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We have conducted a systematic study on the effect of Cu-site doping in the La;.gsSro.15CuO4
system. The relations between 7. and doping level as well as the critical doping levels x. have
been determined accurately for the Fe-, Co-, Ni-, Zn-, Ga-, and Al-doped systems. Every dopant
either carries an intrinsic magnetic moment or induces a net moment on the Cu-O; plane. The
size of the moment is correlated with the suppression of superconductivity, consistent with the
magnetic pair-breaking effect. The ground states of the dopants have also been determined.

The ability to dope the Cu site of the high-7, supercon-
ductors with transition or sp elements offers an important
means to investigate this new class of superconductors. "2
The particularly relevant issues in substitution studies are
to what degree magnetic and nonmagnetic dopants affect
the superconductivity, and how dopants with different
electronic structures alter the normal-state transport and
magnetic properties. To date, a major body of the Cu-site
doping studies"? is related to YBa;Cu307 (1:2:3) which
has two Cu sites. It has been established that 3d ele-
ments, Fe, Co, Ni, Zn, and sp elements, Ga, Al, can all be
doped into the Cu sites by various amounts.'™> Trivalent
ions such as Fe, Co, Ga, and Al prefer the Cu(1) chain
site, whereas divalent ions of Ni and Zn go to the Cu(2)
plane site. This preference of site locations creates a
dilemma, that is, one cannot make a comparative study on
the effect of dopants that are not at the same site.

This problem does not exist in the La,;g5Srg15CuQO4
(2:1:4) system where there is only one Cu site. With the
motivation of extracting systematic effects of various
dopants, we have studied six series of samples La gs-
Sro.15Cu; —-xA,04 (4 =Fe, Co, Ni, Zn, Ga, and Al) made
under exactly the same processing conditions. Each sam-
ple is fully characterized by x-ray diffraction and
confirmed to be single phase. We have accurately deter-
mined the relationship between T, and doping levels, and
have studied the magnetic characteristics of these sys-
tems. A surprising result is that all the dopants, magnetic
or nonmagnetic, induce or carry a substantial magnetic
moment due to the unique nature of the Cu-O; plane.
Furthermore it is observed for the first time that the size
of the moment bears a strong correlation with the critical
doping level x., above which T, =0. These results suggest
a magnetic pair-breaking mechanism, which any viable
theory for high-T,. superconductors should account for.
We have also found that Fe3* is in the high-spin state,
whereas Co3" is in the low-spin state. Ni’*, generally a
magnetic ion, is found to carry the lowest magnetic mo-
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ment among all dopants including the nonmagnetic ones.
In Fig. 1, we present the dopant concentration x depen-
dence of T, (the bars represent 90%-10% resistivity drop
and the dots the midpoint). For every system, T, varies
with x smoothly and monotonically. Above a critical dop-
ing level x., T, reduces to zero. The accuracy in x., which
is determined to be within 0.1%, is assured by using a
large number of samples and identical synthesizing condi-
tions. We have also measured the magnetization of vari-
ous samples under a field of 10 G in both the zero-field-
cooled and field-cooled modes. The values of 7T, obtained
from magnetization measurement are identical to those
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FIG. 1. Variation of 7. with dopant content for

La, $5Sr0.15Cu) - xAx04 (4=Fe, Co, Ni, Zn, Ga, and Al).
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from resistivity measurement. The transition width is also
comparable to the resistive transition width. The magni-
tude of magnetization reduces gradually with increasing
doping level, probably due to the increasing pinning
strength and penetration depth.

There are a number of interesting features in Fig. 1
when compared with the effect of dopants in YBa,Cu3;04.
Zn, the most effective in reducing T, of 1:2:3,' * affects
T. less effectively than Fe in 2:1:4. It is noted that Fe sub-
stitutes for the Cu(1) site in 1:2:3. Other nonmagnetic
dopants, Al and Ga, become as effective as Zn in destroy-
ing superconductivity in 2:1:4, whereas they have little
effect on T, of 1:2:3 because of their Cu(1) site location
there. Finally, Ni is the least effective element, as in the
case of Ni in 1:2:3. Among all the dopants studied here,
Fe suppresses 7. most rapidly, with the smallest x. of
1.8%, and Ni has the largest x. of 4.2%. Overall, the
effect of dopants in 2:1:4 is much more systematic than in
1:2:3.

