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EPR spectra of the high 7. superconductor YBa,Cu;0;-, (YBCO) doped with Pd®" or Zn** have been measured
at several temperatures and dopant concentrations. The spectral intensity of YBaxCu,..Pd)30;-, is proportional to
the dopant concentration. The behavior of YBax(Cu;-,Zn,):0;-, is quite different: the spectral intensity remains almost
constant up to x=0.10 and then increases rapidly above x=0.10. The results are interpreted in terms of localized
and antiferromagnetically spin-paired 4 holes in both CuO chain and planes. The Pd?* jon substitutes on the CuQ
chain consisting of “CuOCu dimers”, and a Cu** ion with an unpaired spin is generated for each Pd** ion substituted.
On the other hand, Zn?* substitutes on the CuO planes, and all or most of the spins in the two-dimensional plane
manage to pair up in the region of low dopant concentration. When the dopant concentration exceeds a certain
limit, it becomes more difficult for the spins to find partners, and the number of unpaired spins increases rapidly
with increasing dopant concentration. The Zn?* ion is moare effective than the Pd** ion in suppressing the supercon-
ductivity of YBCO. This is attributed to the fact that Zn*" substitutes on the CuO planes which are mainly responsible
for the superconductivity, while Pd** substitutes on the CuO chain which is of secondary importance in the supercon-

ductivity.

Introduction

Various experimental techniques have been used to study

the high T, superconductor YBa,Cuz0._, (YBCO) first prepa-
red by Wu ¢f gl.' We are using electron paramagnetic reso-
nance (EPR) spectroscopy to study high T, superconductors.
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Since EPR can give information on the unparied electrons
in the system, it might be useful in clarifying the nature
of the superconducting mechanism.

Previously we studied the EPR spectra® of pure YBCO
and also YBCO doped with Yb** or Gd**. Samples of pure
YBCO exhibit a weak EPR signal which accounts for less
than 1% of the copper ions in the compound. This indicates
that most Cu?* (34°) ions in the sample are EPR inactive.
Then the weak EPR signal should be attributed to either
paramagnetic defects in YBCO or to impurity phases in the
sample. Any paramagnetic defect in the superconductor may
be useful as a spin probe for studying the electronic struc-
ture of the superconductor and the superconducting mecha-
nism. The paramagnetic ion in the impurity phase cannot
be used as a spin probe.

We have shown that Yb** {4/ or Gd** (4/™), which repla-
ces Y** in YBCO, exhibits good EPR spectrum? But these
ions, located quite far away from the CuQ planes, are not
very sensitive as spin probes for the superconductivity.

In this study we have used diamagnetic dopants Pd** and
Zn?" in order to create paramagnetic centers in YBCO. (The
doped compounds are designated as Pd/YBCO and Zn/YBCO
below.) A diamagnetic dopant in a Cu’" site is expected to
prevent some Cu®* jons from forming spin pairs. There are
two kinds of copper sites in YBCO : Cu(l) in the CuQO chain
having a square planar environment and Cu(2) in the CuQ
planes having a square pyramidal environment. It is known
that Pd2* substitutes at the Cu(l) site exclusively.? A neutron
diffraction study has shown that Zn** substitutes at the Cu
(2) site exclusively,' but another similar study finds Zn**
substitutes at both Cu(2) and Cu(l) sites’ Since the Zn*!
ion is rarely found in a square planar environment, it is
more likely that Zn** substitutes at the Cu(2) site. Therefore,
studies on YBCO doped with Pd®* and Zn’* provide an op-
portunity to compare the effect of doping preferentially one
of the two copper sites.

The electrical resistivity of YBax(Cu;-,Pd);0;-, with x=
0.17 was reported before® And while we were working on
Zn/YBCO, some studies on the same system were reported
by others’

Experimental

Preparation of Compounds. YBCO doped with Pd**
was prepared by three different methods.

Method 1. This is the method used by Ferey e al.®
BaCO; BaQ, Cu0, Y,0; and Pd were mixed according to
the formula YBay(Cu,_Pd,)s0;-, (x=0-0.15) and pulverized.
The mixture was calcined at 820 for 20 hours. When the
calcined, black sample contained green component, calcina-
tion was repeated. During calcination BaO; is decomposed
into BaO and Q,, and Pd is oxidized to Pd** by O, After
calcination the sample was pulverized again and pressed into
pellets of 10 mm in diameter. These pellets were sintered
under flowing oxygen at 820C for 20 hours, annealed at 500
¢ for 5 hours, and cooled slowly to room temperature,

Method 2. BaCO; Cu0, Y,0; and PAO were mixed ac-
cording to the appropriate composition, and calcined at 820C
for 22 hours. After that the same procedure as in Method
1 was foliowed.

