
PHYSICAL REVIEW B VOLUME 48, NUMBER 13 1 OCTOBER 1993-I

Magnetic susceptibility in the normal state: A tool to optimize T,
within a given superconducting oxide system
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We compare the static magnetic susceptibilities of La2 „Sr,Cu04, YBa&Cu306+y,
Bi2Sr& 6Lap 4Cu06+y, Bi2Sr&CaCu208+» T12Ba2Cu06+y, T1~Ba&CaCu208+y, and T12Ba2Ca2Cu30ip+y as a
function of the oxygen content. The main results are that (1) the spin susceptibility in the normal state

y, is primarily determined by the Cu02 layers, (2) the Meissner fraction increases markedly with the
transition temperature T„and (3) for samples with the optimum value of T„y, correlates linearly with

the calculated band-structure density of states at the Fermi energy. We also discuss how the value of the

magnetic susceptibility in the normal state can be used to optimize T, within a given compound system.

I. INTRODUCTION II. EXPERIMENT

A good deal of experimental research on high-
temperature superconductors has been directed toward
establishing correlations between properties in the nor-
mal and superconducting states. Such studies are of par-
ticular value since they have the potential to give infor-
mation on the interactions responsible for the formation
of the superconducting state and to test contending
theoretical models. The systematic variation-of the fun-
damental properties for as many high-T, superconduc-
tors as possible is desirable in order to be able to separate
those correlations which are common to all oxide super-
conductors from those which are peculiar to only a few.
The application of well-defined hydrostatic or uniaxial
pressure to a sample is a particularly clean way to vary its
properties. Alternatively, the charge carrier density in
the Cu02 planes can be varied by either chemical substi-
tution or the progressive removal of one or more of the
constituents, such as oxygen. It is the latter method
which we apply in the present work.

Although for experimental reasons the magnetic sus-
ceptibility of the superconducting oxides has been rela-
tively little studied, its measurement yields information
not only on the superconducting state (Meissner or
shielding fraction, coherence length, London penetration
depth, properties of the vortex lattice, etc. ) but also on
such normal-state properties as the density of electron
states at the Fermi surface N(EF) or spin fluctuations.
In this paper we attempt to analyze in a consistent way
the results of detailed studies by our group, some of
which have already been published, of the temperature-
dependent normal-state magnetic susceptibility of select-
ed superconducting oxides under variation of the oxygen
concentration. These results for variable oxygen content
are then compared to those from substitution experi-
ments on La2 Sr CuO4. '

The present measurements were carried out on
polycrystalline samples of the single-layer systems
Bi2Sr, 6Lao ~Cu06+~ (Ref. 11) and T12BazCu06+~, '

the double-layer systems YBa2Cu306+y
Bi2Sr2CaCu208+~, ' and T128a2CaCu208+~, ' and the
triple-layer system T128a2Ca2Cu30&0+ . ' A detailed
description of the sample preparation procedure is given
in Refs. 9—14.

Structure studies carried out with standard x-ray
powder diffractometry reveal that, with a single excep-
tion, all specimens are single phase; the

T12Ba2Ca2Cu30&0+~ sample contains an admixture of
-20% of TlzBazCaCu208+ . ' The hole content of our
samples, which we define for simplicity as p

—=2y,
is varied by changing the oxygen content y. The ab-
solute oxygen concentration of YBa2Cu306+y 7

B12sr1.6La0.4CUO6+y, and B12sr2CaCu208+y was deter-
mined by iodometric titration, the change in oxygen con-
tent was inferred from the weight loss of the sample, as
described below. For the T12Ba2Cu06+ specimen we es-

timate the absolute value of y from a comparison with
neutron-scattering data. ' For the two- and three-layer
thallium compounds the oxygen content y was neither
measured nor varied.

