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INTRODUCTION

The initial observations of superconductivity at temperature above 77K in copper-oxide
based materials was surprising from a variety of different perspectives. Among the
unexpected findings were reports of superconductivity for the series RBayCu3O7 where R is
a rare earth (Y, Nd-Tm)l’z, which may carry a large, local magnetic moment.
Superconductivity was subsequently demonstrated for all 4f analogs in this series except Ce,
Pr, and Tb. In addition to the RBayCu3O7 series, there are several other CuO based series of
superconductors that are formed by substituting R ions. The most studied of these are listed
in Table I, together with the f ions that form isostructural compounds and their
superconducting critical temperatures (T;). The presence of an R ion with a large magnetic
moment does not significantly influence the superconductivity. In contrast, even the
presence of small concentrations of magnetic impurity ions in a conventional superconductor
inhibits superconductivity by interfering with the formation of Cooper pairs.

Most R ions substitute into an isostructural series with no observable effect on the
superconducting properties of the material. As can be seen from Table I, there are notable
exceptions to this observation. In particular, the rare-earth ions Ce, Pr, and Tb, together
with the 5f-actinide ions Am and Cm, sometimes behave anomalously. These ions either do
not form an isostructural phase, or if the phase forms it may not be superconducting. The
fact that an f-ion can suppress superconductivity is clearly demonstrated in the isostructural
series Y1.xPrxBazCusz0O7 (0<x<l)3, in which the critical temperature decreases with
increasing x, such that for concentrations of Pr greater than x=0.5, the samples no longer
superconduct.
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There have been at least four mechanisms proposed to account for the suppression of
superconductivity by selected f ions: (1) Hole filling. The suppression of T¢ in the
RBayCu3O7 series was initially attributed to the presence of a tetravalent ion at the R site that
would effectively transfer charge density according to:

R3+BayCus2+Cu3+07 — R+*BayCu3z2+07,

thereby filling the holes on the CuQO planes that are responsible for superconductivity.
Whereas this mechanism does not play a significant role in the T suppression observed in
PrBayCu307, it has been subsequently used to understand other Ce and Am compounds. (2)
Hole localization, (3) Hybridization of 4f with oxygen 2p orbitals. The latter two
mechanism are sometime combined4, and (4) Magnetic-pair breaking6. Whereas each of
these theories can explain some aspects of the available data, a comprehensive understanding
of T, suppression by selected f ions has yet to emerge.

The ability of select f-ions to sometimes suppress superconductivity is the subject of
this article. In an effort to clearly delineate the effects of R substitution on T¢, we have
undertaken a systematic study of f-ion substitutions into three different high-T, series,
RBajyCu307, RpCuOy4 and PbrSroRCu30g. Herein we present a summary of our results.
We focus the discussion on results from the R ions that have shown to behave anomalously,
that is Ce, Pr, Tb, Am and Cm. A more general review of the overall aspects of our work is
presented elsewhere 7. We begin by reviewing relevant chemical and electronic properties of
these f-ions, then we present results from the relevant analogs of the three systems that we
studied, and follow these results this with a discussion of the systematics that have emerged
from this study.

CHEMICAL AND ELECTRONIC PROPERTIES OF f{-IONS

The f-ion has three characteristics of importance relative to it's influence on
superconductivity in high-T. oxides: (1) the chemical behaviour of the ions, which includes
ion size and valence stabilities, (2) electronic behaviour, including both single ion and
bonding properties and (3) the single-ion and collective magnetic properties. These will be
discussed in turn.

The rare-earth ions, excluding Y, La and Lu, have partially filled 4f-states. The f-
orbitals are not effectively screened from the nucleus, therefore their ionic radii decrease
across the lanthanide series, as shown in Table II. This decreasing size with increasing
atomic number, the lanthanide contraction, effectively buries the valence f-orbitals in the s-,
p-, and d-electron density. As a result, the f-electrons are localized, and the f-orbitals are not
readily available for bonding or interactions with surrounding near-neighbour ions. Their
electronic properties are predominantly influenced by electrostatic interactions and they can be
treated within single-ion models. Ce3+ has the most exposed f-orbitals, which are thought to
sometimes hybridize with ligand orbitals resulting in novel electronic properties, including
heavy-fermion behaviour and the Kondo effect8-9. The ions heavier than Nd are generally
considered to behave as trivalent ionic spacers, and the f-states are often treated theoretically
as core states. For the most part, the chemistry of these elements is determined by the size of
the ion.

o




Table I. Superconducting CuQ series based on R substitutions. Single phase isostructural
compounds form except where listed as a parenthetical exception, in which case isostructural

member does not form.

Series R Exceptions Approx. T,
X
RBa;Cu307 Y,La-Yb, Cm (Ce), Pr, (Tb) |92
RBa;Cu403 Nd-Er (Th) 51-84
Ri.85M 15Cu0Oy4 Pr-Eu, Cm; Cm 24
M=Ce4+ Th4+
Pb,Sr2R 5Ca 5CuzOg La-Tm, Am,Cm |Ce, Am, Cm <84
BizSraR 5Ca 5Cuz03 Y, Nd-Tm <85
(R1.5Ce 5)Sr2CuaNbO;4 | Pr-Eu Pr 51-84

Table II. The standard electrode potentials, EO, for the reduction of the tetravalent to the

trivalent valence state10, The higher the number, the more stable the trivalent relative to the
tetravalent state. Also listed are the trivalent ionic radii for a variety of lanthanidel1 and

actinide!2 jons.

