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The structural parameters, phase purity, and oxygen stoi-
chiometry of the (Pr, ,Ce, )Sr,Cu,TaO,,_; and (R, ,_ Pr Ce,.)
Sr,Cu,NbO,,_;, R =Nd, Sm, Eu, compounds are investigated
with powder X-ray diffraction (XRD), Rietveld refinements, and
thermogravimetric analysis (TGA). The XRD data indicate that
all the (R ;_ Pr Ce,.)Sr,Cu,NbO,, . compounds are isostruc-
tural and typically 98% pure. Rietveld refinements reveal a con-
traction of the c¢ lattice parameter and features in the rare
earth—planar oxygen bond length (as functions of Pr doping) that
are correlated with the unusual electronic and magnetic
transitions induced by the Pr ion in these materials. Results for
deoxygenated samples show that the lattice expands upon
deoxygenation and suggest that the oxygen is removed primarily
from the SrO layers. TGA results reveal reliable techniques for
determining oxygen stoichiometries and deoxygenating these
compounds and that these compounds are oxygen deficient with
&’s of typically 0.045. The structural features of these compounds
are compared to similar high 7¢ cuprates, and related to the
electronic and magnetic transitions and the suppression of super-
conductivity induced by the Pr ion in these materials. We discuss
our results in terms of the current understanding of high
T¢ cuprates and models for the suppression of superconductivity
by the Pr ion in the related (R,_,Pr,)Ba,Cu;0; system. ¢ 1997

Academic Press

I. INTRODUCTION

Since the discovery of superconductivity above 30 K in
the (La, - xBa,)CuOy4 system (1) and above liquid nitrogen
temperatures in YBa>Cu3O5 (2), dozens of superconducting
cuprate structures and compounds have been discovered
with unusually high superconducting transition temper-
atures (T¢) (3-5). Among these is the (R;.sCeo.5)Sr2
Cu;NbOi1o-5 [(R1.5Ceo.5)SCNO] structure illustrated in
Fig. 1a. This structure was first reported by Rukang Li et al.
in 1991 along with a cusp in the resistivity of (Ndi.5Ceo.5)
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SCNO near 40 K, suggesting that a small fraction of the
compound was superconducting (6). Later that year, Cava
et al. refined the sample preparation procedure to yield bulk
superconductivity below 28 K in the (Nd; 5Cey 5)Sr,Cu,
MO,y-5;, M =Nb, Ta, compounds (7). Since then, the
(R1.5Ce(.5)SCNO structure has been reported to form for
R =Pr, Nd, Sm, Eu, and Gd, and the isostructural Ta
analogs, (R; 5Ce.s)Sr;Cu,TaOq-5 [(R;.5Ceo.5)SCTO],
have been reported to form for R = Pr, Nd, Sm, and Eu
(7-12). With the exception of the R = Pr compounds, all of
these materials exhibit bulk superconductivity below
~28 K (7-12).

The primary features of the (R; 5Ceq s)SCNO structure
are (i) CuQO, square-planar substructures which are univer-
sal to all high T cuprate structures and are widely believed
to be responsible for the unusual transport properties and
unusually high T¢’s (3-5), (i) an R,O, fluorite-like rare
earth substructure similar to that found in the R,CuO, T’
structure (Fig. 1d) sandwiched between the CuO, planes,
and (iii) a SrO-NDbO,-SrO trilayered substructure which
sandwiches the CuO,—-R,0,-CuQO, structures and is sim-
ilar to the BaO—NbO,—BaO trilayer of the RBa,Cu,NbOg
(RBCNO) structure (13) (Fig. 1b) and the BaO—-CuO-BaO
trilayer of the RBa,Cu;O, (RBCO) structure (4) (Fig. 1¢c). In
terms of well-known high T cuprate structures, the
(R1.5Ce(.5)SCNO structure can be described as alternating
layers of R,CuO, T' (RCO) (Fig. 1d) and SrO-NbO,-SrO
structures or as an evolution of the RBa,Cu;0O- structure in
which NbO, planes replace the CuO chains, the square-
subplanar rare earth layer is replaced by a R,0, fluorite-
type layer, Sr replaces Ba, and a glide plane (n-glide) is
introduced at the R,0, layer which doubles the c-axis of the
unit cell.

More recently, these compounds have attracted attention
due to the unusual magnetic and electronic properties of
(Pr; 5sCeo.5)SCNO and (Pr; sCeq 5)SCTO (8, 14-16). Pr has
been found to inhibit superconductivity in these compounds
in conjunction with an unexpected insulating electronic
state, anomalous Pr magnetism, and a pseudotriplet Pr 4f
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FIG. 1. Unit cells for the (a) (R; 5Ceq.5)Sr,Cu,NbO 5, (b) RBa,Cu,
NbOsg, (c) RBa,Cu304, and (d) R,CuO, T’ higher T cuprate structures.
Both the rare earth—nearest neighbor oxygen and intra-CuO, planar
copper—oxygen bonds are highlighted for the (R, 5Ce(.5)Sr,Cu,NbOy(_;
structure.

crystal field ground state while all other members of the
(Ry.5Ce(.5)SCNO structure are metallic and superconduct-
ing (8, 15, 16). Examination of the magnetic and electronic
properties of the (R 5_Pr,Ce, 5)SCNO, R = Nd, Sm, Eu,
series of compounds indicate that Pr suppresses supercon-
ductivity in the (R; sCey s)SCNO structure in the same
manner as in the RBCO structure (16, 17, 22). The phase
diagram for the (Eu; 5_.Pr,Ceq 5)SCNO system in Fig. 2
illustrates this result. The superconducting transition tem-
perature T¢ is suppressed with Pr doping, and at a critical
Pr doping level, x., ~ 0.28, superconductivity is completely
suppressed in conjunction with a metal-to-insulator transi-
tion. Above x ~ 0.6, anomalous Pr magnetism appears and
developsinto the 10 K Pr Ty for (Pr; 5sCe,. 5)SCNO. Also, at
x = 0.6, a reorientation of the ordered Cu spins appears at
low temperature (7;) and develops into the ~57K Cu
spin reorientation found in (Pr; sCe, 5)SCNO (15, 16, 22).
The phase diagrams for the (Sm, 5_,Pr.Ce, s)SCNO and
(Nd; 5-,Pr,Cey.5)SCNO systems are nearly identical ex-
cept that x. shows an ion size effect: x. ~ 0.25 for
(Smy 5_,Pr,Cey 5)SCNO and ~ 0.22 for (Nd; 5_,Pr,Ceq 5)
SCNO (15, 16, 22). Analysis of the properties of these sys-
tems indicate that conventional magnetic pair-breaking
or band-filling mechanisms do not adequately explain the
suppression of T¢ (15-17,22). We also mention that
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FIG. 2. Phase diagram for the (Euy 5_ Pr.Ceq 5)Sr,Cu,NbO ;5 sys-
tem taken from Refs. 15 and 22. For x = 0, (Euy_5Ceq.5)Sr,Cu,NbO 5 is
metallic and superconducting with T¢ &~ 24 K. As pr is doped in, T (H) is
suppressed until x ~ 0.28 where the superconductivity is completely sup-
pressed and the system undergoes a metal-to-insulator transition. For
0.3 < x < L.5, the system is electronically insulating. For x > 0.6, the sys-
tem exhibits Pr magnetism below Ty (A) and a Cu spin reorientation at Ty,
(@). The T¢'s were determined from the midpoint of the superconducting
transition in the magnetic data: error bars on the plot represent the 10%
and 90% superconducting transition points in the magnetic data (15, 22).
The Ty\’s were determined from the magnetic peak in specific heat data
(15,22). The Ty’s were determined from the magnetic signature of the
reorientation—a cusp in the magnetic data.

