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PrBa,Cu;0;_, is the only homomorphic member of the entire rare-earth 1:2:3 family which is in-
sulating and not metallic or superconducting. With this unusual behavior in mind, and with an eye
to resolving certain questions regarding the widely held notion of otherwise mobile holes held cap-
tive in a supratrivalent Pr ionic state as its cause, we examined the effect of varying oxygen concen-
tration on the structural, electrical, and magnetic properties of this compound. Powder x-ray
diffraction studies revealed an orthorhombic-to-tetragonal order-disorder transition at oxygen levels
close to those found for the superconducting lanthanide compounds. From Rietveld-refined
powder-neutron-diffraction data taken on a fully oxygenated sample, key insights into the am-
bivalent character of Pr valency were obtained. Other aspects of Pr valency and carrier dynamics
were uncovered by electrical and magnetic measurements as a function of y. We found that the
room-temperature resistivity increases by about three orders of magnitude from y =0 to y=0.5,
while the temperature dependence of the paramagnetic susceptibility remains quantitatively the
same. We conclude from these results that removal of oxygen from PrBa,Cu;0,_, does not sub-
stantially alter the valence state of Pr, which we assert to be nominally 3+, but with strong overlap
of its outer-lying 4/ orbital with neighboring oxygen 2p levels results in a characteristically mixed
or fluctuating valence situation reminiscent of heavy-fermion systems, and the principal effect on
transport properties is on carrier concentration in the chains and steric hindrance of their motion
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Effect on structural and physical properties

by the resulting oxygen vacancies.

I. INTRODUCTION

Often in the study of superconductivity, understanding
the circumstances under which the phenomenon does not
occur can be as important to the total picture as under-
standing those situations when it does. This point be-
comes especially pertinent when investigating the pres-
ence or absence of superconductivity in compounds close-
ly related or identical in structure. Very early in the his-
tory of the recently discovered high-temperature super-
conductors,! various rare-earth substitutions for lantha-
num in alkaline-earth-doped La,CuO,_, were tried.
These attempts were, without exception, unsuccessful in
producing new superconductors, as it proved not possible
to preserve the underlying K,NiF, crystal structure.’
However, the closely related Nd,CuO,_, structure which
did form has been recently found to host superconduc-
tivity when doped with cerium or thorium.** In the case
of the prototype (90+)-K superconductor,
YBa,Cu;0,_ yr all rare-earth elements, save three, when
substituted for yttrium yielded superconductors in rough-
ly the same 90-K range,’ even though most of these
lanthanide ions possessed spin magnetic moments, nor-
mally a condition extremely unfavorable for supercon-
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ductivity. The three exceptions were Ce, Tb, and Pr. It
was found that Ce and Tb do not form the *“1:2:3” phase®
and so naturally would not be expected to behave as the
others. On the other hand, Pr does substitute directly for
Y yielding PrBa,Cu;0,_,, yet it does not superconduct.
It is the only such example in the entire set of lanthanide
compounds isomorphic to YBa,Cu;0,_,. In fact, it is an
insulator.

On the surface, this result is quite perplexing, as Pr
1:2:3 shares with its fellow rare-earth 1:2:3 compounds a
number of features thought necessary for high-
temperature superconductivity, such as the presence of
CuO planes and a high concentration of oxygen in its
unit cell (y ~0) when prepared appropriately. At one
time it was widely thought that an orthorhombic struc-
ture was a necessary condition for superconductivity in
all high-T, materials and some early work indicated that
PrBa,Cu;0,_, might be tetragonal at y =0.7"% Howev-
er, it is now known that Pr 1:2:3 is indeed orthorhom-
bic,!” and, in any event, the discovery of the layered
bismuth and thallium compounds proved that tetragonal
superconductors can exist. !!

A possible explanation for the lack of superconductivi-
ty (and normal-state metallic behavior) in PrBa,Cu;0,_,
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can be found in the knowledge that mixed valent oxides
of Pr exist, e.g., PrO;; (Pr*’*) and PrO, (Pr**)."2
Therefore, if Pr were indeed in a 4+ state, then no excess
positive charge above the nominal ionic values of its oth-
er constituents (Ba?*, Cu?™, and O?~) would be present
in stoichiometric PrBa,Cu;0;_, with y=0 to support
metallic conduction and superconductivity. However, it
can be quickly seen that this picture is far too simple. A
number of groups”!>'* have studied the solid solution
system Y, _,Pr,Ba,Cu;0,_, and found T, to decrease
monotonically with increasing Pr concentration, disap-
pearing completely for x > 0.5-0.6, whereas, on the above
mixed valent argument, this should not have occurred
until x=1 (assuming y =~0). Various explanations can be
constructed as to why superconductivity was quenched at
lower Pr concentrations than might have been expected.
On the assumption that Pr is 4+, the condition for unit
cell charge neutrality in Y, ,Pr,Ba,Cu;0,_, is
x +38+2y —1=0 where 8 is the amount of excess
charge relative to Cu?*. If the Y,Pr solid solutions were
oxygen deficient in the amount y=0.2, then a Pr concen-
tration x=0.6 would suffice to reduce & to zero. It could
also be argued that a critical carrier concentration is
necessary to support superconductivity, as in the
La,CuO,_, compounds, so that one might expect the
suppression of superconductivity for at some value x < 1.
Moreover, it is possible the extra charge is dispropor-
tionated among the CuO planes and chains in the 1:2:3
unit cell, and that the introduction of Pr** affects only
the charge in that part of the network responsible for su-
perconductivity resulting in 7. —0 for x < 1. Finally, it
has been suggested!® that the dependence of T, on x can
be modeled on the Abrikosov-Gorkov (AG) theory'® of
pair breaking by paramagnetic impurities, in this case
moments on the lattice of Pr ions.

Core level spectroscopy measurements have been
made'”!8 in an effort to determine the Pr charge state in
PrBa,Cu;0,_,. The shape and position of the observed
Pr absorption edge strongly point to Pr’*. Recent con-
stant initial state photoemission measurements by Kang
et al.'® also suggest a Pr’* core state. Raman studies
undertaken with similar hopes of ascertaining the Pr
valence state have also been performed, but with mixed
results. Rosen et al.? find no significant departure of the
PrBa,Cu;0,_, Raman spectrum from the other
lanthanide 1:2:3 systems and thus conclude Pr is
trivalent, whereas Thomsen et al.?! on the basis of al-
most similar data, but with slightly lower Cu-O vibration-
al frequencies, support a Pr** interpretation.