4f Element | Radius. 3+ | Reduction j5f Element | Radius 3+ | Reduction
(A) Potential (A) Potential
(eV) (eV)

La 1.160
Ce 1.143 1.7
Pr 1.126 3.1
Nd 1.109 5.0 U -0.52

. Np 0.15
Sm 1.079 Pu 1.0
Eu 1.066 Am 1.11 2.4
Gd 1.053 Cm 1.10 3.2
Tb 1.040 3.2 Bk 1.08 1.7
Dy 1.027 5.2 Cf 1.08 3.2
(Y) 1.019
Ho 1.015
Er 1.004
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Whereas the predominant oxidation state of the lanthanide series is trivalent, selected f-
ions are redox active under favourable conditions. Ce, Pr and Tb have energetically
accessible tetravalent states in oxidic systems. Ce is the most easily oxidized with a
comparatively stable 4+, tetravalent state. A variety of complex oxides containing Ce4+ are
known!3. Prand Tb also form complex oxide compounds in their tetravalent states, the
latter of which is isoelectronic with Gd3+, and has a half-filled f shell. The relative stabilities
of the tetravalent states of lanthanides are compared in Table II. These data are obtained
electrochemically in non-complexing solutions. We argue that although the exact reduction
potentials may not be valid in our complex oxides, the trends established by these data are
followed. In other words, within an isostructural series, Ce is the most likely to be
tetravalent, with Pr and Tb exhibiting similar behaviour.

The actinide series is the 5f counterpart of the lanthanides series, with partially filled 5f
states. Whereas an actinide contraction exists across this series for the same reasons as the
lanthanide contraction, the effect is not as important. The 5f orbitals are not as buried in the
core-electron density. This is demonstrated by the comparison of Pr3+ (4f2) with Cm3+ (57)
shown in Figure 1. It is clear that although the ionic radius of Cm3+ is slightly smaller than
that of Pr3+, the 5f valence orbitals on Cm extend radially further from the nucleus than do
their 4f counterparts. The result is that Cm3+ and Am3+ are expected to have valence f
orbitals that are more influenced than the 4f ions by their surrounding ligands. The 5f
orbitals are more able to hybridize effectively with ligand orbitals than the valence 4f orbitals
in the lanthanide series.

The chemistry of the actinide elements is much more complex than that of the
lanthanides10. The lighter actinides have multiple oxidation states accessible in both solution
and in the solid state. Whereas stable trivalent and tetravalent states are reported for all the
ions from Th-Bk in solid oxides, Am and Cm are the only two ions that are expected to form
isostructural members of a R-CuO series. Elements lighter than Am are expected to reduce
Cu during synthesis, and therefore not form the desired compounds. Higher Z elements are
expected to show effects of radiation damage that vitiate property characterization.

Figure 1 The radial distribution of the f-electron density of Pr3+

(4f2) is compared with that of Cm3+ (47). The vertical lines at 1.10
and 11 %I2)6 represent the ionic radii of Cm and Pr respectively (see
Table




RESULTS
RBa;Cu307

This series has been extensively studied. The substitution of R results in isostructural
compounds for R=Y, La-Yb (except Ce,Pr, Tb) and Cm. The Ce and Tb analogs do not
form single-phase materials, and studies of substitutions into bulk YBa;Cu307 show very
limited stability ranges for both ions. The range of phase stabilities of Ce and Tb in R;.
x YxBa2Cu307 increase when samples are made as thin films, into which it is possible to
substitute to concentrations of x < 0.3 for Ce and x < 0.7 for Tb 14, Resistivity data from
these thin films show that T, is suppressed with increasing x for both Ce and Pr, whereas T,
remains constant with x for the Tb samples through the substitutional range. These data are
summarized in Figure 2.

Figure 2. The resistivity of R;.xYxBayCu30O7 thin films as a

function of x for R = Ce, Pr and Tol4, Circles represent Ce data,
squares Pr data and triangles Tb data. Data available over range of
phase stability.

Very little work has been done on Ce;.xYxBazCu3O7. Attempts to prepare samples
even at low doping levels results in the production of BaCeO3, a stable perovskite phase that
forms easily under the synthetic conditions required to form the superconductor. The work
on thin film samples 14 provides evidence of T, suppression, but there is little
characterization on the oxidation state of Ce in this sample. Bulk samples of
Ce 2 Y gBapCu307 have been studied using x-ray absorption near-edge structure (XANES)15
spectroscopy, and have been shown to contain primarily Ce4+. Further work to characterize
Ce in this series would be useful.

