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Pr3¿ crystal-field excitation study of apical oxygen and reduction processes in Pr2ÀxCexCuO4Ád
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We present an infrared transmission Pr31 crystal-field study of as-grown, reduced, and oxygenated
Pr22xCexCuO46d single crystals and thin films. Excitations from the ground-state multiplet3H4 to the 3H5 ,
3H6 , 3F2, and 3F3 excited multiplets are observed in all samples. In addition to the Pr31 regular sites, which
remain unperturbed following the cerium doping or the oxygen content modifications, Pr31 sites 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 removed in Pr1.85Ce0.15CuO4

following reduction. This observation questions the role attributed to the apical oxygen removal in triggering
the superconductivity.
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I. INTRODUCTION

Electron-doped compounds RE22xCexCuO4 ~RE—
rare-earth! become superconducting when annealed unde
ducing conditions that remove oxygen. A controversy s
remains on which oxygen atoms are displaced during red
tion, and thus on the effects of this reduction process on
appearance of superconductivity. Elastic neutron-scatte
studies suggest that the reduction process removes ox
from both oxygen planes and interstitial positions~oxygen in
apical position with respect to copper ion! in Nd2CuO4,1 and
possibly in Nd22xCexCuO4.2 Vigoureux et al.3,4 reported
that the reduction mechanism in undoped and Ce-do
Nd2CuO4 were different. They concluded that the O1 ty
oxygen, which is located in the CuO2 planes, is removed in
Nd2CuO4 while apical oxygen is released during the redu
tion process of Nd22xCexCuO4. Evidence for the presence o
oxygen in the apical position has been reported in a57Co
substituted Nd22xCexCuO4 Mössbauer study even afte
reduction.5 Iodometric titration and thermogravimetric anal
sis indicate that only a small amount of oxygen is remov
during the reduction process.6 Moreover, the oxygen amoun
‘‘lost’’ during reduction decreases as the Ce-doping
creases, underlining the possible trapping of apical oxyge
proximity of the cerium ions. The oxygen stoichiomet
variation being too small, and sometimes even below
detection limits of most techniques, the reduction mechan
and the oxygen stoichiometry in the RE22xCexCuO4 com-
pounds remain an important open question.

RE crystal-field~CF! excitations, sensitively reflecting th
local crystallographic structure, charge redistribution, a
magnetic ordering, have been successfully used to s
0163-1829/2004/69~2!/024511~8!/$22.50 69 0245
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various physical properties of the high-temperature sup
conductors~HTSC! and their parent compounds.7,8 Particu-
larly, Raman scattering and infrared transmission sp
troscopies have proven to be valuable techniques in
determination of the rare-earth CF excitations in bo
electron-doped9–12 and hole-doped cuprates.13,14 Since the
rare-earth ions are surrounded by oxygen ions, defects s
as oxygen vacancies and interstitial oxygens affect their
energy levels. Pr31 CF excitations in Pr2CuO4 and
Pr22xCexCuO4 have been studied by Raman10,12 and
neutron-scattering techniques,15 while infrared transmission
spectroscopy has been limited to Pr2CuO4.9 In addition to
the Pr31 regular site, nonregular Pr31 sites of lower symme-
try have been reported. Raman-scattering studies, in undo
and Ce-doped Pr2CuO4, have revealed the presence of t
'580 cm21 A* local mode associated with the character
tic structural instability of the 2-1-4 compounds.16 The origin
of this A* mode, also extensively discussed in the literatu
is not completely understood. Heyenet al.17 have tentatively
ascribed it to apical oxygen vibrations along thez axis, while
Sanjuanet al.18 have invoked the Ce41 electronic levels in
its resonance studies and Sanjuan and Laguna16 have attrib-
uted its appearance to some degree of disorder in the oxy
sublattice.

