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We present an infrared transmission® Prcrystal-field study of as-grown, reduced, and oxygenated
Pr,_,CeCuQy. ; single crystals and thin films. Excitations from the ground-state multifigtto the 3Hs,
3Hg, °F,, and®F; excited multiplets are observed in all samples. In addition to thé Regular sites, which
remain unperturbed following the cerium doping or the oxygen content modificatiohis sPes are detected.
A precise set of crystal-field parameters, which reproduces the energy and the symmetry of the levels, is
determined. The reduction process, which drives the electron-doped cuprates superconducting, is discussed in
detail and scenarios for the reduction mechanism and induced vacancies are proposed. In contrast to the
common belief, the apical oxygen, which is clearly detected in all samples, is not removeg4Ber;Cu0,
following reduction. This observation questions the role attributed to the apical oxygen removal in triggering
the superconductivity.
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[. INTRODUCTION various physical properties of the high-temperature super-
conductors(HTSC) and their parent compound§.Particu-
Electron-doped compounds RECgCuO, (RE— larly, Raman scattering and infrared transmission spec-

rare-earthbecome superconducting when annealed under ragroscopies have proven to be valuable techniques in the
ducing conditions that remove oxygen. A controversy stilldetermination of the rare-earth CF excitations in both
remains on which oxygen atoms are displaced during reduelectron-dopeti*? and hole-doped cupraté$!* Since the
tion, and thus on the effects of this reduction process on theare-earth ions are surrounded by oxygen ions, defects such
appearance of superconductivity. Elastic neutron-scatterings oxygen vacancies and interstitial oxygens affect their CF
studies suggest that the reduction process removes oxygemergy levels. Bf CF excitations in PCuQ, and
from both oxygen planes and interstitial positiqpgygen in ~ Pr,_,CgCuQ, have been studied by Ramdn? and
apical position with respect to copper iin Nd,CuQ,,* and  neutron-scattering techniquEswhile infrared transmission
possibly in Ng_,CeCuQ,.? Vigoureux et al>* reported  spectroscopy has been limited to,€u0,.° In addition to
that the reduction mechanism in undoped and Ce-dopethe P?* regular site, nonregular Pt sites of lower symme-
Nd,CuQ, were different. They concluded that the O1 typetry have been reported. Raman-scattering studies, in undoped
oxygen, which is located in the Cylanes, is removed in and Ce-doped R€uQ,, have revealed the presence of the
Nd,CuQ, while apical oxygen is released during the reduc-~580 cm * A* local mode associated with the characteris-
tion process of Nsl,Ce,CuQ,. Evidence for the presence of tic structural instability of the 2-1-4 compountfsThe origin
oxygen in the apical position has been reported if‘@o  of this A* mode, also extensively discussed in the literature,
substituted Ngl,Ce,CuQ, Mossbauer study even after is not completely understood. Heyenall’ have tentatively
reduction® lodometric titration and thermogravimetric analy- ascribed it to apical oxygen vibrations along thaxis, while
sis indicate that only a small amount of oxygen is removedSanjuanet al!® have invoked the C& electronic levels in
during the reduction proce§svioreover, the oxygen amount its resonance studies and Sanjuan and Laumave attrib-
“lost” during reduction decreases as the Ce-doping in-uted its appearance to some degree of disorder in the oxygen
creases, underlining the possible trapping of apical oxygen isublattice.
proximity of the cerium ions. The oxygen stoichiometry In order to further refine our understanding of the oxygen
variation being too small, and sometimes even below thetoichiometry effects in Br,CeCuQ, compounds and their
detection limits of most techniques, the reduction mechanismole in the appearance of superconductivity, we present a
and the oxygen stoichiometry in the RECe,CuQ, com-  Pr** CFinfrared transmission study of Pr,Ce CuQ, single
pounds remain an important open question. crystals. The main objectives ar@) to report and fit the

