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In this work, we attempt to investigate the relation between the hole-doping effect and electron spin reso-
nance (ESR) spectra in the series of (Tly.5sPbg 5) St,(Cay -, Y,)Cu,O5 high-T,. superconductors. The spin signal
is absent for x=0.2 which is the optimal doping for obtaining a maximum 7., while the ESR signals recover
for the underdoped and overdoped samples. This result can be expressed by the slowing down of the super-
exchange force between next-neighboring copper ions which retrieve their native local moments by the in-
crease or decrease of hole doping. The unexpected vanish of ESR spectra for the antiferromagnetic insulator at
x=0.9 implicates a highly correlated spin fluctuation in the (Tl sPb,s)Sr,(Ca; _,Y,)Cu,O; system.

I. INTRODUCTION

Since the discovery of cuprate superconductors, the ab-
sence of an electron spin resonance (ESR) signal in their
normal state is still a conjecture.!” Many experiments, e.g.,
neutron diffraction,* nuclear magnetic resonance (NMR),’
photoemission,6 etc., indirectly support that these cuprate
compounds and their insulating antiferromagnetic derivatives
are divalently coupled within the CuO, planes by the Heisen-
berg exchange field. However, the electron spin resonance
signal derived from paramagnetic Cu®** ions was not ob-
served in high-7,. cuprate superconductors such as La;gs
Sry.15Cu0,4, YBa,Cu3;0;_ 5, and Bi- and TI(2212)-based
systems.” The null spin evidence had been interpreted by
several theories including Anderson’s resonating valence
bond (RVB) theory8 and anyon superconductivity.9 Some au-
thors attribute their detected ESR signals by the contribution
from the minor phase,! localized electron spins in copper
jons,> and the broken cubic symmetry in copper-oxide
chains.!® One of the most interesting features exhibited in the
GdBa,Cu3;0; compound is that it shows a very strong spin
signal due to the presence of paramagnetic Gd>* ions.!!

In previous studies of the YBa,Cu;0,_ 45 system,'>!? we
pointed out that the spins of two neighboring Cu?* ions can
flip-flop through intermediate oxygen atoms. The hopping
integral between the vibronic wave functions of the distorted
structure may occur more rapidly between the states of op-
posite spins than between the Kramers conjugates and pro-
vide a plausible mechanism for an enhanced exchange force.
If the ESR probing frequency is far smaller than the ex-
change frequency J/% (~1.5X10'3 Hz), then the detecting
system will observe an average spin S =0, although sponta-
neously it is an antiferromagnetic state with very fast ex-
change of spin up and down between the neighboring Cu?*
paramagnetic ions, and no ESR signal can be detected in the
highest superconducting phase. The deficiency of oxygen at-
oms in this compound will degrade the doping effect and
slow down the superexchange rate. Thus the singlet pairing
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state will be spoiled, yielding local moments. There are still
some questions about the role of spins under the influence of
hole doping in the copper-oxygen planes.

In this work, the controllable metal-superconductor-
insulator transition by the chemical substitution of Y>* for
Ca?* in (TlysPbys)Sr,(Ca, _,Y,)Cu,O; in order to reduce
the hole concentration in the conducting CuO, planes has
been investigated. When the doping concentration is
x=0.2, which we defined as the optimal hole concentration
in the CuO, planes, the ESR signal vanishes, which corre-
sponds to a highest T,. Samples in the underdoped or over-
doped region, however, will enhance the ESR signal and
decrease the T . Thus, as we previously proposed,'? the cou-
pling of hole spins by the suppression of the superexchange
interaction J= —t/u where ¢ is the hopping integral and u is
the effective Hubbard on-site interelectronic Coulomb repul-
sion due to underdoping or overdoping, leads to the retriev-
ing of the original local moments of the copper ions.