In order to further refine our understanding of the oxyg
stoichiometry effects in Pr22xCexCuO4 compounds and thei
role in the appearance of superconductivity, we presen
Pr31 CF infrared transmission study of Pr22xCexCuO4 single
crystals. The main objectives are:~i! to report and fit the
as-detected Pr31 CF excitations for the regular sites by in
frared transmission spectroscopy in order to complement
previous Pr2CuO4 CF studies,~ii ! to discuss the origin of the
©2004 The American Physical Society11-1
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additional Pr31 CF excitations in oxygenated and reduc
samples, and~iii ! to explain the reduction process mech
nism that triggers superconductivity in Pr1.85Ce0.15CuO4.

II. EXPERIMENTS

Infrared transmission spectra of Pr22xCexCuO4
(x50,0.03, 0.05, 0.08, 0.11, and 0.15! single crystals and o
superconducting Pr1.85Ce0.15CuO4 thin films were measured
as a function of temperature. The single crystals were gro
by top-seeded solution method19 and polished down to
70 mm along thea axis. Thec oriented thin films were ob-
tained by pulsed-laser deposition20 with an average thicknes
of 3000 Å. Preliminary Raman-scattering studies have
abled us to check the orientation of the Pr22xCexCuO4 single
crystals, prior to the infrared measurements, as well a
study their low-energy phonons and theirA* local mode. In
order to study the oxygen stoichiometry effects on Pr31 CF
excitations, each single crystal has been measured in th
grown, reduced, and oxygenated states. The reduction
cess has been performed around 900°C under an Ar
during 36 h, the samples being sandwiched between
Pr1.85Ce0.15CuO4 polycrystalline pellets to insure a homog
enous repartition of oxygen vacancies. The oxygenation p
cess was done in an oxygen flow at 950°C for 96 h. T
samples were mounted afterwards in a continuous-flow t
perature regulated helium cryostat and 0.5 cm21 resolution
transmission spectra were obtained in the 1800–8000 c21

energy range using a Fourier-transform interferome
~BOMEM DA3.002! equipped with a quartz source, an InS
detector and a CaF2 beam splitter.

In order to further characterize the Pr22xCexCuO4 single
crystals and thin films, microwave conductivity at 16.5 GH
was measured, for temperatures between 4.2 and 300 K
ing the standard cavity perturbation technique.21 This con-
tactless technique is well suited for the measurements
electrical conductivity in highly anisotropic materials with
out damaging the surfaces for subsequent annealings.
reduced Pr1.85Ce0.15CuO4 single crystal microwave conduc
tivity at 16.5 GHz exhibits a superconducting transiti
around 20 K and its lowc-axis plasma frequency, aroun
70 cm21, renders its infrared transmission possible forEic
configuration.22

III. RESULTS

The sample orientation was determined by Raman sca
ing; in the zz configuration, theA1g phonon is detected, a
228 cm21 and theEg phonon around 475 cm21, in the as-
grown Pr22xCexCuO4 single crystals @Fig. 1~a!#. The
squiggles between 100 and 200 cm21 are due to the notch
filter interferences. An additional excitation, the so-calledA*
local mode is also present in these spectra, around 580 c21

@Fig. 1~a!#. Upon cerium doping, an inversion of theA1g and
the A* relative intensities~integrated surfaces! is observed
for cerium concentrations greater than 10%. TheA* local
mode is associated with a defect which is strongly enhan
by Ce41 doping. Moreover, this excitation is suppressed
the reduction of Pr2CuO4, but remains unchanged in th
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cerium-doped compounds. This is obvious if one compa
x50 andx50.15 spectra in Figs. 1~a! and 1~b!. This implies
that theA* mode is likely due to the presence of oxygen io
in apical sites. Ce41 induced local distortions would allow
the incorporation of oxygen ions in apical positions and e
hance theA* mode intensities. Once oxygenated after red
tion, the A* intensity is restored to the level observed
as-grown Pr2CuO4, which is an indication of the apical oxy
gen annealing reversibility.

