
Effects of Ca substitution and the pseudogap on the magnetic properties of Y1−xCaxBa2Cu3O7−�

S. H. Naqib,1,2,* J. R. Cooper,1 and J. W. Loram1

1Department of Physics, University of Cambridge, J. J. Thomson Avenue, Cambridge CB3 OHE, United Kingdom
2Department of Physics, University of Rajshahi, Raj-6205, Bangladesh

�Received 17 August 2007; revised manuscript received 16 December 2008; published 26 March 2009�

The effects of planar hole content, p, on the static magnetic susceptibility, ��T�, of Y1−xCaxBa2Cu3O7−�

polycrystalline samples were investigated over a wide range of Ca�x� and oxygen contents. We have again
found that the pseudogap in the quasiparticle spectral weight appears abruptly below a planar hole content p
=0.190�0.005. After considering possible effects of magnetic impurity phases, we conclude that nonmagnetic
Ca2+, in the 3p6 state, induces a Curie-like contribution to ��T� that increases systematically and nonlinearly
with x but is almost independent of p. We argue that this arises from statistical clusters containing two or more
nearest-neighbor Ca atoms.
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I. INTRODUCTION

The properties of high-Tc copper oxide superconductors
�HTS� in the normal and the superconducting �SC� states are
highly dependent on the number of doped carriers per copper
oxide plane, p, and one of the most widely studied phenom-
ena is the so-called normal-state pseudogap �PG�.1–4 Effects
of the pseudogap are observed in the T-p phase diagram of
the cuprates over a certain doping range, extending from the
underdoped �UD� to slightly overdoped �OD� regions. Many
of the unusual properties can be interpreted in terms of a
reduction in the quasiparticle �QP� density of states �DOS�
near the chemical potential.1–6 At present the experimental
and the theoretical situations regarding the origin of the
pseudogap are rather inconclusive.2,4

Here we report a systematic study of the static magnetic
susceptibility, ��T�, of polycrystalline Y1−xCaxBa2Cu3O7−�

�Ca-Y123� over a wide range of p as well as further heat-
capacity results for a representative sample. One advantage
of Ca�x� substitution is that the overdoped region can be
studied, up to p�0.23 with x=0.20.7,8 To our knowledge,
detailed ��T� measurements of Ca-substituted Y123 have not
been reported so far. Based on experimental evidence1,3,5 that
��T� and S /T, where S is the electronic entropy, show similar
behavior, analysis of ��T , p� data gives important informa-
tion about the T and p dependences of the low-energy elec-
tronic density of states for this representative hole-doped cu-
prate. The variation in the DOS, N��� with energy � is at the
heart of any problem associated with the pseudogap so
��T , p� is a simple but powerful way of studying this quan-
tity. The intrinsic spin part of ��T , p�, the static susceptibility,
�spin is a measure of the QP spectral density near the Fermi
level. For Fermi liquids and in the absence of exchange en-
hancement, it can be expressed as

�spin�T� = �B
2�N����T, �1�

where �N����T��N�����f /���d�, is the thermal average of
the DOS, �B is the Bohr magneton, and f is the Fermi func-
tion. Therefore, �spin at any particular temperature, T, repre-
sents the average of N��� over an energy region
��F�2kBT.5