(Pry.5Ceo.5)SCNO shows complex Cu magnetism marked
by anitiferromagnetic (AF) order below ~200 K, collinear
and noncollinear spin structures, weak ferromagnetic be-
havior (WF) below ~130 K similar to that found in some
RCO compounds [14-16,18-21], and an interplanar
reordering of the Cu spins at ~57K (Tp in Fig. 2);
(Pry 5Ce(.5)SCTO shows similar Pr and Cu magnet-
isms (15,16,22). It is evident that the properties of
(Pry 5Cey.5)SCNO are representative for high T cuprates in
terms of crystal structure, anomalous Pr effects, and Cu
magnetism. It follows that the issues and controversies sur-
rounding the properties and mechanisms of PrBCO and
the RCO T’ compounds are extended to (Pry sCey.5)SCNO
and (Pry 5Ce( 5)SCTO (15, 16). Therefore, studying the
(R1.5Ce(.5)SCNO materials is important for developing our
understanding of high T cuprates.

We have undertaken an extensive study of the effects of
the Pr ion on the properties of the (R 5Cey.5)SCNO family
of compounds (8, 15, 16, 22). In this paper we report on our
investigations of the phase purity, structural parameters,
and oxygen stoichiometry of (Pr; sCe, s)SCTO and the
(Ry.5-4Pr,Ce( 5s)SCNO system for R = Nd, Sm, Eu, using
X-ray diffraction (XRD), Rietveld refinements of the XRD
data, and thermogravimetric analysis (TGA). The structural
features of these compounds are compared to similar high
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Tc cuprates and related to the electronic and magnetic
transitions and the suppression of superconductivity in-
duced by the Pr ion in these materials. We discuss our
results in terms of the current understanding of high T¢
cuprates and the modeling being developed for the sup-
pression of superconductivity by the Pr ion in the related
(R -, Pr,)Ba,Cu;0O- system.

II. EXPERIMENTAL

Samples of (Pry sCeq 5)SCTO, (Eu; s-_,Pr,Ce, s)SCNO
for 0 <x <15, (Sm; 5_,Pr,Ceqs)SCNO for 0 < x < 1.5,
and (Nd; s-,Pr,Cey s)SCNO for 0 < x <0.3 were pre-
pared by standard solid state reaction techniques. Stoichio-
metric amounts of 99.99% pure or better CeO,, PrsOq4,
Sm,0;, Eu,0;, SrCO;, CuO, Nb,0Os;, and Ta,O5 were
weighed out and ground together using a methanol slurry
method in an agate mortar and pestle. The mixed precursors
were pressed into 3/4 inch pellets, placed in alumina boats,
and fired at 1110°C for 60 h in a tube furnace with ~1.3 atm
oxygen pressure flowing at 200 cc/min. The samples were
then furance-cooled, reground for 30 min to a fine powder
with a mechanized agate mortar and pestle, pressed into %
inch and % inch pellets, and fired as before. Portions of some
samples were deoxygenated by grinding them into fine pow-
ders and firing at 750°C in a 100 cc/min flowing argon gas
atmosphere for 48 h (as prescribed by the TGA results
below).

Polycrystalline samples of Ce,(Eu,_,Pr,))O¢4,2, (v =
0.0, 0.5, 1.0, 2.0), Sr,(Euy —.Pr,)NbOg (z = 0.0, 0.25, 0.5, 1.0),
Sr,PrTaOg, and Sr(Nbg ¢7Cug 33)O3, which were used for
XRD and oxygen stoichiometry analysis, were prepared by
mixing appropriate amounts of 99.99% pure or better
CeO,, PrgO;4, Eu,05, SrCO5, Nb,Os, and Ta,0O5 with
a methanol slurry method in an agate mortar and pestle.
These samples were pressed into # inch diameter pellets,
placed in alumina boats, and fired in air in a box furnace at
1200°C for 12 h and then at 1400°C for 6 h. The samples
were then allowed to furnace-cool back to room temper-
ature.

XRD patterns were measured with a Siemens D500 pow-
der X-ray diffractometer equipped with a graphite mono-
chromator. The data were collected over the 26 range of 10°
to 120° at room temperature using CuKa radiation, a step
size of 0.02°, and an 8 s scan time per step. The XRD data
were refined to the I4/mmm space group reported for the
(R;.5Ceq.5)SCNO structure (6) over a 26 range of 20° to 120°
using the GSAS software package (23). All atomic site occu-
pancy fractions were fixed (not refined), and only isotropic
thermal parameters were used as refinements proved other-
wise difficult for this complex structure. Atomic positions
and thermal parameters of the Ce and other rare earth ions
of any one sample were constrained to the same values since
they occupy the same crystallographic position. The final
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refinements refined 56 parameters over a total of 4998 raw
data points representing 140 reflections. Attempts to include
impurity phases in the refinements were generally unsuc-
cessful because the additional free parameters and low
intensity of the impurity peaks destabilized the refinements.

Thermogravimetric analyses (TGA) were performed with
a DuPont 951 TGA using Pt sample boats and atmospheres
of air, forming gas (6% H,/94%N,), oxygen, or argon
flowing at 50 cc/min. The heating sequence used raised the
sample temperature at a rate of 5°C/min to 900°C, dwelled
for 5 h, then cooled back to room temperature at a rate of
10°C/min. The resolution of the DuPont 951 TGA within
normal operational parameters was found to be + 0.05 in
terms of the oxygen stoichiometry for the (R, 5Ceq.5)SCNO
compounds. This level of uncertainty is unacceptable as
typical 0’s for the (R 5Ceq 5)SCNO compound are about
0.045. Consequently, once the reduction/oxidation chem-
istry of the compounds was understood and the equilibrium
phases of the process were established, samples were sim-
ilarly reduced or oxidized in a tube furnace in Pt boats
under the same flowing atmospheres so that greater accu-
racy of the initial and final masses could be attained. Initial
and final masses of gram size samples could be determined
to within 10 pg, giving a theoretical resolution of about
0.001% or an uncertainty of +0.001 (typically +0.002 in
practice) in terms of oxygen stoichiometry for the (R; s
Cey.5)SCNO compounds. This second reduction/oxidation
analysis technique will be referred to as high resolution
reduction/oxidation analysis or HRROA. Unless otherwise
noted, the heating sequence used for HRROA is 20°C/min
to 900°C, dwell for 8 h, then furnace-cool back to room
temperature. The heating sequence used for our HRROA is
different from that of the TGA due to differences in the
apparatus used. However, this does not impact our results
since we are interested only in the equilibrium phases at the
point of our HRROA.