RE crystal-field(CF) excitations, sensitively reflecting the as-detected Bf CF excitations for the regular sites by in-
local crystallographic structure, charge redistribution, andrared transmission spectroscopy in order to complement the
magnetic ordering, have been successfully used to studgrevious PsCuQ, CF studies(ii) to discuss the origin of the
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additional P#* CF excitations in oxygenated and reduced A, ()
9

samples, andiii) to explain the reduction process mecha- :_,f
nism that triggers superconductivity in;ReCe, 1:CuG,. §
e}
Il. EXPERIMENTS E \\ A
S| X=
Infrared transmission spectra of ,PLCeCuQ, 2
(x=0,0.03, 0.05, 0.08, 0.11, and 0)Ingle crystals and of @ M
superconducting RgCe 1CuQ, thin films were measured @ _
! . x=0.05
as a function of temperature. The single crystals were growr.E
by top-seeded solution methiddand polished down to gw
70 um along thea axis. Thec oriented thin films were ob- g
tained by pulsed-laser depositf3nvith an average thickness 6:“ ‘ML——”’M
of 3000 A. Preliminary Raman-scattering studies have en- : , , . . .
abled us to check the orientation of the PiICe,CuQ, single 100 200 300 400 500 600 700
crystals, prior to the infrared measurements, as well as tc Raman shift (cm'1)
study their low-energy phonons and thait local mode. In
order to study the oxygen stoichiometry effects oA"PEF — (b)

excitations, each single crystal has been measured in the a2
grown, reduced, and oxygenated states. The reduction prcg
cess has been performed around 900°C under an Ar flov «
during 36 h, the samples being sandwiched between twcg

Pr, gsCe 1:CuQ, polycrystalline pellets to insure a homog- )

enous repartition of oxygen vacancies. The oxygenation pro-:':\AbJ
cess was done in an oxygen flow at 950°C for 96 h. The &

x X
I
o
=
@

e

samples were mounted afterwards in a continuous-flow tem-=
perature regulated helium cryostat and 0.5 émesolution
transmission spectra were obtained in the 1800—8000cm
energy range using a Fourier-transform interferometerg ]\‘______,_v’_JL
(BOMEM DA3.002 equipped with a quartz source, an InSh g x=0.15
detector and a CgHbeam splitter. s s s s s s
In order to further characterize the,PtCgCuQ, single 100 200 300 400 800, 600 700
crystals and thin films, microwave conductivity at 16.5 GHz Raman shift (cm™)
was measured, for temperatures between 4.2 and 300 K, us- i ) .
ing the standard cavity perturbation techniﬁﬁé’.his con- FIG. 1. The temperature evolution Ramgn-actlve excitations of
tactless technique is well suited for the measurements §s-grown(a and reducedb) Pr,,Ce,CuQ, single crystals in the
electrical conductivity in highly anisotropic materials with- X(22x configuration at 9 K.
out damaging the surfaces for subsequent annealings. The
reduced PrgCe, 1:CuQ, single crystal microwave conduc-
tivity at 16.5 GHz exhibits a superconducting transition cerium-doped compounds. This is obvious if one compares
around 20 K and its lowc-axis plasma frequency, around X=0 andx=0.15 spectra in Figs.(d and 1b). This implies
70 cm' %, renders its infrared transmission possible Efjc ~ that theA* mode is likely due to the presence of oxygen ions
configuratior?? in apical sites. C& induced local distortions would allow
the incorporation of oxygen ions in apical positions and en-
hance theA* mode intensities. Once oxygenated after reduc-
tion, the A* intensity is restored to the level observed in
The sample orientation was determined by Raman scatteas-grown PyCuQ,, which is an indication of the apical oxy-
ing; in the zz configuration, theA,; phonon is detected, at gen annealing reversibility.
228 cm ! and theE4 phonon around 475 cit, in the as- TheC,, symmetry of the crystal field at the Prsite lifts
grown Pp_,CeCuQ, single crystals[Fig. 1(@]. The the (2]1+1)fold degeneracy of th@ multiplets for the 42
squiggles between 100 and 200 cinare due to the notch electronic states. Assuming a perfect orientation of the crys-
filter interferences. An additional excitation, the so-calleéd  tal and the absence of depolarization effects as well as of
local mode is also present in these spectra, around 583 cm disorder,I';—T; (i=1, 2, 3, 4, 5 dipole transitions are al-
[Fig. 1(@]. Upon cerium doping, an inversion of thg, and  lowed for E|lc while T's—T'y, I',, I'5, andT', dipole tran-
the A* relative intensitiegiintegrated surfacess observed sitions are allowed foEL c.?*2
for cerium concentrations greater than 10%. e local As was found for undoped and cerium-doped,8dO,
mode is associated with a defect which is strongly enhancednd PsCuQ, crystals’! more infrared absorption bands are
by Ceé* doping. Moreover, this excitation is suppressed byobserved than expected from the Pregular sites. The ad-
the reduction of PXCuQ,, but remains unchanged in the ditional absorption bands are due to nonregula’ Rites,