TheC4v symmetry of the crystal field at the Pr31 site lifts
the (2J11)fold degeneracy of theJ multiplets for the 4f 2

electronic states. Assuming a perfect orientation of the cr
tal and the absence of depolarization effects as well as
disorder,G i→G i ( i 51, 2, 3, 4, 5! dipole transitions are al-
lowed for Eic while G5→G1 , G2 , G3, andG4 dipole tran-
sitions are allowed forE'c.23,12

As was found for undoped and cerium-doped Nd2CuO4
and Pr2CuO4 crystals,9,11 more infrared absorption bands a
observed than expected from the Pr31 regular sites. The ad
ditional absorption bands are due to nonregular Pr31 sites,

FIG. 1. The temperature evolution Raman-active excitations
as-grown~a! and reduced~b! Pr22xCexCuO4 single crystals in the

x(zz) x̄ configuration at 9 K.
1-2



o

n
u

dy

r
iu

n
fo
s
r
ti
p
ts

iat
cy
in
a

eir
nce
ro-

ergy

op-

t

d

n

oci-
-

b-

m-
r

nds
.
nd

fa-
tion
m to

f

Pr31 CRYSTAL-FIELD EXCITATIONS STUDY OF . . . PHYSICAL REVIEW B 69, 024511 ~2004!
whose frequencies are influenced by the nature of the d
ing, local defects, or oxygen nonstoichiometry. Pr31 CF ab-
sorption bands at 9 K are shown in Figs. 2–7. Transmissio
spectra for various concentrations, oxygenation and red
tion have been normalized with respect to thex50 spec-
trum. A direct comparison with a previously reported stu
of Pr31 CF excitations in Pr2CuO4 ~Ref. 9! allows the iden-
tification of the absorption bands associated with the P31

CF excitations at the regular sites in undoped and cer
doped Pr2CuO4 compounds. Most of the Pr31 regular site
CF excitations reported in Ref. 9 for the undoped compou
are detected and their frequencies are given
Pr1.85Ce0.15CuO4 in Table I. The remaining absorption band
are attributed to nonregular sites. A formal fitting procedu
with Gaussian curves, taking the strongest regular absorp
band as reference, has been performed to compare absor
band profiles and their evolution with oxygen treatmen
Among them are the absorption bands that are assoc
with the CF excitations in the vicinity of an oxygen vacan
or an extra oxygen in the apical position. Moreover, the
tensities of the Pr31 nonregular excitations associated with

FIG. 2. As-grown ~a! and reduced~b! Pr22xCexCuO4 single
crystal cerium doping evolution, of the Pr31 3H4 → 3H5 CF ab-
sorption bands forEic at 9 K. A superconducting Pr1.85Ce0.15CuO4

thin film spectrum is also presented@in ~b!# for E'c at 9 K. The
arrow indicates Pr31 regular site excitation.
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particular oxygen vacancy type vary proportionally to th
density. Different vacancy types may be distinguished si
their CF excitation intensities do not appear in the same p
portions in each sample after reduction.

The cerium doping evolution of the3H4→3H5 transitions
is presented in Figs. 2~a! and 2~b!. Taking into account the
usual absorption band broadenings and small shifts in en
due to cerium doping, the as-grown Pr22xCexCuO4 infrared
spectra display similar features as a function of cerium d
ing. The absorption band at 2359 cm21 is associated with a
3H4 G3→ 3H5 G5 transition while the absorption band a
2697 cm21 corresponds to a3H4 G3→ 3H5 G3 transition.
Absorption bands at 2207 and 2270 cm21 ~Fig. 3! are asso-
ciated with transitions from the thermally populate
148 cm21 3H4 G5 first excited level to 3H5 G4 (2355
2148 cm2152207 cm21) and 3H5 G2 (24182148 cm21

