Tl as well as Lu, as occurred in the
x =1.0 sample. This partial substitution is corroborated

TABLE I. Chemical compositions from SEM-EPMA data for the TISry(Lu;_,Ca, )Cu,0, samples.
The results are normalized to yield six cations per formula unit. Numbers in parentheses are estimated
standard deviations of the last significant digit.

x=0 x=0.1 x=0.2 x=0.3 x=0.4 x=0.5 x=0.6 x=0.7 x=1.0
Tl 0.97(5) 0.97(2) 1.04(3) 0.98(2) 0.99(1) 1.01(2) 1.05(2) 1.07(2) 1.25(2)
Sr 2.04(5) 1.99(5) 1.98(3) 2.05(3) 2.03(1) 2.00(2) 2.02(3) 2.04(2) 1.99(3)
Ca 0.12(1) 0.22(3) 0.26(1) 0.36(1) 0.47(1) 0.53(1) 0.61(1) 0.77(3)
Lu 0.94(2) 0.90(2) 0.78(2) 0.68(2) 0.57(1) 0.49(3) 0.42(3) 0.29(1)
Cu 2.05(4) 2.02(4) 1.98(3) 2.03(2) 2.05(2) 2.03(2) 1.98(4) 1.99(3) 1.99(2)
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FIG. 2. Rietveld refinement patterns for
TISr)(Lu,_,Ca,)Cu,0,: (a) oxygenated sam-
ple with x =0 and T, <2 K (insulator), (b) oxy-
genated sample with x =0.4 and T,=64 K, (c)
argon-reduced sample with x =0.7 and T, =78
K, and (d) oxygenated sample with x =1.0 and
T. <2 K (metal). Dots are observed intensities
and solid lines are calculated intensities. Verti-
cal marks below the profile indicate the posi-
tions of the allowed reflections. The curve at
the bottom shows the difference between the
observed and calculated intensities on the same
scale.
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TABLE II. Refined structural parameters from powder x-ray-diffraction data at room temperature for the oxygenated
TISry(Lu;_,Ca, )Cu,0, samples. The crystal structures of all samples have P4/mmm space-group symmetry. The atom positions
are Tl 4m [x,0,0.5], Sr 2h[0.5,0.5,z], Ca 1¢[0.5,0.5,0], Lu 1¢[0.5,0.5,0], Cu 2g[0,0,z], O(1) 1d[0.5,0.5,0.5], O(2) 2¢g[0,0,z], O(3)
4i[0,0.5,z]. The occupation factors of copper and oxygen ions are set at 1.0. Numbers in parentheses are estimated standard devia-

tions of the last significant digit. The relative changes in oxygen content per formula unit are given in the last row (see text).

Parameter x =0 x=0.1 x=0.2 x=0.3 x =0.4 x=0.5 x=0.6 x=0.7 x=1.0
a=b (A) 3.79592(6) 3.79327(7) 3.79168(6) 3.78977(8) 3.78806(7) 3.78765(8) 3.78475(8) 3.78441(7) 3.78340(6)
c(A) 11.9750(2) 11.9943(2) 12.0077(2) 12.0202(3) 12.0291(2) 12.0446(3) 12.0586(3) 12.0758(2) 12.1164(2)
Tl g 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25