III. RESULTS
A. X-Ray Diffraction and Phase Purity

XRD data show the (Pr; sCe( 5)SCTO and (R s_,.Pr,
Ce(.5)SCNO, R =Nd, Sm, Eu, samples to possess the
tetragonal [4/mmm structure previously reported for the
(R1.5Ce.5)SCNO compounds (6). The data for most sam-
ples showed several weak peaks not associated with the
(R1.5Ce(.5)SCNO structure which we were able to assign
to trace amounts of RSr,Cu,NbOsg, Sr,RNbOg, and/or
Sr(Nbg ¢7Cug.33)O53 impurities, where R = Pr, Nd, Sm,
and/or Eu (Fig. 3); similar impurities were found for the
(Pry.5Ceo.5)SCTO sample. Identification of these impurities
was difficult since most of their XRD lines are superimposed
upon those of the (R; 5Ce, 5)SCNO structure. However,
these impurities were easily identified by extrapolation of
non-(R; sCeq s)SCNO peaks in samples of poorer quality
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FIG. 3. Rietveld refinements for (a) (Eu; sCe s)Sr;Cu,NbO;g_s, (b)
Eug.oPr.6Ceg.5)Sr2Cu;NbOy -5, and (¢) (Pry.5Ceo.s5)Sr,Cu;NbOyg—s.
The plots show only the 20 < 20 < 60 degree range of the refinements since
details above 60 degrees were insignificant on the scale used. Markers
indicate the (213) 4+ (116) aggregate line of RSr,Cu,NbOg (O), the
(112) +(200) aggregate line Sr,RNbOg (+), and the (211) line of
Sr(Nby 67Cuyg.33)O3 (\/) impurity phases.

(which were not used in this work), where the impurities
showed more intense and multiple peaks. In addition,
monitoring the relative intensity of these weak peaks as
small amounts of the impurities were added to portions of
a few samples verified their origin. With the (R; 5Ceq s)
SCNO phase and these three impurities, we were able
to account for all the peaks in the XRD patterns of our
samples.

Sr(Nbg 67Cug 33)O5 is a perovskite-type compound
which has been reported as an intergrowth phase in
(Nd; 5Ce(.5)SCNO (25) and as a bulk impurity in the re-
lated RSr,Cu,NbOg compounds (24). The (211) and (310)
lines of Sr(Nbg ¢,Cug 33)O5 could be discerned from close
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inspection of the XRD data for most samples, the (21 1) line
being the strongest and most evident (Fig. 3). A Sr(Tag.¢7
Cup.33)O5; impurity was also detected for (Pry sCeq s)
SCTO.

Sr,RNbOg are perovskite-type compounds with posi-
tional ordering of the R and Nb ions and a monoclinic
structural distortion (25). XRD lines from these materials
were observed in most of the XRD data of the (R sCey 5)
SCNO samples and are the strongest lines of those at-
tributed to impurities (Fig. 3). The only lines from this
structure clearly observable in the XRD data of our samples
are the (112), (200), and (less frequently) (3 1 2) lines of the
tetragonal unit cell. No peaks from Sr,PrTaOg were ob-
served for the (Pry sCe, 5)SCTO sample.

NdSr,Cu,NbOyg has been reported as a defect structure
in (Nd; sCeq.5)SCNO (26) and our results indicate that the
RSr,Cu,NbOg phase occurs as a bulk impurity/defect
structure for all of the (R; 5Cey.5)SCNO compounds. Only
a single RSr,Cu,NbOyg line was observed in some samples’
XRD data, which was the aggregate (213)+ (116) line
situated between the (R; sCey 5)SCNO (217) and (1017)
lines (Figs. 3 and 4b). The intensity of the (21 3) + (1 16) line
makes it the only prominent line of the RSr,Cu,NbOyg
structure that appears in the XRD data which does not
coincide with lines of the (R; 5Ceq 5)SCNO structure. No
peaks from PrSr,Cu,TaOg could be detected in the XRD
data for the (Pr; sCe(. 5)SCTO sample.

XRD analysis similar to that used by Bennahmias et al.
(27) to determine the PrBaO5 impurity level in PrBa,Cu,
NbOg was used to determine the sensitivity of our XRD
method to impurity levels and quantify the phase purity of
the (R;.5Ce(. 5)SCNO samples. Mixtures of (Pr; sCe s)
SCNO plus 0.0, 1.0, and 3.0 formula unit percent (fu%)
Sr,PrNbOg were prepared, and XRD data were collected.
Results (normalized to the (107) line of (Pry sCeq s)SCNO)
are illustrated in Fig. 4a; the (112) and (200) lines of
Sr,PrNbOg were used in the analysis since they are the
strongest Sr,PrNbOg lines. The 0.0 fu% mixture shows
no detectable Sr,PrNbOg lines. However, the 1.0 fu% and
3.0 fu% mixtures clearly show the (112) and (200) lines
of Sr,PrNbOg¢ and that the peak intensities increase with
the amount of Sr,PrNbOg. Hence, our XRD measure-
ment technique is sensitive to Sr,PrNbOg impurity levels of
~1.0 fu%. The same technique applied to Sr,EuNbOg/
(Euy.5Ceq.5)SCNO, Sry(Cug.33Nbg 67)O03/(Pry sCeg 5)SCNO,
EuSr,Cu,NbOg/(Eu, 5Cey.5)SCNO, and PrSr,Cu,NbOg/
(Pr; sCeo.5)SCNO mixtures (illustrated in Fig. 4b for the
latter mixture) gave similar results. These results allow us to
conclude that our (R, 5Ce(.5)SCNO and (Pr{ 5Cey.5)SCTO
samples are about 98 fu% pure.

XRD data for the deoxygenated (R 5-Pr,Ce, 5)SCNO
and (Pry sCey.s)SCTO samples showed that, while they
retained the I4/mmm (R; sCeq 5)SCNO structure, the lines
attributed to the (R;sCe,s)SCNO phase shifted in a
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(a) XRD data for mixtures of (Pr; sCeq.5)Sr;Cu,NbO -5 + 0, 1, and 3 fu% Sr,PriNbOg. The data show the relative intensities of the (112)

and (200) lines of Sr,PrNbOg (annotated in bold numbers) with the (00 10), (1 10), and (1 0 7) lines of (Pr; 5Ceq 5)Sr,Cu,NbO o —5; the data of each XRD
pattern were normalized to the (107) line of (Pr; 5Ceq. 5)Sr,Cu,NbO; 5. (b) XRD data for mixtures of (Pr; sCeq.5)Sr,Cu,NbO -5 + 0, 1, and 3 fu%
PrSr,Cu,NbOg. The data show the relative intensities of the aggregate (213) + (116) line of PrSr,Cu,NbOg (annotated in bold numbers) with the
(2010), (217) + (0018), and (1 017) lines of (Pr; sCe.s)Sr,Cu,NbO,(_4 the data of each XRD pattern were normalized to the (217) + (00 18) lines of

(Pry.5Ceg.5)St2Cu,NbO ;.

manner consistent with an expansion of the lattice. This
result is not surprising since removal of oxygen from the
lattice is expected to weaken the crystal binding and result
in an expansion of the lattice. Analysis of the sample phase
purity after deoxygenation showed no detectable change in
sample purity.

XRD patterns of the Sr,PrNbOg, Sr,PrTaOg4, and
Sr,EuNbOg samples show that the structures and lattice
parameters match those previously reported for these com-
pounds (24) and that they are phase pure to within the
resolution of our XRD measurement technique. XRD pat-
terns of Sr,(Prg sEug s)NbOg and Sr,(Pry ,sEug 75)NbOg
indicate that these compounds possess distorted perovskite-
type structures similar to Sr,PrNbOg and Sr,EuNbOy, are
phase pure, and have lattice parameters intermediate be-
tween those of Sr,PrNbOg¢ and Sr,EuNbO.

