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ESR studies of La, 4, Sty 15 (Cu, _ , Zn, )O, show that replacement of the copper
ions by nonmagnetic zinc ions leads to the formation of complexes with localized
magnetic moments. At zinc concentrations of ~ 1 at. % the number of magnetic
moments is close to the number of replaced ions. This result is important for
verification of microscopic models of high-temperature superconductors.

1. Of the well-known results on the effect of replacement of the copper ions by
ions of other elements the most impressive is the suppression of superconductivity by
zinc or gallium doping, for which a concentration of 2-3 at. % of the dopants is
sufficient.”* This result is surprising, because these ions in metals have a 3d '° configu-
ration, i.e., they are nonmagnetic. For ordinary superconductors the effect of this type
of impurity on the transition temperature is insignificant. Consequently, suppression
of T, by Zn or Ga doping can be considered as an effect which reflects the particular
nature of high-temperature superconductors. It would seem that replacement of the
Cu?™ ions is a method by which the electronic correlations could be studied directly,
since the spins are excluded from the spin sublattice. To determine the changes arising
in the electron system, magnetic measurement data are required. With this in mind, we
have carried out ESR studies of La,, Sty 5 (Cu, _ ,Zn, )O,, replacing part of the
copper by zinc (see also Ref. 4).

2. The measurements were carried out using a Bruker BER-418S spectrometer at
a frequency of 9.4 GHz. The investigated samples consisted of powders oriented by a
magnetic field, with mean size of the crystallites ~5 pum, embedded in paraffin. The
magnitude of the magnetic field used to orient the crystallites was ~ 10 kG. The
magnetic field orients the crystallites in such a way that the CuQO, plane is aligned
perpendicular to it. The degree of orientation of the basis planes was no less than 90%.

In the samples of La, g, Sry ;3 CuO, without Zn impurity, ESR was not observed
at any temperature in the range from 6 K to 36 K, in agreement with Ref. 5. Beginning
with a zinc concentration of 0.5 at. %, we were able to observe the ESR line."” Figure
1 shows the ESR data for zinc concentrations of 1 at. % and 3 at. %. Figures la and
1b are plots of the resonant field and the total line intensity as functions of the tem-
perature, with the magnetic field perpendicular to the CuQ, plane. The anomalies at
T=150 K for 3 at. % and respectively at 7= 80 K for 1 at. % are reminiscent of the
anomalies that usually arise in the realignment of spin systems. Interesting data on the
angular dependences of the g-factor are shown in Fig. 1c. The strong anisotropy of the
g-factor accounts for the fact that there is no resonance in unoriented powders. Taking
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the total intensity of the resonance line to be proportional to the magnetic susceptibil-
ity of the localized spins and assuming that their number coincides with the number of

zinc ions, we find that their effective magnetic moment is close to m —the nominal
value for Cu®>* ions: for 1 at. % it is 1.6up and for 3 at. % it is 1.5u,. For 5 at. % the
moment is much smaller. In other words, at this concentration the action of the
dopants can no longer be considered as independent.

3. The deviation of the g-factor from the value g = 2 is due to the unfreezing of
the orbital motion® and depends on the spin-orbit value. Therefore, localization of the
magnetic moments at the oxygen atoms is excluded by the small magnitude of the
spin-orbit interaction, which cannot account for the observed order of magnitude of
Ag. The possibility that magnetic moments are formed directly on the zinc ions has a
low probability due to the spherical symmetry of these ions. As the copper ions located
in the crystal field of the prolate oxygen octahedron, the behavior of Ag(8) obtained
for them is intrinsic. The splitting of the 34 level by the crystal field leads to the result
that for an isolated Cu’* ion the ground state had 3d , _ ,» symmetry, but the correc-
tion to the g-factor due to the spin-orbit coupling is Ag = Ag, (1 + 3 cos® 6). For the
copper ions the spin-orbit coupling constant is ~ 10*> K, but the magnitude of the level
splitting due to the crystal field is ~1 eV. Therefore, the copper ions can provide the
observed order of magnitude, Ag~0.1. Of course, a consideration based on isolated
copper ions can only give an indication of what is going on. In reality the mixing of
wave functions leads to a more complicated angular dependence of Ag(8).