With all these issues in mind, we undertook to study
the effect of oxygen concentration on the structural and
physical properties of PrBa,Cu;0,_,, paying particular
attention to the question of Pr valency and the possible
influence of y on its value. In Sec. Il we discuss our syn-
thetic approach, focusing on those special conditions for
the preparation of impurity-free material and its charac-
terization. Section III contains the results of our
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PrBa,Cu;0,_,—1/(1+y)Pr,,Ba, ,0,_,+3y/(1+y)BaCu0,,
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TABLE 1. Summary of iodometric titration results for
PrBa,Cu;0;_,: unit cell oxygen content, 7—y, and total excess
charge per unit cell, p. Data from this table, in conjunction
with powder diffraction measurements, were used to construct
Fig. 2.

Sample T—y P

A3? 6.46 —0.033
A2 6.54 0.027
Al 6.56 0.042
B? 6.60 0.067
A 6.61 0.073
B2 6.84 0.227
B1 6.85 0.233
C2 6.86 0.240
B3 6.88 0.253
B4* 6.93 0.287
Cl1 6.96 0.306
IV92C® 6.96 0.310

*Samples used for transport and magnetic measurements.
"Sample for neutron powder diffraction.

powder-neutron-diffraction studies on fully oxygenated
PrBa,Cu;0,_, and the implications for Pr valency.
Resistivity, susceptibility, and thermopower data as a
function of oxygen concentration are examined in Sec.
IV. Finally, in Sec. V we discuss our results against the
background of measurements and models of other work-
ers.

II. SYNTHESIS AND CHARACTERIZATION

Samples were prepared by standard solid state reaction
techniques. Appropriate molar quantities of Pr¢O,,
BaCO;, and CuO were mixed and reacted in an alumina
crucible at 900°C for a minimum of 24 h in air. The
resultant product was then reground with a mortar and
pestle, pressed into pellets, and recalcined at 950 °C for at
least 14 d, with no less than 5 intermediate grindings.
The samples were quenched (<5 min) to room tempera-
ture from the final heating stage. The oxygen concentra-
tion at this point was typically 6.6 atoms per unit cell.
Selected samples were then annealed in flowing oxygen at
500°C for various periods of time to increase their oxy-
gen content. For example, sample B 4 (see Table I) was
treated in this manner for 120 min resulting in 6.93 oxy-
gen atoms per unit cell. On the other hand, some sam-
ples (e.g., Al, A2, and A3) were annealed in vacuum at
600°C to further lower their oxygen level from the origi-
nal quenched state.

The above preparative procedure parallels that used
for the other lanthanide 1:2:3 systems. However, we have
found important differences stand out for the synthesis of
Pr compounds. Some workers®?? have held that phase
separation governed by the following equation,



is inevitable in Pr 1:2:3 reactions. However, we believe
Eq. (2.1) merely represents an incomplete reaction. We
found that with sufficiently high temperatures and long
enough calcining times, we could obtain a complete reac-
tion without the presence of secondary phases. This can
clearly be seen in Fig. 1 where the number and intensity
of secondary phase powder x-ray diffraction lines (mostly
due to BaCuO, as above and also various Pr suboxides) is
shown to decrease with longer processing time. It can
take as long as three weeks to obtain a sample whose x-
ray spectrum is free from these secondary phases, an indi-
cation that the diffusion of Pr in these solid state reac-
tions is extremely slow.

Thermogravimetric analyses were also performed on
several of the samples. Fully oxygenated specimens were
heated in flowing nitrogen gas at a rate of 10°C/min. A
two step weight loss, denoting evolution of oxygen from
the sample, was observed beginning at 400°C and con-
tinuing to approximately 600°C, with a secondary de-
crease starting at 700 °C on up to 900 °C at which temper-
ature the oxygen content per unit cell as estimated from
total weight loss was roughly six. The higher tempera-
ture weight drop starting at 700°C has been associated
with the orthorhombic-tetragonal transition in other
1:2:3 compounds.?? Thus, the thermodynamics and ki-
netics of oxygen stability and transport in PrBa,Cu;0,_,
seem not to be substantially different from those of yttri-
um 1:2:3;2 that is, oxygen insertion and removal in
PrBa,Cu;0,_, occurs only in the interbarium CuO
chains as in YBa,CuO;0,_,.
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FIG. 1. Comparison of the powder x-ray diffraction patterns
with length of reaction time indicating the importance of multi-
ple regrinding and recalcing operations for PrBa,Cu;O,_,.
Note the complete disappearance of secondary phases after 20
d.
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Sample oxygen content was quantitatively determined
by an iodometric titration technique following the pro-
cedure described by Nazzal et al.?* This method, which
involves two separate titrations, when applied to most
lanthanide copper oxide compounds can uniquely deter-
mine the amount of extra positive charge associated with
the copper-oxygen bond and, in addition, the total num-
ber of oxygen atoms per unit cell. However, in the case
of Pr 1:2:3, and other compounds where particular cation
valencies may be uncertain, the technique must be ap-
plied with caution. Because in acidic solutions Pr** and
[CuO]* are equally reduced to Pr** and [CuO)], respec-
tively, it is not possible in the absence of additional data
to uniquely apportion the measured excess positive
charge between these two complexes. On the other hand,
one can still assess the total oxygen content under the as-
sumption of proper cation stoichiometry. Table I sum-
marizes our results for samples subsequently used for
structural, transport, and magnetic measurements. The
excess positive charge per unit cell, p, calculated from the
titration data under the assumption that the Ba and O
charge states are nominally 2+ and 2—, respectively, is
given in the second column. However, as pointed out
above, the distribution of charge between the Pr and Cu
cationic complexes cannot be uniquely determined from
titration alone. We thus defer further discussion of this
point to the appropriate sections to follow.