All measurements of the magnetic susceptibility were
carried out in the same manner using a Faraday magne-
tometer described elsewhere. ' ' This system allows a
controlled reduction of the oxygen content of the samples
by heating the specimen in high vacuum and measuring
the weight loss of the oxygen driven off. The removal of
oxygen is verified using a mass spectrometer. The static
magnetic susceptibility in the normal and superconduct-
ing states can thus be measured on a single sample in situ
at different oxygen contents. X-ray diffractometry at
room temperature carried out after the magnetometer
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studies revealed no alterations in the crystal structure or
impurity phase peaks.

III. RESULTS

2.5
lgBa2Cu06+y

In Fig. 1, the Meissner fraction (ratio of the transition
height for field-cooled to zero-field-cooled data) for vari-
ous oxide systems at variable oxygen concentrations is
plotted versus the superconducting transition tempera-
ture T„both quantities are normalized to their maximal
values within each compound system. For a particular
compound, all measurements were made on a single
specimen at fixed orientation to the magnetic field, thus
eliminating uncertainties due to demagnetization effects.
Since the transition width varies significantly, we use in
Fig. 1 the saturated Aux expulsion values at 4 K. The re-
sults for La2 Sr Cu04 are taken from Dover et al. '

Although the data in Fig. 1 scatter somewhat, the trend
is obvious: the Meissner fraction increases with the tran-
sition temperature. We suggest that this trend reAects in-
creased vortex pinning for suboptimal values of T, .

Lee, Klemm, and Johnston' have shown that the
normal-state magnetic susceptibility y(T) of the super-
conducting oxides is altered for temperatures below
-2T, by the onset of diamagnetic superconducting Auc-
tuations. Since T, lies near 100 K for the majority of ox-
ides studied here, to accurately characterize y(T) it is
essential to extend the temperature range of the measure-
ments of the normal-state susceptibility to temperatures
well above room temperature. The present measure-
ments were thus carried out to as high a temperature as
possible without loss of oxygen, in some cases as high as
900 K. As an example, we show in Fig. 2 the measured
susceptibility of T128azCu06+~ and Bi2Sr2CaCu208+
these data are published in more detail in Ref. 14.

An inspection of Fig. 2 reveals two characteristic
trends followed by the magnetic susceptibility of the
high-temperature superconductors: (1) the susceptibility
decreases continuously with decreasing hole content
p = —2y, and (2) the transition temperature T, deduced
from the Meissner measurements takes on its maximal
value at that hole content where the temperature depen-
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FIG. 1. Normalized Meissner fraction versus transition tem-
perature normalized to its maximum value within each com-
pound. A magnetic field of 1 —2 mT is applied. The abbrevia-
tions are LSCO for La2 ~Sr„Cu04+y, YBCO for YBa2Cu306+yp
Tl 2:2:0:1for T12Ba2Cu06+» Bi 2:2:0:1for B12Sr& 6La, 4CUO6+yp
and Bi 2:2:1:2for Bi2Sr2CaCu208+y.
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dence of the normal-state susceptibility is most nearly
Hat. This behavior is also observed in La2 Sr Cu04, '

Bi2Sr2 La Cu06+y, "' and YBa2Cu306+y, where
the hole content is given by p =x +2y, and indicates a
correlation between dg/dT and T, for the superconduct-
ing oxides. It is well known that the superconducting
transition temperature of the oxides appears to pass
through a bell-shaped curve T, (p) as a function of the
hole content p. As we pointed out in Ref. 14, for subop-
timal hole concentrations to the left of the T (p) max-
imum, the slope dy/dT is positive, at the optimal hole
concentration T, takes its maximum value and
dy /d T=0, whereas for above optimal hole content
dyldT &O.

In Fig. 3 we plot as a function of T, the magnetic sus-
ceptibility at 300 K, a temperature high enough to practi-
cally eliminate possible infIuences of Curie-tail-like
and/or superconducting fiuctuation contributions. The
values of the susceptibility shown in this figure have al-
ready been corrected for the temperature-independent
core diamagnetism estimated from Ref. 19 and listed in
Table I below. For comparison the results of Torrance
et al. on La2 „Sr Cu04 are included in Fig. 3. The

FIG. 2. Total measured magnetic susceptibility per mole of
(a) T12Ba2Cu06+y and (b) Bi2Sr2CaCu20, +y at 5.7 T versus tem-
perature for various oxygen contents y. The diamagnetism of
the core ions is indicated by a dashed line; the change in core di-
amagnetism with oxygen content here is negligible.
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the values expected for the two- and three-layer com-
pounds. However, using the analysis given below to
correct for the paramagnetic contributions from the
chains, the susceptibility of YBazCu307 is found to map
correctly onto the dashed line for the two-layer com-
pounds.