XRD data showed Ce,Eu,0- to possess the expected
fluorite-related M,0O5 structure and lattice parameters for
Ce,Eu,05 (28) and to be phase pure. The XRD data for
Ce,Pr,04 showed it to possess the CeO, fluorite structure
with a lattice parameter of 0.5391 nm, which is less than the
reported 0.5402 nm for Ce,Pr,0O- (29) and consistent with
a contraction of the lattice due to oxidation of the Pr** ion
to the smaller Pr** ion. XRD data of Ce,(Eu; sPrg 5)O- 55
and Ce,(EuPr)O, s show these compounds to possess
a fluorite structure, to have lattice parameters intermediate
to those of Ce,Eu,05 and Ce,Pr,0Oyg, and to be phase pure
to within the resolution of the XRD technique. No super-
structure lines could be detected in any of the Ce—R oxide’s
XRD data, indicating that there is no positional ordering of
the rare earths in these compounds.

B. Rietveld Refinements

Figure 3 shows representative Rietveld refinements of the
XRD data for (Pry 5Ce( 5)SCTO and the (R, 5_.Pr,Ceg s)
SCNO, R =Nd, Sm, Eu, samples. The goodness-of-fit
values (in terms of the reduced chi-square, y2, of the fit) for
all refinements were between 4% and 6%, and residuals
were between 6% and 9% for R, and 9% and 14% for wR,,.
Table 1 summarizes the results of the refinements in terms
of lattice parameters. Lattice parameters for the (R; sCey 5)
SCNO, R = Pr, Nd, Sm, and Eu, and in agreement with
previously reported values (6—12). The lattice parameters for
(Pry 5Ce(.5)SCTO were larger than for (Pry sCey s)SCNO,
consistent with an expected expansion of the lattice due
to the replacement of the Nb>* ion with the larger Ta>™*
ion. Figure 5 shows a plot of lattice parameters and until
cell volumes (V) for the (Eu; s_,.Pr.Ceys)SCNO and
(Sm; 5_,Pr,Ce, 5)SCNO series determined from the Riet-
veld analysis. The a lattice parameter increases linearly with
increased Pr content. However, the ¢ lattice parameter de-
creases linearly as Pr is doped from x = 0.0 to x ~ 0.3. At
x = 0.3, the slope of c¢(x) begins to change, and at x ~ 0.6,
¢(x) reaches a minimum and then increases to its final value
for (Pr; sCey 5)SCNO and x = 1.5. The behavior of the
¢ lattice parameter is reflected in the V,.’s for both series
of compounds. The V.,’s curves remain constant for
0.0 <x<0.3 and then curve upward for x > 0.3. For
x > 0.6, the V_.;;(x) curves increases linearly. A contraction
of the ¢ lattice parameter is also evident in the data for the
(Nd; 5-,Pr.Cey, s)SCNO compounds (see Table 1), al-
though the data for this series are incomplete since only
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TABLE 1
Representative Lattice Parameters (from Refinements) for the
(Pr, ;Ce,;)Sr,Cu,TaO,,_; and (R,._ Pr Ce,)Sr,Cu,NbO,, ;,
R =Nd, Sm, Eu, Compounds

X a (nm) ¢ (nm) 0

(Buy 5 Pr,Ceq 5)Sr,Cu,NbO,,

0.00 0.386631(6) 2.87558(7) 0.048(2)
0.05 0.38666 (1) 2.8751(1) 0.044(2)
0.10 0.386689 (8) 2.87404 (8) 0.048(2)
0.15 0.38670(1) 2.8731(1) 0.044(2)
0.20 0.38689 (2) 2.8720(1) 0.045(2)
0.25 0.38681(2) 2.8714(2) 0.041(2)
0.30 0.38689 (1) 2.8704(1) 0.049(2)
0.40 0.38705(2) 2.8696 (1) 0.043(2)
0.50 0.38720(1) 2.8693(1) 0.040(2)
0.60 0.38736(2) 2.8688(1) 0.043(3)
0.70 0.38750(2) 2.8694(1) 0.041(3)
0.80 0.387610(7) 2.86958(7) 0.044(3)
0.90 0.38779(1) 2.8703(1) 0.043(3)
1.00 0.38797(2) 2.8705(3) 0.050(3)
1.10 0.38808 (1) 2.8719(1) 0.043(3)
1.20 0.388226(7) 2.872864(8) 0.044 (4)
1.30 0.38838(1) 2.8740(1) 0.042(4)
1.40 0.388551(6) 2.87513(7) 0.049 (4)
1.50 0.388739(7) 2.87615(7) 0.048 (4)
Deoxygenated (Eu, 5_ Pr.Ce, 5)Sr,Cu,NbO,_;
d-0.00 0.387010(8) 2.87859 (8) 0.148(2)
d-0.60 0.38777(3) 2.8732(3) 0.157(3)
d-0.90 0.38833(2) 2.8779(3) 0.146(3)
d-1.50 0.38924(2) 2.8846 (1) 0.163(4)
(Smy 5, Pr,.Ceq 5)Sr,Cu,NbO 4 5
0.00 0.38713(1) 2.8784(1) 0.042(2)
0.10 0.38705(2) 2.8766(3) 0.042(2)
0.20 0.38720(2) 2.8755(2) 0.038(2)
0.25 0.38725(1) 2.8745(1) 0.040(2)
0.30 0.38729(2) 2.8737(2) 0.044(2)
0.60 0.38766(2) 2.8714(3) 0.040(3)
1.10 0.38821(2) 2.8731(2) 0.042(3)
(Nd, 5. Pr,Ce, 5)Sr,Cu,NbO 4,
0.00 0.38822(2) 2.8842(2) 0.037(2)
0.10 0.38818(2) 2.8823(2) 0.039(2)
0.20 0.38830(3) 2.8808 (3) 0.040(2)
0.25 0.38837(4) 2.8800(3) 0.037(2)
(Pry sCeq 5)Sr,Cu,Ta0y 4
0.00 0.388512(8) 2.88442(8) 0.049 (4)
d-0.00 0.038899(1) 2.8909 (2) 0.116(4)

Note. Deoxygenated compounds are indicated with a d prefix for x.

samples for 0.0 < x < 0.25 were synthesized. We also men-
tion that the refinement results consistently showed
unphysically large thermal parameters for the O(1)
crystallographic oxygen sites in the NbO, planes (Fig. 1a)
for all samples. We interpret this as evidence that the
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FIG. 5. (a) alattice parameters, (b) ¢ lattice parameters, and (c) unit cell
volumes Vs for the (R; s_.Pr,Ceq 5)Sr,Cu,NbO;o_;5, R = Sm (A), Eu
(@), and deoxygenated R = Eu (O), series of compounds determined from
Rietveld refinements of XRD data. The lines serve only as a guide to the
eye.

rotation distortion of the Nb—O octahedra reported for
(Nd{ 5Ceq.5) SCNO (26) is also present in all these materials.
No other unreasonable thermal parameters were observed
for any of the other atomic sites in these compounds.