x 0.071(4) 0.07 0.07 0.075(4) 0.07 0.076(4) 0.08 0.083(3) 0.085(3)
B (A") 0.24(22) 0.28(15) 0.32(13) 0.14(25) 0.41(14) 0.35(26) 0.23(15) 0.27(22) 0.37(23)
Sr g 1.0 1.02(2) 1.0 1.0 1.0 1.0 1.0 0.98(2) 0.98(2)
z 0.2901(4) 0.2900(4) 0.2904(4) 0.2900(5) 0.2898(5) 0.2887(5) 0.2890(4) 0.2888(4) 0.2882(4)
B (A") 0.32(13) 0.66(19) 0.59(14) 0.49(16) 0.37(16) 0.50(17) 0.63(16) 0.44(14) 0.49(22)
Ca® g ., 0.14(2) 0.23(2) 0.31(2) 0.37(2) 0.48(2) 0.56(2) 0.62(1) 0.83(1)
B (A') 0.54(18) 0.53(19) 0.46(22) 0.44(23) 0.46(28) 0.42(28) 0.42(28) 0.37(36)
Lu>® g 1.0 0.86(2) 0.77(2) 0.69(2) 0.63(2) 0.52(2) 0.44(2) 0.38(1) 0.17(1)®
B (;\2) 0.83(12) 0.54(18) 0.53(19) 0.46(22) 0.44(23) 0.46(28) 0.42(28) 0.42(28) 0.37(36)°
Cu z 0.1357(6) 0.1371(6) 0.1372(6) 0.1373(6) 0.1377(6) 0.1375(7) 0.1385(6) 0.1384(6) 0.139 5(6)
B (1}2) 0.64(24) 0.66(25) 0.83(24) 0.77(26) 0.61(25) 0.64(27) 0.81(24) 0.81(23) 0.65(22)
o(1) B (A") 2.2(12) 2.2(12) 2.2(12) 2.3(14) 1.5(13) 2.2(15) 2.1(14) 2.3(14) 3.9(17)
0(2) z 0.326(3) 0.319(3) 0.323(3) 0.326(3) 0.324(3) 0.328(3) 0.326(3) 0.331(3) 0.333(3)
B (A") 2.6(10) 4.2(11) 3.0(10 2.5(11) 3.7(12) 1.8(12) 2.9(11) 2.2(10) 1.8(10)
o@3) z 0.117(2) 0.118(2) 0.119(2) 0.120(2) 0.120(2) 0.122(2) 0.122(2) 0.124(2) 0.128(2)
B (A") 0.72(52) 0.63(52) 0.71(53) 0.56(58) 0.75(58) 0.56(62) 0.72(57) 0.80(56) 1.51(66)
R, (%) 4.65 4.33 4.70 4.78 4.81 494 4.70 4.65 5.88
R, (%) 2.87 2.83 2.83 2.73 2.75 2.77 2.74 2.73 4.52
Ay 0.040 0.035 0.078 0.060 0.071 0.088 0.070 0.102

*Constraints: g(Ca)+g(Lu)=1; B(Ca)=B(Lu).

*T1(2) 1¢[0.5,0.5,0] for the x = 1.0 sample (see text). Constraints: g(Ca)+g[T1(2)]=1; B(Ca)=B[TI(2)].

by the fact that the EPMA data for these samples also in-
dicate Tl-rich and Ca-poor compositions.

III. OXYGEN NONSTOICHIOMETRY
AND SUPERCONDUCTIVITY

In order to investigate the effect of oxygen content on
the superconducting properties, the oxygenated samples
were reduced in flowing argon at various temperatures up
to 550°C for 5 h. This reduction caused little change of
the x-ray-diffraction pattern, and resulted in no new
phases or structural changes.

The relative change in oxygen content was determined
from the weight difference between the oxygenated and
argon-reduced samples. The weight of each oxygenated
sample decreased during annealing in flowing argon, and
the reversibility of the weight change was checked by
reannealing the sample at 350°C in flowing oxygen. The
sample weight was almost completely recovered when the
argon-annealing temperature 7, was less than 450 °C, but
it was not entirely recovered when T, was greater than
450°C. This unrecovered weight was attributed to the
sublimation of TI because it increased with T,. The un-
recovered weight was as small as 0.15 wt. % even for the
maximum T, of 550°C, from which the amount of Tl
sublimation was estimated to be 0.005 per formula unit.
Such small amount of Tl sublimation never changed the
crystal structure parameters nor physical properties after
oxygen reannealing. Thus, the relative change in oxygen

content was determined by the weight increase during the
oxygen reannealing.