Thus, on the basis of the data on the deviation of the g-factor, its angular depen-
dence, and an analysis of the effective magnetic moment, we conclude that zinc doping
leads to the formation of a complex which is associated with it, whose localized mag-
netic moment is located on the copper ion. This conclusion correlates with the mea-
surements of the static susceptibility y and the resistance p. It was shown in Ref. 3 that
at low 7 the susceptibility y obeys the Curie~Weiss law. In addition, their analysis of
the behavior of p allowed the authors of Ref. 3 to suggest the existence of a Kondo
effect. OQur measurements of y and p, in general, agree with these results. We note that
the magnitude of the effective magnetic moment, which was extracted from direct
measurements of the susceptibility, at a concentration of 1 at. % in our case is 1.3 u 5.

4. We will now explain why, in our opinion, one should expect the appearance of
localized magnetic moments in such systems. It is well known,” '® that the problem of
a strongly correlated electronic liquid is close to the compact electrodynamics in
(2 + 1)-measurements.!! Therefore, the interaction of the defects in such systems
grows with distance at least logarithmically, and in the case of confinement!' even
linearly. Interactions of such kind are usually described by strings which connect the
defects. If the distance between the defects is sufficiently large, the energy of the
system can be lowered by breaking the string with the formation of a pair of spin
excitations (see Fig. 2). As a result, each dopant forms a complex which has a local-
ized magnetic moment.

Let us discuss this situation in the context of some concrete models. One such
model is the theory of dimers (resonant valence bonds on neighboring sites).'* Disso-
ciation of the dimers, which is accompanied by the formation of two spinons, requires
the expenditure of considerable energy. In addition to the resonance between the
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FIG. 2. Diagram of the formation of localized moments. O—Defect (zinc ion): —-—an excitation which
carries spin (a spinon): a) interaction of the defects described by a string; b) breaking of the string due to
creation of a spinon pair; ¢) shortening of the string segments with the formation of a dopant—spinon pair.

bonds, the quantum fluctuations allow the spinons and the holons—sites which are not
occupied by electrons—to move. In this theory it is important that the quadratic
lattices have two topologically different types of holons which are situated at the “red”
or “black” sublattice of the original lattice (this also applies to the spinons). If the
interaction energy of the dopants is sufficient for the dimers to dissociate, dopant—
spinon complexes will form. Each of these complexes is comprised of objects of differ-
ent color. The theory of dimers has been applied'** to the description of supercon-
ductivity in terms of holon pairs. The destruction of such superconductivity by a
spinon-dopant complex occurs as a result of the possibility of the virtual exchange of
color between the holon and the spinon of the superconducting pair. This is complete-
ly analogous with the suppression of ordinary superconductivity by magnetic impuri-
ties,'® with the one difference that the role of spin here is played by color.

Another widely used model®!”'® assumes that the spins are correlated antiferro-

magnetically inside a radius .. The spin variables are described in this theory by Z-
quanta. The mechanism for the formation of complexes which link the Z-quanta is
close to the one considered here and is described in Ref. 18. However, the observation
of ESR on localized Z-quanta is unlikely. The point is that ESR requires the presence
of a Kramers doublet. In antiferromagnets time-inversion symmetry is connected with
translational symmetry, but the presence of a defect breaks the translational symme-
try. Therefore, if a complex with a bound magnetic moment is localized in a region of
dimension 7., then the observation of ESR is impossible. On the other hand, a dopant
concentration on the order of 1 at. % is too high for the formation of bound complexes
with dimensions appreciably higher than 7,. It is thus difficult to reconcile this model
with the observation of ESR. Here it is appropriate to point out that measurements of
the antiferromagnet La,(Cu, _,Zn, )0, failed to detect a paramagnetic resonance
associated with zinc doping.
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In conclusion we note the following circumstance. Dynamic holes screen the
interaction of the defects, thereby suppressing the creation of spinons. It is possible,
therefore, that the explanation of the effect requires going beyond the scope of the
models discussed here and that this pursuit may be a test of the microscopic theories of
high-temperature superconductors.

D In the presence of excess oxygen, a resonance is not observed in the zinc-doped samples, although this has
no effect on the suppression of T,. It is possible that excess oxygen leads to effective spin relaxation.
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