an in

Ill. RESULTS
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FIG. 2. As-grown(a) and reducedb) Pr,_,CeCuQ, single
crystal cerium doping evolution, of the ¥r 3H, — 3Hg CF ab-
sorption bands foE||c at 9 K. A superconducting PgCe, 1:Cu0,
thin film spectrum is also presenté¢mh (b)] for ELc at 9 K. The
arrow indicates PF regular site excitation.
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FIG. 3. Py gCe& 1:CUO, single crystal temperature evolution of
the PP* 3Hg CF absorption bands.

particular oxygen vacancy type vary proportionally to their
density. Different vacancy types may be distinguished since
their CF excitation intensities do not appear in the same pro-
portions in each sample after reduction.

The cerium doping evolution of théH,— 3H; transitions
is presented in Figs.(@ and 2Zb). Taking into account the
usual absorption band broadenings and small shifts in energy
due to cerium doping, the as-grown,PgCe CuQ, infrared
spectra display similar features as a function of cerium dop-
ing. The absorption band at 2359 Cris associated with a
8H, I';— 3Hg I's transition while the absorption band at
2697 cm'! corresponds to &H, I'3— 3Hs I'; transition.
Absorption bands at 2207 and 2270 chi(Fig. 3) are asso-
ciated with transitions from the thermally populated

whose frequencies are influenced by the nature of the dopk48 cnmi'! 3H, I's first excited level to®Hs I'y (2355

ing, local defects, or oxygen nonstoichiometry> PCF ab-  —148 cm 1=2207 cmi!) and 3Hg I', (2418-148 cm'!
sorption bandsta K are shown in Figs. 2—7. Transmission =2270 cm ) levels, respectively. In addition to absorption
spectra for various concentrations, oxygenation and redudands from the regular site@ndicated by downward ar-
tion have been normalized with respect to the0 spec- rows), many unexpected excitations are detected and associ-
trum. A direct comparison with a previously reported studyated with nonregular Bf sites. The oxygen nonstoichiom-

of PP* CF excitations in PCuQ, (Ref. 9 allows the iden- etry is first considered with Fig.(B) displaying the reduced
tification of the absorption bands associated with th&" Pr Pr,_,CeCuQ, infrared spectra. The intensities of the ab-
CF excitations at the regular sites in undoped and ceriunsorption bands at 2205, 2316, 2333, 2355, and 2369'cm
doped PsCuQ, compounds. Most of the Pt regular site are enhanced by the reduction process of lightly cerium-
CF excitations reported in Ref. 9 for the undoped compoundloped compoundsx&0.08) but become undetectable for
are detected and their frequencies are given fohigher cerium contents and in the BiCe, 1:CuQ, thin-films

