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PrBazCu107 is isostructural with YBazCu,07, yet it is not a superconductor. We have performed a 
variety of experiments to determine the valence of Pr in this material. We report on the results of 
synthetic trend studies, powder neutron diffraction, X-ray absorption spectra, and magnetic suscepti- 
bility experiments and offer our analysis of the contribution that each makes to the overall understand- 
ing of the electronic behavior of Pr in this compound. Since PI4’ is relatively stable, and since Pr is 
known to form mixed-valent alloys, the suggestion had been made that Pt’+ might be inhibiting 
superconductivity through an in situ oxidation reduction reaction with the Cu-0 bands. We conclude 
that Pr is essentially trivalent in PrBazCu307. D 1989 Academic press, IK. 

Introduction 

Shortly after the initial reports that 
YBa2Cu307, known as Y12307, is a super- 
conductor with a transition temperature 
(T,) of 92 K (I), it became clear that Y 
could be replaced by most of the rare-earth 
ions without destroying the superconduc- 
tivity (2, 3). This was an unexpected find- 
ing, since most of the rare-earth ions have 
unpaired f-electrons and hence they carry 
substantial magnetic moments. In the more 
conventional alloy superconductors, it has 
been well established that the introduction 
of even low, dopant levels of a magnetic ion 
quickly inhibits the superconductivity, pre- 
sumably by interfering with the formation 
of Cooper pairs. Some magnetic rare-earth 
ternary superconductors have been re- 

ported, where presumably there is little in- 
teraction between the unpaired f-electrons 
and the conduction electrons (4). 

While most of the rare earths can fully 
substitute for Y without significantly alter- 
ing T,, there are three exceptions: the re- 
placement of Y with Ce, Pr, or Tb does not 
result in a superconducting material (2, 3). 
In fact, neither Ce nor Tb forms a single- 
phase compound with the 1 : 2 : 3 stoichiom- 
etry under the standard synthetic condi- 
tions. Instead the reactants combine to 
form the perovskite phase BaM03 (M = Ce 
or Tb), plus the impurity phases necessary 
to account for the starting stoichiometry. 
Even attempts to substitute partially Ce or 
Tb for Y, to form a solid solution of the 
type (Y i-,Ce,Tb,)BaQ.t~O~, have not re- 
sulted in demonstrably single-phase sam- 
ples. 
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orthorhombic structure characteristic of 
the R12307 (R = rare earth) superconduc- 
tors. However, Pr1230, is not a supercon- 
ductor (5, 6). This absence of superconduc- 
tivity in the Pr compound, which has the 
orthorhombic Pmmm Y 12307 structure, 
needs to be explained. 

Since Ce, Pr, and Tb are the three rare 
earths that are most readily oxidized to the 
tetravalent state (7), it has been suggested 
that the lack of superconductivity in 
Pr12307 is somehow related to this fact. 
For example, the Pr could serve as an in 
situ reducing agent for the copper: 

Pr3+Ba2Cu:.33+07 3 Pti+Ba2Cu:+07 (1) 

Since the removal of oxygen from Y12307 
also has the net effect of reducing the cop- 
per, and since the oxygen content in 
Y 1230, correlates with T, (S), a mechanism 
for suppressing T, involving the formal re- 
duction of copper appears quite plausible. 
This mechanism, involving Pfl+, seemed 
even more probable after initial work on the 
resistivity and critical temperature behav- 
ior in the solid-solution series Y1-,Pr,Ba, 
Cu307 (6) was found to be consistent with 
the reduction of the copper valence. Subse- 
quent to this initial work, however, a vari- 
ety of results has brought into question the 
validity of this simple interpretation of the 
resistivity behavior of these compounds. 

Up to now, the question of the valence of 
Pr in Pr12307 has not been resolved, and its 
mechanism for suppressing the supercon- 
ductivity seen in other rare-earth analogs of 
Y12307 is not understood. We believe that 
the details of the mechanism for suppres- 
sion of T, in the Pr compound will provide 
important insight into the overall mecha- 
nism responsible for high T, superconduc- 
tivity in the other members of the R12307 
series. Fundamental to understanding the 
mechanism is a knowledge of the electron 
distribution within the solid, and therefore 
the oxidation state of Pr in Pr12307. Here 
we report the results of a variety of experi- 

ments toward this end and comment on the 
overall understanding of the electronic be- 
havior of Pr in Pr1230,. 