Method 3. BaCOs; CuO, Y:0; and PdQ were mixed ac-
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Figure 1. EPR spectra of YBayCu,-.Pd,}:0:-, (x=0.02) at 250
K (—-) and 95 K (-},

cording to the appropriate composition, and dissolved in nit-
ric acid. Citric acid was added to the solution, and then the
resulting precipitate was treated with ethylene glycol. The
mixture was heated, and the resulting polymer containing
metal ions was calcined at 700-800°C for 20 hours. After cal-
cination the sample was treated by the same procedures as
in Method 1.

YBCO doped with Zn** was prepared in the following way.
Powders of BaCOs, Y:05, CuO, and ZnO were mixed accord-
ing to the formula YBay(Cu, -.Zn.);0;-, (x=0-0.17), and cal-
cined at 950C for 24 hours. The mixture was pressed into
pellets, and the pellets were sintered under flowing oxygen
at 950T for 12 hours. Then the pellets were annealed under
flowing oxygen at 500C for 18 hours, and cooled slowly to
room temperature.

Measurements. DC electrical resistance was measured
using the standard four-probe method. The measurements
were made by reading the voltage drop across the inner
leads of the sample while maintaining a constant sample cur-
rent of less than 1.0 mA. Samples were attached to the cold
finger of a closed cycle refrigerator (Palm Beach Cryophysics
Model 4075) and the electrical resistance was measured as
a function of temperature.

EPR spectra at 95-300 K were recorded on a Bruker EPR
spectrometer (Model ER 200E) equipped with a variable tem-
perature accessory. The spectrum at 77 K was recorded
using a liquid nitrogen Dewar vessel. CuSQ,-5H,0 was used
as an external reference to determine the absolute intensity
of the spectrum. The intensity was determined by numerical
double integration of the first derivative curve.

Results and Discussion

Pd/YBCO

Since the melting point of PdQ is 870C, samples of YBa;
(Cu,-,Pd,};0:_, (x=0.01-0.15) with different x values were
prepared below this temperature. Samples prepared at 900C
showed the same EPR spectra as the pure YBCO, indicating
that Pd®* had not replaced Cu** in YBCO. The EPR spectra
for two samples with x=0.02 and 0.15 will be described in
detail below.

YBay(Cu; . .Pd)s0;-, {(x=002). The EPR spectrum
for the sample with x=0.02 is shown in Figure 1. The spect-
rum is similar to that of Y;BaCuQ;s (this is an impurity phase
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Figure 2. Temperature dependence of EPR intensity for YBa;
(Cu;-Pd):0s-, (xr=0.02). Intensity is in an arbitrary unit.
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Figure 3. EPR spectra of YBa,(Cu,-,Pd.);0;-, (x=0.15) at 300
K (—)and 77 K (-~

1 1

called the green phase®), the tetragonal phase of YBCC?,
or YBCO doped with zinc™. Therefore the spectrum can be
ascribed either to the Cu?* ions in an impurity phase or
to paramagnetic Cu®~ ions generated by doping with Pd**
ions.

Samples of YBCO often contain some impurity phases such
as Y,BaCuOs and BaCuQ;'' which can be reduced to less
than 1% of the total copper atoms in YBCO by careful prepa-
ration.? Our samples, having been prepared below 850C, may
contain a samll amount of these impurities. However, the
temperature dependence of the spectral intensity is quite
different from that of an impurity phase. The intensity of
the spectrum originating in localized unpaired electrons in-
creases as the temperature is lowered, and it is linear with
respect to 1/T. The spectrum of Y,BaCuOs or BaCuQ; beha-
ves in this way*"" while the temperature dependence of
the spectrum for Pd/YBCO deviates significantly from the
linearity as shown in Figure 2.

Moreover, the spectral intensity increases with increasing
¥ (see below), indicating that unpaired spins generated by
doping with Pd** contribute to the spectrum. If it is assumed
that one Cu®** ion with an unpaired spin is generated for
each Pd®* ion substituted, the number of unpaired electrons
will be equal to that of Pd*' ions; see below.