52270 cm21) levels, respectively. In addition to absorptio
bands from the regular sites~indicated by downward ar-
rows!, many unexpected excitations are detected and ass
ated with nonregular Pr31 sites. The oxygen nonstoichiom
etry is first considered with Fig. 2~b! displaying the reduced
Pr22xCexCuO4 infrared spectra. The intensities of the a
sorption bands at 2205, 2316, 2333, 2355, and 2369 cm21

are enhanced by the reduction process of lightly ceriu
doped compounds (x<0.08) but become undetectable fo
higher cerium contents and in the Pr1.85Ce0.15CuO4 thin-films
spectra. This set of additional absorption bands correspo
to CF excitations of Pr31 in the vicinity of oxygen vacancies
Thus the reduction process is different in undoped a
cerium-doped Pr22xCexCuO4 samples. In Pr2CuO4 the ab-
sorption band intensities at 2348 and 2386 cm21 decrease
after oxygen reduction and increase after oxygenation~not
shown!. However, these absorption bands are strongly
vored by cerium doping and are not affected by the reduc
processes when cerium doping is present. We assign the

FIG. 3. Pr1.85Ce0.15CuO4 single crystal temperature evolution o
the Pr31 3H5 CF absorption bands.
1-3



re

th
d
s;

n

lly

a

s at
e
tion

34,
-
in

ve
ot
ds.

.

s

nd
-
on

,
-

s of

f

G. RIOU et al. PHYSICAL REVIEW B 69, 024511 ~2004!
CF excitations of Pr31 ions near apical oxygens that a
removed by reduction in Pr2CuO4, while remaining tightly
bound in Ce-doped Pr2CuO4. At 2336 cm21 in Pr2CuO4, the
absorption band is not influenced by the reduction or
oxygenation processes, but is enhanced and broadene
cerium doping in both the as-grown and reduced sample
is thus associated with a defect reinforced by cerium.

The cerium doping evolution of the3H4 → 3H6 transi-
tions is presented in Figs. 4~a! and 4~b!. The absorption
bands around 4414 cm21 and 4992 cm21 are associated
with 3H4 G3→ 3H5 G5 transitions, while the absorptio
band at 4343 cm21 is associated with a3H4 G3→ 3H5 G3
transition. Absorption bands at 4266, 4473, and 4772 cm21

~Fig. 5! are associated with transitions from the therma
populated 148 cm21 3H4 G5 first excited level to3H5 G5
(44142148 cm2154266 cm21), 3H5 G5 (4621
2148 cm2154473 cm21) and 3H5 G3 (49202148 cm21

54772 cm21) levels, respectively. The reduction process,
shown by the Pr31 CF excitations@Fig. 4~b!#, is different for
Pr2CuO4 as compared to Pr22xCexCuO4. Excitations at
4260, 4312, 4378, 4419, and 4454 cm21, appearing after the

FIG. 4. As-grown ~a! and reduced~b! Pr22xCexCuO4 single
crystal cerium doping evolution of the Pr31 3H4 → 3H6 CF ab-
sorption bands forEic at 9 K. Arrows indicate Pr31 regular sites
excitations.
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reduction process in samples withx,0.08, vanish for higher
cerium contents. On the other hand, two absorption band
4285 and 4300 cm21 are induced by the reduction in th
cerium-doped compounds. These two sets of absorp
bands correspond to Pr31 CF excitations near twodistinct
typesof oxygen vacancies. The absorption bands at 43
4354 and 4515 cm21 are reinforced by the oxygenation pro
cess ~not shown!, and suppressed after reduction
Pr2CuO4. They are associated with Pr31 ions in the vicinity
of oxygen ions in the apical positions. As mentioned abo
for the 3H4 → 3H5 transitions, these absorptions are n
affected by the reduction of the cerium-doped compoun
The absorption band at 4434 cm21 is influenced only by
cerium doping, similarly to the 2336 cm21 absorption band.