III. STRUCTURAL ASPECTS

The structural properties as a function of oxygen con-
tent were measured by powder x-ray diffraction. Samples
were ground and mixed with dehydrated NaCl which was
used to simultaneously calibrate interplane distances. An
automated powder diffraction, utilizing CuK, radiation
and a secondary monochromator, was used to obtain the
requisite spectra, and standard indexing techniques ap-
plied to derive unit cell parameters. The dependence of
the unit cell dimensions on oxygen concentration®® rang-
ing from 6.97>7—y>6.15 (see Table I) is shown in Fig.
2. As in the superconducting yttrium homologue, we ob-
serve an orthorhombic-to-tetragonal transition when
7—y passes below roughly 6.6. That this transition can
occur in a totally insulating 1:2:3 single phase compound
as well as in its superconducting isomorphs suggests the
metal-insulator transition accompanying the structural
transition in the conducting 1:2:3 materials merely sig-
nals the onset of long-range oxygen disorder on the scale
of detectability by normal powder diffraction methods.
That is, the orthorhombic-to-tetragonal transition as a
function of oxygen concentration is an order-disorder
effect and is not associated with an electronic instability
in any of the 1:2:3 compounds. We note in passing that
the degree of orthorhombicity, as gauged by the ratio
(b —a)/(b +a), of PrBa,Cu;0,_, (0.0084) is less than
that of YBa,Cu;0,_, (0.0092),% but larger than that of
the rest of the lanthanide series, and also that the
orthorhombic-tetragonal transition occurs at a slightly
higher oxygen concentration than in the yttrium com-
pound. This latter fact may be due to the lower degree of
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FIG. 2. Unit cell lattice parameters of PrBa,Cu;O0;_, as a
function of oxygen content 7—y, as determined by powder x-ray
diffraction. Also displayed are the powder-neutron-diffraction
values near y=0. The ¢ parameters found by x-rays and neu-
trons overlap as shown. Note the onset of an orthorhombic-
tetragonal transition as the oxygen content drops below
7—y~6.6.

orthorhombicity in PrBa,Cu;0;_, and consequently an
earlier onset of average tetragonality is seen in powder x-
ray diffraction.

We now draw attention to the variation in c-axis pa-
rameter with oxygen concentration as given in Fig. 2. At
first sight, it might seem attractive to correlate the expan-
sion observed as oxygen is removed to a Pr**-Pr** ionic
transition, and, indeed, the increase in ¢ that is obtained
would correspond to about half the distance expected
from the difference in respective ionic radii. However, as
will be seen, our magnetic data indicate that little change
in Pr ionic state occurs as oxygen is withdrawn. More-
over, essentially the same c-parameter expansion, includ-
ing the jump in the region 6.4 <7—y < 6.7, was found?’ in
YBa,Cu;0;_, as y —1. In YBa,Cu;0,_,, the change in
¢ is associated with an enlargement of the planar copper
to apical oxygen [Cu(2)-O(1)] distance, and it is quite like-
ly this is the case for PrBa,Cu;0,_, as well, and thus not
connected to any change in Pr—O bond distance and
thus in Pr ionic state. The observation of such similar
oxygen-dependent behavior in the ¢ axis of nonsupercon-
ducting PrBa,Cu;0,_, may require a reinterpretation of
the YBa,Cu;0,_, anomalies as reflecting charge redistri-
bution within the 1:2:3 unit cell. It may be that the c-axis
expansion is due primarily to local ion rearrangement
when enough negative charge is removed from the
chains, and the ‘“jump”’ near y=0.5 might be a sign of the
twofold superlattice ideally formed at this concentration.

Powder-neutron-diffraction measurements were per-
formed on sample IV92C (see Table I). These room-

FIG. 3. Central portion of the unit cell of PrBa,Cu;0,_, as
determined by powder neutron diffraction. The figure shows
the planar Cu-O “cage” surrounding the Pr ion. Pr—O bond
distances, as well as the cu-O deviations from planarity, are be-
tween the centers of the designated atoms. All length units are
in A. The diameters of the Pr, Cu, and O ions are drawn rela-
tive to their respective ionic radii in the appropriate coordina-
tion, with their absolute values reduced by 1 from the scale of
the rest of the figure for clarity.

temperature data were collected at the Brookhaven High
Flux Beam Reactor facility under conditions similar to
those described by Cox et al.?® and a subsequent struc-
ture refinement carried out using the Rietveld tech-
nique.”” From the refinement, the oxygen content of
sample IV92C was determined to be very nearly seven
per unit cell, in close agreement with the titration data
from Table I. The cell symmetry was found to be ortho-
rhombic (space group Pmmm) with lattice parameters
a=3.8654(2), b=3.9309(2), and ¢=11.7250(7) A, respec-
tively. As seen from Fig. 2, these values fall within the
error bars of the x-ray values for this sample.

We now discuss some of the structural characteristics
of PrBa,Cu;0;_, as revealed by the neutron results, with
the hope of deducing a clue to the ionic character of Pr.
Figure 3 shows atomic positions in the Pr 1:2:3 unit cell
and the labeling conventions which will subsequently be
used. Table II summarizes the interatomic bond dis-
tances between Pr—O, Cu—O, and Cu—Cu, while Table

TABLE II. Interatomic distances as determined by powder
neutron diffraction. See Fig. 3 for positional notation.

Atomic pair Distance (A)

Pr—O3 2.443
Pr—O4 2.460
Cu(1)—O01 1.965
Cu(1)—02 1.854
Cu(2)—02 2.232
Cu(2)—03 1.989
Cu(2)—04 1.955
Cu(1)—Cu(2) 4.086
Cu(2)—Cu(2) 3.554




III contains the atom positions in normalized orthorhom-
bic cell coordinates. These data can be analyzed in at
least two separate ways in an attempt to determine the Pr
charge state: (1) by examining the separation between
CuO planes surrounding the Pr cation (the “slot” width),
or (2) the average Pr—O bond distances and comparing
both quantities against similar values for the rest of the
lanthanide series and generally accepted values for the
ionic radii of trivalent rare earths in eightfold coordina-
tion.3® Application of the first method is summarized in
Table IV, and in Fig. 4 (left-hand axis), expanding on an
earlier analysis of similar data by Le Page et al.’! The
results of the second method, contained in Table V and
also in Fig. 4 (right-hand axis), are obtained using the
mean Pr—O bond length in combination with other
lanthanide-oxygen distances in the rare-earth 1:2:3 com-
pounds. The excellent correlation of measured
lanthanide 1:2:3 slot widths with corresponding trivalent
ionic radii shown in Fig. 4 employing approach (1)
presents a compelling argument that Pr is indeed also
trivalent in PrBa,Cu;0;_,. Any other value, even slight-
ly departing from Pr’*, would cause Pr 1:2:3 to fall
significantly outside the otherwise smooth dependence of
slot width on rare-earth ionic radius displayed by the rest
of the lanthanide 1:2:3 compounds. On the other hand,
application of method (2) suggests that Pr in fact cannot
be trivalent. We see from Table V that the mean Pr—O
bond length, taken as the average of Pr—O(3)(2.440 A)
and Pr—O(4)(2.460 A), is much too short for Pr*T 0%~
with Pr and O in coordinates eight and four, respectively.
We show this in Table V in terms of an effective oxygen
radius significantly less than expected for that of 0>~ in a
fourfold environment. We see that analyzing the R-O
distances in this way for other rare-earth (Ho, Y, and Gd)
1:2:3 compounds where sufficient data exist does indeed
lead to effective oxygen ionic radii consistent with O?~.
For the case of La 1:2:3, we must take into account that,
in this compound, the Ba—O and Cu—O bond distances
are close to the La—O distances (due to the large radius
of La**), thus making oxygen sixfold coordinated instead
of fourfold. When this is done, the value found for the
effective O?~ radius contained in Table V agrees well