The structure of the CuO, planes is a matter of interest in
all high T¢ cuprates since it is widely held that these planes
are responsible for electronic transport and the unusually
large T¢’s for these materials. The intraplanar copper—oxy-
gen bond distances Cu—O(3) and bond angles Cu—O(3)-Cu
for the (Eu;s-_.Pr.Cey,s)SCNO and (Sm;s_.Pr.Ce,s)
SCNO series of compounds determined from refined atomic
positions are shown in Fig. 6. The Cu—O(3) bond distances
(Fig. 6a) fall between 0.1933 and 0.1945 nm, smaller than
0.1936 and 0.1960 nm for YBCO (30), 0.1950 and 0.1982 nm
for PrBCO (30), 0.198 nm for Pr,CuO, (31). The Cu—O(3)-
Cu bond angles (Fig. 6b) are between 170° and 180° and
have a large uncertainty in comparison to the Cu—O(3)
bond lengths, probably due to the proximity of the bond
angles to 180° such that small uncertainties in the Cu—O(3)
length causes large uncertainties in the bond angle. These
bond angles are larger than the 164° to 165° for YBCO and
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FIG. 6. The CuO, intraplanar Cu—O(3) bond lengths (a) and O(3)—
Cu—-0O(3) bond angles (b) for the (R s_,Pr,Ceq 5)Sr,Cu,NbO;_5, R =
Sm (A), Eu (@), and deoxygenated R = Eu (O), series of compounds
determined from refined atomic positions of the XRD data. Error bars
show representative uncertainties in the refined bond lengths.

PrBCO (30) and closer to the 180° bond angle for Pr,CuQOg
(31D).

The local environment of the rare earth site in the
(R1.5Ce(.5)SCNO structure is also of interest since (Pry s
Ce(.5)SCNO falls into a subclass of high T cuprates which
show anomalous Pr magnetism, a suppression of supercon-
ductivity associated with the Pr ion, and possible f~electron
hybridization with the planar CuO, states (15, 16, 22). The
rare earth site in this structure is eight-fold coordinated with
the oxygen atoms in an adjacent CuO, plane, O(3), and the
oxygen atoms in the square-planar oxygen layer of the
R,0, fluorite substructure, O(4). The R—O(3) and R—O(4)
bond distances and the O(3)-R-O(4) bond angle for
the (Eu, 5_Pr.Ceq 5)SCNO and (Sm; 5s_.Pr,Ceq 5)SCNO
series of compounds are shown in Fig. 7. The R—O(3) bond
distances fall between 0.255 and 0.260 nm and appear fea-
tureless in terms of Pr doping levels. In contrast, the R—O(4)
bond distances fall between 0.231 and 0.233 nm and show
a dip centered at x ~ 0.3 for R = Eu and at x ~ 0.2 for
R = Sm. These features appear to be coordinated with the
contraction of the ¢ lattice parameters (Fig. 5). R—O(4) ini-
tially decreases as Pr is doped into (Eu,; sCe, s)SCNO. At
x =~ 0.3 (0.2 for R = Sm) where the c¢(x) curve changes slope
(Fig. 5b), R—O(4) reaches a minimum and begins to increase
until about x & 0.6. At x ~ 0.6, where ¢(x) has a minimum,
R—O(4) plateaus until it reaches its final value at x = 1.5. In
addition, from Fig. 5, we see that the range of the contrac-
tion of the ¢ lattice parameter is about 0.007 nm. The range
of the contraction in the R—O(4) bond distances is about
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FIG.7. The rare earth-—nearest neighbor oxygen bond lengths and
angles for the (R, 5 Pr,Ceg 5)Sr,Cu,NbO,(_;5, R = Sm (A), Eu (@), and
deoxygenated R = Eu (O), series of compounds determined from refined
atomic positions of the XRD data. Error bars show representative uncer-
tainties in the refined bond lengths.

0.001 nm and, given that there are four of these bond distan-
ces per unit cell, appears to represent a significant part of the
¢ lattice contraction, which will be discussed below. The
O(3)-R—O(4) bond angles fall between 75° and 76° and
show a downward slope in the region 0 < x < 0.3, presum-
ably reflecting the contraction of the R—O(4) bond length in
this region.

The local environment of the rare earth site in the
(R;.5Ce(.5)SCNO structure is nearly identical to that of the
RCO structure (Fig. 1d), which does not show anomalous
Pr effects (17). The rare earth site resides in a fluorite-like
layer in both structures with a CuO, plane on one side and
the square-planar oxygen layer of the fluorite layer on the
other. Both of these layers provide the nearest neighboring
oxygen atoms in an eight-fold coordination, with the rare
earth—fluorite structure oxygen bond length slightly shorter
than the rare earth—CuO, planar oxygen bond lengths.
However, the CuO, planes of the (R 5Ceq 5)SCNO struc-
ture are buckled in a manner like that in the RBCO struc-
ture, such that the Cu—O(3)—Cu bond angles are slightly less
than 180°. This is in contrast to the RCO structure where
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the Cu—O—Cu bond angles are 180° (31). In addition, the
R—-0O(3) bond distances for the (Eu; 5 Pr.Cey s)SCNO and
(Sm; 5_,Pr,Cey 5)SCNO series of compounds (Fig. 7) are
shorter than the corresponding bond distance of 0.2688 nm
for PrCO (31). Likewise (although to a lesser degree) the
R—-O(4) bond distances are smaller than the corresponding
0.2335 nm bond distance for PrCO (31). The O(3)-R-0O(4)
bond angles of these materials are larger than the corre-
sponding ~74.5° of PrCO (31). These results indicate that
the rare earth—fluorite structure is more compact in the
(Ry.5Ceq.5)SCNO structure than in the RCO structure.

The RBCO structure has a rare earth crystallographic
environment similar to that of the (R, sCeq 5)SCNO struc-
ture, and in contrast of PrCO does show anomalous Pr
effects. Although the rare earth site in the RBCO com-
pounds is eight-fold coordinated with its nearest neighbor
oxygen atoms, the rare earth site resides in an tetragonal-
planar structure rather than a fluorite trilayer. Furthermore,
the nearest neighbor oxygen atoms reside in two enclosing
CuO, planes, and the rare earth—nearest neighbor oxygen
bond lengths are symmetric about the c-axis. The RBCO
structure does, on the other hand, show a buckling of the
CuO, planes like the (R; sCeq s)SCNO structure. Fur-
thermore, and more crucial to our understanding of the
magnetic and electronic properties of these materials (see
discussion below), the rare earth—CuO, planar oxygen bond
distances are 0.2465 and 0.2434 nm for orthorhombic
PrBCO (30) which are smaller than the distances for the
(Ry.5-Pr,Ce(y 5)SCNO compounds.

The data of Fig. 5 also show lattice parameters and V. ;’s
for several deoxygenated samples.. The results show that the
lattice expand upon deoxygenation and quantify our earlier
observation of an associated lattice expansion. Further-
more, upon deoxygenation, the thermal parameters of the
O(2) site in the SrO planes (Fig. 1a) increased dramatically
from reasonable physical values to very large nonphysical
values. Since atomic site occupancies were held fixed during
our refinements, this result suggests that the oxygen re-
moved from the lattice comes primarily from the SrO layers.
This interpretation is based upon the tendency of the Riet-
veld method to compensate for reductions in XRD line
intensity due to reduced site occupancy (when the occu-
pancy fraction is not refined) by increasing the site’s thermal
parameters. Bond distances and angles for several de-
oxygenated (Eu; s_.Pr.Ce, 5)SCNO compounds are also
shown in Fig. 5 and 6. In general, the bond lengths are
larger for the deoxygenated samples, consistent with the ob-
served expansion of the lattice associated with deoxy-
genation.