A variety of experiments have been centered on the Tb oxidation state and hybridization
in Tby_x YxBayCu3z0O7y 16,17 An analysis of neutron diffraction data on a x=0.1 sample
reveals that Tb is incorporated into the sample, substituting at the Y site. There are no
anomalies observed in the lattice constants or in the planar-oxygen thermal parameters
determined from the neutron data. This result would be expected if Tb is trivalent because




their Y3+ and Tb3+ have very similar ionic radii, as shown in Table II. However the low
concentration prohibits the determination of a Tb oxidation state from Tb-O distances alone.
Paramagnetic susceptibility data also suggest that Tb is trivalent. An effective moment of
Mefr=(9.8+0.3)up was determined by fitting experimental data. This measured moment
compares with free-ion effective moments of 9.72up and 7.94 ug for the Tb3+ and Tb4+
respectively. Further support for trivalent Tb in this material is obtained from a calculation of
the single-ion paramagnetic susceptibility for comparison with experiment. Assuming a
sublattice of non-interacting Tb ions with a valence of 3+ and no significant hybridization,
the effect of the crystal-field generated by the ions surrounding the Tb was modeled using
crystal-field parameters interpolated from other RBayCu3zO7 compounds 17_ Including J-
mixing and intermediate coupling effects, the single-ion susceptibilities were calculated as a
function of temperature, and agree very well with the measured values. For comparison,
Tb4+ has a spherically symmetric 3S7/, ground term that is not affected to first order by the
crystal field, and therefore the free ion susceptibility is the best value to compare with
experiment. It is clear that the magnetic data favor model in which Tb is trivalent in Tbj.
x YxBagCu3O7. This result is further confirmed by the x-ray absorption near-edge (XANES)
data shown in Figure 3. A comparison of the Tb L3-edge data from Tb;.x YxBayCuzO7 with
appropriate trivalent and tetravalent standards demonstrates that Tb is essentially trivalent
when substituting for Y in this structure, confirming the analysis of the diffraction and the
magnetic susceptibility results.

Figure 3. Tb L3-edge x-ray absorption data from Tbj.
xYxBayCu307 (solid line) are compared with a Th3+ standard,
TbCls, and a Tb#* standard, SrTbO3. These data were obtained

through electron-yield detection at ambient temperature 17,

The incorporation of increasing amounts of Tb into Y_xTbxCu3z07 does not influence
the superconducting properties of the material. The suppressed T previously reported for
TbBayCu307 arose because the sample is not single phase. The stability of BaTbO3
interferes with the formation of the superconducting material. However, when Tb is
incorporated into the RBapCu307 structure, it is trivalent, and it does not suppress
superconductivity.




The mechanism involved in the suppression of superconductivity by Pr in PrBayCuz 07
is complex and is a central focus of the issue of T suppression by f-ions in high-T. oxides
3,18,19, Initially it was argued that T, suppression occurred through hole filling, and that Pr
was mixed valent or tetravalent. This argument is supported by the chemistry of Pr, which is
known to have stable trivalent and tetravalent states in oxidic systems. Initially magnetic
susceptibility data were also used in support of mixed-valent Pr. Pr in PrBapCu307 has a
measured paramagnetic susceptibility that is intermediate between the free ion values of the
trivalent and tetravalent ions.

Inelastic neutron scattering (INS) has been used extensively to characterize the
electronic properties of the Pr f states in PrBaZCu3O77’2O‘25. Whereas there are minor
discrepancies about some of the peak assignments, the overall conclusions are clear. The
data clearly show that Pr is trivalent in this compound. The linewidths of the magnetic peaks
are unusually broadened in the spectra, indicating either static or dynamic processes are
influencing the Pr electronic states. This effect is clearly demonstrated by a comparison of
the INS data from PrBa;Cu30O7 with those obtained form ProCuOQy, shown in Figure 4.
Despite the line broadening, it is clear that the INS data are consistent with a trivalent Pr ion
that has a 3Hy electronic ground level. This ground level is split by the orthorhombic
symmetry into 9 singlets that are well represented by a crystal-field model similar to that

Figure 4. A comparison of the INS energy loss spectra obtained
from (a) PrBazCu307 and (b) PrpCuQ4. Both data sets were taken
on the same spectrometer with the same experimental parameters.
Solid line in (a) are data from YBayCu307 to show the contribution
from phonons over the same energy range. The * at zero energy
transfer in (b) indicates elastic scattering.




found for other R in this compound”-20. The crystal-field splitting determined by fitting
these data is somewhat unusual, in that there are two excited-state singlets within 4 meV of
the ground state, with the next excited state located about 45 meV higher in energy. This
splitting is depicted in Figure 5. The splitting of the ground level into a "pseudo-triplet”
ground state, which is isolated from the higher states, results from the nearly cubic R-site
symmetry. The magnitude and temperature dependence of the magnetic susceptibility can be
entirely accounted for by this electronic structure of Pr3+20. The calculated effective moment
of 2.8up agrees well with that measured experimentally, and is significantly reduced from the
free ion value of 3.58pp. There is no need to invoke mixed-valent behaviour to understand
the susceptibility data. The reduced effective moment, together with the saturation moment
of 0.79%up, measured in the ordered state26:27 are understood in terms of a renormalization
of the pseudo-triplet state?2.

Figure 5. A comparison of the splittings of thePr3+ 3H4 ground
term by the crystalline-electric field (CEF) generated at the R site in
the RBaCu3z07 (123), RoCuOy4 (214), and Pb2SrsRCu30g
(PSYCOQ) structures 7. Solid lines represent singlet states, dotted
lines represent triplet states.