The main observations from the present study are: �i� we
again find that the PG appears abruptly for compounds with
p�0.19. �ii� Nonmagnetic Ca substitution induces a Curie
term in ��T� that is independent of the value of p. �iii� We
argue that this Ca-induced Curie term is caused by clusters of
two or more nearest-neighbor Ca2+ ions. If this is true, it has
implications for establishing the number of mobile holes, p,
in materials such as LSCO and Bi:2201, where the hole con-
tent is varied systematically by doping with a relatively large
number of altervalent atoms.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Y1−xCaxBa2Cu3O7−� were syn-
thesized by standard solid-state reaction methods from high-
purity powders. Details of sample preparation and character-
ization can be found in Refs. 9–11. A single sample was
often used for each Ca content, the oxygen deficiency, � and
hence p was varied by annealing at fixed temperatures and
oxygen partial pressures and quenching the sample into liq-
uid nitrogen.10 Most normal and SC state properties includ-
ing Eg �the characteristic PG energy scale� of HTS are
strongly dependent on p, which should therefore be deter-
mined as accurately as possible. We have used the room-
temperature thermopower, S�290 K	,12,13 as well as the para-
bolic Tc-p �Ref. 14� relation to determine p for all samples.
These two methods gave almost identical values of p. We
measured Tc using both resistivity and low-field ac suscepti-
bility with an alternating field Hrms=0.1 Oe, and frequency
f =333.3 Hz.13 Tc values obtained with these two methods
agree to within 1 K for all the samples. Electron probe mi-
croanalysis �EPMA� was performed to verify the chemical
composition and homogeneity of all samples.

Quantum Design MPMS2 and MPMS XL superconduct-
ing quantum interference device �SQUID� magnetometers
were used for the magnetic measurements reported here, for
data from 5–400 K and 5–330 K, respectively. A magnetic
field of 5 T was applied, with field-linearity checks at 300
and 100 K, and the background signal from the sample
holder was measured and subtracted from the raw data. Mea-
surements of the first 20% Ca sample �Ca20 I� were made at
the same time as the original heat-capacity work5 on samples

PHYSICAL REVIEW B 79, 104519 �2009�

1098-0121/2009/79�10�/104519�8� ©2009 The American Physical Society104519-1

http://dx.doi.org/10.1103/PhysRevB.79.104519


from the same preparation batch �I�. Powder x-ray diffraction
�XRD� patterns of all the samples studied here showed phase
purity to within 1%. Raman spectroscopy studies suggested
that the dominant magnetic impurity is BaCuO2+z because a
peak at �640 cm−1 �Ref. 15� with variable intensity was
observed for different Ca-Y123 samples. Batch II of the 20%
Ca-Y123 compound �Ca20 II� had a higher intensity peak
than batch I and the compounds with lower Ca content, in
qualitative agreement with the electron-spin-resonance
�ESR� results described below.

Room-temperature ESR at 9 GHz was used to search for
unwanted magnetic impurity phases. Two lines in the deriva-
tive spectra with peak to peak widths �200 and �1000
Gauss were usually visible, the ESR intensity generally be-
ing dominated by the broader line. Double integration of the
ESR spectra and calibration with a known mass of a standard
sample, pure Y2BaCuO5, gave values of the Curie constant
�CESR� listed in Table I. Although the ESR data showed that
0.3–1% of the total number of Cu atoms were contained in
impurity phases, a-priori there is some uncertainty16–18 as to
whether the broader line does indeed arise from BaCuO2.
Furthermore, because of the complex crystallographic and
magnetic structure of BaCuO2,16,17 it is not clear that all Cu
spins would be detected by room-temperature ESR. Later
ESR experiments at lower T �and in fact two of the room-
temperature measurements shown in Table I� were hampered
by the partial decomposition of the powder samples, giving a
ferromagnetic component that was also seen in later SQUID
magnetometer data but absent in the earlier SQUID data.
Finally, partly as an extra check for magnetic impurity
phases, the heat capacity, Cv, of a third highly overdoped
20%Ca-Y123 sample �Ca20 III�, with S�290 K	
=−6 �V /K giving p=0.218, was measured. This sample
had a larger susceptibility than the two samples studied in
detail, e.g., at 300 K �T=0.143 emu K /mole, but after cor-
rection for magnetic impurities detected via the heat capac-
ity, ��T� is reasonably consistent with data for the other two
20% Ca samples.