IV. DISCUSSION
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FIG. 3. Transition temperature T, versus magnetic suscepti-
bility y+ per mole formula unit at 300 K after correction
for y, „, i.e., y+(300 K)=y(300 K) —y„„. The abbreviations
have the same meaning as in Fig. 1. In addition, Tl 2:2:1:2
represents T12Ba2CaCu2CaCu&08+y and Tl 2:2:2:3 represents
T12Ba2Ca2Cu30&p+y.

measured susceptibilities of TlzBazCaCuzO&+y and
TlzBazCazCu30]Q+y contain sizable Curie-Weiss contri-
butions which presumably arise from paramagnetic im-
purity phases and/or disorder effects. The Curie-Weiss
contributions for these two compounds have been sub-
tracted off from the data shown in Fig. 3.

Several important results are seen in Fig. 3. First, no
simple correlation seems to exist between the magnitude
of the susceptibility and the transition temperature. Al-
though the systems with one CuOz layer per formula unit
possess quite comparable values of the susceptibility,
their transition temperatures can differ by nearly a factor
of 3. Second, the susceptibilities of most systems are cen-
tered around integral multiples of Ag = 1.9 X 10
cm /mol, as indicated by the dashed lines. This indicates
that the paramagnetic susceptibility per formula unit in-
creases approximately linearly with the number of CuOz
layers in the unit cell, a result which can only be under-
stood if the paramagnetic contribution originates
predominantly from the CuOz planes. YBazCu307 fits
very well into this picture too, although this is not im-
mediately evident from an inspection of Fig. 3. Possess-
ing two CuOz layers plus a fully occupied CuO chain, the
value of the susceptibility for YBazCu307 lies in between

We will now give a brief discussion of the various con-
tributions to the susceptibility of the normal state. In the
absence of magnetic impurity contributions or disorder
effects, ' which can lead to Curie or Curie-Weiss tails at
low temperature, the normal-state magnetic susceptibility
of the superconducting oxides can be written as the sum
over core, Van Vleck, and spin terms:

+core++vv++spin '

The Landau diamagnetism can be neglected here as we
will see later. As mentioned above, y„„, the
temperature-independent diamagnetism of the closed
inner ionic orbitals can be estimated using the tables in
Ref. 19. The Van Vleck paramagnetism originates from
ions with nonclosed shells and is mainly responsible for
the anisotropy of the susceptibility observed in measure-
ments on single crystals or oriented powder. ' ' Since
this contribution is due to transitions between the Cu

3 de Cu 3dxz yz &
and the Cu 3d 2 2 orbitals whose ener-

gies are separated by several electron volts [b,E = 1.7—2. S

eV for YBa2Cu306+~ (Ref. 24)], yvv is expected to be
temperature independent in the experimental tempera-
ture range. From a comparison of susceptibility results
with NMR data, Lee and Johnstonzs determined for
YBazCu307 a value of gvv=+0. 43X10 cm /molf. u.
per CuOz layer. We obtain a very similar value
(0.48 X 10 cm /mol f.u. per CuOz layer) for
Bi2Sr2CaCu20s, 6 by a comparison of the data for y(300
K) in Fig. 2(a) with ' 0 NMR measurements of Trokiner
et aI. Thus, it appears that a value of
=+0.43X10 cm /molf. u. per CuOz layer is a good
first approximation for all high-temperature supercon-
ductors. This is supported by the close similarity in the
environment of the CuOz layers in high-T, superconduc-
tors, resulting in a similar anisotropy in the normal-state

TABLE I. Pauli susceptibility of the specimens with the maximal T, estimated from the measured
values at 300 K. The calculated core diamagnetism from Ref. 19 and the assumed Van Vleck
paramagnetism are also listed. T, is determined from the Meissner transition. The asterisks indicate
units of 10 cm /mol.