The majority of data suggest that Pr is trivalent in PrBaZCu3O77’19, thereby arguing
against a charge-transfer, hole-filling mechanism for the suppression of T.. The strongest
supporting evidence in favour of a charge transfer model to explain suppressed a T¢ in
PrBayCu3O07 comes from studies involving Ca substitution. A study of the superconducting
behaviour of the solid-solution series Y;.x.yCayPryBazCu307 shows that the substitution of
Ca?+* for Pr restores superconductivityzs. The argument presented is that Pr*+ removes
holes from the CuO planes, which are subsequently restored by the addition of Ca2+. Even
more convincing is the report of superconductivity in the thin film Pr sCa sBapCu307 at 43
K29. As we will point out our discussion of results from Pb;SroPr 5Ca 5Cu30g, there is an
alternate explanation to hole filling that is consistent with the presence of Pr3+30,




The only other isostructural member of the RBa;Cu3Q7 series that can be made single
phase but is not superconducting is the R=Cm analog3!l. X-ray diffraction data on
CmBa)Cu307 can be indexed on the Pmmm orthorhombic structure seen for the Y analog.
The lattice constants are the same, within experimental error, as those obtained from
PrBayCu30O7. The inverse susceptibility is plotted as a function of temperature in Figure 6.
There is no evidence of superconductivity over the temperature range studied, that is down to
10 K. The effective moment, determined from the slope of the inverse susceptibility, is (8.9
+0.4) up. This high moment implies the full Cm3+ valence because Cm#+ has no magnetic
moment, assuming Russell Sanders coupling (L=3; S=3; J=L-$=0)32. An expanded view
of the low temperature behaviour is shown as an inset in Figure 6. The inflection in this data
has a very similar appearance to that observed for the Pr analog 26 where neutron diffraction
was used to show that the Pr moments order. Thus, the shape of the curve, together with the
linearity of the M vs. H curve at 12 K in fields up to 5 T, suggests antiferromagnetic ordering
of the Cm moments at 22 K.

Figure 6. The inverse magnetic susceptibitiy of CmBayCu3z07
plotted versus temperature (a Curie plot). There is no evidence of
superconductivity down to 4 K. An expanded view of the
susceptibitiy in the low temperature range 10-50 K is shown in the
inset. We interpret the cusp at 22 K as an indication of long-range
magnetic ordering of the Cm moments.

Although CmBasCu307 forms a single-phase member of the RBayCuzO7 series, it
does not superconduct. It is clear that Cm is trivalent in this compound, ruling out a charge
transfer model. In addition, the Cm magnetic moments order at an unusually high
temperature compared to the other isostructural RBayCusO7 compounds, except the R=Pr
analog.

R2CuOyq

The RaCuQy4 series of compounds is isostructural for R=Pr-Gd and Cm. They
crystallize with the K;NiF4-related T'-structure33 »34, which provides a significantly
different crystal-field environment at the R site than found in the RBayCu307 or the
PbaSraRCu30g series’. In addition, the magnetic transitions between states within the




ground multiplet are markedly different for Pr in ProCuO4 compared with Pr in PrBa;Cu307,
as observed by inelastic neutron scattering, As shown in Figures 4, the transitions for the
former compound are narrow. resolution limited, whereas those seen for the latter compound
are very broadened. The sample qualities, as judged by x-ray and neutron diffraction, are
comparable. The line broadening seen for the PrBa;Cu3O7 is attributed to a dynamic,
lifetime effects, perhaps resulting from interactions with the Cu spins 7. In addition to
differences in linewidth, the magnetic transitions in these two materials occur at much
different energies, as seen by the comparison of the splitting of the Pr3+ ground term in the
R-site environments provided by the different structures. Pr3+* in the RoCuO4 compound has
an isolated-singlet ground state, in contrast to the RBayCu307 and PbySroRCu3Og materials,
in which Pr has an isolated pseudo-triplet ground state. This difference in ground state
electronic properties manifests itself in the magnetic behaviour of Pr in these three structure
types. ProCuOy4 has only a very small moment at low temperature, 0.08pg observed by
neutron diffraction 33, This moment is induced by the ordering on the Cu sublattice. There
is no evidence of long range ordering of the Pr sublattice, in contrast to the other two series,
in which the Pr analog orders at an anomalously high temperature with respect to other R in
the same series. The Nd moments in RoCuQ4 order at about Tny=1.3 K33 , IN=5.95 K for
the R=Sm30, Tn=6.5 K for the R=Gd37 and Tn=25 K for the R=Cm33-39 analogs.

Superconductivity is achieved by replacing R3+* by Ce#t (or Th4*) to form
R1,35Ce_15CuO434, such that the superconducting carriers are electrons. The R ions Pr-Sm
all form single-phase superconductors with T¢'s of about 24 K. The solubility limit of Ce in
the Gd analog is less than that required to induce superconductivity, which accounts for the
absence of a transition in this material. The Pr analog has superconducting properties
indistinguishable from other members of the series. In contrast, the Cm analog
Cmj 83Th. 17CuO4 does not superconduct, although it is isostructural with the other T'
compounds38’39. Instead, the antiferromagnetic ordering of the Cm moments is depressed
from 25 K in the parent compound to 13 K for the Th-doped material, as shown in Figure 7.
The effective moment obtained for Cm in both the parent and the doped compound is
(7.8920.5)up, which compares well with the free ion moment of Cm3+.