The oxygen content is an important parameter for dop-
ing in the TISr,(Lu,_,Ca, )Cu,0, system.'! For x =1.0,
for example, a change in y as small as 0.1 per formula
unit yielded a large T, change of about 70 K. The T,
change was confirmed to be reversible for all samples
even when the weight change was not reversible.

The lattice parameters a and ¢ determined by the Riet-
veld refinements for both oxygenated and argon-reduced
samples are plotted in Figs. 3(a) and 3(b) against the
designed Ca concentration x. For the oxygenated sam-
ples, the c axis linearly elongates by about 1.2% as x in-
creases, whereas the a axis shrinks by only about 0.3%.
The argon reduction stretches the a axis but changes the
c axis length only a little. The linear increase in ¢ versus
x indicates that the Lu’* ion (ionic radius 0.97 A) is sys-
tematically substituted by the larger Ca’* ion (1.12 A).
This systematical substitution is also supported by the
fact that the z component of the O(3) site systematically
increases from x =0 to x =1.0 as shown in Table II. The
difference in ¢ between the x =0 and x=1.0 samples,
about 0.14 A, is consistent with the difference in the ionic
diameters between Lu** and Ca* (0.30 A), considering
the angle of elevation between Lu** /Ca?* and 0?>(3) in
the neighboring CuO, plane (~37°). The lattice parame-
ter ¢ thus appears to be determined mainly by the ionic
radii of Lu** and Ca?*.
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The lattice parameter a, on the other hand, seems to be
determined mainly by covalent Cu-O bonding, which de-
pends on the carrier density in the CuO, plane. In gen-
eral, hole doping should decrease the Cu-O bond length
because it reduces the number of electrons in the Cu-O
antibonding band. This is clearly demonstrated in Fig.
3(a), in which the a axis shrinks with hole doping through
Ca substitution and stretches with ‘“electron” doping
through argon reduction. With argon reduction, the lat-
tice parameter ¢ decreases when x <0.6, whereas it in-
creases when x=1.0. This suggests that there is no
correlation between the lattice parameter ¢ and the car-
rier density.

Magnetization data were obtained down to 5 K at a
magnetic field of 1 Oe by using a Quantum Design super-
conducting quantum interference device magnetometer.
All measurements were performed on bulk samples of
about 4X 3X 1 mm>. Figure 4 shows the Meissner signals
(field cooled) for the samples when 0.1<x <0.6. The
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FIG. 3. Lattice parameters a (a) and ¢ (b), and T, values
(c) plotted against the Ca concentration x for
TISry(Lu, - ,Ca, )Cu,0,. Open circles and closed diamonds
represent samples oxygenated at 350°C and argon reduced at
550°C, respectively. The data for x =0.8 are taken from Ref.
11.
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FIG. 4. Meissner signals at a magnetic field of 1 Oe for
TISry(Lu,_,Ca, )Cu,0, with 0.1<x <0.6. Open and closed
symbols represent samples oxygenated at 350°C and argon re-
duced at 550°C, respectively. The shielding signal is shown for
the x =0.1 argon-reduced sample ( X ) (see text).

shielding signal (zero-field cooled) is presented only for
the x =0.1 argon-reduced sample because the Meissner
signal is very small. All oxygenated samples show nar-
row transition widths (10-90 % of complete transition),
2-8 K, and no change in low-temperature signals. This
verifies the sample homogeneity indicated by the
SEM-EPMA data. The x =0 oxygenated sample shows
no superconducting transition down to 2 K, and its resis-
tivity exhibits semiconducting temperature dependence.
Argon-reduced samples show transition-width broaden-
ings and small tails near T, both of which may be caused
by inhomogeneous oxygen distribution. Such slight inho-
mogeneity, however, will not significantly affect the bulk
properties such as magnetic susceptibility. Thus we
define the T, value as the temperature at which the
Meissner signal becomes 10% of that at 5 K. Except for
the x =0.1 argon-reduced sample, all samples show large
Meissner fractions of 40-80%. These samples also
show large shielding signals with apparent volume frac-
tions above 100%, which can be explained in terms of the
estimated demagnetizing factor, n=0.2, and the bulk
shielding current. These facts clearly assure the bulk su-
perconductivity of these samples. The small shielding
fraction (=25%) of the x =0.1 argon-reduced sample
(T.~7 K) suggests the coexistence of the insulating
phase.