Figures 1 and 2 show plots of ��T� and ��T�T for the
Y1−xCaxBa2Cu3O7−� compounds at various values of p and
readily illustrate two important points. The first one, related
to the existence of the pseudogap �discussed in the next sec-
tion�, is that both ��T� and ��T�T become strongly p depen-

TABLE I. Parameters for well-oxygenated samples including values of �0 and Ctot from high-T�HT� fits
to ��T�=�0+Ctot /T+� /T2 from 125–330 or 400 K. Also shown are the contributions �CESR� to the Curie
constant arising from unwanted paramagnetic phases detected by ESR. The � symbol shows samples for
which there was a ferromagnetic background at the time of the ESR measurements, giving larger uncertainty
in CESR. The �� symbol shows impurity term estimated from heat-capacity data for sample III. Ccorr=Ctot

−CESR except for the 0% Ca sample where the unphysical negative value of Ctot arises from the PG, and
therefore Ccorr=0.

Sample
�Ca%�

EPMA
�x�Ca�	

p
�holes/Cu�

�0 �HT fit�
�10−4 emu /mol�

Ctot

�10−4 emu
K /mol�

CESR

�10−4 emu
K /mol�

Ccorr

�10−4 emu
K /mol�

0 0.176 2.78 −30.8 0

5 0.049�0.006 0.203 2.88 50 34� 16

10 0.105�0.010 0.210 2.50 237 34�4 203

20 I 0.195�0.012 0.220 2.85 370 30� 340

20 II 0.20�0.03 0.215 2.46 481 82�11 399

20 III 0.218 2.61 496 157�26�� 339

0

1

2

3

0

400

800

1200
0.176
0.161
0.143

0.111
0.094

0.176
0.161
0.143
0.111
0.094

χ
(1

0−4
em

u/
m

ol
e)

χT
(10

-4
em

u-K
/m

ole)

a

0% Ca

0

4

8

0

400

800

1200

0 100 200 300 400

0.220
0.213
0.202
0.179
0.162
0.145
0.113
0.107

χ
(1

0−4
em

u/
m

ol
e) χΤ

(10
−4

em
u-K

/m
ole)

T (K)

b 20% Ca (I)

FIG. 1. ��T� and ��T�T for �a� YBa2Cu3O7−�, and �b�
Y0.80Ca0.20Ba2Cu3O7−� �first batch�. p values are shown and are
accurate to �0.004.
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dent only for p�0.19��0.005�. The second important find-
ing is that there is a systematic growth of Curie-like behavior
in ��T� with increasing Ca content. ��T� for Ca-substituted
Y123 shows features similar to Co- or Ni-substituted Y123.6

This is quite surprising because unlike Co and Ni, Ca is
nonmagnetic having a full outer shell, 3p6, in the doubly
ionized state. Therefore, no Curie-like contribution to the
magnetization is expected. It has been suggested that oxygen
vacancies are induced in the CuO2 planes by increasing lev-
els of Ca substitution.19 Electron irradiation studies20 suggest
that, if present, these vacancies would be strong perturba-
tions similar to Zn/Cu substitution. We feel that in-plane
oxygen defects are probably not important here because, in
contrast to the effect of strong in-plane scattering by Zn at-

oms, Tcmax �maximum Tc� and the Hall angle21–23 are not
altered very much by Ca substitution.

III. DATA ANALYSIS

A. Effect of the PG and Ca on the magnetic susceptibility

As mentioned in Sec. I, the striking correspondence be-
tween the spin susceptibility and the electronic entropy, S, or
more precisely S /T, is well documented.1,5,6 This suggests
that we may interpret our ��T , p� data in terms of the DOS
for the cuprates, in spite of the presence of strong electronic
correlations in these compounds. The electronic entropy has
a simple physical meaning, S�T� /kB counts the total number
of thermally excited charge and spin excitations in the elec-
tronic spectrum in an energy window a few kBT wide, cen-
tered on the chemical potential. The quantity �spinT on the
other hand provides complementary information for the spin
spectrum. Specifically, kB�spinT= ��z