In summary, Rj g3Ce 17CuQ4 superconducts when R=Pr, but not when R=Cm. Both
Pr and Cm are trivalent in this series. Pr has no local magnetic moment, whereas Cm as the
full 7.89up associated with the trivalent s-state ion. These Cm moments order at
anomalously high temperatures.

Pb2Sra2RCusOg

The Pb-based series of compounds, Pb;SrpRCu3Qg, form for R=Y,La-Lu, Am, and
Cm. This series is of considerable interest because the Ce, Pr and Tb analog all form, and
therefore provide an ideal opportunity to study the effects of selected f-ions on
superconducting properties. These compounds are essentially isostructural 40 with only
slight distortions from the basic orthorhombic structure?!-42. The R environment in
PbaSrRCu30yg is very similar to that found in the RBa;CuzO4 series#3. These materials are
made superconducting by replacing 50% of the R3+ by Ca2*. The excess holes are
transferred to the CuO planes thought to be responsible for superconductivity.
Superconductivity in these materials are reported as high as 84 K in single crystal samples,
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Figure 7. (a) A Curie plot of the magnetic susceptibilty data
obtained from CmyCuOy4. The effective moment obtained from
these data is consistent with that expected for the Cm3+ free ion. (b)
An expanded view of the low temperature susceptiblity. The cusp at
25 K is indicative of antiferromagnetic ordering of the Cm moments.
This ordering has been confirmed by neutron diffraction. (c) The
low temperature magnetic susceptibility of Cmj g7Th 13Cu0Q4.
There is no evidence of superconductivity in this sample. The cusp
in the susceptibility has moved down to 13 K from 25 K in the

parent compound with the introduction of 8.5 % diamagnetic Th4+.
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with somewhat lower temperatures reported for powder samples synthesized by solid-state
techniques. All the samples, including the R=Pr and Tb analogs can be made
superconducting except for the R=Ce and Am analogs, which do not superconduct down to
the lowest temperatures measured (4 K)41’44. The magnetic responses, as a function of
temperature, for the R=Ce, Pr, Tb, and Am analogs are shown in Figure 8. The Tb analog
has a Tc(onset)=71 K, which is typical of other R analogs including R=Gd, Ho, and Er
samples that have been made by the same synthetic route. Whereas the R=Pr analog is also
superconducting, its T is depressed by 10 K relative to the other superconductors in this
series.

Figure 8. The low-field magnetization versus temperature data
obtained from polycrystalline compounds of PbySraR 5Ca sCu30g
for R= Ce, Am, Pr, and Tb. These data show superconducting
transitions for the R=Pr and Tb samples. There is no evidence of
superconductivity in the R=Ce and Am samples.

The Am and Ce compounds do not superconduct down to 5 K, the lowest temperature
measured. The structural and electronic behaviours of both of these compounds have been
studied in detail #1:44 A comparative list of the lattice constants and R-O bond distances is
provided in Table III. Both the Ce and Am analogs have R-O distances that are shorter than
expected by comparison of other ions with similar trivalent ionic radii, suggesting that these
ions may be tetravalent in this host. This suggestion is confirmed by an analysis of the
XANES data shown in Figure 9. These edge spectra clearly show that Ce and Am are
tetravalent. Magnetic susceptibility data obtained from PbsSrpAmCu3Og support this
conclusion. Neither of these samples show any indication of magnetic ordering down to the
lowest temperature measured.

The absence of superconductivity in PbySryCe sCa sCu3zOg and
Pb2SraAm 5Ca sCu30g can then be understood in terms of charge transfer from Ce or Am to
the CuO lattice. The reduced charge on the CuO planes, confirmed by Cu K edge XANES#!
(not shown), can account for the absence of superconductivity. Ca?* substitution, which
increases charge on the CuO sublattice, cannot be accomplished to high enough
concentrations to sufficiently increase the charge on the CuO planes. It is argued that the
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Table III. Lattice parameters (a, b, and c), cell volumes, and R-O near neighbour distances
in PbpSroRCu30g. Structural data (except for R=Am) were obtained from refinement of

powder neutron diffraction data based on the space group Cmmm?!. The lattice parameters
for the R=Am data were obtained from analysis of powder x-ray data, and the R-O bond

distance was obtained from fitting EXAFS spectra44‘

R a(A) b(A) c(A) Volume (A3) [R-O(A)
Y 5.3943(1) |5.4337(1) [15.7251(2) |460.93(1) 2.3989(1)
Ce 5.4312(1) |5.4741Q2) |15.8238(4) |470.45(2) 2.4857(2)
Pr 5.4449(1) |5.4836(1) |15.7982(3) |[471.70(1) 2.4909(1)
Tb 5.4033(1) |5.4433(1) [15.7325(3) |462.72(1) 2.4213(1)
Am 5.411(3) 5.459(4) 15.822(8) | 467.4(5) 2.22(7)

Figure 9. (a) A comparison of the Ce L3-edge XANES from a trivalent standard (CeF3)
and a tetravalent standard (CeQ3) with data fromPb;Sr;Ce;_xCaxCu3QOg for x=0 and 0.5.