Compound

La& 85Srp»CuO4+y
YBa,Cu, O,
YBa2Cu307
Bi2Sr& 6Lap 4CuO6 29

Bi2Sr2CaCu208 &6

T12Ba2CuO6. ip

T128apCaCu208 +y
T12Ba&Ca2Cu30)p+,

T, (K)

37.5
91.0
91.0
30.6
92.8
92.5

106.8
120.0

Xcore

—0.98
—1.93
—1.93
—1.65
—2.06
—2.09
—2.52
—2.95

XVV

0.43
1.32
1.32
0.43
0.86
0.43
0.86
1.29

XPau1i

1.49
3.66
3.47
1.51
2.86
1.47
2.73
3.77

Reference

2
21
This work
This work
This work
This work
This work
This work
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221 oo C
y2D(T)=2&og PI3 @

34+ g cn —1
(2)

where @=k~ [ T/28$ (S + 1)]. Here, No is the number
of spins per mole and g the Lande g factor. C„are
coefticients tabulated by Lines. This susceptibility con-
tribution y2D( T) shows a broad maximum at a tempera-
ture T,„which is a function of S and the in-plane ex-

susceptibility irregardless of whether the material is a su-
perconducting metal, a nonsuperconducting metal, or an
insulator.

Since both the core diamagnetism and the Van Vleck
paramagnetism are essentially temperature independent,
the observed temperature dependence of the measured
magnetic susceptibility and its variation with the hole
content must result from the spin susceptibility y, ;„(T).
Two alternate physical descriptions of the origin of
y,~;„(T) have been proposed. The starting point for the
first model (model I) is the fact that the undoped systems
La2Cu04 and YBazCu306 can be characterized as quasi-
two-dimensional Heisenberg antiferromagnets on a
square lattice, with the S=—,

' spins located on the Cu
sites. The three-dimensional (3D) ordering in these sys-
tems is due to the coupling between the (sets of) two-
dimensional Cu02 planes. This results in an effective in-
terplane exchange energy 8~ which is several orders of
magnitude smaller than the intraplane Cu-Cu superex-
change energy cF. ' Introducing holes drastically
reduces the interplane exchange energy, the in-plane ex-
change energy, the in-plane magnetic correlation length,
as well as the magnetic moments on the Cu sites. "' Ulti-
mately the 3D magnetic order is lost and the metallic
state is reached, but the in-plane magnetic correlation
length remains finite. The experimental observation
that the doped holes are primarily on the oxygen sites led
to the proposal that the doped holes form one band and
interact only slightly with the spin background of the lo-
cal Cu + spins, which forms a second band. ' If this is
correct, it should be possible to decompose the spin sus-
ceptibility into two independent parts, an effective
temperature-independent Pauli paramagnetism from the
band of doped holes and a temperature-dependent sus-
ceptibility originating from the residual two-dimensional
antiferromagnetic correlations on the planar Cu sublat-
tice. In model I, therefore, the spin susceptibility can be
written y, ;„(T)=gp, „„+g2D(T). This model accounts
in a natural way for the broad susceptibility maximum of
La2 Sr CuO& which shifts with increasing hole content
to lower temperatures. ' ' Interestingly, the blowup of
the measured susceptibility data for Bi2Sr2CaCu08» in
Fig. 4 reveals a broad susceptibility maximum which ap-
parently shifts with higher oxygen content (hole content)
to lower temperatures [see Fig. 2(b)]. This behavior is ob-
served particularly clearly in recent data on the single-
layer Bi2Sr2 La Cu06+y compound as a function of the
lanthanum and oxygen content. ' '

The temperature dependence of the magnetic suscepti-
bility of a 2D Heisenberg antiferromagnet on a square
lattice was first calculated by Lines using the method of
high-temperature series expansion:

0.05-
O

= 0.04-
+

0.03-

BipSrpCaCupOg ii

J=194K

0.02

FIG. 4. Measured normalized susceptibility after subtraction
of yo versus the normalized temperature. The solid line gives
the fit of the data with the theoretical curve of a two-
dimensional Heisenberg antiferromagnet on a square lattice
with S=

2
and g =2. The fit parameters are cf/k& =194 K and

p,&=0.83p&. The fit is shown only for values of k& T/8 greater
than 1. Note that in this figure J:—4/k.

change constant 8. De Jongh extended the calculations
and derived an expression for the temperature at the sus-
ceptibility maximum

T,„=2. 53S(S + 1 )8(K)/k~,
where the susceptibility takes on the value

2&or.tr
X2D max S(S+ 1 )

(3)

where p,z is the effective moment. To date no theory ex-
ists which describes how the susceptibility of a two-
dimensional antiferromagnet is altered as charge carriers
are introduced. Therefore, using Eq. (3) with S=—,

' and
the temperature of the susceptibility maximum for
Bi2Sr2CaCuOs» (T,„=360 K) yields a value of
8/k~ =190 K. With this value, assuming g =2 for the
copper ions (common values for copper ions are
g=2. 1 —2.4), and that p, tr=g S($+1)pz, a value of
y 2D(T,„)= +79 Xl 0 cm /mol is obtained from Eq.
(4). This value lies well above the experimental value (see
Fig. 2). This reduction in the experimental value of the
susceptibility may originate from a weakening of the
effective moment p,z of the copper ions, in qualitative
agreement with the observations of neutron-scattering ex-
periments for I.a2 „Sr Cu04 and YBa2Cu307 y It
would thus seem reasonable to analyze the experimental
data in Fig. 2(b) on BizSr2CaCuOs+~ using the expression

X( +) Xo+X2D( T)

where go, p, s; and 4 are treated as fit parameters. An
analysis on this basis was first undertaken by Johnston
for susceptibility measurements on La2 Sr„Cu04. The
result of the fit to the susceptibility data on
BizSr~CaCuOs» with Eq. (5) for go= +0.83 X 10
cm3/mol, p,&=0.82'~, and d/k~ =194 K is shown in
Fig. 4. The resulting fit parameters for all oxygen con-
centrations studied are given in Table II. The standard
deviation is for all fits better than 0.5% of the measured
values. go is a temperature-independent constant and
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TABLE II. The results of the fits to the susceptibility of
Bi2Sr2CaCu208+~. Given are the three fit parameters go, 8, and

p ff together with values of both the Pauli susceptibility and T,
from the Meissner transition. The asterisks indicate units of
10 cm /mol.

T, (K.)
a/k, (K)
jef (Pa~
Xo

Xpauli

0.11
86.5

194
0.834
0.86
2.06

0.16
92.8
85.6
0.709
1.07
2.27

0.19
87.1

48.9
0.682
1.17
2.37

0.22
77.6
39.3
0.702
1.25
2.45

0.24
71.1
21.2
0.616
1.49
2.69

represents the sum of the core diamagnetism, the Van
Vleck paramagnetism, and the Pauli paramagnetism

+0 +core+ +VV ++pauli

From the above data on g, „and gvv, the Pauli suscepti-
bility gP,„l; can thus be estimated from the fit data, as
given in Table II. We note that Bi2Sr2CaCu08, 6 shows
nearly the same reduction in the magnitude of the suscep-
tibility maximum y2D( T,„), to only 4%%uo of that expected
for g=2, as does La, 8Sr02Cu04. In both cases this
would correspond to a reduction by a factor of 5 in the
effective magnetic moment per copper ion. Clearly the
reliability of the fits for y 0. 19 will be less satisfactory
because in these cases the y(T) data lack structure;
indeed, the calculated position of the susceptibility max-
imum ( T,„=1.9cF/k~ ) is below the superconducting
transition temperature T, so that the normal-state sus-
ceptibility would be expected to simply decrease mono-
tonically with increasing temperature. Another source of
error arises from the structural disorder introduced as
the oxygen content is increased from y =0.11 to 0.24.
This disorder may lead to an enhanced Curie-like
behavior for those samples with higher oxygen content,
thus causing a significant falsification of the values of the
parameters given in Table II, especially for the magnetic
exchange constant 8.

