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We investigated Pr, sCe, sSr;NbCu,0;, and the superconducting Eu,; sCeq sSr,NbCu,0,, materials by
several complementary experimental techniques. Oxygen-rich Pr; sCe, sSr,NbCu,0,, is not supercon-
ducting and the magnetic-susceptibility data reveal two magnetic anomalies at 11 and 54 K. Both
anomalies always appear together and are sensitive to oxygen concentration, whereas for oxygen-poor
material both anomalies are absent. The presence of 0.5% Fe dramatically affects only the transition at
54 K and shifts it to 94 K, and Mdssbauer studies indicate that this transition is related to antiferromag-
netic ordering of the Cu sublattice. The peak in the susceptibility at 11 K is probably due to spin reori-
entation of Cu moments. While the anomalies are clearly identified by magnetic measurements, no
specific-heat anomaly was observed at either temperature. A strong two-dimensional quantum spin fluc-
tuation is assumed as the cause of the unusual behavior at Ty of Cu. A high linear term of 265 mJ/mol
Pr K2 is obtained in the specific heat of the oxygen-rich Pr; sCe, sSr,NbCu,0,, material.

INTRODUCTION

Among the compounds prepared by substitution of
rare earth (R) for Y in YBa,Cu;0,; (YBCO), with reten-
tion of the superconducting orthorhombic phase, the Pr-
substituted material is an exception. Most of the
RBa,Cu;0; (RBCO) compounds have an orthorhombic
perovskitelike structure and exhibit superconductivity
with T,~90 K. On the other hand, PrBa,Cu,O,
(PrBCO,) is an antiferromagnetic (AFM) insulator which
possesses an unusually high Ty (Pr)=17 K.!73 This T}, is
about two order of magnitude higher than expected if one
scales the Ty for GdBa,Cu;0; (Ty =2.2 K) assuming ei-
ther purely dipolar interactions or simple Ruderman-
Kittel-Kasuya-Yosida exchange. This Ty is very sensi-
tive to oxygen content and reduces to roughly 10 K in the
tetragonal oxygen-poor PrBCOg material.* In addition to
the Pr sublattice, using the Mdssbauer technique on Fe-
doped samples, we have shown? that the Cu(2)-0, layers
are AFM ordered at 325 and 350 K for PrBCO, and
PrBCOyg respectively; thus Ty (Cu) varies little with oxy-
gen concentration. A variety of unusual physical phe-
nomena exhibited by PrBCO, have generated much
research activity and were discussed at length in Ref. 3.

Complete replacement® of the Cu(1)-O chains in RBCO
with NbOg octahedra, offered a unique opportunity to in-
vestigate the importance of the chain sites which provide
carriers to the Cu(2)O, planes. In RBa,NbCu,O4
(RBNCO) superconductivity was not found for any R in-
vestigated, due to lack of the carriers needed.®’ More-
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over, recent magnetic studies have shown that both Pr
and Cu sublattices in PrBa,NbCu,03 are AFM ordered
at 11.6 and 360 K respectively,®’ whereas Ty (Nd) for
NdBa,NbCu,0s is only 1.7 K,? which is reminiscent of
the situation in RBCO.

A phase resembling the RBNCO materials with the
formula R 5Ce( sSr,NbCu,0,3 (RCeSNCO) has been re-
ported recently by several authors.'®”!3 This structure
(Fig. 1) is derived from RBNCO, and the space group is
I4/mmm with two formula units (f.u.) in each unit cell.
In contrast to RBCO, only one distinct Cu site exists with
fivefold pyramidal coordination. These CuO, layers are
separated on one side by NbOg octahedra which replace
the Cu-O chains and on the other side by fluorite-
structure R, ;Ce( sO, layers (instead of the R layer in
RBCO). It appears that in RCeSNCO (as in RBCO) for
R =Nd, Sm, Eu, and Gd, the compounds are supercon-
ductors with T,~28 K regardless of R. On the other
hand, (Pr; sCe, 5)Sr;NbCu,0,, (PrCeSNCO) is not super-
conducting, and magnetic studies at low fields reveal two
anomalies in the susceptibility curve at 17 and 53 K.!! In
analogy to PrBCO,, it was proposed that the low-
temperature peak is associated with AFM ordering of the
Pr sublattice, whereas the unexpected peak at 53 K was
not understood.!