In Fig. 3(c), T, values for the TISr,(Lu;_,Ca,)Cu,0,
samples oxygenated at 350°C and argon-reduced at
550°C, which is the strongest reduction in this work, are
plotted against the Ca concentration x. The relative
change in oxygen content per formula unit between the
oxygenated and argon-reduced samples for each concen-
tration x is given as Ay in Table II. It should be noted
that the oxygen nonstoichiometry causes significant
changes in superconductivity. When x increases from 0
to 1.0, the oxygenated sample changes, by way of a super-
conductor showing a maximum 7, value of 72 K at



30 NORMAL-STATE MAGNETIC SUSCEPTIBILITY IN . .. 1249

x=0.2, from an insulator (x =0) to a nonsuperconduct-
ing metal (x =1.0). As the oxygen content y decreases
with argon reduction, the 7, value monotonically de-
creases when x <0.2, whereas it increases when x = 0.6.
This means that the samples for which x <0.2 and
x 20.6 belong to the underdoped and the overdoped re-
gimes, respectively. For 0.3=<x <0.5, however, the T,
value changes with argon reduction from the overdoped
to the underdoped regime, taking a maximum value at an
intermediate oxygen content. For example, the x =0.4
sample shows a T, of above 80 K with moderate argon
reduction at 450 °C.

To estimate the carrier density precisely, it is necessary
to have accurate values for both x and y. Although each
y value has not been determined in the present work,
some estimates can be taken from the earlier work.® For
the previous sample with the designed composition
x=1.0, the neutron-diffraction study revealed that
x=0.88 and y=6.88 for the oxygenated sample (the
nonsuperconducting metal) and that x=0.88 and
» =6.80 for the argon-reduced sample (7, =58 K in the
overdoped regime). These values can be used to calculate
a doped hole carrier density per CuO, plane of 0.32 for
the oxygenated sample and 0.24 for the argon reduced
sample. The Hall coefficient measurement’ also showed
that the hole carrier density was decreased by argon
reduction. However, the “hole carrier densities” calcu-
lated from the Hall coefficient are, respectively, 2.2 and
1.2 per CuO, plane, which are five times or more bigger
than those calculated from the chemical composition.
Such discrepancy between chemical doping and the Hall
coefficient strongly suggests that the “doped Mott insula-
tor” picture is broken down, at least in the overdoped re-
gime. In the usual metal, the Hall coefficient is deter-
mined by the Fermi surface curvature, which does not
necessarily correspond to the number of carriers (band
filling). Thus, we believe that the chemically determined
carrier density is a more reasonable parameter to analyze
the physical properties of this system. For x1 samples,
we cannot calculate the doped carrier density precisely
because the oxygen content has not been determined.
However, the resistivity data of TISr,(Lu,_,Ca,)Cu,0,
suggest that hole carriers increase with the Ca content x
or the oxygen content y.!! Thus, we confirmed, qualita-
tively in the underdoped regime and quantitatively in the
overdoped regime, the bell-shaped behavior of T, vs dop-
ing, which is commonly observed in high-T, cuprates.

IV. NORMAL-STATE MAGNETIC SUSCEPTIBILITY

The temperature dependence of the normal-state mag-
netic susceptibility y was measured at 10 kOe using the
same samples for which we determined the T, values.
Figures 5(a) and 5(b) demonstrate the data corrected for
the core diamagnetic susceptibility X, of the oxygenat-
ed and argon-reduced samples, respectively. The Y o
value is about —9X 10~3 emu/mol Cu, which is calculat-
ed using tabulated values'* and depends slightly on x.
The reversibility of the change in Y versus oxygen con-
tent was confirmed for all samples. In Fig. 5(b), the data
for the x =0 and x=1.0 oxygenated samples are also

given for comparison.