C. Thermogravimetric Analysis

TGA results in a forming gas atmosphere reveal that all
the (R 5_,Pr.Ceq 5)SCNO samples undergo a mass loss
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FIG. 8. (a) Representative TGA for the (Euy s-,Pr,Ceq s)Sr,Cu,Nb
O, -, series of compounds in argon and 6% H,/94% N, atmospheres. (b)
TGA results for Sr,PrNbOg, Sr,EuNbOg, Ce,PrEuO5 s, and Ce,Pr,Og in
a 6% H,/94% N, atmosphere.

between 300 and 600°C (Fig. 8). Subsequent XRD analysis
indicates this mass loss is due to the reduction

(R1.5Ce.5)Sr,Cu;NbOyg -5 + Hj (ga)
g SrleNbO6 + 0.25C62R/20775 + 2Cu

+(2.25 — 6 + 0.256)H,0 ¢as), [1]
where R’ is the solid solution of Pr with either Sm or Eui.e.,
R = (R(1.5-xy1.5P1y1.5). The absolute oxygen stoichio-
metry of the Sr,R'NbOg compounds was determined from
careful measurements the change in mass during the syn-
thesis of the Sry(Eu;_,Pr,)NbOg samples. TGA and
HRROA performed over wide temperature and time ranges
(up to 1000°C and 48 h) on the Sr,(Eu; _,Pr,)NbO, samples
in both forming gas and oxygen atmospheres showed no
mass changes (see Fig. 8) for z = 0.0, 1.0 in forming gas).
XRD indicated no structural or lattice parameter changes
after these treatments, confirming that the stated oxygen
stoichiometry for these compounds represents the equilib-
rium value under our TGA and HRROA methods.
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The oxygen stoichiometry for the Ce,R50,_: com-
pounds was determined from TGA and HRROA results for
the Cey(Eu,-,Pr,)O;+,/2, samples. The absolute oxygen
stoichiometry of the Ce,(Eu,-,Pr,)O(;4,) samples was
determined through careful measurements of the change in
mass during sample synthesis. TGA and HRROA of these
samples in a forming gas atmosphere (with XRD analysis)
indicated that they undergo a mass loss reduction of the
form

Ce,(Euy -y Pr))O7 4 y/2) + Hagas)

- CeZ(EuZ*yPry)OU*y) + (y/2 + V)HZO(gas)a [2]
between 350 and 450°C (Fig. 8). The mass loss results in-
dicated that the change in oxygen stoichiometry scaled with
Pr content and that y = 0.027(7) x y. Additional TGA and
HRROA performed over wide temperature and time ranges
(up to 1000°C and 48 h) on these samples confirmed that
these values for y represented the equilibrium oxygen
stoichiometry of these compounds under the conditions of
our TGA and HRROA and at least up to 1000°C. There-
fore, ¢ from Eq. [1] was determined as ¢ =y = 0.027(7) x
[x(2.0/1.5)] = 0.036(9) x x.

For Ce,Eu,0-, these results indicate that the Eu* ion
stabilizes a Ce** ion in this compound such that the oxygen
stoichiometry remains stable under the conditions of our
TGA. This is in contrast to pure CeO, which, under the
same TGA conditions, would be reduced to a oxygen defi-
cient Ce oxide (7,32). For the reduced Ce,Pr,O,_,,
subsequent XRD revealed the same fluorite structure
as Ce,Pr,Og but with the larger lattice parameter of
0.5402 nm which exactly matches that previously reported
for Ce,Pr,0- (29). We also mention that recent magnetic
(33) and electron energy loss spectroscopy (EELS) (34) re-
sults for Ce,Pr,Og and Ce,Pr,O,_, indicate that Ce is in
a 4+ valence state in both these compounds, and Pr is in
a 4+ valence state in Ce,Pr,Og and a 3+valence state in
Ce,Pr,O,_,. This result and the scaled change in oxygen
stoichiometry in Eq. [2] suggest that a change in Pr valence
accompanies the reduction reaction in Eq. [2].

Following the above analysis, 6 was determined for the
(Ry.5-Pr,Cey 5)SCNO and (Pry 5Ce, s)SCTO compounds
from the mass loss data of HRROA reduction of samples in
forming gas at 900°C and from Eq. [1]. Figure 9 shows the
results of values of J in terms of both stoichiometric values
and holes per Cuion calculated (determined from a straight-
forward valence count; Pr3* and Ce** valence states were
assumed on the basis of recent EELS, specific heat, and
magnetic measurements on the (Eu; s_,.Pr.Ce, s)SCNO
series of compounds (15, 16, 22). Both systems show very
little variation of ¢ indicating that oxygen stoichiometry
and its contribution to carrier densities levels are relatively
constant with Pr doping.
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FIG. 9. ¢’s for the (R; 5_,Pr,Ce.s)Sr,Cu,;NbO;y_s5, R = Sm (A) and
Eu (@), series of compounds determined from TGA in a 6% H,/94% N,
atmosphere. The right-hand y-axis provides a scale such that the J’s are
expressed in terms of holes/Cu ion determined from a straightforward
valence count. Error bars show representative uncertainties in the data due
to the resolution of the measurement.

TGA and HRROA results for (Pry sCeq 5)Sr,Cu,Ta
Oi0-5 and Sr,PrNbOg showed a similar reduction
chemistry as Eq. [1]. TGA results for the (R, 5 Pr,Ce s)
SCNO, R =Sm, Fu, samples in air and oxygen show
virtually no change in mass over the entire temperature
range. However, small mass losses on the order of 0.007(3)
formula unit oxygen could be detected with HRROA at
1050°C for 48 h; generally mass losses were small and varied
widely.

TGA results for the (R 5-,Pr.Ceq 5)SCNO samples in
argon indicate two regions of mass loss: the first between
350 and 500°C, and a larger mass loss between 900 and
1000°C (Fig. 8a). XRD of samples fired in argon at 750°C for
48 h show the (R, 5-.Pr.Ceq 5)SCNO structure remained
intact but that the lattice parameters had expanded (see
Section IITA). This indicates that the first mass loss at
350-500°C is due to a deoxygenation of the lattice and not
a decomposition. Analysis of the mass loss in this region
shows that §’s typically increase from ~0.045 to about
0.150. HRROA in forming gas of these deoxygenated sam-
ples corroborate the change in 6. Hence reduction in an
argon atmosphere with 600°C < T < 900°C provides a re-
liable method for deoxygenating these compounds. Finally,
XRD analyses of the samples fired in argon above the
second mass loss point indicates that the mass loss is due to
the decomposition:

(R’ .5Ceq.5)Sr,Cu,NbOy g5
—> SrleNbO6 + 025C€2R/207_§
+ 2Cu,0 + (0.25 — 0 + 0.25{)/202(ga5), [3]

where { was not determined.
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IV. DISCUSSION