The main purpose of this paper, based on several ex-
perimental techniques, is to present a view of the two
magnetic transitions in PrCeSNCO. We show that for
oxygen-rich materials both peaks always appear together,
and are sensitive to oxygen concentration. On the other
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FIG. 1. Crystal structure of Pr, sCey sSr,NbCu,0,,.

hand, neither of the two transitions is observed in
oxygen-poor PrCeSNCO samples. Unexpectedly, the
presence of Fe drastically affects the peak at 54 K, which
is shifted to 74 or 94 K, whereas the low-temperature
peak remains at 11 K. Mossbauer spectroscopy (MS)
studies show that the peak at high temperatures is due to
the Cu sublattice. The most striking observation is that
specific-heat studies do not show any anomaly at either
magnetic transition, as would be expected for AFM
phase transitions. The absence of the anomaly in C, is
discussed. High y values of 265 and 108 mJ/mol Pr K2

were obtained for oxygen-rich and oxygen-poor
PrCeSNCO respectively.
EXPERIMENTAL DETAILS
Ceramic samples with nominal composition

(R 5Ceq s)ST,NbCu,0,, and the ’Fe-doped material
were prepared by the solid-state reaction technique.
Prescribed amounts of PrgO;, CeO,, SrCO;, Eu,0,,
Nb,Os, CuO, and *’Fe,O; were mixed and pressed into
pellets and preheated to 1000°C for about 1 day in the
presence of flowing oxygen at atmospheric pressure. The
products were cooled, reground, and sintered at 1150°C
for 72 h in slightly pressurized oxygen (about 1.2 atm)
and then furnace cooled to ambient temperature. The
PrCeSNCO sample prepared in this manner is denoted as
sample (I). Two 3'Fe-doped samples (substituted for Cu)
have been prepared using the same conditions. A part of
sample (I) [the high-oxygen-pressure (HOP) sample] was
reheated for 10 h at 1000 °C under pure oxygen pressure
at 130 atm, using a VAS high-pressure furnace. For the
oxygen-deficient PrCeSNCO, referred to as sample (II),
the second stage of sintering was performed at 1050°C
under flowing oxygen at ambient pressure. Powder x-
ray-diffraction (XRD) measurements indicate that all ma-
terials are single phase (~97%) and have the tetragonal
structure shown in Fig. 1.
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The oxygen weight-loss determination was performed
with a Setaram microbalance TGA 24, with a heating
rate of 6°/min up to 1000°C in Ar atmosphere. The dc
magnetic measurements on solid ceramic pieces in the
range 5-200 K were performed on a commercial (Quan-
tum Design) superconducting quantum interference de-
vice magnetometer. The magnetization was measured by
two different procedures: (a) The sample was zero-field
cooled (ZFC) to 5 K, a field was applied, and the magne-
tization was measured as a function of temperature. (b)
The sample was field cooled (FC) from above 120 to 5 K
and the magnetization was measured. The MS studies
were carried out using a conventional constant-
acceleration spectrometer and a 50-mCi *’Co:Rh source.
The specific heat of compact pieces (about 100 mg) cut
from the pellets was measured with a semiadiabatic heat-
pulse calorimeter at H=0 T in the range 1.5-30 K, and
a continuous adiabatic heating calorimeter in the range
20-300 K.

EXPERIMENTAL RESULTS
A. Lattice parameters and oxygen content

X-ray-diffraction studies show that the compounds
have a tetragonal structure (Fig. 1) with the space group
I4/mmm. The lattice parameters for PrCeSNCO sam-
ples are a =3.887(1) and ¢ =28.74(1) A. Within the lim-
its of the uncertainty, all the PrCeSNCO samples studied
have the same lattice constants. For EuCeSNCO the lat-
tice parameters are a=3.866(1) and c=28.72(1) A.
These lattice parameters and the atomic positions deter-
mined by Rietveld analysis of the full XRD pattern are in
excellent agreement with data published in Ref. 11. The
iron-doped materials have approximately the same lattice
parameters as their parent compounds. The Cu atoms re-
side in the 4e atomic position (0,0,z)oand for z=0.144,
the shortest Cu-OCu distance is ~6.09 A, which is shorter
than the 6.55 A observed in La, ,Sr, CuO, but much
longer than the 3.52 and 3.41 A for Cu(2)-Cu(2) distances
in RBCO and PrBNCO respectively.

The weight-loss curves of PrCeSNCO measured by
thermogravimetric analysis (TGA) for samples (I) and (II)
are shown in Fig. 2. For sample (I) the weight decrease
begins around 380°C and is completed at 660°C. The
weight loss of 2.04% corresponds to an oxygen loss of
1.05(2) atoms per mole (f.u.). For the oxygen-deficient
sample (II) the weight loss, which occurs in two steps,
from 420 to 850 °C and from 850 to 1000 °C, is 0.25% and
0.5% corresponding to an oxygen loss of 0.13 and 0.27
atoms per mole respectively. Our measurements reveal
that sample (I) contains about 0.6 more oxygen than sam-
ple (II), which is critical to the occurrence of its unusual
magnetic behavior. It should be added that an oxygen
loss of 0.13 atom was found at 600°C for superconduct-
ing NdCeSNCO (Ref. 12), which compares well with the
first step observed for sample (II). After cooling the ma-
terials to room temperature, XRD measurements show
decomposition of the tetragonal structure mainly to
RSr,NbOg (R =Pr,Ce) and to other unidentified phases.
For the HOP sample one step from 350 to 740 °C was ob-
served in the TGA curve, which relates to a weight loss
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FIG. 2. Change of oxygen content of sample (I) and sample
(IT). The samples were heated under Ar with a rate of 6 °C/min.

of 2.51 oxygen atoms per mole. Determination of the ab-
solute oxygen content in these materials is difficult,'? be-
cause CeO, and Nb,O;5 are not completely reducible to
stoichiometric oxides on heating to high temperatures.