II. SAMPLE CHARACTERISTICS

Samples with nominal compositions of (Tl sPbys)Sr,
(Ca;_,Y,)Cu,O, were prepared by an appropriate stoichio-
metric proportions of high-purity CaCO;, Y,0;, SrCO;,
and CuO compounds and calcined at 970 °C for 12 h in air to
form a precursor. The precursor was then mixed with
T1,05; and PbO, ground, and pressed into cylindrical pellets
under a pressure of 2 ton/cm?. The pellets were wrapped in
gold foils to prevent the loss of Tl and Pb during heating.
The samples were then sintered at 950 °C for 3 h in flowing
oxygen, followed by cooling to room temperature at a rate of
5 °C/min.

Based on the previous results,'* the critical temperatures
and hole numbers distributed to each copper ion of the
samples (TlysPbys)Sr,(Ca;_,Y,)Cu,O; for various values
of x determined from the resistivity and Hall constant mea-
surements are listed in Table I. We can classify the doping
into three regions: the overdoped region for 0=<x<0.2, the
optimum region for x=0.2, and the underdoped region for
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TABLE 1. T, and hole numbers per Cu atom of
(T1g.sPbg 5)Sr5(Ca; _, Y,)Cu,O; (Ref. 14).
x 00 0.1 02 03 04 05 09
T, (K) 73 98 106 100 85 42

Hole number/Cu 048 036 02 0.14 0.12 0.06

0.2<x=1. As the value of x approaches 0.6, it is almost
located at the metal-insulator phase boundary. Based on
neutron- and x-ray-diffraction studies,'* the crystal structure
of (TlysPbys)Sry(Ca,_,Y,)Cu,O; can be determined as
shown in Fig. 1(a). The structure can be described in terms
of an intergrowth of double rocksalt-type layers [({Tl/
Pb}0O)(SrO)] with double [Sr(Ca,Y)Cu,Os] oxygen-deficient
perovskite layers, formed by sheets of corner-sharing CuOs
pyramids interleaved with calcium and/or yttrium ions. The
structure of (Tl sPbgs)Sr,y(Ca;—,Y,)Cu,O; resembles that
of YBa,Cu;0; [as shown in Fig. 1(b)] where the (T1,Pb)-O
layers replace the Cu-O chains and Sr cations replace Ba
cations, and Ca cations partially substitute yttrium ions.
However, there is no significant variation of the oxygen con-
tent in the (Tl sPbg 5)Sr,(Ca; _, Y,)Cu,O; series compounds
when the Y3" ions substitute into the Ca?™ sites, as deter-
mined by neutron-diffraction measurements.'* According to
the results of various measurements'* (e.g., neutron diffrac-
tion, resistivity, Hall effect, and thermoelectric power, etc.),
the increase of the substitution concentration of Y>* for the
Ca?* ions implies several results: (1) elongation of Cu-O
bond lengths in the copper-oxygen plane, (2) increasing of
the room temperature resistivity, (3) decreasing of the effec-
tive number of holes in the conducting CuO, planes, and (4)
increasing of the absolute value of the thermoelectric power.

III. EXPERIMENTAL RESULTS

A microcomputer-controlled Phillips diffractometer x-ray
equipped with a copper target and graphite monochromator
for CuK«a radiation was used to obtain the powder x-ray-
diffraction (XRD) patterns. All the samples of
(Tly sPbg5)Sr, (Ca;_,Y,)Cu,O; (0<x<1) are monophase
according to the P4/mmm space group. In Fig. 2, we show a
typical XRD pattern of the x=0.3 sample, which can be
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FIG. 1. Representation of the crystal structures of (a)
(TlysPby 5)St>(Ca; _ Y ,)Cu,-O; and (b) YBa,Cus0,.
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FIG. 2. Typical XRD pattern of the x=0.3 sample in
(Tl sPby 5)S1,(Ca; -, Y,) Cuy 0.

indexed on the basis of a tetragonal unit cell having
a=3.810(1) A and ¢=12.066(2) A.

Field cooled (H=10 Oe) magnetization data (the
Meissner effect) were obtained using a superconducting
quantum interference device (SQUID) magnetometer
(Quantum Design). In Fig. 3, we show the temperature
dependence of the field-cooled magnetization of the
(Tlo.sPbg 5)Sr,(Cay - Y,)Cu, 05 0O=x=<1) powdered
samples. With increasing the x values, the diamagnetism on-
set temperature increases from 73 K for x=0 to a maximum
of 106 K for x=0.2 and then decreases. We therefore can
identify three regions by the variation of the hole concentra-
tion: (a) the overdoped region (0<x<0.2), (b) the optimal
region (x=0.2), and (c) the underdoped region
(0.2<x=<1).