The contraction of the ¢ lattice parameters and corres-
ponding behavior of the V.’s for the (R s-.Pr.Cegs)
SCNO, R = Nd, Sm, Eu, series of compounds are unex-
pected given recent structural, magnetic, specific heat, and
EELS measurements which independently indicate that the
Pr ion is trivalent with a *H, 4f ground state in these
compounds (8, 15, 16, 22, 34). One might have expected that
the V..’s of these compounds would scale with the mean
ionic radii of the rare earth site in these compounds at
alarger Pr** ion is doped in for the smaller Sm** and Eu®*
ion. However, the behavior of the V,.;’s is reminiscent of
a mixed-valent Pr ion such that the average Pr ion radii is
intermediate to that of the Pr** and the smaller Pr*™ ion
and that variations in the Pr valence (and therefore the
mean rare earth ionic radii) with Pr doping levels lead to the
observed features in the ¢ lattice parameters and the V,,’s.
Furthermore, the exact valence of the Pr ion in Pr-based
high T cuprates has been a point of contention in the
literature due to the anomalous suppression of supercon-
ductivity in PrBCO (17). Several proposed models for this
suppression are based upon a band-filling mechanism
driven by a mixed Pr ion (17, 35) or by strong interactions
between the Pr 4f and CuO, planar O 2p states which
manifest a mixed valent Pr ion (17, 35). However, our pre-
vious structural characterizations of the (R; sCey s)SCNO,
R =Nd, Sm, and Eu, compounds indicate that both the
a and c lattice parameters scale with the rare earth ionic
radii in this structure. If the contraction of the ¢ lattice
parameter were due to the presence of a smaller Pr** ion at
the rare earth site, we would expect both the a and ¢ lattice
parameters to contract together. Therefore, we must con-
clude that a mixed valent Pr ion cannot account for the
contraction of the ¢ lattice parameter in these compounds.

The contraction of the ¢ lattice parameter could also be
caused by a mixed valent Ce ion or variations in oxygen
stoichiometry since the XRD data indicate that the lattice
parameters of these materials are dependent upon the oxy-
gen stoichiometry (see Section I1I1B). Previous magnetic and
EELS measurements (8, 22, 34) indicate that the Ce ion is
tetravalent in these materials. Furthermore, the discussion
in the preceding paragraph on how the behavior of the
contraction of the lattice is inconsistent with a mixed valent
Pr ion is applicable to the Ce ion as well. TGA results
indicate no significant variations in the oxygen stoichiomet-
ries of these compounds, and Fig. 9 shows no features in the
o0’s for these compounds which would be correlated to the
behavior of the ¢ lattice parameters. Hence, neither a mixed
valent rare earth ion nor variations in oxygen stoichiomet-
ries can account for the ¢ lattice parameter contractions.

Another possible explanation for the c lattice contraction
arises from the observation that the features in the c lattice
parameter and V_.;;’s correspond to the electronic and mag-
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netic transitions in the (Ry 5-,Pr,Ce, s)SCNO phase dia-
grams. The c(x) data for the (Eu; 5_,Pr.Cey s)SCNO and
(Sm; 5_,.Pr.Cey, 5s)SCNO systems in Fig.5 undergo a
marked change of slope near x,, for these systems (Fig. 2)
and at x ~ 0.6, the onset of long-range Pr magnetic order.
Likewise, V,.;(x) shows a change of slope at x ~ 0.3 and 0.6.
Furthermore, it is apparent that the R—O(4) bond lengths
(Fig. 7b) play a significant role in the contraction of the
¢ lattice parameter, and the R—O(4) bond lengths are like-
wise correlated with the electronic and magnetic transitions
induced by the Pr ion in these compounds. These results
indicate that the features in c(x), V..i(x), and R—O(4)(x) are
related to the unusual electronic and magnetic properties
induced by the Pr ion in these materials and that the
complex interactions responsible for these properties play
a key role in the lattice dynamics of these compounds.

The nature of the relationship between the lattice dynam-
ics and the interactions in these compounds is uncertain at
this point. However, these compounds fall into a class of
high T¢ cuprates which show anomalous Pr magnetism and
a suppression of superconductivity associated with the
f-electronic states of the Pr or Cm ion (15-17, 22, 36). Al-
though the mechanism for this suppression is not well
understood, it is clear that hybridization between the
f-electronic states and the neighboring O 2p electronic states
play a key role in determining the electronic and magnetic
properties of these high T cuprates (15—-17, 22, 36). Indeed,
the impact of f-electronic interactions on the electronic and
structural properties of materials is well known (37). Hence,
we suggest that the relationship between the lattice dynam-
ics and the unusual electronic and magnetic properties of
these compounds resides in the contributions of f-electronic
interactions.

These analyses lead to the discussion of the R—O(3) bond
lengths. Both (Pr; sCeq 5)SCNO and (Pry sCe, 5)SCTO fall
into a subclass of Pr-containing high T cuprates which
show anomalously large Pr Néel temperatures (Ty)
(15-17, 38—40). The anomalous Ty’s indicate that the under-
lying Pr magnetic interactions in this category of cuprates
are fundamentally different from those of rare earths in
other high T cuprates. Analyses of the properties of these
Pr-containing cuprates suggest that Pr magnetism is me-
diated through a superexchange interaction through the
neighboring oxygen atoms and that there is significant
interaction between the Pr 4f and neighboring oxygen 2p
electronic states (15-17, 22,27, 38-40). Furthermore, in
those compounds which are doped and expected to be
superconducting, namely PrBa,Cu;0-, (Pr; sCe, 5)SCNO,
and (Pr, 5Ce( 5)SCTO, the anomalous Pr magnetism and
4f-electronic interactions have been linked to the mechan-
ism responsible for the suppression of superconductivity.
For both superexchange and f-electronic interactions, the
overlaps of the Pr 4fand CuO, planar O 2p electronic wave
functions, and therefore the Pr—oxygen bond length, are
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expected to be critical parameters of these interactions
(15-17, 22, 27, 38—40)). For shorter bond lengths, greater Pr
4f~O 2p electronic wave function overlap occurs and the
magnetic and f-electronic interactions should be stronger.
For larger bond lengths, less overlap occurs and thus
weaker interactions are expected. This relationship has been
quantified for the PrBa,Cu;O¢, T1Ba,PrCu,O,, TISr,Pr
Cu,0,, HgSr,PrCu,0q, and Pb,Sr,PrCu;Og compounds
(40). The Pr Ty’s for these compounds have been found to
scale with the Pr—CuO, planar oxygen bond distance
(Pr—Og,). For those Pr-containing cuprates which do not
show anomalous Pr effects such as PrCO and Bi,Sr,-
PrCu;0yg, the Pr-Og, bond distances are noticeably larger
than for those compounds which show anomalous Pr mag-
netism (15-17 22, 27, 31, 39—-41). Hence, the structural prop-
erties of these compounds are consistent with current
understanding of anomalous Pr magnetism in high T¢ cu-
prates.