B. Magnetic measurements

The ZFC magnetic susceptibility [y(T)=M/H] of
PrCeSNCO sample (I) was measured at 40 Oe up to 200
K and Fig. 3 shows two distinct peaks at 10.7 and 54 K.
No other anomalies were observed at higher tempera-
tures. The inset of Fig. 3 provides an expanded view of
X(T) from 5 to 20 K. A similar magnetic behavior was
obtained by Goodwin, Radousky, and Shelton!! and the
anomaly at 54 K is in perfect agreement with their data
(53 K). However the peak at ~11 K (inset of Fig. 3) is
somewhat lower than the 17 K reported in Ref. 11.
Based on the similarity in structures of PrBCO,
PrBNCO, and PrCeSNCO, these authors associated the
low-temperature transition with an AFM ordering of the
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Pr sublattice, whereas the anomaly at 53 K was not un-
derstood. Their speculation attributed it to the presence
of two rare-earth ions (Pr and Ce) at the same crystallo-
graphic position. As we shall argue, the peak at 54 K is
associated with AFM ordering of the Cu sublattice and
the low-temperature transition may be related to Cu-Cu
and Pr-Cu interactions and not to AFM ordering of the
Pr sublattice. Figure 3 also shows that the position of the
two peaks is sensitive to heat treatment of the material.
For PrCeSNCO (I) after heat treatment at 1000 °C under
130 atm of oxygen (HOP) the low-temperature peak is
shifted to ~15 K whereas Ty of the Cu sublattice is
lowered to 50 K.

For the Mdssbauer-spectroscopy studied, two different
PrCeSNCO samples doped with 0.5 at. % >’Fe (nominal
concentration) have been prepared identically.
Mossbauer studies, described in detail in the next section,
show that Fe occupies mainly the Cu site. Unexpectedly,
ZFC susceptibility measurements show that the peak at
Ty(Cu)=54 K is shifted to 94 and 74 K for samples
designated samples Fe(I) and Fe(II) respectively (Fig. 4),
whereas the low-temperature peak remains at about 11
K. The y(T) curve of pure PrCeSNCO is also shown for
comparison. In that respect, Fe behaves differently as
compared to other high-T, systems, in which doping with
a small amount of Fe does not have a pronounced effect
on TN(Cu).”' Since Fe has a larger valence than Cu, it at-
tracts oxygen to maintain neutrality, and it is also possi-
ble that this slight extra oxygen content dramatically
affects T (Cu).

On the other hand, magnetic measurements performed
at low and high applied fields on the oxygen-poor sample
(IT) show that both anomalies in y(7) are absent. The
susceptibility exhibits paramagnetic behavior down to 3
K and a typical x(7) measured at 100 Oe is exhibited in
Fig. 5. Note that the curves for samples (I) and (II)
merge at 7>90 K, a temperature which is about 40 K

FIG. 3. Temperature dependence of the
1 ZFC susceptibility for PrCeSNCO sample (I)

and for the same sample heated at 1000°C un-
| der 130 atm O, (HOP). The inset exhibits the
susceptibility of PrCeSNCO sample (I) in an
expanded scale.
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FIG. 4. Temperature dependence of the ZFC susceptibility
for two samples with 0.5 at. % Fe doped in PrCeSNCO, and for
PrCeSNCO.

above Ty(Cu)=54 K. The “net” magnetic features of
sample (I) can be achieved by subtraction of y(T) of sam-
ple (II) as a background susceptibility. Figure 5 (inset)
shows the Ay obtained, and the smeared increase of Ay
with a peak at T=18 K and the sharp peak at 54 K are
readily observed. The Ay values for T>90 K are small
and negligible and arise from accumulation of uncertain-
ties in the experimental data (weight, temperature, ap-
plied fields, etc.).

The effect of field strength on the position of the peaks
of sample (I) is significant. Figure 6 shows typical ZFC
X(T) curves obtained at medium (500 Oe) and high (10
kOe) applied fields, together with the low-field curve (40
Oe). At 500 Oe the low-temperature transition disap-
pears and the peak at 54 K, which is very prominent at
40 Oe, is nearly suppressed. At 10 kOe neither peak is
seen; however the peak at Ty =54 K is clearly observed
in the temperature dependence of the inverse molar sus-
ceptibility shown in the inset. Here again all the curves
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merge at T >90 K, which indicates that the magnetiza-
tion is not linear with the applied field at lower tempera-
tures.

Figure 7 shows the ZFC and FC susceptibility curves
measured at 100 Oe for PrCeSNCO, sample (I). The ir-
reversibility probably arises from the AFM alignment of
the Cu sublattice. It is assumed that in the FC process
the external field causes the spins to cant slightly out of
their original direction. This canting abruptly aligns a
component of the moments with the direction of the field
and the FC branch is obtained. Note the absence of the
peak at 11 K in the FC branch and that both FC and
ZFC curves merge at 74 K. The field dependence of the
magnetization at 60 K (not shown) was measured up to 5
T. At low fields the magnetization is not linear and a
finite M is obtained after extrapolation of high-field data
to H=0. This indicates the existence of an internal mag-
netic field (above Ty) estimated as a few hundred gauss at
60 K, which vanishes at 7> 90 K. We shall address this
point in the discussion.