The similarity of the edge features of the CeO and the two Pb-based samples reveals that Ce
is tetravalent in the latter compounds.

concentration of holes on the CuO planes is not sufficient to permit superconductivity. T¢ in
these two compounds is suppressed by a simple charge-transfer mechanism.

As seen from Figure 8, PbSrpTb 5Ca sCu3Og is superconducting below 71 K. L3-
edge XANES measurements, shown in Figure 10, demonstrate that Tb is trivalent. Inelastic
neutron scattering data support this conclusion. Crystal-field modeling of the data, using the
crystal field scheme derived from work on the R=Ho and Er ana]ogs“?”45 , has been used to
determine the splitting of the Th3+ 7Fg ground multiplet46. The wavefunctions, energies and
symmetries of the crystal-field states are used to calculate the magnetic properties of the Tb
analog. The strong anisotropy in the magnetic response from a single crystal of
szsrgTbCu3Og46 is well reproduced by the calculations. However, the observed
¥ (parallel) deviates considerably for the calculation at temperatures below about 120 K, as
does the powder data, shown in Figure 11. For comparison, the figure also includes data
obtained from a 5%Tb in Y sample, PbaSraTb g5Y 95Cu3Og. It can be seen that the
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susceptibility data obtained from the 5% Tb compound are very different from those obtained
from the pure R=Tb sample, and that the data from the magnetically dilute sample agree very
well with the calculated susceptibility. We interpret this behaviour to the effects of Tb-Tb
spin interactions that persist to very high temperatures. These interactions are strongly
suppressed in the diluted system. Support for this observation comes from the unusual
temperature dependence of the INS elastic line 46, Both the magnetic susceptibility and the
INS data show deviations from expected single-ion behaviour at temperatures less than 120
K. Neutron diffraction experiments47 on the parent compound reveal a quasi two
dimensional (2D) phase with finite antiferromagnetic correlations along the c-direction
together with a three dimensional phase with ferromagnetic correlations along the c-direction.
The co-existence of the two phases is likely to be related to structural imperfections such as
stacking faults, strains, oxygen disorder or cation vacancies. The PbpSryTb 5Ca 5Cu3zOg
sample, which has a superconducting critical temperature of 71 K, also exhibits a quasi 2D
magnetic ordering of the Tb sublattice with a finite ferromagnetic correlation along the c-
direction. These magnetic correlations are more than an order of magnitude higher than seen
in any related system, as well as much higher than the two-dimensional long-range ordering
temperature of Tn=5.3 K 48 for the parent compound. This unusual behaviour is
understood in terms of the highly two dimensional nature of the lattice combined with the
strongly Ising-like magnetic properties.

Figure 10. Tb Lj-edge XANES from Pb;SrpTbCuszOg are
compared with a trivalent standard (TbCl3) as well as mixed
trivalent and tetravalent (Tb4O7) and tetravalent (SrTbOs) standards.
The comparison demonstrates that Tb is trivalent in the Pb-based
sample.

The Tb moments in PbySrpTbCu3Og order at a high temperature relative to the other
members of the series, except the Pr analog. For example, the Gd moments order at Tn=2.3
K49. The relatively high Neel temperature found for the Tb moments in PbSroTbCu30g is
understood in terms of the effects of a small molecular field on the quasi-doublet ground
state?’. A large longitudinal transition strength strongly enhances the susceptibility in the c-

direction and suppresses the perpendicular susceptibility, relative to an isotopic ion such as




Gd, in a similar environment. There appears to be no need in the Tb case for any additional
exchange interactions or hybridization to explain its unusually high Ty in these double-layer
cuprates.

The Pr analogs of the Pb2Sr2R1.xCaxCu3zOg series provide unique information on the
role of Pr in suppressing high T superconductivity. Pb;SrpPrCuszOg is isostructural with
the other members of this series. Pr in this compound sits in a site structurally very similar to
that of Pr in PrBapCu307. The parent compound exhibits semiconducting behaviour and has
a magnetically ordered Pr sublattice below Ty = 5.8K50’51, which is a higher Ty than that
observed for PbySryGdCu30g, but lower than the Tn=17K observed for PrBayCu30729.
The magnetic ordering temperatures of the Gd analogs of these two compounds are
comparable. The magnetic structure at low temperature, determined from neutron diffraction
experimentssz. is similar to that observed for the Tb analog The saturation moment of
1.430.4up for Pr is slightly larger than the 0.79£.04pp found in PrBa;Cu307.