2�, where ��z
2� is the

mean squared moment, and therefore �kB�spinT� /�B
2 is a mea-

sure of the number of thermal spin excitations inside a simi-
lar energy window around the Fermi energy.5,6 For a
V-shaped gap in the DOS, namely, N���=N0 for 
�−�F

�kBEg �where Eg is the pseudogap energy scale expressed in
degrees K� and N���=N0
�−�F
 /kBEg for 
�−�F
�kBEg,
�spin is given by Eq. �1� with5,24

�N���T� = N0�1 − D−1ln�cosh�D��	 , �2�

where D=Eg /2T. Figure 3 shows fits of ��T , p� data3 for
pure Y123 samples to Eqs. �1� and �2�, with a p-independent
value of N0, from 400 K to �Tc+30 K �to avoid significant
SC fluctuations near Tc�. Eg�p� values obtained from the fits
are shown in Fig. 3 and also plotted later in Fig. 6. Note that
in Ref. 6 the measured ��T , p� data were increased by +0.4
	10−4 emu /mole corresponding to the zero of the spin sus-
ceptibility determined by nuclear magnetic resonance
�NMR�. In the present paper we have analyzed the measured
data for all samples without making any offsets.

High-T�HT� fits of ��T� to a second-order polynomial,
�0+Ctot /T+� /T2, were made from 125 to 330 or 400 K.
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FIG. 2. ��T� and ��T�T for �a� Y0.95Ca0.05Ba2Cu3O7−�, �b�
Y0.90Ca0.10Ba2Cu3O7−�, and �c�Y0.80Ca0.20Ba2Cu3O7−� �second
batch�. p-values are shown and are accurate to �0.004.
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Here �0 is the HT limit of �spin and Ctot is the Curie constant
including contributions both from Ca and possible magnetic
impurity phases while � allows for a range of nonzero Curie-
Weiss temperatures 
. Table I shows values of �0 and Ctot
obtained from these HT fits for well-oxygenated OD
samples. For the 10 and 20% Ca-Y123 samples the values of
Ctot are much larger than those determined by ESR, CESR.
This leads us to the surprising conclusion, justified in more
detail in Sec. IV, that Ca substitution gives rise to a substan-
tial Curie term.

Ctot can also be found by linear extrapolation of �T plots
to T=0. However a nonzero value of Eg gives a negative
contribution to the T=0 intercept.24 So therefore we should
focus on the changes in the intercept �Ctot� with Ca content x
for a fixed value of p. The �T plots in Figs. 1, 2, and 4 reveal
that the changes in intercept with x are essentially p indepen-
dent and therefore finite chain segments caused by oxygen
deficiency cannot be making a significant contribution to
Ctot. More generally they show that the changes in ��T�T
data for the same sample with different values of p arise
from changes in intrinsic spin susceptibility, �spin�T�, in Eq.
�1�, with p. These differences, ��T, show how the number of
QP excitations inside an energy window of width
��F�2kBT changes with p. We have gathered other evi-
dence from our earlier charge transport studies on
Y1−xCaxBa2Cu3O7−� �Refs. 4, 5, 10, 13, and 24� that a PG
does not exist for p�0.19�0.005. It is therefore convenient
to use ��T�T for the largest value of p ��0.19� as a refer-
ence. One major advantage of using ��T�p�=�T�p�−�T�p
�0.19� is that it excludes p-independent contributions to
��T�, and therefore practically eliminates the terms that are
not related to the QP DOS.