In Fig. 5(a), it is noted that Curie-like upturns are ob-
served at low temperature for both insulating (x =0) and
overdoped metallic (x =1.0) samples. If these Curie-like
components are assumed to arise from Cu?* spins, the
ratios of Cu?™ to all Cu atoms are estimated to be at most
0.5% and 0.2%, respectively. However, it is difficult to
determine whether such small Curie terms are intrinsic or
due to undetectable small impurities.

When the preparation condition differs from the op-
timal one, as described in Sec. II, the obtained samples
often contain some impurities: Sr(Ca)-Cu oxides!>'® and
T1-Sr(Ca) oxides. Since the latter oxides do not contain
Cu, their magnetic susceptibilities are mainly due
to the core diamagnetism, and are small enough to be
neglected. The former oxides include Sr,CuOs,"’
Sr(Ca)4Cu,,04;, ' and SrCu0,,'” and the magnetic
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FIG. 5. Temperature dependence of the magnetic susceptibili-
ty after correction for Xco. of TISr,(Lu,_,Ca,)Cu,0, with
0=x=0.5 and x=1.0: (a) oxygenated at 350°C and (b) argon
reduced at 550°C. In (b) the x =1.0 sample was argon reduced
at 350°C (4), 450°C ( A ), and 550°C (@). Data for the x =0
(X)and x =1.0 ( +) oxygenated samples are also shown.
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susceptibilities after correcting for x.,. of these oxy-
genated compounds are shown in Fig. 6. Though the
magnetic susceptibility of SrCuQ, is small enough to be
neglected, the others show remarkable Curie-like
behavior. The )y data for Sr,CuQ; are well fitted to the
Curie-Weiss law with a small Weiss temperature of —2.1
K over the entire temperature range. The ratio of
Cu’*/Cu is estimated as 12%. Sr4,Cu,,0,; shows more
complicated temperature dependence of ), which below
25 K can be fitted to the Curie law with a Cu?*/Cu ratio
of 5% but which above 25 K shows a larger negative
slope than predicted by the Curie law.

Because no impurities were detected by either the x-ray
diffraction or the SEM-EPMA technique, the amount of
impurities, if any, in our samples is less than a few per-
cent. Therefore, Sr,CuO; and Sr(Ca);4,Cu,,0, may be
the impurities that produce the small Curie-like com-
ponents with the Cu?*/Cu ratio of 0.2-0.5%. In fact,
for some x =1.0 samples we found a quantitative correla-
tion between the magnitude of the Curie term and the
volume fraction of impurities like Sr,CuO; and
Sr(Ca);4Cu,40,,. These samples were prepared under
nonoptimal conditions and thus contained detectable
amounts of impurities. This suggests that the small
Curie-like components for both x =0 and x =1.0 oxy-
genated samples are not intrinsic but are instead due to
undetectably small amounts of impurities. For the
x=0.1 aron-reduced sample (T.=7 K), however, a
Curie-like upturn is also observed below 150 K, whereas
for the x =0.1 oxygenated sample (T, =39 K), it is not.
This might indicate that the Curie term in the insulating
phase is not due to impurities but is intrinsic.

In any case, it should be noted that a Curie term as
small as that of the x =1.0 oxygenated sample has little
effect on the y(T) data above 100 K. Above 40 K the
x(T) data for the x =1.0 oxygenated sample shows a
larger negative slope than predicted by the Curie law,

7 T T
@® Sr,CuO3 |
6 O Sr14Cup4041

++ SrCuQs

Sry,Cuy Oy

O Oxygenated at 350 C
A Argon-reduced at 550 'C

X - X core (107 emu/mol Cu)

X - X core (107> emu/mol Cu)

0 *sesssscegesces -i-(')(o) s s e g e 266 seesgevy 300
Temperature (K)