Sample (I) exhibits normal paramagnetic behavior
above Ty and adheres closely to the Curie-Weiss law
over the major portion of the measured temperatures.
The susceptibility can be well described by
X=XotC/(IT'—®), where Y, is the temperature-
independent part of the susceptibility, C is the Curie con-
stant, and ® is the Curie-Weiss temperature. The ex-
tracted values strongly depend on the temperature range
of the fitting. A fit of the Curie-Weiss law in the range of
60 < T <100 K measured at H=1 T yields y,=5X10"?
emu/molOe, ®=25 K, and an effective moment
P.;=2.53uy for Pr. This P value perfectly fits the
value reported in Ref. 11 and the expected value
(2.54up) for Pr** in its J=3 ground state. However, a
fit in the range 80< T <200 K yields Pz=1.60up and
®=46 K. This suppression suggests an influence of crys-
tal field effects (CFE) on the magnetic properties at
elevated temperatures and is consistent with P values
found for PrBaO; where Pr is assumed to be in the tetra-
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FIG. 5. Temperature dependence of the
ZFC susceptibility for PrCeSNCO samples (I)
and (II). The net magnetic susceptibility for
sample (I) is shown in the inset.
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valent state.!* Note the positive value of ®, which indi-
cates that the exchange interactions are ferromagnetic in
nature. From a similar analysis for sample (II) (Fig. 5),
which is paramagnetic all the way down to 3 K, we ob-
tain that y,=2.1X10~* emu/mol Oe, ®= —25 K, and
P s=2.86up. This P value, although lower than the
3.5up expected for Pr’t, is in excellent agreement with
effective moments reported for PrBNCO,°# but is some-
what higher than the 2.70uy found for PrBCO,."* The
reduced P4 in all these compounds is presumably due to
the action of CFE which is assumed to have the same ori-
gin for Pr’* materials. Thus, the magnetic measure-
ments show that the extra oxygen observed in sample (I)
is accompanied by an increase in the valence state of Pr.

C. The AFM sublattice of Cu: Mossbauer studies

Using Mdssbauer spectroscopy on >’Fe-doped materi-
als, we found the interrelation between superconductivity
and antiferromagnetism in a wide family of cation substi-
tutions in the oxygen-rich YBCO system. It was shown!®
that whenever cations are doped in sites outside the Cu(2)
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FIG. 7. ZFC and FC susceptibility curves for PrCeSNCO
measured at 100 Oe.

plane, sufficiently to make superconductivity disappear
[e.g., Pr in the Y site or Fe in the Cu(l) site], static long-
range AFM ordering is induced in these planes. It is well
accepted that in YBCO Fe atoms predominantly occupy
the Cu(1) sites. A fraction of the Fe enters the Cu(2) sites
and when these planes become magnetically ordered they
produce an exchange field on the Fe ions located in the
planes. The Fe nuclei experience a magnetic hyperfine
field leading to a sextet in the observed MS spectra. Mea-
surements’ on PrBCO, and PrBCO¢ compounds have
shown that the Cu(2) sublattice is AFM ordered at 325
and 350 K respectively; thus Ty varies little with oxygen
concentration. We have also shown® that the CuO,
planes in PrBNCO are AFM ordered at 360 K. The
present studies show that the RCeSNCO system behaves
in a way which is similar to other high-temperature su-
perconductors, namely, in the compositions which are
not superconducting, a long-range AFM ordering is
induced in the CuO, planes. We shall present here
MS studies on °'Fe doped in superconducting
EuCeSNCO and in PrCeSNCO [sample Fe(I)], which ex-
hibit the second peak at 94 K (Fig. 4).

1. EuCeSNCO

Magnetization studies from 5 to 40 K in an applied
field of H <5 Oe show an onset of superconductivity at
T.=18 K for 0.5 at. % >’Fe doped in EuCeSNCO (Fig.
8). Due to uncertainty in the applied field, the suscepti-
bility is given in arbitrary units but an estimation yields a
shielded fraction of about 20%, indicating the presence
of bulk superconductivity. The Meissner fraction is
smaller (~30%) than the ZFC signal. The value of
T.=18 K for the 0.5 at. % Fe-doped sample compares
well with 7,=22 K obtained for undoped RCeSNCO
prepared at 1 atm of oxygen.!? It is possible that the 0.5
at. % Fe suppresses T,. We used this sample also for our
specific-heat measurement ?resented in the next section.