��T�p� values for the Y1−xCaxBa2Cu3O7−� compounds
are shown in Fig. 5 in the temperature range from 100 to 330
K. Again the lower temperature limit is set above the region
where significant superconducting fluctuations are present.
Figure 5 highlights a number of interesting and important
features, namely, �i� the sudden appearance of the pseudogap
at p�0.19 and its growth with further underdoping mani-
fested by the decrease in ��T�p� with decreasing p. This
clearly illustrates the loss of QP states near the Fermi level.
�ii� ��T�p� is close to zero for p�0.19, confirming the ab-
sence of a pseudogap for these hole contents. �iii� For values
of p that are not too low, a nonzero value of Eg simply gives
a constant downward shift in ��T�T , p�, consistent with Eqs.
�1� and �2� provided T�0.25 Eg. This T-independent loss of
QP spectral weight ���T�p� /�B

2 within the Fermi window
illustrates two important features of the pseudogap. Firstly it
shows the “non-states-conserving” property of the approxi-
mately V-shaped pseudogap in which states lost within the
gap region are removed to very much higher energies. Sec-
ondly it shows that the pseudogap does not close at the char-
acteristic pseudogap temperature T� �or indeed up to 400 K�,
as is widely believed. For the lowest values of p the ��T
curves have a negative slope at low T, as expected from Eq.
�2� when T�0.25Eg. At higher T the weaker negative slope
probably arises from a weak decrease in �spin with tempera-
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ture for p�0.19 that is also seen in OD Bi:2212.5

Figure 5�a� shows ��T�p� for pure Y123. Here the hole
content of the reference compound is 0.176 and a small PG
is present at this composition �see Fig. 5�. Nevertheless,
��T�p� for pure Y123 shows almost identical behavior to
that shown by the Ca-substituted samples. This lends further
support to our finding that changes in Ctot with x are p inde-
pendent. We have also fitted the ��T�p� data for the Ca-
substituted samples to a V-shaped PG in the DOS, using Eqs.
�1� and �2�. The Eg�p� values obtained from these fits are
also shown in Fig. 6. In order to relate the present data to
those in Ref. 5 we show plots of p from the thermoelectric
power �TEP� vs oxygen deficiency � obtained from weight
changes in the inset to Fig. 6. As found previously,5,10,13,23,24

Eg�p� is insensitive to the Ca content within the experimental
error bars. It can be seen that Eg�p� falls almost linearly with
increasing hole concentration, becomes less than Tc�p� on
the lightly overdoped side, and vanishes for p�0.19.

B. Heat-capacity data

Heat-capacity �Cv� data for an OD sample, Ca20 III, with
a somewhat larger Curie-Weiss contribution to ��T� than
Ca20 I, are shown in Figs. 7 and 8. They were obtained using
a differential technique against a pure copper reference
sample. Figure 7 shows the electronic specific-heat coeffi-
cient ��H ,T�=Cv /T of the sample in magnetic fields from
0–13 Tesla after correcting for the difference in phonon
terms of the sample and the reference. The influence of mag-
netic fields �H� up to 13 Tesla is demonstrated in Fig. 8 by
showing difference plots of ���H�����H ,T�−��H=0,T�	

versus T. Over most of the temperature region these differ-
ence curves can be scaled to lie on the same curve by divid-
ing them by H ln�90 /H�, as shown in the inset to Fig. 8. This
behavior is predicted by calculations based on the theory of
Bardeen, Cooper, and Schrieffer25,26 for a d-wave supercon-
ductor in the dirty limit. It is also given by standard analysis
of the vortex lattice in the London limit at intermediate
fields, being related by thermodynamics to the −ln H term in
the reversible magnetization.27 However it is surprising that
the H ln H scaling still appears to hold above Tc, in the range

0

100

200

300

400

0.05 0.1 0.15 0.2 0.25 0.3

0.0

0.05

0.10

0.20

T
c(K

)
or

E
g(K

)

p

x - values

E
g

T
c

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

0.24

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

p
fr

om
S

(2
90

)
Oxygen deficiency δ

YBa
2
Cu

3
O

7-δ

Y
0.8

Ca
0.2

Ba
2
Cu

3
O

7-δ

Batch I

FIG. 6. �Color online� Eg�p� for Y1−xCaxBa2Cu3O7−� com-
pounds. The parabolic Tc�p� curve for x=0 with Tc max=93 K is
also shown. The dashed line is a guide to the eye. The inset shows
how the p-values obtained from the room-temperature TEP varied
with oxygen deficiency � �measured via weight loss� in our earlier
work �Ref. 5�. Many of the susceptibility samples studied here were
too small to measure �.