YBaz(Cu; _,Pd,)30;-, (x=0.15). The EPR spectrum
for the sample with x=0.15 is shown in Figure 3. The spect-
rum is similar to that of YBay(Cu;-.Pd):0;-, (x=0.02), ex-
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Figure 4. EPR intensity of YBax Cu-,Pd.)}0:-, as a function
of the dopant concentration. Samples prepared by Methods 1,
2 and 3, are designated by O, +. O, respectively. The dashed
line represents the intensity expected when one Cu’* ion with
unpaired spin is generated for each Pd** ion substituted.
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Figure 5. EPR spectrum of YBayCu,_.Zn):0;-, (x=0.14) at
296 X

cept that it has broad wings. The low temperature spectrum
has even broader wings.

The broad wings may be attributed to the magnetic dipolar
interaction which becomes more important as the concentra-
tion of Pd®* increases. If Pd** replaces only Cu(l) in the
CuOQ chain,? the composition corresponding to ¥=0.15 is YBa,
Cu(2):Cu(1)p55Pdp.asO7-,. This means that 45% of the Cu(l)
site is occupied by Pd®*. Therefore, a large fraction of the
Cu0 chain has the configuration -Cu-0-Pd-0-Cu-O-Pd-, and
the dipolar interaction between the Cu®* ions separated by
an O-Pd-O group is expected to broaden the spectrum.®

Dependence on Dopant Concentration. The abso-
lute intensity of the spectrum is plotted as a function of
the concentration of Pd’* in Figure 4. Although the points
are scattered, it is seen that the intensity is roughly propor-
tional to the concentration of Pd**, The dashed line in the
figure represents the intensity expected when the number
of Cu?" iens contributing to the spectrum is equal to that
of Pd®* ions substituted. The measured intensity agrees rou-
ghly with this line, suggesting that one Cu®* ion with unpai-
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Figure 6. EPR intensity of YBa;(Cu-.Zn)0;-, as a function
of the dopant concentration. The data designated by C are taken
from ref. 7(a). The dashed line represents the intensity expected
when one Cu®" ion with unpaired spin is generated for each
Zn®* jon substituted.

red spin is produced for every Pd® ion.

Zn/YBCO

A typical EPR spectrum of YBCO doped with Zn?* is
shown in Figure 5. This spectrum is again very similar to
that of the green phase or Pd/YBCO. Thus the spectrum
may be attributed to the Cu®?" ions in the compound.

While we were working on this system, Jee ef al. reported
an extensive study on the same system.” Qur EPR work
agrees with their measurements. The dependence of spectral
intensity on the concentration of Zn*~ is shown in Figure
6. The dashed line in the figure represents the intensity
expected when one Cu®?* ion with unpaired spin is formed
by each Zn®* ion substituted. It is clearly seen that the mea-
sured intensity does not follow this line: it is almost inde-
pendent of concentration below x=0.10. This suggests that
unpaired spins localized on Cu?~ ijon are not generated when
a small portion of Cu?* ions in the CuQ plane is replaced
by Zn?t. Above x=0.10 the spectral intensity increases more
rapidly than the dashed line, indicating that unpaired spins
locatized on Cu®* ions are produced. (The slope of the solid
line is about twice that of the dashed line.)

Electronic Structure of YBCO

Copper ions in both CuQ chain and CuO planes have
an average oxidation state of +2. Each Cu®** (34°) ion can
have a localized 34 electron hole or contribute one to a con-
duction band (These holes are designated as & holes below).
In addition, YBa,Cuz0;_, has (1-2y) electron holes { holes)
in p orbitals of oxygen atoms.

However, there is no consensus about whether these elec-
tron holes are localized or delocalized. YBCO is metallic
above T, and measurements of the normal state magnetic
susceptibility have revealed that it has weak Pauli paramag-
netism,? indicating that there are mobile electron holes.
Some authors believe that all electron holes are mobile,
while others think only some specific holes are mobile.

The NMR relaxation studies provide important clues to
this problem. The nuclear spin-lattice relaxation rate on the
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oxygen sites in the CuO planes is consistent with the metal-
lic Korringa law,* indicating that the p holes in the CuQ
planes are mobile. On the other hand, the nuclear relaxation
rates on Cu(l) and Cu(2) sites are non-Korringa-like, and
their behaviors have been interpreted on the basis of locali-
zed d holes.®" 7 No direct NMR data are available for the
oxygen atoms in the CuQ chain. By comparing the total num-
ber of p holes with the electrical conductivity for a series
of YBCO doped with various elements, it has been shown
that the p holes in the CuO chain are localized while those
in the CuQ planes are mobile.” So we will assume that only
p holes in the CuO planes are mobile, all others being locali-
zed on Cu** ions or O°" ions.