The ESR spectra were measured by employing a Brucker
GmbH-type ER-200 spectrometer with a TE,q, double rect-
angular cavity at a microwave frequency of 9.56 GHz and a
modulation frequency of 100 kc/s. Figure 4 shows the ESR
signals for different compositions. The doping at x=0 in-
duces a maximum hole density, and the spectrum reveals a
broad linewidth. Increasing x to 0.2, the optimum doping for
obtaining the maximum 7., the ESR spin signal disappears,
while the ESR reappears as x increases, and the intensity
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FIG. 3. Temperature dependence of the field-cooled magnetiza-
tion of the powdered (TlysPbgs)Sr,(Ca;_,Y,)Cu,O; (0sx=<0.5)
samples.
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FIG. 4. ESR spectra for various x values of
(Tly.sPbg5)Sr,(Ca, -, Y,)Cu,0; superconductors. Note that x=0.9
is an antiferromagnetic phase without superconductivity.

approaches a maximum for x=0.4. When x=0.5, the signal
decreases rapidly. All the intensities of the spectra with dif-
ferent values of x were calibrated in the scale of the diphenyl
picrylhydrazyl (DPPH) signal. In the overdoped condition
(0=x<0.2), the increase of the hole spin intensity results in
a weakening of the superexchange interaction and producing
a higher antiferromagnetic background which has a rather
broad line. On the other hand, in the underdoped condition
(0.2<x=1), the low hole spin density not only suppresses
the antiferromagnetic background, but also reduces the su-
perexchange force in the copper-oxide planes. In this region,
the local moments of copper ions have strong hyperfine in-
teraction field to contribute to the ESR signal which has a
narrow linewidth. It is worth noting that the measurement of
the thermal electric power for the x=0 sample shows'a
negative value and the specific heat tends to exhibit a high
spin density.'"* However, when the value of x attains 0.9,
implying an antiferromagnetic phase, the ESR signal disap-
pears again. We tacitly assume that the strong magnetic
dipole-dipole broadening overwhelms the exchange narrow-
ing of the antiferromagnetic phase at x=0.9 and smears out
the ESR signal.

IV. THEORETICAL ANALYSIS

Comparing with the structure of YBa,Cu;0;,
(as shown in Fig. 1), there is no Cu-O chain in the
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(T1y.5Pbg5)Sr2(Cay -, Y,)CuyO; superconductors, informing
the diminishing of the tunneling of spins between neigh-
boring copper ions. The copper Cu?' ijons are strongly
paramagnetic with a nuclear spin of /=32. The same
method utilized in Ref. 15 to calculate the ESR spectra
based on copper ingredients can also be applied to the
(Tly.sPbg 5)Sr,(Cay -, Y,)Cu, 05 system. The spin-orbit inter-
action A/-s can admix the ground state, Cu“:dxz_yz, into
the excited state and yield an anisotropic g factor. The spin
Hamiltonian can be written as

H=gBS,H,+g,(S,H,+S,H,)+A (S, I, +S,1,)+N\I-s,

(1)
where the Lande g values parallel and perpendicular to the z
axis are gy=2(1+4AN/Ay) and g, =2(1+A/A}), respec-
tively, Ay and A, are the energy differences between the
ground |x?—y?) and the excited |xy), |yz), and |zx) states,
respectively, and the Ay and A, are the contact hyperfine
constants with nuclear spin /. The magnetic field at reso-
nance for the hg/perﬁne line M; calculated by second-order
perturbation is'

KM, AT(Af+KH[II+1)-M]]

HZHO_

gB 4H,(gBK)*
_ATACm-DM, (Af-AD)sfel’(1-2)M]
2(gB)’K 2H,(gB)’K’¢* ’
_ | @)
where  Ho=hvigB,  g’=gl+(gf—gl)z®  K%g*