The cerium doping evolution of the3H4 → 3F2 and 3F3
transitions are presented in Figs. 6~a! and 6~b!. Absorption
bands at 5424 cm21 and 6546 cm21 correspond to3H4 G3
→ 3F2 G5 and 3H4 G3→ 3F3 G3 transitions, respectively
High-temperature absorption bands~Fig. 7! at 5301 cm21,
6431 cm21, and 6686 cm21 are associated with transition
from the thermally populated 148 cm21 3H4 G5 level, to 3F3
G1 , 3F3 G5 , 3F3 G5 levels respectively. The transition from
the ground-state multiplet 698 cm21 3H4 G5 level to the
6834 cm21 3F3 G5 level corresponds to the absorption ba
at 6136 cm21. As previously described for the lowest fre
quency intermultiplet transitions, the additional absorpti
bands are associated with nonregular Pr31 sites. The absorp-
tion band at 6847 cm21, influenced only by cerium doping
behaves like the 2336 and 4434 cm21 absorption bands. Ex
citations at 5214, 5462, 5500, 6623, and 6693 cm21, appear-
ing after the reduction process in samples withx,0.08, van-
ish for the higher cerium contents@Fig. 6~b!#. These
additional absorption bands correspond to CF excitation
Pr31 near oxygen vacancies.

FIG. 5. Pr1.85Ce0.15CuO4 single crystal temperature evolution o
the Pr31 3H4 → 3H6 CF absorption bands.
1-4
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IV. DISCUSSION

A. Regular sites

A fit of the CF parameters has been performed for
regular CF levels detected in Pr1.85Ce0.15CuO4 using the fol-
lowing CF Hamiltonian written with one-electron irreducib
tensor operators

HCF5 (
i ,k,q

BkqCq
k~ i !, ~1!

whereCq
k( i ) is theqth component of a spherical tensor o

erator of rankk, and Bkq is the corresponding CF paramete
The fitting procedure is detailed in Ref. 9, and in Table II, t
CF parameters for Pr1.85Ce0.15CuO4 are given. The calculated
Pr31 CF level energies, using the CF parameters, comp
well with the experimental observations. This indicates t
the whole T8 structure24 is conserved following the cerium
doping and the five CF parameters corresponding to the P31

FIG. 6. As-grown ~a! and reduced~b! Pr22xCexCuO4 single
crystal cerium doping evolution of the Pr31 3H4 → 3F2 and 3F3 CF
absorption bands for Eic at 9 K. A superconducting
Pr1.85Ce0.15CuO4 thin film spectrum is also presented forE'c at 9
K. Arrows indicate Pr31 regular sites excitations. Asterisks indica
defects that remain unaffected by the oxygenation or reduc
process.
02451
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regular sites in Pr2CuO4 (C4v symmetry! reported in Ref. 9
allow the calculation of the CF levels in the cerium-dop
samples within the error margins. Nevertheless, some lift
of G5 degeneracies around 2362 and 4410 cm21 is observed
in the cerium-doped Pr2CuO4. This is probably due to a
slight lowering of the Pr31 symmetry site.

Note that, Sanjuanet al.18 have proposed that theA* lo-
cal mode could be associated with the presence of Pr41 ions.
In this case, Pr41 crystal-field excitations are expected in th
2000–7000 cm21 energy range, namely, around 2013, 204
3141, 5285, 5301, and 6604 cm21 in BaPrO3.25 None of
these absorption bands are observed in our measurem
thus excluding the presence of Pr41 ions in Pr22xCexCuO4
compounds.

B. Nonregular sites

In addition to the regular absorption bands, addition
ones are induced by cerium doping, reduction, and oxyg
ation processes. In Table III we tabulate the CF energy lev
associated with Pr31 ions located near a Ce41 ion, an oxy-
gen vacancy and an apical oxygen, respectively.