FIG. 6. Temperature dependence of the magnetic susceptibili-
ty after correction for X... of Sr,CuO;, Sr;,CuyO,4;, and
SrCuO, oxygenated at 350°C. The inset shows the data for
Sr14Cu,40y4; argon reduced at 550 °C, together with those for the
oxygenated one.
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which resembles that for the oxygenated Sr;,Cu,,O,4; as
shown in Fig. 6. However, this is not due to the existence
of Sry4Cu,404; because for Sr,,Cu,,04; the negative slope
above 100 K is almost unchanged by argon reduction.
This is shown in the inset of Fig. 6, which is in contrast
to the results for the x=1.0 argon-reduced samples
shown in Fig. 5(b). Thus the negative slope of x(T)
above 100 K seems to be an essential characteristic of the
x =1.0 oxygenated sample. Such negative temperature
dependence of y might be universal in the highly over-
doped regime because the Knight shift of the overdoped
La,_,Sr,CuO, is found to increase with decreasing tem-
perature. 22!

Therefore, if the Curie-like component for each sample
is as small as that for the x =1.0 oxygenated sample, the
x(T) data above 100 K in Figs. 5(a) and 5(b) are con-
sidered to exhibit the essential behaviors of the magnetic
susceptibility in this system. We next analyze the y(T)
data above 100 K.

In a normal metal, y is generally expressed as

X:Xspin+XL +Xorb+Xcore ’ 8y

where Xgpin X1> Xorv» @0d Xcore are the spin susceptibility,
Landau diamagnetic susceptibility, Van Vleck orbital sus-
ceptibility, and core diamagnetic susceptibility, respec-
tively. X, can be estimated by the ®*Cu Knight-shift
data.?? In general, the Knight shift K is the sum of the
spin and orbital parts:

K=K, +K,. , )

spin

where K due to X, is neglected.?® The relation between
K ., and Y, obeys the following equation:

Korbonronrb/NA"LB ’ (3)

where A4, N,, and pp are the hyperfine field,
Avogadro’s number, and the Bohr magneton, respective-
ly. If we assume that 8K, =0 at T=0,?* then “K
which is independent of temperature, is given by extrapo-
lating the K data to 0 K. From Ref. 22 we can estimate
for TISr,CaCu,0, that $K'%)~0.25% and that
0K ~1.2%, where (ab) and (c) represent the field
directions in the ab plane and parallel to the ¢ axis, re-
spectively. These values are close to those for other
high-T, cuprates, such as YBa,Cu;O5 ¢3,2> YBa,Cu;0,,%
Bi,Sr,CaCu,04,2” and T1,Ba,CuOq, 5,28 suggesting that
the K, values of high-T, cuprates are almost the same
from the underdoped to the overdoped regimes.
We assume here that the ®K_, values for
TISry(Lu,_,Ca, )Cu,0, are identical at every substitu-
tion level x. If we then use the theoretical estimate of
A

orb?

Aorb=2.u'B<rﬂ3) ’ (4)

where (r73) is taken to be 6.3 a.u.,?® we obtain
X% ~1.8X107° and x!,~8.5X 107> emu/mol Cu for
the TISry(Lu,_,Ca,)Cu,0, system. Thus the powder
average value of Yy, is

o) =22 +x9)) /3~4.0X 10 %emu/mol Cu . (5)
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FIG. 7. (@) Xspin Values at 200 K and (b) dy/dT values at 200
K of TISry(Lu,-,Ca,)Cu,0, plotted versus T, values. Open
and closed circles represent samples oxygenated at 350° and ar-
gon reduced at 550°C, respectively. The T, values are classified
into the underdoped (left) and the overdoped (right) regimes (see
text).

For a free-electron gas with effective mass m *,
XL =—(m,/m*xgin/3 , 6)

where m, is the free-electron mass. Since the effective
mass is observed to be enhanced more than twofold in the
cuprate superconductors,>® y; will be neglected in this
analysis.