YBCO is EPR-silent, and any model of its electronic struc-
ture should be able to explain this. If the unpaired electrons
are mobhile, the EPR-silence can be attributed to short re-
laxation time.® If the unpaired electrons are localized, they
must be antiferromagnetically spin-coupled with adjacent
electrons. YBa,Cu 0;-, (¥=0.1, YBCO) is not an antiferro-
magnet,® but YBa;Cu;O;_, (y=1) is an antiferromagnet insu-
lator. When y decreases (e, the number of oxygen atom in-
creases), it changes to a metallic state and the long-range
antiferromagnetic order is destroyed. But if the d holes re-
main localized on Cu®* jons even in the metallic state, it
is quite probable that local antiferromagnetic coupling is
maintained.

Now we discuss our results in terms of the above model.
It has been shown that Pd** substitutes exclusively at the
Cu(1) site in the CuO chain.® The EPR intensity of Pd/YBCO,
which is proportional to the dopant concentration, indicates
that the unpaired spins generated by doping with Pd** are
localized on Cu?* ions. If they were delocalized, they would
not contribute to the EPR spectrum because of short relaxa-
tion time. The EPR spectrum of Pd/YBCO is also consistent
with localized d holes in the CuO chain. If they were deloca-
lized, even localized spins generated by doping with Pd**
ions would exhibit a very broad EPR spectrum, much broa-
der than the measured one, because of the magnetic interac-
tion between the localized spins and the mobile electrons.”*

However, the temperature dependence of the EPR inten-
sity (Figure 2) suggests that these localized spins pair up
partially at low temperature. Since the d holes with unpaired
spins are separated by at least one -0-Pd-O- group in the
one-dimensional chain, spin-pairing between two d holes is
not likely to occur even at low temperatures. It is plausible
that p holes pair up with d holes to reduce the number
of unpaired spins at low temperatures. More work is needed
to understand the temperature dependence of the EPR in-
tensity for Pd/YBCO.

There have been two conflicting reports about the site
at which the Zn®* ion substitutes*> As mentioned in the
Introduction section, we believe that Zn?* substitutes at the
Cu(2) site exclusively. If it also substitutes at the Cu(l) site,’
the intensity of the EPR spectrum should increase signifi-
cantly with increasing dopant concentration. But this has
not been observed for Zn/YBCO for the region of small do-
pant concentration.

If the @ holes in the CuQO planes are mobile, the behavior
of the EPR intensity of Zn/YBCO can be explained by assum-
ing that no localized unpaired spins are generated by doping
with Zn?* ions. Since we assume that the & holes in the
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Figure 7. A possible spin pairing in a two-dimensional plane
having dopant atoms representes by Q.

CuO planes are localized and spin-paired, a different mech-
anism is needed to explain the intensity of the EPR spect-
rum. When each d hole in one-dimensional CuO chain is
spin-paired with an adjacent d hole, we may visualize the
chain as consisting of “CuQOCu dimers”. Then one unpaired
spin must be generated for each Pd** ion substituted in
the CuO chain. But the situation is different for the two-di-
mensional CuQ plane, where each Cu®* ion has four neigh-
boring Cu®* ions. If antiferromagnetic spin-pairing stabilizes
the system, then all or most of the spins can still form pairs,
when the dopant concentration is not very large; see the
example in Figure 7. When the dopant concentration is large,
the number of spins which cannot find partners will increase.

This electronic structure is closely related with resonating
valence bond (RVB) model. It has been shown that the one-
dimensional Heisenberg antiferromagnetic chain is not of the
Néel type.® For this reason, Anderson proposed that in cer-
tain situations the ground state is closer to one in which
pairs of spins are bound into singlet states.® Since in general
the spins can be paired in several alternative ways, the actual
ground state is a superposition over such products of sin-
glets. For one-dimensional chain there are only two reson-
ance structures, and the probability of resonance is very
small. So its ground state may consist pairs of spins. For
two-dimensional plane there can be several resonance struc-
tures. However, any defect such as p holes in the plane
and dopant atoms will reduce the number or resonance stru-
ctures. So the ground state of the doped plane may also
be close to one consisting of CuOCu dimers.