Experimental 

The samples were prepared by standard 
ceramic techniques. Stoichiometric 
amounts of Lnz03 (Ln = lanthanide or Y) or 
Pr601i, BaC03, and CuO were intimately 
mixed, placed in gold boats, and fired at 
990°C. These samples were then reground 
and refired under flowing 02, followed by 
slow cooling. The sample purity was ini- 
tially checked by X-ray diffraction, utiliz- 
ing a Scintag theta-theta diffractometer 
equipped with a solid-state detector. The 
samples were often found to contain Ba 
CuOz and CuO as impurity phases. This dif- 
ficulty was overcome by starting with a 
slight excess of Pr in the preparations, such 
that the stoichiometry of our Pr1230, was 
in fact Pr,.osBa1.94Cu307. This was the near- 
est that we could come to the stoichio- 
metric compound with our synthetic proce- 
dure. Samples were further characterized 
by magnetic susceptibility measurements 
on a George Associates Magnetometer and 
by neutron diffraction, utilizing the general 
purpose powder diffractometer (GPPD) at 
the intense pulsed neutron source at 
Argonne National Laboratory. These pow- 
der patterns were fit with a standard Riet- 
veld fitting program (9). 

Results and Discussion 

Structural Studies 

Trends in structural features, such as 
systematic changes in lattice constants or 
bond lengths across an isostructural series 
of compounds, have often been used as in- 
dicators of the sizes or charges for ions in a 
solid. In fact, the reference tables reporting 
ionic radii are based on just such trends. 
While these studies are most informative 
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when done on binary systems with simple 
structures, limited information can some- 
times be obtained from more complex com- 
pounds such as the oxides under consider- 
ation here. 

Pr1230, is a member of the isostructural 
series R1230, (R = Y, La, Pr-Er), which 
crystallize in a rather complex, orthorhom- 
bit structure, typified by Y12307 (10). 
Within this series, the a and b cell lengths 
have been shown to increase slightly with 
increasing rare-earth radius. Assuming the 
radius of Pr3+ (II), the cell lengths deter- 
mined by powder neutron diffraction for 
Pr12307 (a = 3.8920(l), b = 3.9123(l)) fit 
well with the trend established by the 
R3+12307 compounds (3). 

It has also been previously noted that as 
the rare-earth radius increases, the degree 
of orthorhombic distortion, defined as 

do, = 200(b - a)l(b + a), 

decreases as the rare-earth size increases. 
The value of d,, = 0.52 for the Pr com- 
pound, may be slightly smaller than ex- 
pected on the basis of a similar analysis of 
the La(& = 0.56) (12), Nd(d,, = 1.2), Y(d,, 
= 1.6) (lo), or Ho (d,,, = 1.6) (13) data, but, 
as with the cell lengths, the Pr sample does 
follow the general trend. 

While we can see trends in the a and b 
lattice constants with change in the size of 
the rare earth, this is not the case for the c 
axis length. Although the Cu2-Cu2 dis- 
tance increases with size of R, the Cul- 
Cu2 distance decreases. The c axis length is 
a sum 

Lc.axis = 2(CUl-CU2) + (CU2-CU2), 

so that no overall trend can be seen. 
In general, because of the complexity of 

the 1 : 2 : 3 structure, it is more informative 
to look directly at trends in the R-O bond 
distances, rather than at the lattice con- 
stants. A plot of the average R-O bond dis- 
tance vs the R3+ ionic radius is shown in 
Fig. 1. The R-O bond distances used in this 
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FIG. 1. The R-O average bond distance vs the eight- 
coordinate, trivalent, rare-earth ionic radius (II). 
Bond distances are reported from neutron diffraction 
results (10, 12, 13, this work) where available; other- 
wise they are taken from single-crystal X-ray results 
(14). Also plotted, for comparison, is the R-O bond 
distance vs the tetravalent Pr ionic radius. 