0

1

2

0 10 20

γγ γγ re
s

(m
J/

ga
t.

K
2 )

T(K)

H = 0, 0.5, 1, 3, 6, 9, 11, 13 T

H = 0 Tesla

13 Tesla

0

1

2

3

0 20 40 60 80

γγ γγ
(m

J/
ga

t.
K

2 )

T(K)

H = 0, 0.5, 1, 3, 6, 9, 11, 13 Tesla

H= 0 Tesla

13 Tesla

FIG. 7. Main—magnetic field and temperature dependence of
the electronic specific-heat coefficient, ��H ,T� for a third-batch of
OD Y0.80Ca0.20Ba2Cu3O7−�. Inset—the residual specific-heat coef-
ficient, �res�H ,T� after subtracting the contribution from
superconductivity.

0

0.04

0.08

0 20 40 60 80

∆γ∆γ ∆γ∆
γ(

H
)

/H
ln

(9
0/

H
)

T(K)

H = 0.5, 1, 3, 6, 9, 11, 13 T

-1

0

1

0 20 40 60 80

[ γγ γγ
(H

)
-

γγ γγ(
H

=
0)

]
(m

J/
ga

t.
K

2 )

T(K)

H = 0, 0.5, 1, 3, 6, 9, 11, 13 Tesla

H = 0 Tesla

13 Tesla

FIG. 8. �Color online� Main—difference in specific-heat coeffi-
cients ���H ,T�−��H=0,T�	 versus T for the third-batch of OD
Y0.80Ca0.20Ba2Cu3O7−�. Inset—scaling of the difference plot used
to determine the contribution from superconductivity. The thick line
represents the data at 13 Tesla.

EFFECTS OF Ca SUBSTITUTION AND THE PSEUDOGAP… PHYSICAL REVIEW B 79, 104519 �2009�

104519-5



50–65 K. Because the scaled curves can be extrapolated to
zero according to an A−BT2 law and have an entropy-
conserving property between 70 K �well above Tc� and T
→0, we can use them to determine the contribution, �sc�H�,
from superconductivity. After subtracting �sc�H ,T� from the
total electronic term ��H ,T� we obtain the residual electronic
and magnetic contributions �res�H ,T� not associated with the
superconducting condensate that are shown in the inset to
Fig. 7. The 13 Tesla data for �res�H ,T� extrapolate to a rather
low value at T=0 K. This places an upper limit to any elec-
tronic contribution due to pair breaking of ��0�
�0.3 mJ /gat K2 at T=0 K. The major part of �res�H ,T�
below 15 K is therefore of magnetic origin.

The low-temperature specific heat is very sensitive to the
presence of paramagnetic impurities, and we now discuss the
information on impurities that can be deduced from the data
shown in Fig. 7. The zero-field T dependences of the more
important impurity phases in cuprate superconductors are
summarized in a review by Junod28 although these do not
include possible impurities containing Ca. Many of these
phases exhibit a magnetic transition below 20 K �usually
antiferromagnetic�, and the temperature and field depen-
dences of the anomaly then provide a clear signature of the
presence of the impurity phase and its concentration. Where
no such anomaly is detectable in our data we estimate an
upper limit for the impurity concentration assuming a reso-
lution of �0.02 mJ /gat K2 in our data for Ca20 III. �Note
that 1 gat�1 /13 mol of Y�Ca�123.	 For impurity phases
that do not have a magnetic transition below 20 K we com-
pare our data with the known temperature and field depen-
dence of the impurity phase specific heat.