Pr, g£Ce) 1:CuQ, in Table I. The remaining absorption bands spectra. This set of additional absorption bands corresponds
are attributed to nonregular sites. A formal fitting procedureto CF excitations of Bf" in the vicinity of oxygen vacancies.
with Gaussian curves, taking the strongest regular absorptiohhus the reduction process is different in undoped and
band as reference, has been performed to compare absorpticerium-doped Br ,CeCuQ, samples. In BICuQ, the ab-
band profiles and their evolution with oxygen treatmentssorption band intensities at 2348 and 2386 ¢nulecrease
Among them are the absorption bands that are associatedter oxygen reduction and increase after oxygenatrot

with the CF excitations in the vicinity of an oxygen vacancy showr). However, these absorption bands are strongly fa-
or an extra oxygen in the apical position. Moreover, the in-vored by cerium doping and are not affected by the reduction
tensities of the Pr" nonregular excitations associated with a processes when cerium doping is present. We assign them to
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FIG. 5. Py gCe& 1:Cu0, single crystal temperature evolution of
the PF™ °H, — 3Hg CF absorption bands.

reduction process in samples witk:0.08, vanish for higher
/\/\ cerium contents. On the other hand, two absorption bands at
N\ x=0.15 4285 and 4300 cm* are induced by the reduction in the
/\"\ cerium-doped compounds. These two sets of absorption
L : L : L : bands correspond to Pr CF excitations near twalistinct
typesof oxygen vacancies. The absorption bands at 4334,
Wavenumber (cm”) 4354 and 4515 cm'* are reinforced by the oxygenation pro-
cess (not shown, and suppressed after reduction in
Pr,CuQ,. They are associated with ¥rions in the vicinity
of oxygen ions in the apical positions. As mentioned above
for the ®H, — °Hs transitions, these absorptions are not
affected by the reduction of the cerium-doped compounds.
The absorption band at 4434 chis influenced only by
CF excitations of P¥" ions near apical oxygens that are cerium doping, similarly to the 2336 ci absorption band.
removed by reduction in PEuQ,, while remaining tightly The cerium doping evolution of thH, — °F, and 3F,
bound in Ce-doped RPEuQ,. At 2336 cm ! in Pr,CuQ,, the  transitions are presented in Figgapand &b). Absorption
absorption band is not influenced by the reduction or thévands at 5424 cmt and 6546 cm® correspond to®H, I's
oxygenation processes, but is enhanced and broadened by 3F, I's and ®H, I';— 3F; I'; transitions, respectively.
cerium doping in both the as-grown and reduced samples; kligh-temperature absorption ban¢&g. 7) at 5301 cm?,
is thus associated with a defect reinforced by cerium. 6431 cm !, and 6686 cm! are associated with transitions
The cerium doping evolution of théH, — 3Hg transi-  from the thermally populated 148 crh °H, I'; level, to °F;
tions is presented in Figs.(@ and 4b). The absorption Ty, 3F; I's, 3F; I's levels respectively. The transition from
bands around 4414 cm and 4992 cm' are associated the ground-state multiplet 698 crh °H, T's level to the
with 3H, T'3— 3Hs T's transitions, while the absorption 6834 cm® 3F; I's level corresponds to the absorption band
band at 4343 cm! is associated with &H, I';— 3Hs I';  at 6136 cmit. As previously described for the lowest fre-
transition. Absorption bands at 4266, 4473, and 4772%tm quency intermultiplet transitions, the additional absorption
(Fig. 5 are associated with transitions from the thermallybands are associated with nonregulat'Psites. The absorp-
populated 148 cm' 3H, T's first excited level to®Hs I's  tion band at 6847 cmt, influenced only by cerium doping,
(4414148 cm 1=4266 cm'Y), H; TI's (4621 behaves like the 2336 and 4434 chabsorption bands. Ex-
—148 cm 1=4473 cm'!) and 3Hs I'; (4920-148 cm'!  citations at 5214, 5462, 5500, 6623, and 6693 tnappear-
=4772 cm'!) levels, respectively. The reduction process, asng after the reduction process in samples with0.08, van-
shown by the P¥" CF excitationgFig. 4b)], is different for  ish for the higher cerium contentfFig. 6(b)]. These
Pr,CuO, as compared to Pr,CeCuQ,. Excitations at additional absorption bands correspond to CF excitations of
4260, 4312, 4378, 4419, and 4454 chappearing after the Pr* near oxygen vacancies.