TABLE III. Atomic positions of PrBa,Cu;0, with respect to
orthorhombic unit cell coordinates [a=3.8654(2) A,
5=3.9309(2) A, and c=11.7250(7) A], as determined by powder
neutron diffraction.

Atom x y z
Pr 0.5 0.5 0.5

Ba 0.5 0.5 0.188*
Cu(l) 0.0 0.0 0.0
Cu(2) 0.0 0.0 0.3485
(o)} 0.0 0.5 0.0

02 0.0 0.0 0.1581
03 0.0 0.5 0.3726
04 0.5 0.0 0.3739

2This value was estimated from the structure for YBa,Cu;O¢ 74
as given in Ref. 26, Kajitami et al. Jpn. J. Appl. Phys. 26,
L1144 (1987).
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TABLE IV. Comparison of the Cu(2)—Cu(2) interplanar, or
“slot,” distance dg,,, with source referenced, with increasing
trivalent state ionic radii Rz for various rare-earth elements R
in RBa,Cu3;0;. Values of ionic radii are from Ref. 30. Data
from tl}is table were used in constructing Fig. 4. Distance units
arein A.

R dgiot Ref. Rj
Er 3.350 a 1.144
Ho 3.367 b 1.155
Y 3.369 c 1.159
Gd 3.395 d 1.193
Nd 3.513 a 1.249
Pr 3.554 This work 1.266
La 3.676 e 1.30

8. J. La Placa, unpublished data.

bReference 6.

‘Reference 26.

4J. A. Campa, J. M. Gémez de Salazar, E. Gutiérrez-Puebla, M.
A. Monge, I. Rasines, and C. Ruiz-Valero, Phys. Rev. B 37, 529
(1988).

‘M. Izumi, K. Uchinokura, A. Maeda, and S. Tanaka, Jpn. J.
Appl. Phys. 26, L1555 (1987).

with standard values for O®~ in coordination six.** The
uniqueness of the Pr—O bond distance in PrBa,Cu;0;_,
compared to the other lanthanide 1:2:3 systems is shown
in that part of Fig. 4 where we plot measured R—O bond

38 T T I
-1 2.7
=
= -12.6 =
- -
3 H
g £
= o
T T
< 425 ®
(&)
Ho & Y -12.4
30 | 1 1 |

.10 115 120 125 130  1.35
R** lonic Radius ()

FIG. 4. Experimental values of the Cu(2)-Cu(2) slot distances
and R—O bond lengths as a function of trivalent R ionic radii.
The slot distance for PrBa,Cu;0,_, positioned at the ionic ra-
dius of Pr** is shown for comparison against the overwhelming-
ly experimental 3+ trend of the entire R series. Lines through
the data are for the purpose of guiding the eye.
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TABLE V. Mean ionic radii, {Royygen), Of the O3 and O4
atoms in several rare-earth 1:2:3 compounds, as deduced from
the mean rare-earth-oxygen-bond length, (dg.o), contained in
the referenced structural data, compared with the trivalent state
ionic radii Ry in eightfold coordination for various rare-earth
elements R in RBa,Cu;0;. Values of ionic radii are from Ref.
30. Data from this table were used in constructing Fig. 4. See
text for methodology and discussion. Distance units are in A.

R (dr.o) Ref. Ry (Ro,‘yg,n)
Ho 2.395 a 1.155 1.240
Y 2.397 b 1.159 1.238
Gd 2.430 c 1.193 1.237
Pr 2.451 this work 1.266 1.184
La 2.565 d 1.30 1.265

“Reference 6.

bReference 26.

J. A. Campa, J. M. G6mez de Salazar, E. Gutiérrez-Puebla, M.
A. Monge, I. Rasines, and C. Ruiz-Valero, Phys. Rev. B 37, 529
(1988).

9M. Izmui, K. Uchinokura, A. Maeda, and S. Tanaka, Jpn. J.
Appl. Phys. 26, L1555 (1987).

lengths against trivalent R ionic radii. We see that the
neutron value for PrBa,Cu;O,_, is much smaller than
the trend found for the other R3** 1:2:3 compounds.
If we simply interpolate the measured Pr—O distance be-
tween those expected for octahedrally coordinated
Pr’*0?~ and Pr**0O?” complexes,®® we obtain an
effective Pr charge of +3.4.

How, then, do we reconcile these two seemingly
different conclusions the structural data yield concerning
the ionic state of praseodymium in PrBa,Cu;0,_,? That
is, why does the slot distance strongly point to Pr’*,
while a direct examination of the Pr—O bond length sug-
gests a more nearly tetravalent state? The answer be-
comes clear when we consider that the slot distance in
1:2:3 compounds is determined by the hard sphere con-
tact between the R ion and its surrounding Cu?* cage.
However, the short Pr—O bond distance, and its atten-
dant strong warping of the surrounding Cu-O planes,
tells us that considerable hybridization is occurring
which spreads charge out into the oxygen bond. Never-
theless, this negative charge remains inside the Cu?™
cage. Thus, the total charge confined within this cage is
still 3+ effectively yielding a Pr®* ionic radius which sets
the slot distance. This picture provides an explanation of
the Raman results, which do not directly probe the R—O
bond, but rely inferentially on changes in the Cu(2)-O(3,4)
bending frequencies as a function of R ionic radius to
determine its charge state. Rosen et al.?® show that the
position of this frequency is consistent with a trivalent
ionic radius throughout the entire lanthanide series, in-
cluding praseodymium. This finding is in accord with
our argument above that the size of the surrounding CuO
cage is set by the total enclosed charge of 3+. For single
crystal PrBa,Cu;0;_,, Thomsen et al.,'?> who favor an
interpretation in terms of Pr** for essentially similar
data, find a 9-cm ! difference in the position of this mode
from Rosen et al.?® which they attribute to the formation
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of Pr’" in the latter’s samples due to possible oxygen
deficiency. Actually, the crystal of Thomsen et al.?' had
tetragonal symmetry, which, on the basis of the data in
Fig. 2, would indicate their sample to be oxygen deficient.
However, as will be seen, it is a moot point since our
magnetization measurements show little or no change in
Pr valency as a function of oxygen concentration.