In contrast to the double-layer bismuth system, the
magnetic susceptibility of single-layer T12Ba2Cu06+ [see
Fig. 2(a)j can be quite well described by a Curie-Weiss
law plus a constant; no maximum is seen for any oxygen
concentration. However, a close inspection of the data
reveals that for temperatures above 400 K the slope
dy/dT changes from positive to negative as the oxygen
content is increased. It is certainly possible that the large
Curie-Weiss tail at low temperature masks the broad sus-
ceptibility maximum. This Curie-Weiss tail is presum-
ably caused by disorder effects of surplus interstitial oxy-
gen which appear to play a crucial role in the single-layer
thallium system, as indicated by high-pressure experi-
ments and neutron-scattering experiments.

The temperature dependence of the susceptibility of
YBa2Cu306+~ (Ref. 9) does not appear to exhibit a dis-
tinct maximum, although at low oxygen content a max-
imum might exist at temperatures above 1000 K; ' the
susceptibility Aattens out with increasing hole content,
without any observable shift of a maximum. Due to
structural instabilities, it is not possible to reach far into

the high-hole side of the T, (P) phase diagram of
YBa2Cu306+~ by increasing the oxygen content beyond
y =1. Perhaps in YBa2Cu306+~ the magnetic moment
on the copper site is for some reason much more rapidly
suppressed with increasing hole content than in
Bi2Sr2CaCu08+~ and La2 ~ Sr~ Cu04. This could lead to
the observed flattening as the oxygen content is raised to
y =1. In this context an experiment in which the hole
content of YBa2Cu306+~ is changed in a controlled
manner from the low-hole side of the T, maximum to the
high-hole side would be highly desirable. The agreement
between the present model I and the experimental data is
clearly not entirely satisfactory. In the following we dis-
cuss an alternate model.

In the above model I the doped holes in the oxygen
sites form a conduction band which is distinct and only
weakly interacting with the spin background of the local
Cu + spins which form a second band. It has been pro-
posed, however, that the doped holes interact strongly
with the copper spins so that together they form a
strongly correlated spin system in a single band, i.e., like
spin singlets in the t cf model. I-n this proposal, which we
will call model II, the spin susceptibility consists of only a
single component which itself is regarded as the
temperature-dependent Pauli susceptibility, i.e.,
g,p;„( T) =g~,„&;(T). NMR results, ' together with the
success of the phenomenological "antiferromagnetic
Fermi-liquid theory*' ' ' in explaining the measured
NMR data, point to this possibility. However, model II
is not yet able to account for the negative slopes of the
susceptibility for those samples situated on the high-hole
side of the T, (P) phase diagram, like the specimens with

y 0. 16 in Fig. 2. The negative susceptibility slopes ob-
served may arise from additional Curie-Weiss-like
behavior from free paramagnetic moments introduced by
the increase in oxygen content. As was already speculat-
ed for La& M„CuO~ (M =Sr,Ba) on the high-hole
side, such free moments may act as pair-breaking
centers which would drive T, down more the higher the
Curie constant. Unfortunately, it is not possible to ana-
lyze the present data in terms of pair-breaking theory.

In the following we will analyze the susceptibility data
at that hole concentration p for which T, takes on its
maximum value. The reason for this choice is that, for
this optimal value of p, the susceptibility y(T) is almost
independent of temperature (for all compounds studied
the maximal variation is less than 10% of y —y„„),thus
simplifying the analysis. To proceed with the analysis of
our data, we apply the single-band model II where

pp l p p' ~ As we point out below, using model I to an-
alyze the data only leads to a minimal reduction ( —20%%uo)

in the estimated value of N (EF ). Using the room-
temperature values of the susceptibility y+(300 K) from
Fig. 3, which have already been corrected for the core di-
amagnetism, we obtain

Xp..i;=X+(300 &)—Xvv .