figure are obtained simply by averaging the 
two different bond distances obtained from 
refined neutron powder data. Where neu- 
tron data are unavailable, we have substi- 
tuted single-crystal X-ray data available in 
the literature (10, 12-14). As can be seen, 
there is a very good correlation between the 
average bond distance and the trivalent 
rare-earth radius. The data for Pr-0 fit just 
off this line if a trivalent radius is chosen. 
For comparison, the Pr-0 distance is also 
plotted against the P?+ ionic radius, which 
is well off the line representing the trend of 
the other ions. If the 02- radius (11) is sub- 
tracted from the R-O experimentally deter- 
mined distance, the radius of R3+ is ob- 
tained and agrees well with the literature 
values for all the rare earths, including Pr3+. 

Pr12307 follows the trends in cell con- 
stants and R-O bond distances which are 
established by the isostructural R3+ 12307 
compounds. From this behavior, we con- 
clude that the size of Pr is consistent with 
Pr3+. These structural data form a strong 
argument in favor of an essentially trivalent 
Pr in Pr12307. 

The Relative Stabilities of the Phases 
Rdb-xCU307 

Within the series RBazCu30,, the stoichi- 
ometry 1 : 2 : 3 becomes increasing more 
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1.18 

FIG. 2. The stability range for the formation of the 
solid solution R1+xBa2-xCu307 under similar synthetic 
conditions, optimized for Y1230,. The Pr results are 
consistent with the trend established by the trivalent 
rare earths. 

difficult to stabilize as the rare earth be- 
comes larger. La, the largest of the lan- 
thanides, is the most difficult to substitute 
for Y, often producing multiphase samples 
with low TC’s (15). Instead of forming the 
123 phase, La partially replaces Ba, to form 
the solid solution Lal+,Ba2-,Cu30,, 0 5 y % 
0.6 (16). Since these materials are synthe- 
sized in the solid state, BaCu02 and CuO 
are found as impurity phases in these cases. 
The solid solution stability range is very de- 
pendent on the details of synthetic condi- 
tions such as temperatures of firing and an- 
nealing as well as cooling rates. As the rare 
earth becomes smaller, the maximum value 
of y decreases, until at Dy1230, there is no 
evidence for the presence of any Dy on the 
Ba site; that is there is no solid solution of 
the form Dy1+yBa2-yCu30x (17, 18). The 
tendency of the lighter rare earths to substi- 
tute for Ba is probably the direct result of 
the size of the rare-earth ion, which can 
disorder on the Ba site only with the larger 
trivalent cations. 

The systematics of this phase formation 
and the limits of the phase lines have been 
previously demonstrated for Y, La, and 
Nd-Dy (17). This was accomplished by fix- 
ing the synthetic conditions as optimized 
for Y 123. Systematic changes in lattice con- 

stants, together with the appearance of im- 
purity lines in the X-ray diffraction pat- 
terns, were used to judge the sample purity. 
(We have found that changes in lattice con- 
stants are often a more sensitive indication 
of compositional variation than the absence 
of extraneous diffraction peaks.) As in pre- 
vious cases, a solid solution, plus the impu- 
rity phases BaCu02 and CuO, was formed. 
The stability limits of the trivalent rare 
earths can be seen to form a consistent 
trend as shown in Fig. 2. Following the 
same procedure as that for Pr, the pure 
Pr1230, compound could not be formed un- 
der these strict synthetic conditions. The 
single-phase region is Prl+yBaZ-yCu30x, 0.1 
5 y 5 0.5. These results, also shown in Fig. 
2, are essentially consistent with the results 
of the other trivalent rare earths, although 
the upper limit of Pr substitution is less than 
expected from the La and Nd results. Since 
the stability of these solid solutions is 
thought to be dependent on the size of the 
rare-earth ion, we interpret this similarity in 
stability behavior between Pr and its neigh- 
boring trivalent ions as evidence that Pr is 
also trivalent in Pr12307. 