Figure 10 illustrates the relationship between the Pr—Og,
bond length and anomalous Pr magnetism in high T¢ cu-
prates in terms of Pr Ty versus Pr—O¢, bond lengths. The
plot shows that for those compounds which show anomal-
ous Pr magnetism the Pr—O¢, bond lengths fall below
~0.256 nm, while those compounds which do not show
anomalous Pr magnetism or other anomalous Pr effects the
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FIG. 10. Ty versus the Pr-CuO, planar oxygen bond length for Pr-
containing cuprates. References for values are as follows: PrBa,Cu;0O- and
PrBa,Cu;04 (17, 30); PrBa,Cu,NbOg (27, 39); TIBa,PrCu,0-, TISr,Pr
Cu,04, HgSr,PrCu,04, and Pb,Sr,PrCu;Og (40); Pr,CuO, (31); Bi,
Sr,PrCu,0Og (15,41); and (Pry 5Ceq.5)Sr,Cu,TaO4 -5 and (Pry 5Ceq.s)Sr,
Cu,Ta0q,_; (this work, 1516,22).
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Pr—O¢, bond lengths are above ~0.264 nm. The positions
of both (Pry sCey.5)SCNO and (Pry sCe, 5)SCTO on the
plot indicate that both of these compounds belong to the
subclass of high T cuprates which show anomalous Pr
magnetism and a suppression of superconductivity. Finally,
we point out that the oxygen atoms on the O(4) sites are also
neighbors to the Pr sites in both (Pr; sCe, s)SCNO and
(Pry 5Ce(.5)SCTO. While we expect the O(4) oxygen atoms
to also play a role in these interactions, it is difficult
to compare the R-O(4) bond lengths to these other
Pr-containing cuprates since only (Pr; sCe, 5)SCNO and
(Pry.5Ceg.5)SCTO have a fluorite-type rare earth structure.
All the other Pr compounds have a square- or tetragonal-
planar rare earth layer and have no equivalent to the
O(4) site.

Both (Pry 5Ce(5)SCNO and (Pry sCey 5)SCTO have
been found to exhibit weak ferromagnetic (WF) behavior
(14-16, 22) like that seen in some RCO cuprates such as
Gd,Cu0O,, Y,CuO,, and Tb,CuO, (42-44). The WF be-
havior has been attributed to a canting of the ordered Cu
moments away from strictly antiferromagnetic (AF) align-
ment under the influence of asymmetric exchange inter-
actions as discussed by Dzyaloshinsky and Moriya (45).
Inherent in this proposed model for WF in these tetragonal
compounds is an assumption that the Cu—O coordination is
not square-planar due to local distortions of the crystal
structure since in a strictly square-planar structure such
asymmetric couplings should not exist (42—45). In the RCO
compounds there is to date no clear evidence of such local
structural distortions. Furthermore, the nature of these
would-be distortions is unclear and a theoretical basis for
the existence of WF in these compounds has yet to be
established (42-44,46). For (Pr; sCeq s)SCTO and the
(Ry.5-Pr.Cey 5)SCNO, R = Nd, Sm, Eu, series of com-
pounds, we were unable to address the issue of local distor-
tions in the CuO, planes with our XRD data. Nevertheless,
work in this area continues for the RCO, (R; 5Ce, 5)SCNO,
and (R; 5sCe(.5)SCTO compounds in order to understand
the microscopic origins of this WF (15, 16, 22, 42-44).

The TGA results on (Pr; 5Ce 5)SCTO and the (Ry s5_
Pr,Ce, 5)SCNO, R =Nd, Sm, Eu, series of compounds
indicate that these materials are oxygen deficient with ¢’s of
typically 0.045 with little variation (Table 1 and Fig.9).
A straightforward valence count based upon these §’s and
Pr3* and Ce*" valence ions (15, 16, 22, 34) yield a carrier
concentration of 0.20 to 0.21 holes per Cu ion (Fig. 9) for all
of these compounds, indicating that the itinerant carrier
concentration for superconducting (Eu; 5Cey 5s)SCNO and
(Sm; 5Cey.s)SCNO are the same for insulating (Pry s
Ce(.5)SCNO and (Pr; 5Ce( 5)SCTO. This value of carrier
concentration is qualitatively sufficient for superconductiv-
ity to occur in high T¢ cuprates, especially considering the
inherent inhomogeneity in oxygen stoichiometry and both
Pr and Ce doping in the (R, 5-.Pr.Cey s)SCNO materials.
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Therefore, we should expect all these (R; s-.Pr.Cegs)
SCNO compounds to be metallic and superconducting.
This is in conflict with the observed metal-to-insulator
transition induced by the Pr ion in these compounds and
the strong insulating properties of both (Pr; sCeq 5)SCNO
and (Pry 5Ce.5)SCTO (Fig. 2) (15, 16, 22). Hence, a straight-
forward valence count and a simple band-filling model
cannot account for the insulating state induced by the Pr
ion in these compounds. This result is similar to the situ-
ation for the (R;_.Pr,)BCO system where an insulating
state induced by Pr is also in conflict with indications of
a similar valence count. In the (R, - Pr,)BCO system, the
suppression of superconductivity is believed to involve car-
rier localization due to f-electronic interactions between the
carrier states and the Pr 4f electronic states (17, 35, 47). Our
results suggests that such a localization mechanism is a vi-
able candidate to explain the suppression of superconduc-
tivity and insulating state induced by the Pr ion in the
(Ry.5-Pr,Ceqy 5)SCNO compounds.

V. CONCLUSION

In conclusion, we have characterized (Pr; sCey s)SCTO
and (R 5, Pr.Cey s)SCNO, R = Nd, Sm, and Eu, series of
compounds with XRD, Rietveld refinement, and TGA. The
XRD data show these compounds to be typically 98 fu%
pure under the preparation conditions used. Rietveld refine-
ments of the XRD data showed an unexpected contraction
of the ¢ lattice parameters for the (R, s_.Pr,Ce, 5)SCNO,
R = Sm and Eu (and less definitively for R—Nd), series of
compounds. The R—O(4) bond lengths appear to be a sig-
nificant contributor to this contraction, and both the con-
traction and the R—O(4) bond lengths were found to be
correlated with the unusual electronic and magnetic proper-
ties induced by the Pr ion in these compounds. These results
suggest that these properties play a significant role in the
lattice dynamics of these materials. This is in contrast to the
related (R, - ,Pr,)BCO materials where virtually no correla-
tion between structural parameters and the analogous un-
usual properties induced by the Pr ion has been observed
(17). Refined values for the R—O(3) bond lengths classify
these compounds with other Pr containing high T cuprates
which show anomalous Pr magnetism. This is in agreement
with previous magnetic and specific heat measurements on
these compounds (15, 16, 22) and is consistent with current
understanding of anomalous Pr magnetism in high T, cu-
prates (15-17,22,40). Unphysically large thermal para-
meters for the O(1) sites for all samples suggests that the
rotation distortion of the NbOg octahedra reported for
(Nd; 5Ce( 5)SCNO is also present in all these materials.
Finally, results for the deoxygenated compounds show that,
upon deoxygenation of the lattice, the lattice expands and
thermal parameters for the O(2) site increase dramatically
from reasonable physical values to very large nonphysical
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values, suggesting that the oxygen is removed primarily
from the SrO layers.

TGA results reveal a reliable technique for both deter-
mining the oxygen stoichiometries of these materials and
deoxygenating these compounds. Results for the oxygen
stoichiometries indicate that these materials are oxygen
deficient with &’s near 0.045. A straightforward valence
count indicate that a band-filling model cannot account for
the suppression of superconductivity and insulating elec-
tronic state induced by the Pr ion in these compounds.
Therefore, carrier localization and f-electronic interaction-
based models proposed for the related (R; - ,Pr,) BCO sys-
tem remain viable candidates to explain the suppression of
superconductivity and insulating state induced by the Pr
ion in the (R; 5 -, Pr,Ceq s)SCNO compounds (17, 47).
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