Transmission (arb. units)

(b)
4200 4300 4400 4500 4600

FIG. 4. As-grown(a) and reducedb) Pr,_,CeCuQ, single
crystal cerium doping evolution of the ¥r °H, — 3Hg CF ab-
sorption bands foE|c at 9 K. Arrows indicate P¥" regular sites
excitations.
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> ; ; FIG. 7. Py gCe 1£CUQ, single crystal temperature evolution of
g the PF™ %H, — °F,, and ®F; CF absorption bands.
_S regular sites in BCuQ, (C,, symmetry reported in Ref. 9
2 allow the calculation of the CF levels in the cerium-doped
€ samples within the error margins. Nevertheless, some lifting
2 of I's degeneracies around 2362 and 4410 tnis observed
S in the cerium-doped R€uQ,. This is probably due to a
slight lowering of the PY" symmetry site.
. ; Note that, Sanjuaet al® have proposed that th&* lo-

5500 6000 6500 7000 cal mode could be associated with the presencebf Rns.
Wavenumber (cm™) In this case, Pi" crystal-field excitations are expected in the
2000-7000 cm? energy range, namely, around 2013, 2047,
FIG. 6. As-grown(a) and reducedb) Pr,_,CeCuQ, single 3141, 5285, 5301, and 6604 crhin BaPrQ.25 None of
crystal cerium doping evolution of thePr3H, — 3F, and®F; CF these absorption bands are observed in our measurements,

absorption bands forEfc at 9 K. A superconducting thus excluding the presence of*Prions in Ps_,Ce,CuQ,

Pr; gsCe&) 1:CuQ, thin film spectrum is also presented fat c at 9 compounds.

K. Arrows indicate Pt regular sites excitations. Asterisks indicate

(;re;‘igtsss that remain unaffected by the oxygenation or reduction B. Nonregular sites

In addition to the regular absorption bands, additional

IV. DISCUSSION ones are induced by cerium doping, reduction, and oxygen-

ation processes. In Table 11l we tabulate the CF energy levels

associated with Bf ions located near a ¢& ion, an oxy-

A fit of the CF parameters has been performed for thegen vacancy and an apical oxygen, respectively.
regular CF levels detected in ReCe, 1:Cu0, using the fol-
lowing CF Hamiltonian written with one-electron irreducible 1. The cerium effect

tensor operators

A. Regular sites

Concerning the cerium doping reinforced inhomogene-
ities, two distinct scenarios have been proposed. Tl%e first one
_ K related to the refinement of the pair density functidmb-
Her i;q BraColl). @ tained from neutron powder diffraction data, shows that the
CuG, planes are quite inhomogeneous with a distribution of
whereCg(i) is theqth component of a spherical tensor op- undistorted and distorted domains whose origin is not ex-
erator of rankk, and B is the corresponding CF parameter. plained by steric argumentse., the distortion does not take
The fitting procedure is detailed in Ref. 9, and in Table Il, theplace in the close proximity of the dopant ion¥he second
CF parameters for RgCe, 1:CuUQ, are given. The calculated scenario reported by Allenspaeh al?’ invokes static phase
PP* CF level energies, using the CF parameters, comparseparation into local regions of doped and antiferromagnetic
well with the experimental observations. This indicates thatharacter, respectively. In order to better understand the in-
the whole T structuré* is conserved following the cerium fluence of cerium, we have measured the temperature evolu-
doping and the five CF parameters corresponding to tfié Pr tion of the Ps_,Ce,CuQ, single crystal microwave conduc-
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TABLE I. The crystal-field levels determined for the’Prion in
regular lattice sitegin cm 1) in Pr, gCe, 1:CuUQ, as observed ex-

perimentally and predicted by the CF parameters.