Magnetic Susceptibility 

Much of the literature published to date 
has relied on the interpretation of magnetic 
susceptibility data as a means of determin- 
ing the oxidation state of Pr in Pr1230,. Be- 
cause of the low site symmetry at Pr (mmm) 
(ZO), a thorough interpretation of such data 
is complex, time consuming, and depen- 
dent on additional information, such as that 
obtained from optical or inelastic neutron 
data. Instead of this complex approach, a 
much simpler method of data interpreta- 
tion, involving several assumptions, has of- 
ten been used. Below, we attempt to out- 
line this method as applied to the problem 
at hand. 

The variation of the magnetic susceptibil- 
ity with temperature can be related to the 
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FIG. 3. The magnetic susceptibility of Pr1230, as a 
function of temperature. An effective moment of 2.84 
pa is extracted from these data. This value is interme- 
diate between that expected for the Pr3+ (3.58 pa) and 
the PI4+ (2.54 ps) free ions. 

oxidation state of an ion by fitting the data 
to 

x = C/(T + 0) + x0, (2) 

where ~0 is a temperature-independent 
term, and 8 is a parameter to account for 
short-range ordering effects. C, the Curie 
constant, is related to the effective moment 
wf, by 

c = N/-kff)243~B). (3) 

Here, N is Avogadro’s number and ka is 
Boltzmann’s constant. In the simplest case, 
the effective moment of an ion can be re- 
lated to its oxidation state by 

kff = gJ(J(J + 1))12 PB, (4) 

where gJ is the Lande g-factor, and J (= L 
? S) is the total angular momentum for the 
Russell-Saunders ground state, which dif- 
fers for each oxidation state of an ion. In- 
herent in this interpretation of the suscepti- 
bility are the assumptions that (i) the spins 
are not interacting and (ii) there are no low- 
lying excited states which are being signifi- 
cantly populated over the temperature 
range under investigation. 

Susceptibility data obtained from 
Pr12307 are shown in Fig. 3. The value of 
the effective moment, determined using 
this approach, is compared with represen- 
tative literature values in Table I. While 

there are some variations in the listed ex- 
perimental effective moments, they are all 
intermediate between that expected for a 
Pr3+ (f2, ,.&I = 3.58 pa) and a P?+ (f’, ,..+I 
= 2.54 pa) free ion. Since this simple proce- 
dure does not produce the free ion value 
expected for either of the two possible oxi- 
dation states, these results are ambiguous. 

In order to derive further information 
from these data while continuing to use the 
concepts of this simple model, some au- 
thors have assumed that Pr is not simply 
trivalent or tetravalent, but should instead 
be treated as a mixed-valent system, that is 
a mixture of Pr3+ and Pti+. Presumably this 
assumption is based on the behavior of Pr 
in selected alloy systems. In this case it 
is a doubtful approach, since these Pr ions 
are all crystallographically equivalent in 
Pr12307. Assuming two types of nonin- 
teracting magnetic spins,, the total suscepti- 
bility is then treated as a weighted sum of 
the individual susceptibilities, permitting 
the decomposition of the experimental sus- 
ceptibility into 

Xexp = UXpr3+ + (1 - 4XP14+, (5) 

where a represents the mole fraction of 
Pr3+. There is now one equation and three 
unknowns, necessitating some additional 
assumptions about the effective moments 
of Pr3+ and Pr“+. Their free ion values have 

TABLE I 

THE REPORTED EFFECTIVE MOMENTS OF Pr IN 

Pr1230, AS DETERMINED BY FITTING MAGNETIC 
SUSCEPTIBILITY DATA WITH THE CURIE WEISS LAW 

/Jeff (Eld TIP (x104) Pr valence Reference 

3.38 0. 3.4 (19) 
2.94 0.968 3.9 (20) 

3.06-2.79 - 3.5-3.8 (21) 
2.67 - 3.9 (22) 
3.0 0.028 3.5 (23 
2.84 0.28 3.7 This work 

Note. The average valence is determined from a 
simple, mixed-valent model, as discussed in the text. 
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always been taken for the analyses of the 
Pr12307 data. Utilizing these assumptions, 
it is possible to obtain an average oxidation 
state for Pr. The value of the average Pr 
oxidation states listed in Table I are ob- 
tained in this manner. 