Our structural analysis thus solves the paradox as to
why certain data, e.g., core level spectra, seemingly re-
quire Pr to be trivalent, while other experiments, such as
the dependence of T, on x in Y, _, Pr, Ba,Cu;0,_, point
to 4+. We will elaborate more in Sec. V.

IV. PHYSICAL PROPERTIES

The temperature dependence of the resistivity, thermo-
power, and magnetic susceptibility was measured at three
oxygen concentrations from the sample set contained in
Table I: 7—y=6.93, 6.60, and 6.46 (B4, B, and A3). The
results are shown in Figs. 5-8.

The resistivity data were taken by a standard low-
frequency ac technique monitoring both phase shift and
contact resistance as a function of temperature.®? Silver
paste contacts were painted around the sample and lock-
in detection with current densities kept less than 10
uA/cm?. The sample itself was cemented directly onto a
Lake Shore diode (calibrated to +0.5 K) with GE varnish
assuring that both the thermometer and sample were in
equilibrium at all temperatures. The resistivity shows a
qualitatively similar insulating temperature dependence
at all three concentrations; however, we were unable to fit
the data very well to any of the usual transport models
for such behavior. No single activation energy gap could
be found,* nor were we able to obtain fits to the usual

10*
103 —
102 —
€ _
O 10'
S u
o -
L =
] i Oxygen Content: 7—y
107" &= A 6.46
- 0 6.60
~ 06.93
- .
102 I L I I I L 1 I L
50 100 150 200 250 300

Temperature (K)

FIG. 5. Temperature dependence of the resistivity of
PrBa,Cu;0;, _, as a function of 7—y for three selected samples.
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FIG. 6. Temperature dependence of the thermopower of
PrBa,Cu;0;_, as a function of 7—y for three selected samples.
The magnitude of S for the 7—y=6.46 sample (A ) is depressed
from its true value due the high sample resistance with respect
to the input impedance of the null detectors used in our thermo-
power apparatus.
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FIG. 7. Temperature dependence of the inverse susceptibility
of PrBa,Cu;0;_, as a function of 7—y for three selected sam-
ples. The solid lines represent fits of the data to a Curie-Weiss
law of the form y =y,+ C /(T +®), from which the effective Pr
charge state is subsequently estimated. The parameter values
yielded by the fits are summarized in Table VI.

Temperature (K)

FIG. 8. The susceptibility of PrBa,Cu;0,_, at low tempera-
ture as a function of 7—y for three selected samples. Note the
onset of a magnetic transition in the region 14-17 K.

formulas for variable range hopping in one, two, or three
dimensions.** We also see from Fig. 5 that p increases by
more than three orders of magnitude at all temperatures
as the oxygen content is reduced. One explanation is that
near y=0, a small number of holes may indeed exist that
are capable of electrical conduction, and that this number
perhaps decreases somewhat as oxygen is taken out.

Support for this picture is given by the changes ob-
served in thermopower as indicated in Fig. 6 which
shows the magnitude of S at room temperature to more
than double as 7—y goes from 6.93 to 6.46, a typical indi-
cation that the number of carriers has been reduced.
However, we must point out that the almost three orders
of magnitude increases in resistivity at all temperatures
on removal of approximately 0.5 oxygen atoms per unit
cell cannot be explained by changes in carrier concentra-
tion alone. We will have more to say about this in the
Discussion. The thermopower measurements were per-
formed using an apparatus similar to that described by
Chaikin and Kwak.> Samples of rectangular dimension
of the order of a few tenths of a millimeter with a length
to width ratio of 5:1 or higher were secured from pressed
pellets. These samples were attached to 10-mil gold wires
with silver paste. The gold wires served as both electrical
and thermal contacts. Differential temperature across
the gold-sample series network was measured with an
iron-gold-chromel thermocouple. Due to the very high
sample electrical resistances, we were not able to obtain
thermopower data at very low temperatures, especially
for the deoxygenated samples, in our apparatus.
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TABLE VI. Curie-Weiss parameters, Yo, ®, and C, as determined by fitting the data of Fig. 7 with
X=Xo+C/(T+®), followed by the effective Bohr magneton, pu* =(3kC/u})'”%, and the effective Pr
charge, Qp, =3+ (uf, —u*)/(u¥, —uf), where u}. =3.62 and us, =2.54 for the two respective Pr
valence states. pjc.o) is the average excess charge per CuO unit. See text for methodology and discus-

sion.

0 Xo C
Sample T—y (K) (emu/mol) (emu K/mol) u* Op: Picuo)
B4 6.93 3 11x10°* 0.9 2.7 3.8 0.02
B 6.60 7 9X107* 1.1 2.9 3.7 —0.17
A3 6.46 8 9x10™* 1.1 2.9 3.7 —0.26

In contrast to p and S, the inverse magnetic suscepti-
bility, xy !, shown in Fig. 7, does not exhibit a marked
dependence of oxygen content. Our magnetometry mea-
surements were performed using a SHE Corporation
Series 900 variable temperature SQUID susceptometer in
an applied field of 0.1 T. Since the observed paramagne-
tism in PrBa,Cu;0,_, arises almost totally from the spin
state of the Pr ion (the contribution from Cu 2+ is about
100 times less), the implication is that the charge state of
Pr is not much affected by the withdrawal of oxygen from
the chains. This is reinforced by the curie-Weiss fits
denoted by the solid curves in Fig. 7, and summarized in
Table VI, which yielded values for the effective Bohr
magneton clustered in the narrow range 2.7 to 2.9. Fig-
ure 8 contains the low-temperature behavior of the sus-
ceptibility. In all three samples, we see evidence of the
magnetic transition observed by Jee et al.,’® and also
found in specific heat,*’ suppressed slightly by 3—4 K on
removal of oxygen, but still occurring at an extraordi-
narily high temperature, another indication that the
chain oxygen occupation has only a small effect on the
state of the Pr ion or its surrounding CuO planes.