The MS spectrum of °’Fe in superconducting Eu-
CeSNCO at 4.2 K is shown in Fig. 9(a). We obtain one
quadrupole doublet with a splitting of eqQ /2=0.90(2)
mm/sec and isomer shift of 0.35(1) mm/sec relative to Fe
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FIG. 9. Mossbauer spectra of 0.5 at.% *'Fe doped in
PrCeSNCO ([sample Fe(II)] and of the superconducting
Eu,; 5Ceq sSr;NbCu,0;y. Note the pronounced difference be-
tween the two materials.

metal. The width is 0.44(1) mm/sec. These parameters
can be assigned to Fe** in a high-spin state [the spectrum
also contains minor additional peaks (less than 5%)
which are attributed to an unidentified impurity phase].
We attribute this doublet to iron which replaces Cu in
the pyramidal site (Fig. 1), and these hyperfine parame-
ters compare well with data obtained in other materials
such La,CuCu,04 with similar CuOs configuration.!’
The relatively broad width may be related either to
paramagnetic spin-relaxation phenomena existing at 4.1
K, or to a small distribution in the quadrupole interac-
tion values. However, this is of little interest in our
present discussion.

2. PrCeSNCO

The main effect to be seen in Fig. 9(b) is the MS of Fe
doped in PrCeSNCO [sample Fe(I)] at various tempera-
tures. The solubility limit of Fe seems to be small and all
attempts to get better samples failed. Although we
display a ‘““dirty” material useful information concerning
the nature of the Cu sublattice can be deduced and the
MS will be treated qualitatively. The spectra in Fig. 9(b)
consist of, at least, three subspectra. The most intense
subspectrum (~60%) is a sextet which we attribute to
iron ions, which replace Cu in the CuO; pyramids and or-
der antiferromagnetically. In this site all the iron ions
are equivalent in terms of oxygen environment and yield
a well-defined magnetic spectrum with a magnetic
hyperfine field at 4.1 K of H.=510(5) kOe. As the tem-
perature is raised, the magnetic splitting decreases and
disappears at 7 > 100 K. The values for H 4 at 50 and 65
K are 475(5) and 460(5) kOe respectively. At 90 K, a few
degrees below Ty(Cu)=94 K (Fig. 4) for sample Fe(I),
the sextet starts to collapse but it is still observable. The
existence of a magnetic hyperfine field at 90 K is a direct
proof that peaks at 94 K [and 54 K for PrCeSNCO sam-
ple (I)] are associated with AFM ordering of the Cu sub-
lattice. The spectrum obtained at 110 K (not shown) is
very similar to the spectrum obtained at 150 K [Fig.
9(b)]. Similar behavior was observed in the sample Fe(II).

The next most intense subspectrum (about 30% of the
spectral area) is not ordered magnetically, and is attribut-
ed to Fe in the sixfold octahedral Nb site, consistent with
the behavior of Fe doping in the Cu(l) site of YBCO.
This subspectrum (in the central part) exhibits at 4.1 K a
broad quadrupole doublet corresponding to inequivalent
Fe sites due to different oxygen neighbor configurations
at the Nb site. Since Fe has a lower valence than Nb, it
depletes oxygen to maintain neutrality. It is assumed
that (in contrast to EuCeSNCO) Fe in PrCeSNCO occu-
pies both Cu and Nb crystallographic sites, a
phenomenon observed also in PrBNCO.? However, the
possibility that the doublet arises from an impurity phase
cannot be excluded. The rest of the spectral area
(~10%) contains several sextets which are magnetically
ordered up to T>370 K (one, which collapses at ~240
K, corresponds probably to Fe in Pr,CuO,) and are attri-
buted to unidentified impurity phases.

In conclusion, the pronounced difference between the
MS of superconducting EuCeSNCO and PrCeSNCO, in
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particular the appearance of a well-defined sextet at
T <100 K in PrCeSNCO, indicates clearly the existence
of magnetic order in the Cu sublattice. Thus the
RCeSNCO system behaves in a way which is similar to
other high-T, series, namely, in those compositions
which are not superconducting, a static magnetic order-
ing of the Cu-O, planes is present.

D. Specific heat measurements

Shown in Figs. 10-12, are the Cp vs T curves for
PrCeSNCO samples (I) and (II) and EuCeSNCO. In or-
der to reveal the nature of the two peaks observed in
PrCeSNCO sample (I) (Figs. 3-7) the specific heat at
H=0 T was measured in two steps, in the ranges
1.5<T <35 K and 25<T<300 K. For PrCeSNCO
sample (I), we find that in the vicinity of the two peaks
observed in the susceptibility curves, namely, at 11 and
54 K, no specific-heat features indicative of magnetic ori-
gin can be observed. This is not the case in other Pr-
based cuprates such as PrBCO,*' PrBNCO,® and
PrBa0,,'* in which the Pr sublattices order antiferromag-
netically at Ty =10-17 K and a sharp anomaly in C, is
obtained at Ty. This suggests that the peak at 11 K does
not originate from long-range ordering of Pr. Moreover,
there is no anomaly in the C, curve at Ty =54 K related
to the Cu sublattice, as would be expected for an AFM
order of the Cu sublattice (Fig. 11). We shall refer to
these facts in the discussion.