One of the immediate questions is whether the effect of
dopant is related to its magnetic characteristics. In con-
ventional superconductors, a magnetic impurity is most
destructive due to the magnetic pair-breaking effect. In
La; 35Srp.15Cu; —xAxO4, however, the largest x. differs
from the smallest x. by only a factor of 2, even though the
dopants vary from being strongly magnetic (such as Fe)
to nonmagnetic (such as Al, Zn, and Ga). One is tempted
to conclude that nonmagnetic impurities are as damaging
to high-T,. superconductivity as magnetic impurities.
But, as we will show next, this conclusion proves to be
superficial.

In order to study the correlation between superconduc-
tivity and the magnetic nature of a dopant, we have mea-
sured the magnetic susceptibility (y) using a supercon-
ducting quantum interference device (SQUID) magne-
tometer. Very interestingly, every system, regardless of a
magnetic or nonmagnetic dopant, exhibits Curie-Weiss
behavior, indicating the existence of a localized moment.
Figure 2 shows the y(7) data for the representative Fe-,
Co-, Ni-, and Al-doped 2:1:4 systems. All the curves are
shifted arbitrarily for clarity. The solid lines are the fits to
the data using the Curie-Weiss relation

Nplaus
3kg(T—0O) °

where xo(T) represents the background susceptibility
which does not change appreciably with doping, N is the
dopant content, p.s the effective magnetic moment of a
dopant. In our temperature range, to the first-order ap-
proximation, we have chosen yo(T) =yo+x,T. The fitting
of y depends sensitively on the magnetic moment, there-
fore, the values of moment obtained are highly reliable. It
is evident in Fig. 2 that all the data can be very well de-
scribed by relation (1). The sudden drops in y for some
samples at low temperatures are due to the superconduct-
ing transitions. The deviations of y from relation (1) at
low temperatures for highly Fe-doped samples are due to
the spin-glass orderings. The actual fittings were carried
out at temperatures higher than the freezing tempera-
tures. The pes values obtained from fitting are plotted as
functions of dopant concentration for all the systems in

2(T) =xo(T) + (1)
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FIG. 2. Magnetic susceptibility y vs temperature for

La, 5Sr015Cu;—xA4x04. Data have been shifted vertically for
clarity. The lines are least-squares fits using Curie-Weiss law.
(From bottom to top: 4 =Fe: 0.004, 0.008, 0.012, 0.015, 0.021,
0.024, 0.027, 0.03, 0.04, 0.1; A =Co: 0.004, 0.012, 0.024, 0.03,
0.06, 0.04; A=Ni: 0, 0.02, 0.025, 0.03, 0.034, 0.04, 0.043,
0.048, 0.06; 4=Al: 0, 0.004, 0.012, 0.015, 0.018, 0.021, 0.024,
0.027, 0.03, 0.04, 0.06.)

Fig. 3 where we assume p.q resides on the dopants. The
values of pes decreases slightly with doping (0 < x < 6%).
Surprisingly, all the nonmagnetic dopants (Zn, Ga, and
Al) that cannot carry moments by their atomic structures
induce a similar moment, i.e., 1.0-1.2up. Fe carries a
large moment of Sup. Co, often strongly magnetic, car-
ries only a small amount of 1.2up, whereas Ni has a mo-
ment of only 0.6up.