PHYSICAL REVIEW B 69, 024511 (2004

TABLE II. The crystal-field parameters determined for thé*Pr
ion in regular lattice sitegin cm™1). The mean errors associated
with the fitting are shown in brackets.

Multiplet i(Ty) Experiment Theory CF parameters PECey 1:Cu0,
Pry gCe.15CUC, Pry g:Ce 15CUC, Bao —335(2)

SH, 3 0 -1 Bao —2328(4)

5 148 144 Bas 1953(2)

1 626 Bso 151(3)

4 695 Bes 1444(3)

5 698 703

2 761

1 795 portant CF excitation frequency shifts are observed as the
3H, 4 2355 2350 cerium content and conductivities increase. Consequently,

5 2359 2359 we associate this site with static local distortions, and we

2 2418 2415 propose that the nature of metallization in, BiICe,Cu0,

1 2543 and Lg _,,Nd,Sr,CuQ, are probably different.

3 2697 2698

5 2755 2. The oxygen vacancies

2 2771 The reduction process strongly depends on the cerium

5 2838 content. Actually, two different sets of Pr CF excitations
*He 3 4343 4349 can be associated with the appearance of oxygen vacancies

1 4398 during reduction. The first setp(type oxygen vacangyis

5 4414 4415 detected only in Br,CegCuQ, single crystals(with x

2 4593 =<0.08), while the second ong3(type oxygen vacangyis

5 4621 4627 detected only in cerium-doped u0, samplegTable IlI).

4 4918 The T structure accommodates two oxygen typ@31) in

3 4920 4920 the copper oxygen planes af@2) in the oxygen planes. A

5 4992 4981 calculation of the Madelung potentials at O1 and O2 sites

1 4990 has shown that the removal of O2 oxygen is easier in

4 5058 Pr,Cu0,.%° Moreover, the repulsion between O2 oxygen
°F, 3 5384 ions, resulting from the lattice mismatch between the two

5 5424 5429 sublattices of PrO and CyQtends also to destabilize 02

1 5449 5444 pairs. Thus one could associate ddype oxygen vacancies

4 5466 with O2 vacancies. Th@-type vacancy is detected only in
SR, 3 6546 6547

5 6579 6568 TABLE lIl. The energiegin cm 1) of the PF* 3H and °F term

5 6834 6826 levels in Py_,CeCuQ, associated with nonregular sites close to

> 6836 cerium, a and 3 vacancies, and apical oxygert . cm ).

4 7025

Cerium site  « vacancy S vacancy Apical oxygen

3Hg 2336 2205
tivity at 16.5 GHz (Fig. 8. The PpCuQ, microwave 2316
conductivity behaves in a semiconducting fashion from 150 2333 2348
K up to room temperature, following the functional form 2355 2386
exp(—E,/kyT) with E;=0.32 eV? Below 150 K, the carri- 2369
ers are frozen and only a hopping conductivity regime re- *He 4434 4260 4285 4334
mains possible. The Rr,Ce,CuQ, single crystal conductiv- 4312 4300 4354
ity gradually increases with cerium content, and, as expected, 4378
the highest doped compounds become more conducting. 4419
We note that the CF excitation frequencies of thé"Pr 4454 4515
irregular cerium dependent sites are not affected by tempera®F, 5214
ture above and below. (in Pr; gCey 1CUQO,, T,=22 K). 5462
Nevertheless contrary to Rd CF infrared transmission 5500
study in  La_, yNdS,Cu0,,*® where stripes are 3F, 6847 6623
observed® and where CF excitations of Rd ions in the 6693

metallic regions are sensitive to the charge densities, no im
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10 g 01 oxygens of the CuPplanes destroys the long-range an-
i tiferromagnetic order and induces consequently supercon-
ductivity.