The fitting of the C, curve for PrCeSNCO sample (I) at
low temperatures may lead to several acceptable
mathematical solutions, the reliability factors of which
appear to be close. The large values and the approxi-
mately linear temperature dependence of C, (at low tem-
peratures) suggest mainly an electronic contribution.
Therefore, a fit in the range 2 < T' <25 K with the sum of
a linear term for the electronic contribution and a Debye
approximation for the lattice contribution,
C, =yT+BT*+8T% yields y=386(3) mJ/molK?
B=0.582 mJ/mol K*, corresponding to 6, =384(5) K,
and 8 < 10~ which is negligible. The value of y =382(3)

mJ/mol K? was calculated by the usual procedure of ex-
trapolating the linear variation of C,/T versus T? from
high temperatures to T=0 (Fig. 10, inset). A similar fit
procedure to C,(T) of sample (II) in the range 2 <T <25
K yields y=170 mJ/molK? and 8=0.596 mJ/mol K*,
corresponding to 8, =381(5) K. Thus, the two curves
differ only in their y values. The 6, obtained is con-
sistent with the average value suggested for YBCO
(410+35K)."8

An alternative (and more elegant) way to calculate the
Pr contribution to C,(T) for sample (I) (AC, ) is shown in
the inset of Fig. 12. The linear variation of AC, with T
was obtained after subtraction of C, obtained for super-
conducting EuCeSNCO (Fig. 12) as a background, as-
suming identical phonon contributions. The slope of this
curve yields ¥ =420(5) mJ/mol K2, a value which is only
10% higher than that deduced from the direct fit men-
tioned above. The upturn at T <2.5 K is expected and is
based on different relative values of the nuclear specific
heat of Pr and Eu. For sample (II) the same procedure
yields y =157(2) mJ/mol K2.

The average ¥ =265+15 mJ/mol Pr K? for sample (I)
compares well with values reported for PrBCO,," but is
somewhat higher than ¥ =200 mJ/mol K? deduced by
Phillips et al?® Although the average 7 =108(10)

CP (J/mol K)

Pry sCeq sSr,NbCu,0,,
U

0 60 120 180 240 300
Temperature (K)

FIG. 11. Specific heat C, for PrCeSNCO sample (I) at H=0
T as a function of temperature for 25 < T <300 K.
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mJ/mol Pr K? obtained for sample (II) is lower than that
of sample (I), it is still high enough to claim that in both
PrCeSNCO materials the y term is remarkably high.

The C,(T) data for EuCeSNCO in the range
1.5<T <16 K can be described as the sum of three
terms, the Eu Schottky anomaly, and the electronic and
lattice terms discussed above. Thus, Cp =A/ T2+yT
+BT? A fit to the curve shown in Fig. 12 yields
A=20.7 mJK/mol, y=18.9 mJ/mol K?, and B=0.416
mJ/mol K*, corresponding to 8, =425(3) K. This rela-
tive high v is in fair agreement with the value of y =12.9
mJ/mol K? obtained in EuBa,Cu;0,.2! The failure to ob-
serve an anomaly in C, related to the superconducting
transition is usual for these materials and is discussed in
detail in Ref. 19.

DISCUSSION

Our susceptibility measurements of PrCeSNCO sample
(I), which are of central interest in the present paper, can
be compared to the data reported in Ref. 11. Such a
comparison is possible despite the fact that the measure-
ments were performed on samples prepared in different
laboratories and therefore have probably a slight
difference in their oxygen content. We both observe two
anomalies in the Y(7T) curves measured at low applied
fields, which are specific to PrCeSNCO, because no such
transitions were observed in the superconducting
RCeSNCO compounds.!!!® (The possibility that an im-
purity phase is the reason for those peaks was ruled out
by Goodwin, Radousky, and Shelton!! who concluded
that even if a small amount of impurity with a large sus-
ceptibility and strong transition is present, its effect
would be minimal on the already large Y of the bulk ma-
terial.) For the peak at 54 K (Figs. 3—6) the results are
consistent, and our MS data definitely indicate (Fig. 9)
that this peak (although shifted to high temperatures) is
due to AFM ordering of the Cu sublattice. Goodwin,
Radousky, and Shelton'! do not explain the peak at 53 K,
but attribute the low-temperature peak observed at 17 K
to the magnetic order of the Pr sublattice. The raw data

presented in Figs. 3—-6 clearly show that in our material
the low-temperature peak is obtained at 11 K (regardless
of Fe concentration) and only in the ‘“net” magnetic
features of sample (I) does the broad anomaly exhibit a
peak at 18 K (inset of Fig. 5). On the other hand, in the
oxygen-rich material (HOP) both transitions are affected;
the low one is shifted to 15 K and Ty(Cu) is lowered to
50 K (Fig. 3). This clearly indicates that both anomalies
in the x(T) curves are related to each other and appear
always together. Neither of them was observed separately.