1. The cerium effect

Concerning the cerium doping reinforced inhomogen
ities, two distinct scenarios have been proposed. The first
related to the refinement of the pair density function,26 ob-
tained from neutron powder diffraction data, shows that
CuO2 planes are quite inhomogeneous with a distribution
undistorted and distorted domains whose origin is not
plained by steric arguments~i.e., the distortion does not tak
place in the close proximity of the dopant ions!. The second
scenario reported by Allenspachet al.27 invokes static phase
separation into local regions of doped and antiferromagn
character, respectively. In order to better understand the
fluence of cerium, we have measured the temperature ev
tion of the Pr22xCexCuO4 single crystal microwave conduc

n

FIG. 7. Pr1.85Ce0.15CuO4 single crystal temperature evolution o
the Pr31 3H4 → 3F2, and 3F3 CF absorption bands.
1-5
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tivity at 16.5 GHz ~Fig. 8!. The Pr2CuO4 microwave
conductivity behaves in a semiconducting fashion from 1
K up to room temperature, following the functional for
exp(2Ea /kbT) with Ea50.32 eV.9 Below 150 K, the carri-
ers are frozen and only a hopping conductivity regime
mains possible. The Pr22xCexCuO4 single crystal conductiv-
ity gradually increases with cerium content, and, as expec
the highest doped compounds become more conducting

We note that the CF excitation frequencies of the P31

irregular cerium dependent sites are not affected by temp
ture above and belowTc ~in Pr1.85Ce0.15CuO4, Tc522 K).
Nevertheless contrary to Nd31 CF infrared transmission
study in La22x2yNdxSryCuO4,28 where stripes are
observed29 and where CF excitations of Nd31 ions in the
metallic regions are sensitive to the charge densities, no

TABLE I. The crystal-field levels determined for the Pr31 ion in
regular lattice sites~in cm21) in Pr1.85Ce0.15CuO4 as observed ex-
perimentally and predicted by the CF parameters.

Multiplet i (G i) Experiment Theory
Pr1.85Ce0.15CuO4 Pr1.85Ce0.15CuO4

3H4 3 0 21
5 148 144
1 626
4 695
5 698 703
2 761
1 795

3H5 4 2355 2350
5 2359 2359
2 2418 2415
1 2543
3 2697 2698
5 2755
2 2771
5 2838

3H6 3 4343 4349
1 4398
5 4414 4415
2 4593
5 4621 4627
4 4918
3 4920 4920
5 4992 4981
1 4990
4 5058

3F2 3 5384
5 5424 5429
1 5449 5444
4 5466

3F3 3 6546 6547
5 6579 6568
5 6834 6826
2 6836
4 7025
02451
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portant CF excitation frequency shifts are observed as
cerium content and conductivities increase. Conseque
we associate this site with static local distortions, and
propose that the nature of metallization in Pr22xCexCuO4
and La22x2yNdxSryCuO4 are probably different.

2. The oxygen vacancies

The reduction process strongly depends on the cer
content. Actually, two different sets of Pr31 CF excitations
can be associated with the appearance of oxygen vacan
during reduction. The first set, (a type oxygen vacancy!, is
detected only in Pr22xCexCuO4 single crystals~with x
<0.08), while the second one (b type oxygen vacancy! is
detected only in cerium-doped Pr2CuO4 samples~Table III!.
The T8 structure accommodates two oxygen types:~O1! in
the copper oxygen planes and~O2! in the oxygen planes. A
calculation of the Madelung potentials at O1 and O2 si
has shown that the removal of O2 oxygen is easier
Pr2CuO4.30 Moreover, the repulsion between O2 oxyge
ions, resulting from the lattice mismatch between the t
sublattices of PrO and CuO2, tends also to destabilize O
pairs. Thus one could associate thea-type oxygen vacancies
with O2 vacancies. Theb-type vacancy is detected only i

TABLE II. The crystal-field parameters determined for the Pr31

ion in regular lattice sites~in cm21). The mean errors associate
with the fitting are shown in brackets.

CF parameters Pr1.85Ce0.15CuO4

B20 2335(2)
B40 22328(4)
B44 1953(2)
B60 151(3)
B64 1444(3)

TABLE III. The energies~in cm21) of the Pr31 3H and 3F term
levels in Pr22xCexCuO4 associated with nonregular sites close
cerium,a andb vacancies, and apical oxygen (61 cm21).