V. DISCUSSION

We will first discuss the results of the magnetic mea-
surements. It turns out the magnetic properties of
PrBa,Cu;0,_, have several features in common with
other praseodymium oxides. For example, a departure
from simple linear Curie-like behavior of 1/) versus T in
PrO, was observed some time ago by Kern® and oth-
ers.’ A fit of the high-temperature data to a Curie-Weiss
law [y=C/(T +®), see Table VI caption] yielded, as
was the case for our data, a quite small effective Bohr
magneton, ujy, of the order 2.5. Moreover, these workers
also observed a magnetic anomaly at roughly 14 K which
was interpreted by MacChesney et al.*® as the onset of
antiferromagnetism. In a later paper, Kern et al.,* us-
ing inelastic neutron scattering, confirmed this interpreta-
tion, obtaining an ordered Pr moment of approximately
0.6pp. Recently, Li et al.,*' also using neutron tech-
niques, found similar results for PrBa,Cu;0,_,; ie., a
Néel temperature Ty, =17 K and an effective Pr moment
equal to 0.24up [(0.7410.08)up for T <<Ty]. In retros-
pect, given the magnetic behavior of PrO,, the results for
PrBa,Cu;0;,_, could have been anticipated. The small
differences in Ty and respective paramagnetic and anti-

ferromagnetic uj between the two materials might possi-
bly arise from the tetrahedral coordination of Pr in the
former compared to octahedral in the latter.

Since the nominal ionicity of Pr in PrO, is 4+, it is
tempting to conclude, in view of its similar magnetic be-
havior, that Pr in PrBa,Cu;0;_, is also in nearly the
same state. A Pr charge state significantly higher than
3+ which is invariant to oxygen content, as compared to
the strong dependence of the transport properties, im-
plies that whatever carriers are available for conduction
in this material must reside in the chains rather than the
planes. Otherwise, one might expect metallic behavior
and superconductivity near y=0 (attempts by us to syn-
thesize PrBa,Cu;0,_, with y <0 by annealing under high
oxygen pressure have not proved successful). The most
elementary approach to explaining the difference between
PrBa,Cu;0,_, and its superconducting homologues is to
take the analysis in Table VI literally; that is, that the
effective Pr charge, Qp,, is given simply by a linear inter-
polation within bounding Pr** and Pr** magnetic mo-
ments. The average charge per CuO unit, p(c,0}, shown
in the right-most column of Table VI, is given by the
charge neutrality relation, Qp +4+3(2+p(cy01)—2(7
—y)=0. Theoretical*’ and experimental*® evidence indi-
cates removal of oxygen in 1:2:3 compounds first depletes
the CuO plane hole population until it reaches zero, with
subsequent oxygen reduction affecting carrier concentra-
tion in the chains. Tokura et al.*’ argue that the extra
positive charge per unit cell in YBa,Cu;0,_,, y=0, is
distributed equally between the two CuO planes and the
single CuO chain. Thus, at y=0.5, all holes are removed
from the planes, thereby suppressing metallic behavior
and superconductivity, leaving 0.5 holes in the chain
which remain localized. For PrBa,Cu;0;_, this picture
implies that Qp, =3.5 has the same effect as y=0.5; that
is, complete removal of itinerant holes from the CuO
planes. This same argument would also explain why su-
perconductivity in Y,_,Pr,Ba,Cu;0,_, disappears at
x =0.5 providing Qp, =4.0. Therefore, for Qp, > 3.5, all
remaining charge resides in the chain, and the average
charge pc,0; should be tripled to give chain charge car-
rier concentrations 0.06, —0.5, and —0.72 for the three
samples shown.

However, this view, namely that of a nearly tetravalent
Pr which localizes permanently all itinerant plane holes,
is most likely very oversimplified. If such a description
actually held on a sufficiently long time scale, the resul-
tant charge localization should have been revealed in the



spectroscopic and structural results. As pointed out in
Sec. I, various core level spectroscopy observations
strongly  indicate that Pr is trivalent in
PrBa,Cu;0,_,.!"!"® We also mentioned that the Ra-
man?® data and CuO interplane slot distances suggest
Pr’*. Finally, the relatively small effective moments ob-
tained from the Curie-Weiss fits most likely result from
strong crystalline electric fields arising from the Pr-O hy-
bridization which quench a nominally Pr** moment,
thus mimicking Pr** and calling into question interpreta-
tions to this end that might possibly be drawn from Table
VI. The main lesson taught by the magnetic data of Figs.
7 and 8 and the analysis given in Table VI is that nothing
much happens to the central Cu-Pr-O cage on removal of
oxygen from PrBa,Cu;0,_,.

A more appropriate electronic model for
PrBa,Cu;0,_, is suggested by the results of our structur-
al study set forth in Sec. III. There we concluded that,
although the total integrated charge within the central
cage is consistent with Pr’™, as given by the cage dimen-
sions, the short Pr—O bond length indicates considerable
hybridization of the outerlying Pr orbitals with O 2p
states. Strong supporting evidence for such a model can
also be found in recent resonant photoemission (RESPES)
data obtained by Kang et al.'® on Y, ,Pr,Ba,Cu;0,_,
solid solutions. They observed, at all finite values of x, a
large 4f electron density only 1 eV below the hole Fermi
level pinned near the top of the oxygen 2p band. On the
other hand, the constant initial state photoemission from
these 4f levels has the same spectral dependence as the
4f state in Pr metal, where Pr is commonly assumed to
be 3+. These data, along with our structural findings,
indicate that we must be careful not to strictly equate
valency with ionicity when discussing the electronic state
of Pr in PrBa,Cu;0;_,. In fact, the spectroscopic results
on PrBa,Cu;0;_, are typical of those generally found in
other mixed valent Pr, Ce, and Tb oxides.** Indeed, the
magnetic measurements themselves, especially the very
high Néel temperature, suggest strong mixing of the Pr
4f states with O 2p orbitals, not only in PrBa,Cu;0,_,,
but in most other Pr oxides as well.** The idea that such
mixed, or fluctuating, valence states, may supply a means
for understanding PrBa,Cu;0,_, has been put forward
by several groups. 3¢ 1346