=Aﬁg||z2+Afgf(l —z2), z=cosf, and M,;=+ 1 +3
The derivative line shape of the absorption curve at the
applied field H,, is

I(H,)= dz, (3)

2 2
81 r, 8|
s2i+1) )5 A H“)[(& i

where S’ (x) for a normalized Lorentz line shape is given by

2x
ma’[1+(x/a)?]*

3AH

—. @

S'(x)=

a=

at which the AH is the full width at half maximum (FWHM)
of the absorption line. For a large value of AH, the four
hyperfine lines will be merged into two asymmetric lines.
In order to analyze the difference between underdoped
and overdoped (Tl sPbys)Sr,(Ca;_,Y,)Cu, 0, samples, we
compare the spectra of the x=0 (overdoped) and x=0.4 (un-
derdoped samples. The spectra are simulated by five param-
eters, i.e., 8> 81> A“ , A, , and AH, which are derived by a
tedious curve fitting. The curve fitting for the sample with
x=0 is shown in Figs. 5(a) and 5(b). We assumed that there
are two spins due to different locations of T1,Pb sites corre-
sponding to two sets of fitting parameters because the ar-
rangement of Tl/Pb atoms is either parallel or orthogonal
with each other in the (TlysPbys5)-O plane as shown in Fig.
1. Thus a half unit cell of (TlysPbys)Sr,(Ca;-,Y,)Cu,O;
can be represented by one kind of spin corresponding to
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copper ions located in cells with different Tl or Pb atoms.
They are (a) gj=2.161, g, =1.98, Aj=21.0, A, =103,
AH=70 G and (b) gy=2211, g, =203, A=210,
A, =103, AH=120 G, respectively. Comparing with the
theoretical curve for a pure hyperfine interaction of a single
spin, the highly asymmetric ESR curve might be extracted
from the antiferromagnetic resonance background. Such an
antiferromagnetic lattice structure in high-7'. superconduct-
ors has been presumed to be an important clue to mediate the
electron pairing mechanism.!” To justify Anderson’s argu-
ments, the doping might transform the antiferromagnetic
states into the resonating valence bond states in which the

spin polarities of neighboring coppers are quickly ex-
changed. The variation of magnetic field for an antiferromag-
netic resonance (AFMR) can be expressed as!®!°

H=Hy*[H,(2Hz+H,)]", (3)

where Hy and H, are the exchange and anisotropic fields,
respectively. As shown in Fig. 6, we assume two antiferro-
magnetic states belonging to two different sites of the spin
with Hy=3160 and 3310 G, respectively. The line shapes of
the AFMR are presumed to be Lorentzian with parameters
£=2.048, H;=126.6 G, and H,=21.3 G and linewidth
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FIG. 6. Spectrum showing the antiferromag-
netic background, where the two resonant mag-
netic fields are Hy,=3160 and 3310 G, and the
Lorentzian linewidth is 720 G.
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AH=1720 G. The summation of the hyperfine lines (Fig. 5)
and the antiferromagnetic resonance lines (Fig. 6) can fairly
match the experimental data for x=0 as depicted in Fig. 7.
Concerning the system with x=0.4, the simple summation
of four sets of hyperfine lines can almost fit the data as
shown in Fig. 8. The four hyperfine constants arise from the
unequivalent Ca or Y substitutes. Figure 9 shows the correc-
tion with the AFMR for the x = 0.4 sample. The contributions
of the AFMR to the fitting curves for the x=0 and x=0.4
samples are 51.5% and 10.1%, respectively. The decrease of
the contribution of the AFMR to the ESR intensity as x in-
creases from O to 0.4 may be correlated to the increase of the
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4200

superconducting volume fraction (proportional to the value
of the magnetization). In practice, the AFMR spectrum de-
tected by the X-band microwave under a magnetic field of
thousands of oersterd is weak and has a broad linewidth.
Therefore, the shoulder at low-field side for the x=0 sample
might come from the AFMR.