Unfortunately, there are no independent 
data supporting the presence of mixed va- 
lent Pr in this material. Even if the mixed 
valent approach were correct, the assump- 
tion that Pr behaves like a free ion in this 
environment is not supported by the litera- 
ture. For example, using the same proce- 
dure as that outlined above, the oxidation 
state of Pr in PrSc03 is found to be 3.5+ 
(24). PrScOj is a perovskite, and the Pr 
finds itself on a site with symmetry similar 
to that found in Pr1230,. The compound is 
light green and nonmetallic, and the oxygen 
content was determined to be very close to 
stoichiometry. The presence of even small 
amounts of P1-4+ would be expected to ren- 
der the sample black. Therefore the conclu- 
sion that the susceptibility of Pr is lower 
than that expected for Pr3+ simply because 
of the presence of PI”‘+ is very unlikely for 
PrScO+ Furthermore a substantially re- 
duced moment has been found for tetrava- 
lent Pr in BaPr03, where calculations show 
that the effective moment of 0.71 ,.& can be 
accounted for by the effect of the crystal 
field (25). On the other hand, tetravalent Pr 
in PrOz has a nearly free ion moment of 2.47 
pB* 

An alternate explanation for the interme- 
diate value of the experimentally deter- 
mined effective moment could be a strong 
interatomic hybridization of the Pr f-elec- 
trons with the Cu-0 conduction electrons. 
This covalent bonding would provide a 
mechanism for reducing the orbital (L) con- 
tribution to the total angular momentum 
(J). This mechanism for moment reduction 
is not consistent with the simple interpreta- 
tion (Eq. (4)) outlined above, and would in- 
stead require a model involving some type 
of orbital reduction factor to treat the sus- 
ceptibility. 

To summarize the results of the magnetic 
susceptibility experiments, the observed 
experimental effective moments that are in- 
termediate between those expected for Pr3+ 
and PI-“+ could be interpreted in terms of 
either crystal field effects or intermediate 
valence or mixed valence. These are three 
distinct mechanisms for reducing the ob- 
served moment which cannot be distin- 
guished by susceptibility results alone. In 
the absence of other, independent data, the 
susceptibility data do not contribute signifi- 
cantly to our understanding of the distribu- 
tion of electron density in Pr1230,. 

XANES 

X-ray absorption measurements provide 
a tool for the determination of metal oxida- 
tion states in solids (26). The technique uti- 
lizes subtle changes in K, L, M, . . . ab- 
sorption edges of an ion in a solid with 
respect to standard compounds with known 
oxidation states as an indication of the oxi- 
dation state of an ion in the solid, in a man- 
ner similar to the use of isomer shifts and 
hyperfine effects in Mossbauer spectros- 
copy. Several advantages to this technique 
for the problem at hand include ambient 
temperature and pressure data collection, 
which substantially reduces sample degra- 
dation associated with the high oxygen mo- 
bility in these samples (8, 27). Further- 
more, this is a single-ion probe with a very 
fast time scale (- lo-l6 set) so that the pres- 
ence of more than one electronic type in the 
sample, as expected for a mixed-valent sys- 
tem, should be observable as a combination 
of two spectra. On the other hand, an inter- 
mediate valent system, arising from a 
strongly covalent environment, should also 
be discernible. 

Figure 4 shows data obtained for 
Pr12307, together with a trivalent (Pr203) 
and a tetravalent (PrOJ oxide standard. It 
can be clearly seen that as the oxidation 
state of Pr increases, the Lm-absorption 
edge shifts to higher energy. Furthermore, 
the edge appears more complex for the 
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FIG. 4. L,,,-edge X-ray absorption data (XANES) differentiate between various coupling 
comparing a Pr3+ (Pr,O,) and a Pt’+ (PrOz) standard models are currently under way. 
with Prl230, (28). The similarity in the edge features 
of Pr1230, and the trivalent standard is strong evi- 
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