3. The apical oxygens

As mentioned previously, the absorption bands associated
with P?* CF excitations close to an interstitial oxygen are
clearly identified in the BCuQ, spectra. Unfortunately, not
enough structural data are available to perform a precise pre-
diction of the CF parameters of the®Prion close to an
apical oxygen. Contrary to previous repottshe apical oxy-
gens are not removed by conventional thermal treatments in

Conductivity (@-m)”

10" _ the cerium-doped compounds. This is evidenced by the per-
E x=0 sistence, in spite of reduction, of the 580 thRaman active
10% b '1:), : e ‘1;2 : local mode, and of the numerous infrared absorption bands

as tabulated in the third column of the Table Ill. Actually,
cerium and apical oxygen would form pairs that inject holes
in the copper-oxygen planes, as reported by Chechersky
et al,® and observed in Hall effect measuremetits.

Temperature (K)

FIG. 8. The microwave conductivity of as-grown
Pr,_,CeCuQ, at 16.5 GHZ as a function of temperature on a log-
log scale.

V. CONCLUSIONS

the cerium-doped samples. This observation contrasts with present in this paper a ¥r CF infrared absorption
the report of Brinkmanret al3! that deduces indirectly the

e study in P§_,CeCuQy, as a function of cerium doping, oxy-
absence of vacancies in reduced §C&,;{CuQ, samples  genation, and reduction. CF levels of the first five excited
from transport properties. As shown by Vigoureeixal.>

X s ) multiplets have been observed. In addition to thg €ym-
and theoretically demonstrated by Hirsththe reduction metry regular sites, nonregular sites fo? Pihave been de-
mechanism is clearly influenced by cerium dopifigdow-  ociaq in Ps_,Ce,Cu0Q, single crystals and thin films, while
ever, the hypothesis that O2 type oxygeéimsPrO layersin — pa+ jong are absent. The detection of Prexcitations in-
the vicinity of cerium are released by the reduction process ISuced by the presence of oxygen in apical positions in re-
not verified. A calculation performed by Whanglet al>3

) . . duced cerium-doped REuO, leads to the conclusion that
proved that Cu-O bonds have antibonding character in th ¥ : b | reducti )
CuO, layerx?—yZ bands. The substitution of P by Cé* the cé* ions prevent their removal by usual reduction pro

S . : ._cesses. In undoped &uGQ,, O2 oxygen ions in the oxygen
corresponds to the injection of electrons in these antibondin ped RO, Y9 Y9

. . . . lanes are released by the reduction. In cerium-doped
orbitals and, consequently, in the sFre_tchmg of the "f“p'a” r,CuQ,, the reduction removes O1 oxygen ions from the
Cu-O and Cu-Cu bond lengths. Variations of the lattice pas uO, planes which destroys long-range antiferromagnetic
rameters consistent with these results have been observed eractions. and trigers superconductivit
Kawashimaet al3* Hence, following the cerium doping the ’ 99 P Y
lattice parameter mismatch of the two sublattices
(Pr,_,Ce0 and CuQ) is reduced, and it becomes easier to
remove @1) oxygen ions by the reduction process. We thus We thank J. Rousseau, M. Castonguay, and |. Hetel for
associate thg type oxygen defects with the O1 vacancies. technical assistance and Dr. S.V. Shiryaev for x-ray fluores-

Concerning the role of the reduction process, we refer t@ent analysis of the Rr,CeCuQ, crystal compositions.
the relative abilities of holes and electrons to suppress longs.R., P.R., S.J., M.P., and P.F. acknowledge support from the
range antiferromagnetic interactions, with the magnetic frusNational Science and Engineering Research Council of
tration induced by hole doping being far more effective, thanCanada, the Fonds Qoeois de la Recherche sur la Nature
the dilution of the magnetic interaction as induced by theet les Technologies, and The Canada Foundation for Innova-
electron doping® According to Lukeet al,*® in as-grown tion. The work in Minsk was supported in part by SNSF
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