A. The effect of oxygen

The oxygen concentration has a drastic effect on the
appearance of both anomalies. Sample (II) which con-
tains less oxygen (Fig. 2) is paramagnetic down to 3 K
and no magnetic transitions were detected in the (T
curve (Fig. 5). A similar behavior was observed in other
RCeSNCO materials in which the occurrence of super-
conductivity strongly depends on the heat treatment and
oxygen content.'> The determination of the absolute oxy-
gen concentration in these materials is difficult, and the
critical oxygen content needed for the appearance of the
magnetic transitions in PrCeSNCO (or superconductivity
in RCeSNCO) has not yet been determined. Above this
limit the effect of extra oxygen is not dramatic as can be
observed in the HOP material (Fig. 3).

B. The difference between samples (I) and (II)

We can tentatively argue that the difference between
the magnetic properties of samples (I) and (II) arises from
the different valence state of Pr in the materials. One ar-
gument in favor of a tetravalent ground state for Pr in
sample (I) is the effective moment (P.z=2.53u5) deduced
from measurements performed at 10 kOe in the tempera-
ture range 60 < T < 100 K where x(7T) shows nearly per-
fect Curie-Weiss behavior [Fig. 6 (inset)]. This implies
that the internal exchange field is much smaller than the
applied field. On the other hand, P 4 obtained for sample
(I) is higher and resembles the effective moment ob-
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served in other Pr-based cuprates such as PPINBCO and
PrBCO,. For the latter compound all the most reliable
spectroscopic studies reveal that Pr is trivalent.’ In that
respect, sample (II) behaves similarly to the magnetically
nonordered Pr,CuO, in which Pr is trivalent. However
the similar lattice parameters observed for both samples,
together with the reduction observed in the lattice pa-
rameter of EuCeSNCO, suggest that Pr’* is the more ap-
propriate state to assume for both PrCeSNCO samples.
Moreover, it was recently proved?? that this type of
analysis is oversimplified for these complicated materials,
and the P.’s obtained for Pr are fortuitous and cannot
serve as a strong argument for the valency of Pr.

C. The effect of Fe

Fe has a huge effect on the position of Ty (Cu) (Fig. 4).
The peak at 54 K is shifted to 74 or to 94 K, whereas the
peak at 11 K is not affected by the presence of Fe (Fig. 4).
Although, both doped materials denoted as samples Fe(I)
and Fe(II) were prepared under identical conditions with
the same nominal (0.5 at. %) >’Fe concentration, one can-
not exclude a tiny difference in their Fe content. T (Cu)
may be affected either directly by the presence of Fe or
indirectly by the change in oxygen concentration (less
than 0.25%) attracted by Fe’" to maintain neutrality.
We may say with high confidence that the significant in-
crease of Tx(Cu) is caused directly by the presence of Fe,
to which it is very sensitive. In that respect, this system
behaves completely differently from other magnetic
high-T.-based compounds, where doping with Fe does
not affect Ty(Cu) and serves only as a probe for the mag-
netic order.>!* Due to the low solubility of Fe in
PrCeSNCO, our ability to study the effect of Fe concen-
tration on Ty (Cu) is limited. Research on other substitu-
tions is now in course of work. The alternative hy-
pothesis (not preferable) raises two problems: (1) One has
to distinguish between two sorts of oxygen atoms, those
which reside in crystallographic positions and affect
Ty(Cu) vigorously and others which were inserted into
the structure during the high-pressure process (HOP) and
occupy interstitial sites (their positions are not known)
and practically do not affect the magnetic transition. (2)
The extremely low probability that the two samples, our
PrCeSNCO sample (I) and that reported in Ref. 11, al-
though prepared under similar conditions, have exactly
the same oxygen concentration.

D. The low Ty (Cu)

In RBCOg the Cu ions in the CuO, planes are in a py-
ramidal configuration and order magnetically at T), ~420
K, in a simple AFM structure with nearest-neighbor
Cu(2) spins antiparallel in all three dimensions. In
PrBNCO, a structure which is derived from RBCO, the
Cu moments are AFM ordered® below Ty =360 K with a
similar alignment to that of RBCO4.° On the other hand,
in PrCeSNCO, we obtain Ty(Cu)=54 K, and Fig. 1
shows that the CuO, layers are separated on one side by
NbOg octahedra and on the other side by fluorite-

structured R 5Ce 5O, layers. The Cu-Cu short distance
is about 6.1 A much longer than the 3.36 A found in
RBCOg and PrBNCO. It is thus possible to affect T (Cu)
by inserting different separator layers between the CuO,
planes which play an important role in the magnetic
properties of the system.