We therefore suggest the following lattice Anderson
Hamiltonian*’~*® as the framework most suitable for dis-
cussing the electronic properties of not only
PrBa,Cu;0,_, but the entire rare-earth 1:2:3 family as
well:

Here we have partitioned the total Hamiltonian into an R
sublattice term, a term treating only the CuQO, planes and
then an interaction term between these two systems. Ex-
plicitly, each of these terms are as follows:

H gy = Selflfiat 3 Uasysf?af;;zfiy is

ia iaByb

(5.2)

where i indexes the R sites, a, . . ., 8 index the degenerate
states, including spin, of the R 4f shell, €/ is the position
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of these states with respect to the Fermi energy of the
planar CuO, holes, and U,z the Coulomb repulsion
within and between these same states. f, ,-t, and f;, are the
appropriate fermion operators for the R 4f manifold.
Essentially, the above expression is a zero-bandwidth de-
generate Hubbard Hamiltonian. Next, for the CuO,
planes, we have

Hicwoy= 2 [tjj’(l—nj,_a)d;adj'o( 1—n; _,)]

J#jhe

+I7 38841, (5.3
J
where j,j' are the Cu site indices, o the spin index of the
CuO peroxide hole, d JT, d ;» and n; its fermion and occu-
pation operators, respectively, ¢;; the effective hole hop-
ping integral, J the nearest neighbor antiferromagnetic
exchange integral between Cu’” sites, and S; the spin-1
operator on each of these sites. 7 {Cu0, | is the effective

one-band Hamiltonian (the “¢-/’ model) derived by Rice
and Zhang®® from the two-band Hubbard model for pla-
nar CuO, in the small bandwidth limit. The third term in
Eq. (5.1) represents the single particle interaction between
the lanthanide and CuO, sublattices and is of the usual
form for the Anderson impurity model:

ﬂ{Rl,{Cuoziz > )[Vi(} ia(a)dja+H'c'] .

ijalo

(5.4)

In this term, V7 is the spin-conserving interaction, or hy-
bridization, parameter which takes an electron from the
localized R 4f levels to annihilate the planar CuO, hole
and vice versa. This term is characteristic of many mixed
valence, fluctuating valence, and heavy fermion models,
except that here, instead of the usual pair of creation-
annihilation operators, two annihilation operators appear
due to our choice of a hole representation for the
itinerant carriers. For PrBa,Cu;0,_,, RESPES indicates
¢/ to be small and our measured Pr—O bond length
points to large ¥, conditions ideal for fluctuating valence.
Figure 9 contains a simplified schematic representation of
Egs. (5.1)-(5.4) in the context of the PrBa,Cu;0,_,, 4f
manifold. The probability of trapping a hole in the
lanthanide 4f state could be extremely large, and we em-
phasize this model must hold for the entire R 1:2:3 sys-
tem.>! It is beyond the scope of this paper to pursue a
detailed analysis of Egs. (5.1)-(5.4), but clearly the rela-
tive magnitudes of ¢/ and V with respect to ¢, U, and J
will dominate that part of the parameter phase diagram
which separates superconducting from insulating behav-
ior in the lanthanide 1:2:3 systems. This phase boundary
has to be crossed on moving from Nd 1:2:3 to Pr 1:2:3,
and, in fact, it appears to be crossed in
Y, .Pr,Ba,Cu;0,_,, x=0.5, at around 10 kbar of hy-
drostatic pressure, 13 where a metal-insulator transition is
observed, a consequence of inherent decreases in ¢/ and
increases in ¥ under pressure relative to the other param-
eters in Egs. (5.1)-(5.4). In PrBa,Cu;0,_,, the time scale
for carrier localization must be short enough that major
structural rearrangements cannot take place, yet at the
same time be long enough to prevent not only pair forma-
tion, but normal metallic conductivity as well. Equations
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FIG. 9. Simplified schematic representation of energies and
interaction terms in Egs. (5.1)~(5.4). For clarity, we have tacitly
assumed V weak enough that a single particle picture can be
drawn near E.

(5.1)—(5.4) also contain the necessary ingredients for Pr-Pr
magnetic coupling via Ruderman-Kittel-Kasuya-Yoshida
(RKKY) or superexchange interactions. As pointed out
by Li et al.,*! the high value of the Néel temperature in
PrBa,Cu;0,_,, and PrO, for that matter, would rule
against RKKY coupling, and, in any event, these materi-
als are insulating and lack a Fermi liquid state to mediate
such an interaction. It is more likely that the high Ty
arises from an enhanced superexchange coupling enabled
by the strong Pr 4/-O 2p hybridization. As an alterna-
tive to carrier localization, Kebede et al.'’ have proposed
that this interaction results in AG pair breaking which
then becomes the mechanism suppressing superconduc-
tivity in Y, _,Pr,Ba,Cu;0,_,. However, although quite
novel and intriguing, we believe this idea has some in-
herent difficulties. Firstly, paramagnetic pair breaking in
classical low-T, superconductors does not normally lead
to destruction of the metallic state at impurity concentra-
tion levels where T, =0. Secondly, one would not expect
to see marked increases in room-temperature resistivity
as paramagnetic impurities are introduced. Different
workers disagree as to what is actually observed with in-
creasing x in Y,_,Pr,Ba,Cu;0,_,. Kebede et al. 15
found p (100 K) to be essentially independent of x for
0<x<0.5, whereas Gongalves et al.’? see an increase in
p (300 K) of about five times that for x=0 over the same
Pr concentration range. More recent results by the
Temple-Tufts collaboration®® are in closer agreement
with the room-temperature data of the latter. A simple
carrier concentration model, based on the assumption of
a 4+ state for Pr, would be given by o =0, +(1 —-x)ag,
where o, and ag are the chain and plane conductivities,
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respectively, the latter defined for x=0. Since ag >0,
the actual increase in p at small x could be difficult to ob-
serve given the inevitable vagaries in sample preparation
and densities. On the other hand, it might be thought
that AG pair breaking by the Pr magnetic moment in the
“n-type” Pr,_,Ce,CuO,_, high-T, compound,’ where
the Pr ion occupies a similar lattice position relative to
the CuO plane as it does in PrBa,Cu;0,_,. However, no
magnetic ordering of the Pr moments is observed®* above
1.5 K in the parent compound Pr,Cu0O,_, indicating hy-
bridization with oxygens in the CuO plane is far less than
in Pr 1:2:3. Presumably, this is because Pr in the former
compound has additional oxygen coordination apart
from the CuO plane oxygens. Also, one would not expect
Egs. (5.1)-(5.4), which apply explicitly to holes, to hold
for the n-type superconductors.