The inset to Fig. 7 reveals a Schottky-like anomaly asso-
ciated with very weakly interacting paramagnetic impurities,
moving to higher temperatures with increasing magnetic
field. We see no sign of a magnetic transition below 20 K.
Green phase �Y2BaCuO5� impurity exhibits a sharp and
strongly H-dependent specific-heat anomaly at �17–19 K
due to the antiferromagnetic transition.29 The absence of
such an anomaly in the present data places an upper limit of
�0.7% moles /mole Y�Ca�123 for this impurity phase.
Similar arguments apply to Y2Cu2O5 �blue phase�,
Ba2Cu3O5,30 and oxygen-deficient BaCuO2+z, each of which
exhibits a sharp and field-dependent magnetic ordering
anomaly below 12 K. We discount the latter on the basis of
our own Cv measurements of BaCuO2+z after the same oxy-
gen treatment used for Ca20 III. If the other three impurities
were all present at half of our detection limit, they would
contribute 26 1	10−4 emu K /mole to Ctot, so for Ca20 III
we have included an additional impurity term of 26�26 1
	10−4 emu K /mole in Table I. Fully oxygenated BaCuO2+z
does not undergo long-range magnetic order above 1 K, but
has an unusual and distinctive field dependence because of
its complex magnetic structure.31,32 The specific heat in zero
field has an unusually large low-temperature upturn, and at 2
K the specific heat decreases monotonically with increasing
magnetic field. This is seen in all published data31,32 and we
have confirmed it in our own measurements on a fully oxy-
genated BaCuO2+z sample. This contrasts sharply with the
behavior we observe for Ca20 III, which shows a rather
weak upturn in zero-field and a field dependence at 2 K,

which first increases then decreases as the Schottky anomaly
moves to higher temperatures with increasing field. Detailed
analysis shows that the temperature and field dependences
can be fitted by a Schottky anomaly arising from 0.011 moles
of �unidentified� s=1 /2 impurities per mole Y123, plus a
contribution corresponding to a maximum of 0.024 mole
BaCuO2+z per mole Y123. The combined contribution to Ctot
from these two paramagnetic impurity phases is 131
	10−4 emu K /mole Y123, a factor of 4 less than the value
for Ca20 III in Table I. Furthermore magnetic impurities can-
not account for the rather large, temperature-independent
zero-field contribution to �res. We therefore conclude that
�res�H ,T� results mainly from a magnetic contribution from
the Ca ions, supporting our findings from the analysis of
��T� data. The weak-field dependence that we observe sug-
gests a rather high-energy scale of �34 K for these excita-
tions, which may arise from magnetic interactions or from
the Kondo effect.

IV. DISCUSSION

Bearing in mind that 1% s=1 /2 spins per mole give a HT
Curie constant of 37.5 1	10−4 emu K /mole, the values of
Ctot shown in Table I for batches I to III of 20% Ca-Y123
correspond to 10–13% s=1 /2 spins per mole Y123. This is
much larger than estimates of impurity spin concentrations
from ESR �1 and 2% for batches I and II�, XRD �1% for
all samples�, and Cv �3.5% for batch III�. So therefore the
increase in ��T�T of Y1−xCaxBa2Cu3O7−� with x in Figs. 1, 2,
and 4 is much too large to be caused by magnetic impurities.
If we subtract the impurity spin contributions and apply the
usual formula Ccorr=xNavpeff

2 �B
2 /3kB, where Nav is

Avogadro’s number and �B the Bohr magneton, to the data in
Table I or to the intercepts in Fig. 4, then the effective mo-
ment per Ca++ ion is peff=1.26�0.05 �in units of �B� irre-
spective of p. The origin of this Ca-induced magnetic mo-
ment is not entirely clear. As stated earlier, we think it is
unlikely that this is related to the proposed appearance of
in-plane oxygen vacancies with magnetic character.19 In-
plane disorder capable of giving such a large Curie term in
the magnetic susceptibility should reduce Tcmax more drasti-
cally. For example 20%Ca substitution only reduces Tcmax of
pure Y123 by �9 K, equivalent to �1% Zn substitution in
the CuO2 plane.