From the above analysis, the hyperfine interaction con-
stant of Cu®" ions in overdoped samples is weaker than in
underdoped samples. The origins of the two antiparallel
spins come mainly from a weakening of the superexchange
force which leads to a retrieval of their local moments. The
strong polarization effect of Tl atoms on the anion inducing

Intensity
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FIG. 7. Solid line is the correction by the an-
tiferromagnetic background for the x=0 sample.
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FIG. 8. Addend (solid line) of the above four
lines as compared with experimental data for
x=0.4. The fitting parameters of the four spins
for x=0.4 sample are (1) gj=2.181, g, =1.98,
Ay=51.0, A, =103, and AH=50 G. (2)
g|=2.151, g, =198, Aj=21.0, A, =10.3, and
AH=100 G, (3) g=2181, g, =198,
A=21.0, A, =103, and AH=50 G, and (4)
gy=2.111, g, =2.01, Aj=81.0, A, =10.3, and
AH=95 G.
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the phonon vibration modes of the conducting Cu-O planes
will increase the density of states near the Fermi surface and
enhance the Josephson microtunneling between Cu-O
planes.® A theory concerning the cyclic four spins of the
copper-oxide plane had been reported;?!*> however, the hy-
perfine splitting of four spins on Cu-O planes in our under-
doped or overdoped cases cannot be found as the authors
showed in the case of CuO. It is very interesting to note that
the x=0.2 sample is superconducting, while that the x=0.9
sample is antiferromagnetic, but both have no ESR signal.
Since antiferromagnetic spin fluctuations play an important
role in cuprate superconductor,?® the x =0.2 sample seems to

LI S B R B B |

4200

have highly correlated electron spins, which flip-flop rapidly
in the normal state. Such an antiferromagnetic spin fluctua-
tion provides a mediating force to pair the conduction elec-
trons at rather high temperatures. The energy of antiferro-
magnetic paramagnon, wsg , characterizing the energy of the
low-frequency magnetic response, is about 7.7 meV (i.e.,
~ 1860 GHz) at T. as measured for the nuclear magnetic
resonance (NMR) study.>**> Therefore, an ESR system at a
probing frequency of 9 GHz is unable to detect the fast ex-
change spin states. Once the doping increases or decreases
from x=0.2, the highly correlated spins become unbalanced
due to the reduction of superexchange rate and the ESR sig-
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FIG. 9. Contribution of AFMR for the
x=0.4 sample is reduced much more than that
for the x=0 sample.
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nal appears at both overdoped and underdoped regions.
When x varies from 0.5 to 0.9, the sample transforms to
antiferromagnetic phase, and the strong dipole-dipole broad-
ening smears out the ESR signal. The calculation of carrier
concentrations for YBa,Cu;O; by Monthoux and Pines®
pointed out that the decrease of hole number will reduce
the 7. at a fixed coupling constant. However, for the
(Tl sPbg 5)Sr,(Ca; _,Y,)Cu,O;  superconductors, which
manifest a maximum 7, at x=0.2, while the hole number is
not at an extreme value, further exploration is needed.?®

V. CONCLUSION

For the x=0.2 sample, the absence of an ESR spin signal
is attributed to the quick spin flip-flop inherent to copper ions
through the fast superexchange rate between next-
neighboring ions, which yields S=0 for a comparably sta-
tionary observer, implying a diamagnetic state even at
T>T,. The slowdown of the spin flip-flop of the antiparallel
spins of the overdoped samples evokes a weak antiferromag-
netic background and two anisotropic local spin states in-
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volving two different g factors and hyperfine constants. The
experimental spectra can be successfully fitted by a proper
weight mixture of an antiferromagnetic resonance, and the
two-site magnetic hyperfine interaction on the antiferromag-
netic resonance derives from a static spin system, i.e., the
spins corrected to second order. The possibility of the ESR
signal arising from impurities is ruled out because all the
spectra exhibit similar shapes, and the impurities might be
preserved even when the doping concentration is changed.
The hole doping which is analogous to the decrease of oxy-
gen atoms near the Cu-O planes in YBa,Cu;0; suppresses
the negative charge transfer from copper ions, resulting in a
reduction of the superexchange force between the next-
neighboring paramagnetic Cu?" ions.
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