Therefore, in La; g5sSrgsCuQys4, dopants at the Cu site
are always magnetic in nature. It is meaningless to distin-
guish magnetic and nonmagnetic dopants based just on
their atomic structure. A dopant either retains its atomic
moment or induces a net moment in the Cu-O, medium.
In Fig. 4, we plot the critical doping level x. versus the
magnetic moment of a dopant, illustrating a strong corre-
lation. The Fe-doped system, having a largest localized
moment, acquires a lowest x.. On the other hand, the
Ni-doped system with a smallest moment has a highest x..
Note that the moment of Ni is smaller than others by a
factor of 2 or more. In between, the other four systems
(with Co, Zn, Ga, Al) have similar moments and x,
values. Such a correlation represents the first observation
of an interplay between a dopant moment and the
suppression of high-7, superconductivity. It strongly sug-
gests a magnetic pair-breaking mechanism. In conven-
tional superconductors, x. corresponds to a critical
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FIG. 3. The dependence of the effective moment pesr on
dopant content for La;ssSro.sCuj-xA4:0s Note the scale
difference for the Fe-doped system.

scattering rate between the conduction electrons and im-
purity spins. Another important result from Fig. 4 is that
the degree of the suppression of T, bears little relation
with the valence of a dopant. For example, Zn?* and
Ni2* have the same valence, but their corresponding x,
differ a great deal, whereas a similar x, value is resulted in
Zn** and (Ga**, AI’*, Co®t) systems with different
valence states. We expect that the divalent dopants
(Zn**, Ni?*) would not change the carrier concentration
p, and the trivalent dopants (Fe3*, Co3*, Ga’t, AI’Y)
would reduce p with increasing doping level. However,
since x. is small in every system and is insensitive to the
dopant valence state, the suppression of T, cannot be at-
tributed predominantly to any change in p. The oxygen
content is believed to be unaffected. In fact, the La;NiO4
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FIG. 4. Correlation between critical dopant level x. and
effective magnetic moment p.s. The valence states of various
dopants are labeled.
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system>® can be made and 45% of Zn?* can go to the
Cu?* site’ of 2:1:4 without changing the oxygen content.

The formation of magnetic moment due to a dopant is
an important subject in many respects. It is directly relat-
ed to the response of the Cu-O, plane to a local perturba-
tion, and the response of the electronic state of a dopant to
the Cu-O; environment. Nonmagnetic dopants such as
Zn?*, Ga3*, AI’* have inert full-shell structures (3d!°
and 2p®). Their main role is to locally remove the spin of
Cu?* (3d®)(S=1%). Studying the characteristics of the
Cu-O, plane with missing spins (i.e., static vacancies)
leads to a better understanding of its electronic nature.
On the other hand, dopants such as Fe*, Co®*, and
Ni2*(3d3,3d%,3d®) can exhibit diverse electronic states
depending on their local environment. Therefore, the
determination of their states also allows one to probe the
Cu-O; plane.

As seen in Fig. 3, every nonmagnetic dopant (Zn, Al, or
Ga) induces a moment of about 1.2up, independent of the
electronic structure of a dopant. This is a fundamental
fact about the Cu-O; plane, revealing its unique electronic
nature. It is noted that such nonmagnetic dopants in gen-
eral do not induce moment in conventional metals. The
appearance of the induced moment (1.2up) clearly indi-
cates the highly localized nature of the d state in the su-
perconducting La, 35Srg.1sCuQ4. This moment is nothing
but the Cu?* moment,® which is concealed from suscepti-
bility measurement due to moment compensation in the
dynamic antiferromagnetic state or other more exotic
states. A nonmagnetic dopant breaks the compensation
and creates a net spin of S=1_ hence generating an
effective moment peg=g[S(S+1)172(=19u5). The ex-
perimental p.g value is close to 1.2up, a 35% reduction
from the theoretical value. This is due to the hybridiza-
tion between the d,2_ y? and p, states, which exists even in
La,CuQ,, i.e., the ordered moment m, is about 20% to
30% lower than the theoretical value of 0.67up (corrected
for zero-point motion).’