Figure 11. A comparison of the susceptibilities measured from
powdered samples of PbySroTbCuzOg (open circles) and the
magnetically dilute sampe PbySr2Tb g5Y 95Cu30g (full circles).
These data are compared with single-ion CEF calculations (solid
line). :

The INS data from PbaSroPrCuzOg reveal the expected similarities for the electronic
properties of Pr in this and the PrBayCu307 structuresz, The magnetic-scattering lines are
significantly broadened over that expected from the experimental resolution, as is
demonstrated in Figure 4 for PrBa;Cu307. Overall, the splitting of the Pr3+ 3Hy4 ground
level is similar in both materials, including the splitting of the lowest three singlets. The
splittings of the Pr3+ ground levels for the various compounds of interest herein are depicted
schematically in Figure 5. There overall splitting is about 4 meV in both materials, and they
are well isolated from higher energy states, resulting in a quasi-triplet ground state, that
renormalizes at low temperatures to result in a local, ordered moment on Pr 22,52

In order to induce superconductivity, it is necessary to replace approximately 20-80%
of the Pr3+ in PbpSrpPrCu3Og with Ca2+. The holes introduced by this substitution reside in
the CuO planes, and are the superconducting carriers. Pb2SroPr 5Ca sCu3Og is a




superconductor similar to the other R members of this series, except that T¢ is about 60K,
reduced by 10K from the other members of the series. The long-range ordering of the Pr
moments is suppressed by this substitution.

In addition to the effect that the Ca?* substitution has on the electronic properties of the
CuO sublattice, it also has an effect on the single-ion electronic properties of the R ions. This
has been explicitly demonstrated for Ca substitution in PbZSrzErCU30845, where the Er
states are shown to broaden and slightly shift in energy with Ca substitution. This change in
the Er states is understood to result from a statistical distribution of Ca second near
neighbours, which slightly modifies the CEF potential. A comparison of low energy INS
data obtained from undoped and doped PbySroPrCu3Og, shown in Figure 12, reveals a
similar effect in this case. The effect of Ca substitution on the Pr INS data is to broaden the
magnetic peaks, and to shift the magnetic scattering of the quasi triplet to higher enérgies.
This increased splitting of the quasi triplet with Ca substitution could be interpreted as
effectively reducing the number of magnetic Pr ions, or as an increase of the average CEF
splitting and therefore a reduction in the average magnetic moment on the Pr ions. This result
is extremely important because it demonstrates that the role of Ca substitution is more
complex than initially understood. Not only does Ca substitution alter the number of carriers
in the CuO planes, it also alters the single ion magnetic properties of the R ions, which we
argue can have a significant influence on the bulk properties exhibited by the material.

Preliminary data are available on PbaSroCmCu30g. X-ray powder diffraction data
show this compound to form as a single phase material, with lattice constants very similar to
those obtained from the Pr analog under similar conditions3. Susceptibility data as a
function of temperature show a cusp at 15 K, which is attributed to antiferromagnetic
ordering of the Cm sublattice. Neutron diffraction measurements are planned to confirm this
finding.

Figure 12. A comparison of detail-balance corrected INS energy spectra obtained from
Pb,SraPry_xCaxCu30g for x=0 and 0.5. Data are normalized per mole Pr ions at 20 K. (a)
Low energy transfer region shows sharply lower intensity for the x=0.5 sample. (b)
Magnetic scattering of the x=0.5 sample is seen to extend out to higher energies. These data
indicate that the ground state splitting of Pr in this materials is influenced by the incorporation
of Ca. The energy splitting of the pseudo-triplet ground state, about 4 meV for the x=0
compound, is expanded to about 14 meV in the Ca-doped sample
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DISCUSSION AND CONCLUSIONS

The results of this systematic study on the Ce, Pr, Tb, Am and Cm analogs of the three
superconducting series RBa;Cu3z07, R3.xMCuOy, and PbySrR | xCayCu3Og are
summarized in Table IV. These results can be divided into 4 main categories: (1) compounds
that do not form, i.e. CeBapCu307 and TbBayCu307; (2) compounds in which R is
tetravalent, i.e. PbsSraCe;.xCaxCu3Og and PbpSrpAmy_xCaxCusOg. T¢ is suppressed in
these compounds; (3) compounds which form the correct phase, R is essentially trivalent,
and T, is suppressed, i.e. PrBa;Cu307, CmBaCu307, CmaCuO4 and PbySroCmCuzOg;
and (4) superconducting compounds, i.e. Pri g2Ce 13CuO4, PbySr2Pr 5Ca 5Cu30g, and
PbsSryTb 5Ca sCusOg. It is informative to compare and contrast these categories.

Table IV. A summary of the work presented herein. For full references, see text.

Yi1.xRxBazCu307 R1.85M.15CuOy Pb,Sr2R1.xCaxCu3zOg
Te =92 K Te=20K T.=80 K
4+ (x<0.1) Does not form 4+

Ce suppresses T suppresses T¢
3+ x<1) 3+ 3+

Pr suppresses T¢ normal T, lower (T=60K)
Tn=17K Tn=6K
3+ (x=0.3) Does not form 3+

Tb normal T¢ isostructural phase normal T,

Tn=53K

BaAmOs3 + CuO AmO; + Cu0 4+

Am suppresses T¢
3+(x<1) 3+ 3+

Cm suppresses T suppresses T,
Tn=21K Tn=25K (Ty=15K)