We neglect here the Landau diamagnetism of the charge
carriers which is given by the expression
yL = —

—,'y~, „~;(m/m*) . Since m*/m =3—4,
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al antiferromagnetic correlations still exist, leading to an
enhancement of the spin susceptibility.

These conclusions are not altered in any significant
way if model I is used to analyze the present data.
Analysis with model I results in estimates of the Pauli
susceptibility which are somewhat (-20%) less, as is
seen by comparing the respective values for
B12Sr2CaCup08 ]6 in Tables I and II. Thus, using model I
only results in a reduction in the estimate of 3 of approx-
imately 20%, but leaves the main result, the linear depen-
dence of yp, „„and Nb, „d(E~ ), unchanged.

Nn»d(EF) (states/eV cell)

FIG. 5. Measured Pauli susceptibility versus the bare density
of states at the Fermi energy from band-structure calculations.
The abbreviations have the same meanings as in Figs. 1 and 3 .
The references are (1) Yu et al. (Ref. 45), (2) Massidda et al.
(Ref. 46), (3) and (4) Yu et al. (Ref. 47), (5) Massidda et al. (Ref.
48), (6) and (7) Krakauer et al. (Refs. 49 and 50), (8) Hamann
et al. (Ref. 51), (9) Herman et al. (Ref. 52), (10)—(12) Kasowski
et al. (Ref. 53). The data for La& 8,Sro»Cu04+y are taken from
Ref. 2.

should be more than an order of magnitude smaller than
the Pauli paramagnetism. Table I shows the results of
the estimated values of pp j' for the different compounds.
In Fig. 5, we plot the gp, „1; data from Table II versus the
bare densities of states at the Fermi energy Nb, „d(E~)
from band-structure calculations. In this comparison we
assume that the results of the band-structure calculations,
which do not account for disorder or effects of non-
stoichiometry, are valid for the samples with optimal T, .
In spite of this rough approximation, a linear correlation
between the Pauli susceptibility and the density of states
at the Fermi level Nb, „d(E~) is evident in Fig. 5. This re-
sult is consistent with the behavior expected for Fermi
liquids given by the expression

Xpauli ~ p'8 band(EF )

where 3 is the enhancement factor. From the slope of
the straight line in Fig. 5, we obtain the sizable value
3 =2.8. If this linear correlation between the Pauli sus-
ceptibility and the calculated density of states is not ac-
cidental, band-structure calculations appear to give reli-
able results for those high-T, materials with optimal T„
although they fail to predict the properties of oxides with
low carrier concentrations where the magnetic correla-
tions are strong. On the other hand, even for samples
with the highest values of T, it would appear that residu-

V. CONCLUSIONS

The measurement of the static magnetic susceptibility
of a variety of high-temperature superconductors indi-
cates a correlation between the temperature derivative
dy/dT of the magnetic susceptibility in the normal state
and the transition temperature T, . We conclude that the
magnetic susceptibility in the normal state is mainly
determined by the Cu02 layers. The linear relationship
between the estimated Pauli paramagnetism for those sys-
tems with optimal T, values and the calculated band-
structure density of states at the Fermi energy is con-
sistent with models which treat the superconducting ox-
ides like correlated Fermi liquids.

The results of this work allow us to suggest an empiri-
cal procedure for reaching the highest possible value of
T, within a given compound system: first, measure the
room-temperature susceptibility of the system and
correct for core diamagnetism. If the resulting value at
300 K is larger than y+ = + n ( l.9 X 10 cm /mol f.u.),
where n is the number of Cu02 layers per formular unit,
then lower the oxygen (hole) content of the specimen. If
the measured susceptibility is less than this value, then
increase the oxygen (hole) content of the sample. When
the optimal value of T, has been reached, the magnetic
susceptibility in the normal state should be nearly tem-
perature independent for temperatures above 2T, .
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