As shown in Fig. 9, Ccorr�x� is only approximately linear
in x. Therefore, we examine two possible scenarios: �i� All
Ca2+ give a smaller effect with peff�1.26 �less than peff

�1.7 for spin s= 1
2 �. In this case Ccorr�x� would be linear in x.

Furthermore, it is hard to reconcile the presence of localized
spins induced by Ca, presumably in the CuO2 planes, with
the mobile carriers that Ca definitely induces in the CuO2
planes.10,11,33 This puzzle can be resolved by scenario �ii�. An
isolated Ca2+ does not localize carriers in its vicinity, gives
no magnetic moment, and donates one extra mobile carrier to
the CuO2 planes, but statistical clusters of two or more
nearest-neighbor Ca2+ ions cause a stronger perturbation in
the neighboring CuO2 planes and give rise to a magnetic
moment. For x=0.20, the concentration of isolated Ca2+ ion
is given by x�1−x�4=0.082 and that for nonisolated Ca2+ is
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x�1− �1−x�4	=0.118. In this model the data in Fig. 9 give
peff�1.6, closer to the value expected for s= 1

2 . Scenario �ii�
is further supported by the following points. �i� As Fig. 9
shows, the Ca-induced Curie constant and the probability of
finding nonisolated Ca2+ have similar x dependences. �ii� As
shown in Fig. 10, Tcmax vs x has a negative curvature, sug-
gesting increased scattering from additional perturbations in
the CuO2 planes. This negative curvature contrasts with the
linear x dependence that would be expected in scenario �i�
but would be consistent with anomalously strong scattering
from Ca pairs or clusters, as in scenario �ii�. �iii� This “pair”
picture is also consistent with experimental evidence that Ca
is less effective as a hole donor for larger x. For example, for
nearly fully oxygenated compounds, the maximum planar
hole contents are 0.203, 0.217, and 0.236 ��0.004� for x
=0.05, 0.1, and 0.2, respectively.10 Whereas from simple
electron counting Ca2+ is expected to add x /2 holes per
CuO2 plane, giving 0.205, 0.23, and 0.28 for the correspond-
ing x values. A sketch showing how adjacent Ca ions give a
stronger attractive potential for holes on neighboring CuO2
planes is given in the inset to Fig. 10. It should be mentioned
that a similar model was proposed by Hammel et al.34 on the
basis of their NMR measurements, when considering pos-
sible hole localization in La2CuO4+y and La2−xSrxCuO4.

V. CONCLUSIONS

In conclusion, we have reported a systematic study of the
static magnetic susceptibility for polycrystalline
Y1−xCaxBa2Cu3O7−�. From the analysis of ��T� data we see
that the pseudogap vanishes abruptly for p�0.19. This
complements our earlier analysis of resistivity, ��T , p�, data
quite well.13,23,35,36 As p is reduced below 0.19, ��T�T de-
creases, and therefore the PG energy Eg must increase.
Within models involving preformed pairs,2 and others in

which the PG sets in abruptly below a certain temperature
T�, one would expect ��T�T vs T plots for samples with a PG
to merge with each other at higher temperatures where the
pseudogap is zero. We have not seen any sign of a recovery
in ��T�T up to 400 K �the upper temperature limit of the
measurements�. This implies that the pseudogap causes a
permanent loss of states near the Fermi level and that it does
not close as the temperature rises. The same conclusions
were reached from earlier specific-heat measurements.3–5

This places severe constraints on possible theories of the PG.
We have also found a Curie-like contribution due to Ca

substitution that is almost independent of p and oxygen con-
tent and put forward a model where this arises from statisti-
cal clusters of two or more nearest-neighbor Ca atoms.
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