We now discuss the temperature and oxygen concen-
tration dependence of the resistivity in PrBa,Cu;0,_, as
shown in Fig. 5. Two unusual aspects are apparent—
both previously brought up in Sec. IV. The first is the
lack of agreement in the temperature dependence with
any of the usual models for activated or variable range
hopping transport. The second striking feature is the ex-
tremely strong increase in resistivity at all temperatures
on oxygen withdrawal, far greater than one would expect
from changes in carrier concentration, although some
shift of carriers from the high-mobility planes to low-
mobility chains cannot be ruled out entirely. We believe
it is more likely that this second feature arises from steric
hindrance of thermally activated carrier transport by re-
moval of the bridging oxygen along the b axis in the in-
terbarium plane of the 1:2:3 unit cell. Figure 10 simu-
lates transport in this plane through use of a two-

Cu Cu

FIG. 10. Two-dimensional resistor lattice model for trans-
port in the interbarium plane of PrBa,Cu;O,_,. R, and R,
denote conduction along the oxygen-vacant and oxygen-
containing unit cell directions a and b, respectively. Shown
schematically are three random oxygen-vacant positions along
the chain resulting in the replacement of R, by R,,.



dimensional resistor network, R, representing current
flow along the oxygen vacant direction, and R, that in
the oxygen bridging direction, with R, >>R,. Removal
of an oxygen atom would result in effectively replacing
R, by R, at that particular position. A wide range of
bulk resistivity dependence on oxygen concentration can
be obtained depending on whether removal occurs ran-
domly or in stages. For example, assuming that at
y=0.25 all oxygen had been removed from every other
chain, one might expect the resistivity to simply double,
whereas a random distribution of vacancies would result
in a much larger increase. We are currently testing vari-
ous configuration scenarios for the Fig. 10 network by
computer simulation. Recent results for YBa,Cu;0,_,
by Beyers et al.*® indicate that a complex set of superlat-
tice structures form as oxygen is removed from the inter-
barium plane under equilibrium conditions. In principle,
we would expect the same behavior for PrBa,Cu;0,_, as
a function of y, given the very similar aspects of its Ther-
mogravimetric Analysis (TGA) relative to YBa,Cu;0,_,.
However, our samples were not quenched and annealed
under the same equilibrium conditions as the Y 1:2:3
study, and we suspect that our oxygen vacancies are
much more randomly distributed thus leading to the
large changes in resistivity observed in Fig. 5. We are un-
dertaking a more detailed investigation of the normal-
state transport as a function of y in PrBa,Cu;0;_,. Un-
like YBa,Cu;0,_,, where the plane conductivity shorts
out that in the chain, PrBa,Cu;0,_, provides an excel-
lent vehicle to isolate and study chain transport
specifically.

Lastly, we discuss the thermopower data contained in
Fig. 6. The temperature dependence of the 7—y=6.93
sample is in general agreement with that found by
Gongales et al.,’>*%7 displaying a curious decrease in
magnitude below 150 K, yet not crossing zero, even
though the resistivity continues to increase. This is quite
unexpected as S should behave as 1/7 in the usual model
for a semiconductor. Such peculiar behavior might actu-
ally be related to the inability to fit p versus T to an ac-
tivated model, suggesting that an energy gap does not ex-
ist in the usual sense in PrBa,Cu;0,_,. The most spec-
tacular speculation about the drop in S would be that it is
evidence for superconducting fluctuations that never
quite stabilize. However, this drop could also signal a
transition to a highly correlated narrow band regime, as
suggested by Gongales et al., in which the thermopower
is governed by the temperature independent model of
Chaikin and Beni.*® Such behavior would be consistent
with the increase in the linear specific heat term with in-
creasing Pr content observed in Y-Pr 1:2:3 solid solu-
tions.*> On the other hand, the decrease in thermopower
magnitude might also be a general feature of heavy-
fermion-like systems described by Egs. (5.1)—(5.4). Some-
thing like this is indeed seen in the thermopower of
mixed-valent cerium materials where a fall in S occasions
the onset of a valence instability.>® For the moment, the
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temperature dependence of the thermopower in
PrBa,Cu;0,_, remains an enigma, and an indication that
charge transport in this material requires a deeper under-
standing than that provided by a simple model of carrier
excitation across a Pr**-Pr®* gap.

Finally, Fig. 6 shows that as the net unit cell charge be-
comes negative with respect to Cu?* on removal of oxy-
gen (see Table VI), S nonetheless remains positive and in-
creases in magnitude. This finding argues against the use
of an effective mass description in terms of holes and elec-
trons in high-T, materials, a point made recently in re-
gard to high-temperature superconductors in general. ®

VI. SUMMARY

In conclusion, we have shown that removing oxygen
from PrBa,Cu;O,_, results in a number of interesting
effects. First of all, Pr 1:2:3 undergoes the same
orthorhombic-to-tetragonal order-disorder transition as
do its metallic and superconducting isomorphs, thus
proving such behavior is not unique to the latter systems.
For the full oxygenated case, y=~0, using powder-
neutron-diffraction refinement, we show that the struc-
ture manifests features characteristic of both Pr’* and
Pr**, a finding which resolves much of the past confusion
and apparently conflicting experimental data on the issue
of Pr valency in PrBa,Cu;0,_,.

In addition, we find that oxygen depletion induces a
strong quantitative change of transport properties toward
more insulating behavior, with little concomitant effect
on magnetic properties. These observations indicate that
lowering oxygen concentration has virtually no effect on
Pr ionicity, and that its overall impact on transport is to
sterically hinder carrier motion in the chains. With
respect to the transport and magnetic properties of the
planes, we propose a periodic Anderson impurity model
as the proper theoretical framework for the entire R 1:2:3
series, suggesting that a metal- and/or superconductor-
insulator transition will occur at model parameters ap-
propriate for Pr.
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