There are several compounds in which T, appears to be suppressed by the f-ion. For
those compounds in which R is tetravalent, PbySryCe.xCaxCu3zOg and PbySroAmy.
xCaxCu30g, the mechanism for T, suppression is expected to be one of simple charge
transfer and resultant CuO hole filling. This proposed mechanism is supported by
experimental results for PbySrpCe; .,(Ca,(Cu;;Og4 1

For the case in which R is trivalent but T, is suppressed, the situation is much more
complex, but several trends emerge. This category is restricted to samples that contain either
Pr or Cm. These ions have similar ionic radii, similar 4+/3+ redox couples (see Table II),
and they both have f-orbitals whose radial extent permits limited hybridization with
neighbouring ligand states. Cm3+ (5f7) is an s-state ion and therefore it has a large magnetic
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. moment that is unaffected to first order by crystal-field effects32. Cm suppresses
superconductivity in all the compounds in which it is incorporated. In addition to
suppressing superconductivity, the local moments on Cm also exhibit long-range ordering at
temperatures an order of magnitude higher than superconducting members of the same series,
as shown in Table IV.

Pr3+ also suppresses superconductivity. It has a 4f2 configuration with single-ion
magnetic properties that depend significantly on the details of the crystal field magnitude and
symmetry. For orthorhombic or lower site symmetry the 3H4 ground level is split into 9
singlets. The details of this splitting play a central role in determining the single-ion and
collective properties of samples containing Pr. The relative energies of the singlet states in
PrBa2Cu3Ox and Pb;SryPrCuszOg are such that there is an effective ground-state triplet that
is isolated from other, higher energy singlets. The result is that Pr3+ has an effective moment
that is reduced from its free-ion value, and an ordered saturation moment at lower
temperatures. Like Cm, the Pr analogs of these two compounds have Neel temperatures that
are nearly an order of magnitude higher than those for the superconducting members of these
series. In contrast to this behaviour, ProCuO4 has an isolated singlet ground state, no local
moment at low temperature, and it is superconducting when appropriately doped. These
results suggest that Pr suppresses superconductivity only when it has a local moment.

The influence of a Pr local moment on superconductivity is explored with the work on
Pb2SroPri-xCaxCu30g. The data demonstrate that when x=0, the Pr ground multiplet is
similar to that found in PrBapCu30x. The Pr-Pr magnetic interactions are sufficiently strong
that magnetic ordering is induced at 6K in the undoped x=0 compound; an ordering
temperature comparable to that found for PrBapCu30g with TNzIOK54. When Ca replaces
some Pr in the Pb-based compound, the average splitting of the Pr3+ pseudo-triplet is
increased, as evidenced by INS data shown in Figure 12. We argue that
Pb2Sr2Prg.5Cap.5Cu30g superconducts, but T, remains slightly suppressed because the
pseudo-triplet splitting is not large enough to remove all moment from the ground state.

This analysis of the electronic and magnetic properties of Pr in the RBa2Cu307, R2-
xCexCuO4, and Pb)Sr2R1-xCaxCu30g, taken together with the data on the Cm analogs of
these materials provide a platform on which to build a fundamental understanding of the
selective suppression of high-T. superconductivity. The relevance of the magnetic ground
state, specifically the size of the quasi-triplet ground-state splitting, to T, suppression may
affect the f-state hybridization with the CuO band states. It is possible that an increased
quasi-triplet splitting may inhibit an effective hybridization between the 4f- and the CuO
states. A non-magnetic singlet may not be able to hybridize effectively with the CuO states.
Such effects are well known in Kondo systems, in which the CEF energy splitting can
compete with the Kondo hybridization55 . Of the f-ions that form superconducting or related
phases, Pr and Cm have the most extended occupied f-orbitals, relative to the outer p- and d-
orbitals, which allows them to most effectively hybridize with the CuO states. However, this
alone is not sufficient to suppress superconductivity, as evidenced by the superconductivity
observed for Pri 8§5Ce 15CuO4. In addition, there must be unpaired spins in the
hybridizing states. We argue that it is the magnetic moments in hybridizing states that interact
with the CuO states to suppress T.. Whereas to date there is no direct information on the
hybridization strength in these systems, this argument is strongly supported by the high
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magnetic ordering temperatures observed for all Pr and Cm compounds that do not
superconduct.

" The theory of hole localization proposed by Fehrenbacher and Rice? can explain
selected x-ray absorption and optical reflectivity data. However, the proposed admixture of
50% Pr+3 (4f2) and Pr+4 (4f 1) is not consistent with the overall INS results. The magnetic
data from Pr is well understood in terms of Pr3+ ions only. The Cm data are even more
definitive in this regard (Leff(Cm3+) = 7.94uB; Meff(Cm4+) = OuB). Certainly it has not
been demonstrated how a mixing of Pr3+ and Pré+ can explain the high ordering
temperatures of the Pr and Cm moments. In contrast, the theory developed by Guo and
Temmerman® is consistent with the results discussed herein.

Of the 4 mechanisms often proposed to explain the suppression of superconducting in
PrBayCu307, it is clear that simple charge transfer is not sufficient Although a full
understanding of the fundamental mechanism for the suppression of T in these systems is
yet to be attained, the current results clearly point toward the central role played by magnetic
interactions. Further progress on this problem may necessitate an understanding of
interactions responsible for high temperature superconductivity.
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