For impurities with nonfilled d shell, one should not
only consider the removed Cu?* spin, but also the intrin-
sic moment of the dopant itself. The 3d orbitals in an oc-
tahedron are splitted into the triplet (¢,, =xy, yz, and xz)
and doublet (e, =22 and x2—y?) groups, separated by A
(the crystal field splitting). Depending on A and other
factors, a 3d ion can be in a low-spin or a high-spin state.
Next, we will determine the spin states of Fe, Co, and Ni
ions in the Cu-O; plane. The valence of Fe in 2:1:4 is 3+
determined from the 'Fe Mossbauer spectroscopy.'®
Fe3*(3d°) ion has a high-spin state of S =3 and a low-
spin state of S =1%. Since a Fe** removes a Cu?* with
an effective spin of S=0.24 (calculated from peg
=1.2up), the net spin for Fe** would be S =3 —0.24
=2.26 for the high-spin state and S = 5 —0.24 =0.26 for
the low-spin state with an effective moment of 5.43 and
1.14up, respectively. Our experimental value is p.g(Fe)
=4.9up, indicating unambiguously that Fe3* is in the
high-spin state in 2:1:4.

Co can have a valence of 3+(3d°%) or 2+ (3d7). In
La, g5Srg.15CuQy, it has a moment of p.gy=1.2up, there-
fore the spin of the Co ions has to be S =0 (i.e., nonma%-
netic). The moment obtained is actually from the Cu?
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To satisfy S =0, the only possible state is the low-spin
state of Co>*. That is why the effect of the nonmagnetic
Co3* on T. is similar to that of Zn2*, Ga3*, AI3*, with
an x. of 2.5%.

The different spin states of Fe** and Co** in 2:1:4 can
be understood from the chemistry of these two ions.!! In
a regular octaheral crystal field, a high- (low-) spin state
is the result if A is less (greater) than the pairing energy P
of two electrons in the same orbital. Experimental facts
and theoretical calculations show that in an octahedron
the d° ions (such as Fe3") are exceptionally stable in
their high-spin state, whereas the d° ions (such as Co**)
are exceptionally stable in their low-spin state.!' This has
to do with the facts that P is smaller in d° than in d° and
the covalency (hence A) of d° tends to be stronger than
that of d°.

The size of the Ni moment (0.6up) is more intriguing.
The most stable valence state of Ni in the 2:1:4 structure
is 2+ (3d?). In the high-spin state, S =1, the upper d lev-
els, d,2 and d,:_ 2, have one electron each. The low-spin
state S =0 has a filled d,. level. If Ni?* was in the S =0
state, a moment of 1.2up would be expected as seen in the
Zn, Ga, Al, and Co cases. Therefore such a state is un-
likely. The high-spin state, however, is most probable. To
generate a moment of 0.6up, the spin of the Ni?* high-
spin state should be no more than 0.32 (after correcting
for the Cu?* moment). This low value indicates that both
the d,._,2 and d,: levels in Ni?* are strongly hybridized
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with the neighboring p states.

Therefore, we have resolved the problem of magnetic-
moment formation of various dopants in the Cu-O, plane.
The spin states of Fe3* and Co3* are consistent with their
usual chemistry, and their t,, triplets are highly localized.
On the other hand, the e, doublet states of Ni** are delo-
calized substantially, resulting in a much reduced mo-
ment. Without exception, every dopant (Zn, Ga, Al, and
Co) with S =0, hence nonmagnetic intrinsically, induces a
moment of about 1.2up, which is the Cu?* moment. Itis
shown that, to account for the moment formation of vari-
ous dopants, the removed Cu?” spin due to doping must
be considered. The correlation between x. and magnetic
moment is consistent with the magnetic pair-breaking
effect. In the 2:1:4 superconducting state, the largely lo-
calized Cu?* spins do not have any long-range ordering,
nor do they appear in a Curie-Weiss fashion. However,
this unusual magnetic state is believed to play an impor-
tant role for the high-7,. Doping creates disorder in this
exotic magnetic state, and the magnitude of the disorder
can be characterized by the size of the magnetic moment
created by a dopant. Our results demonstrate that such a
magnetic disorder is extremely detrimental to high-T, su-
perconductivity, which must be served as a constraint for
the high-7 theory.
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