Using the above analysis we can estimate X, of
TiSr,(Lu,_,Ca, )Cu,0,. In Fig. 7(a), the estimated X,
values at 200 K for the samples shown in Figs. 5(a) and
5(b) are plotted versus T, values. The data shown in this
figure are classified into the underdoped and the over-
doped regimes, and respectively plotted in the left half
(0-90 K) and the right half (90-0 K) of the figure. From
the bell-shaped dependence of 7. on the carrier doping,
the horizontal axis is considered to roughly scale the car-
rier density. As the hole carrier is doped, the X, values
increase monotonically from the underdoped to the over-
doped regime. This seems to show that there is no
discontinuity in the magnetism from the underdoped to
the overdoped regime. The X, value at the optimum
doping is estimated to be 1.2X10™* emu/mol Cu. The
corresponding density of states at the Fermi surface
N(eg), obtained using the relation Y =2u3N(ep)/N 4, is
about 1.8 states per eV Cu spin. This value is about
twice as large as that predicted by the band-structure
calculations for the other high-T, cuprates, and is
close to the ¥ values estimated for YBa,Cu,;0,,3%%
Bi,Sr,CaCu,04 ., 5,>* and T1,Ba,CuOq, s (T.=79 K),? if
Xors for each high-T, cuprate is estimated using each 63K
as described above.

Figures 5(a) and 5(b) seem to indicate that the slope of
Xx(T) above 100 K gradually changes from positive to
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negative with doping, and that y(T') becomes nearly tem-
perature independent for optimally doped samples. This
trend is clarified by plotting the slope dy/dT at 200 K
for each sample versus T, [see Fig. 7(b)]. The slope
changes successively and systematically from the under-
doped to the overdoped regime with doping, and is al-
most entirely temperature independent at the optimum
carrier density. Such behavior is also observed in the
one-side regime for other high-T, cuprate systems, such
as YBa,Cu;0;_5,% Bi,Sr,(Y,_,Ca,)Cu,04,4, and
T1,Ba,CuOq_ 5.5 These characteristics of y(7T') thus seem
to be typical of high-T, cuprates and to be closely related
to the high-T, superconductivity mechanism.

V. CONCLUSION

Single-phase TISr,(Lu,_,Ca,)Cu,0, samples (0=x
<1.0) were prepared by solid-state reaction, starting
with Tl-rich compositions and measuring the sample
weight. In this system, hole carriers are doped by the Ca
substitution x. When x increases from 0 to 1.0, the oxy-
genated sample changes from an insulator (x=0) to a
nonsuperconducting metal (x =1.0), by way of a super-
conductor showing a maximum 7T, value at x =0.2. The
T, values are significantly changed by argon reduction,
which decreases the hole carrier density by reducing the
oxygen content y. The samples for which x <0.2 and
x 20.6 are found to belong to the underdoped and the
overdoped regimes, respectively. For 0.3=<x <0.5, the
T, value shows a crossover behavior from the under-
doped to the overdoped regime and has a maximum value
at an intermediate oxygen content.

The normal-state magnetic susceptibility y of these
samples was evaluated as a function of Ca concentration
x and oxygen content y. For nonsuperconducting sam-
ples (x =0 and x =1.0), small Curie-like upturns are ob-
served at low temperature. Although it is not yet clear
whether they are intrinsic or not, they have little effect on
the y data above 100 K. The correlation between the
X(T) data above 100 K and the carrier density (T, value)
is found to have two significant characteristics. One is
that the slope of the y(T') curve gradually changes from
positive to negative on going from the underdoped to the
overdoped regime and is almost entirely independent of
temperature at the optimum carrier density ( maximum
value of T,). The other is that the magnitude of the es-
timated spin susceptibility x,, at 200 K increases with
the carrier density and is about 1.2X10™% emu/mol Cu
for the optimum carrier density. These two characteris-
tics are typical of most high-T, cuprates and seem to be
closely related to the high-T. superconductivity mecha-
nism.
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