Effect of Dopants on Superconductivity

T. of Pd/YBCO is found to decrease slowly with increasing
dopant concentration. So YBay(Cu;-.Pd):0:-, with x=0.17
is still a superconductor with 7.=47 K?® In the early stage
of research on YBCO it was not clear whether the CuO plane
or the CuQ chain is responsible for the superconductivity.
But now it is generally accepted that the CuO plane is more
important than the CuQ chain. Actually, such high 7, super-
conductors as Bi-Sr-Ca-Cu-Q and TI!-Ba-Ca-Cu-O have only
CuO planes.®® This explains why 7, decreases slowly with
increasing dopant concentration for Pd/YBCO which has do-
pants in the CuO chain.

Zn?* substituted at YBCO is more effective than Pd®* in
suppressing the superconductivity. 7, of YBaxCu,;-ZnJ:0s-,
decreases rapidly with increasing dopant concentration, and
the compound ceases to be a superconductor at x=0.10.
This is expected, for Zn’* substitutes at the CuQO planes
which are responsible for the superconductivity. It has been
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argued that Zn** (3d") suppresses superconductivity effecti-
vely because it has no 4 hole® However, the Ni** jon, which
has an electrenic configuration of 34° (similar to that of Pd®*)
and substitutes nearly uniformly at both Cu(l}) and Cu(2)
sites, is as effective as Zn®' in suppressing the super-
conductivity of YBCOZX* Similarly three dopants for
Lay ss5t5.15Cu; - M, 0, (M=Zn, Ni, or Co) have been found to
have a similar effect on T.7 This suggests that dopants in
the CuO planes in general lead to an effective destruction
of the long-range superconducting order.

In summary, the EPR intensity of Pd/YBCO is proportional
to the dopant concentration. This is attributed to generation
of one Cu®** ion having unpaired spin for each Pd** ion
substituted in the CuQ chain. The EPR intensity of YBa,
(Cui-,Zn, )30, -, is nealy independent of the dopant concen-
tration for ¥<0.1. This can be interpreted in terms of flexible
spin pairing in the two-dimensional CuQ plane at which Zn**
substitutes. By comparing several dopants (Pd**, Zn?*, and
Ni#*), we have found that the substitutional site is the most
important factor affecting the superconductivity.
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S. fradige showed very high activity of isocitrate dehydrogenase compared to other microorganisms. The activity
of this enzyme was increased with the growth of the organism. But the increase might not imply its involvement
in the growth. Rather its increased activity seemed to have a connection with the biosynthesis of neomycin. The
enzyme showed high specificity toward NADP' and D-isocitrate with Km values of 5.75 and 6.74 uM, respectively.
It was activated by Mn?". Its molecular weight was estimated from its gel retardation coefficient to be in the range
of 61,000-63,000 daltons and its optimum pH was 8.0. The enzyme was thermally unstable.

Introduction

In many antibiotic producing Streptomyces sp. it has been
known that when glucose is abundant in a medium, antibio-
tics are scarcely produced although growth of microorgani-
sms is dominant!. However as glucose in the medium is
consumed, growth of the organisms is terminated and the
production of antibiotics is initiated. A similar regulation has
also been observed in the neomycin producer’. Thus it is
interesting to figure out how S. fradiae controls the biosyn-
thesis of neomycin.

We have been assumed that not only glucose itself had a
regulation role in the biosynthesis of antibiotics, but also a me-
tabolite which may be produced from glucose during catabolism
and accumulated in the cell can have a role initiating

the biosynthesis of many antibiotics®. As the ratio of the me-
tabolite to glucose intaken from a medium exceeds certain
value, the growth of the microorganism is terminated and
the production of neomycin may be initiated. When we ex-
amined the production of neomycin by culturing S. fradige
in a chemically defined medium supplemented with various
metabolites, fumarate was found to activate the biosynthesis
of neomycin®. Furthermore, the production of neomycin in
the presence of fumarate was found further activated by a
small amount of glucose and repressed by a large amount
of glucose™. Thus it was interesting to examine the enzymes
involved in the citric acid cycle, in the metabolism of glucose
or in gluconeogenesis to find out which is involved in the
termination of growth, or in the initiation of biosynthesis
of neomycin.