E. The absence of a peak in C, at T (Cu)

The intriguing question arises as to why this AFM or-
dering of Cu in PrCeSNCO sample (I) does not cause any
anomaly in the C, curve (Fig. 11), despite the fact that a
sizable magnetic entropy S=R In2=5.8 J/molK is nor-
mally expected for the ordering of Cu®** spin with s =
The unusual absence of a peak in C, at Ty was also re-
ported in Gd, gsCey ;5CuO, (Ref. 23) and in La,MCu,0
(Ref. 17) systems, in which magnetic measurements and
MS studies definitely show a long-range magnetic order-
ing of the Cu sublattices. This phenomenon, which
differs markedly from other AFM ordered systems, can
be understood on simple arguments. Let us recall that in
the insulating Cu-O-based materials the AFM ordering of
Cu moments can be modeled well by large AFM superex-
change coupling (J/ky~1000-1500 K) between the
Cu?* spins (s=1) in the CuO, planes.?* This strong in-
traplanar exchange yields large two-dimensional (2D)
AFM correlations with dynamic short-range AFM order-
ing at temperatures much higher than Ty. In the 2D
quantum Heisenberg model, a true long-range order can-
not exist at finite temperatures. The experimentally ob-
served AFM ordering at T is a three-dimensional (3D)
one, driven by a relatlvely weak interplane coupling pa-
rameter J, ~107°-107° J. Due to this high anisotropy
all magnetic entropy is effectively removed at T> Ty
through 2D quantum correlations, and the small fraction
of entropy left at Ty is not sufficient to produce an anom-
aly in the specific-heat curves. The current magnetic re-
sults provide further support of such an interpretation.
Figures 5-7 show that the susceptibility curves measured
at different fields as well as the curves for sample (I) and
sample (II) all merge at T >90 K, well above T, =54 K.
The initial curvature in the M(H) curve measured at 60
K indicates also the existence of an internal field above
Ty. All of these observations indicate that in layer-based
materials with large anisotropy, the unusual C, behavior
is a consequence of strong 2D spin fluctuations.

F. The peak at T < 15 K in the susceptibility curve

In the absence of microscopic information, an interpre-
tation of this peak is not straightforward. However we
suggest two scenarios that could lead to the observed
behavior. A central assumption is that Pr in PrCeSNCO
sample (I) orders antiferromagnetically near 11 K, analo-
gous to the Pr ordering at 17 and ~12 K in PrBCO, and
PrBNCO.!! In fact, in PrCeSNCO the Ce and Pr are dis-
tributed at random over the 4e crystallographic position,
and its T, should be compared rather with
Pry ;5R( 2sBa,Cu;0; (R =Eu,Y) where Ty~12 K.
Supporting evidence for this determination is: (1) the
constant position at 11 K in the Fe-doped samples (Fig.
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4), whereas the peak at elevated temperatures is very sen-
sitive to Fe concentration and is affected by its presence.
(2) In HOP material the peak shifts to 15 K in accor-
dance with the trend found in PrBCO described in the In-
troduction. However, the absence of an anomaly in the
C, curve (Fig. 10) on one hand and the paramagnetic
behavior of the oxygen-poor sample (Fig. 5) on the other
cast some doubt on this interpretation. One approach to
reconcile these difficulties is to propose a magnetic struc-
ture observed recently’ in PrNBCO® where the Pr order-
ing is 2D in nature, and not 3D. The additional structure
causes high anisotropy which leads to a weak interplanar
coupling parameter and to a short-range order along the
¢ axis. In such a case the magnetic transition is not
detectable in the C, curve, as discussed above.

A more preferable second interpretation can be made
that invokes an analogy to Pr,CuQ,, where the Pr sublat-
tice is not magnetically ordered down to 2 K but the Cu
sublattice orders AFM near 250 K. Therefore, for small
applied fields at low temperatures, the most prominent
features in the data of Figs. 3—7 are not associated with
AFM order of Pr but are related to the presence of other
effects, e.g., Pr-Cu and Cu-Cu interactions. The peak at
low temperature is always accompanied by the transition
at high temperatures and can be interpreted in the light
of understanding the magnetic interactions responsible
for the high-temperature peak. Since the detailed 2D
AFM structure of the Cu sublattice is not yet deter-
mined, we may assume that the Cu moments are not in a
perfect AFM structure at T < Ty (Cu). There might be a
canting of Cu moments from strictly AFM alignment, of
unknown origin. Due to the large susceptibility of Pr,
the canting moment is not observable in the y(T) curves.
At low temperature the Cu-Cu and/or Pr-Cu interactions

I. FELNER, U. YARON, U. ASAF, T. KRONER, AND V. BREIT 49

begin to dominate, leading to reorientation of the Cu mo-
ments and the anomaly in the susceptibility is observed.
This scenario is supported by: (1) the broad peak in the
inset of Fig. 5; (2) the lack of transition in the FC branch
(Fig. 7), where the aligned component of the Cu moments
along the field direction inhibits the reorientation; (3) the
prevention of the reorientation by high applied fields; (4)
the fact that this reorientation, which is independent of
Ty (Cu), leads to a negligibly small latent heat which can-
not be observed in the C, curve.

As a final point of interest, we may discuss the high
linear terms for the electronic specific heat observed in
C,(T) for PrCeSNCO materials. The values ¥ =265 and
108 mJ/mol Pr K? were obtained for samples (I) and (II)
respectively. The y value observed for sample (I) is
higher than that reported by Phillips et al.*° for PrBCO
and compares well with values reported in Ref. 19. If we
adopt the first scenario for the magnetic peak at T=11K
in sample (I), it is reasonable to assume that the high
Ty(Pr) and the anomalously high y term are connected.
However, for the second scenario the high y values need
some more consideration.
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