Cerium site a vacancy b vacancy Apical oxygen

3H5 2336 2205
2316
2333 2348
2355 2386
2369

3H6 4434 4260 4285 4334
4312 4300 4354
4378
4419
4454 4515

3F2 5214
5462
5500

3F3 6847 6623
6693
1-6
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the cerium-doped samples. This observation contrasts
the report of Brinkmannet al.31 that deduces indirectly the
absence of vacancies in reduced Pr1.85Ce0.15CuO4 samples
from transport properties. As shown by Vigoureuxet al.,3,4

and theoretically demonstrated by Hirsch,30 the reduction
mechanism is clearly influenced by cerium doping.32 How-
ever, the hypothesis that O2 type oxygens~in PrO layers! in
the vicinity of cerium are released by the reduction proces
not verified. A calculation performed by Whangboet al.33

proved that Cu-O bonds have antibonding character in
CuO2 layer x22y2 bands. The substitution of Pr31 by Ce41

corresponds to the injection of electrons in these antibond
orbitals and, consequently, in the stretching of the in-pla
Cu-O and Cu-Cu bond lengths. Variations of the lattice
rameters consistent with these results have been observe
Kawashimaet al.34 Hence, following the cerium doping th
lattice parameter mismatch of the two sublattic
(Pr22xCexO and CuO2) is reduced, and it becomes easier
remove O~1! oxygen ions by the reduction process. We th
associate theb type oxygen defects with the O1 vacancie

Concerning the role of the reduction process, we refe
the relative abilities of holes and electrons to suppress lo
range antiferromagnetic interactions, with the magnetic fr
tration induced by hole doping being far more effective, th
the dilution of the magnetic interaction as induced by
electron doping.35 According to Lukeet al.,36 in as-grown
electron-doped cuprates, magnetic ordering is seen fox
50.14 as high asT580 K, while the reduction dramatically
suppresses the magnetism. It is likely that the removal of

*Electronic address: griou@physique.usherb.ca
†Also at The Canadian Institute for Advanced Research.
1P.G. Radaelli, J.D. Jorgensen, A.J. Schultz, J.L. Peng, and

Greene, Phys. Rev. B49, 15 322~1994!.
2A.J. Schultz, J.D. Jorgensen, J.L. Peng, and R.L. Greene, P

Rev. B53, 5157~1996!.

FIG. 8. The microwave conductivity of as-grow
Pr22xCexCuO4 at 16.5 GHZ as a function of temperature on a lo
log scale.
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O1 oxygens of the CuO2 planes destroys the long-range a
tiferromagnetic order and induces consequently superc
ductivity.

3. The apical oxygens

As mentioned previously, the absorption bands associa
with Pr31 CF excitations close to an interstitial oxygen a
clearly identified in the Pr2CuO4 spectra. Unfortunately, no
enough structural data are available to perform a precise
diction of the CF parameters of the Pr31 ion close to an
apical oxygen. Contrary to previous reports,37 the apical oxy-
gens are not removed by conventional thermal treatment
the cerium-doped compounds. This is evidenced by the
sistence, in spite of reduction, of the 580 cm21 Raman active
local mode, and of the numerous infrared absorption ba
as tabulated in the third column of the Table III. Actuall
cerium and apical oxygen would form pairs that inject ho
in the copper-oxygen planes, as reported by Cheche
et al.,38 and observed in Hall effect measurements.39

V. CONCLUSIONS

We present in this paper a Pr31 CF infrared absorption
study in Pr22xCexCuO4 as a function of cerium doping, oxy
genation, and reduction. CF levels of the first five excit
multiplets have been observed. In addition to the C4v sym-
metry regular sites, nonregular sites for Pr31 have been de-
tected in Pr22xCexCuO4 single crystals and thin films, while
Pr41 ions are absent. The detection of Pr31 excitations in-
duced by the presence of oxygen in apical positions in
duced cerium-doped Pr2CuO4 leads to the conclusion tha
the Ce41 ions prevent their removal by usual reduction pr
cesses. In undoped Pr2CuO4, O2 oxygen ions in the oxygen
planes are released by the reduction. In cerium-do
Pr2CuO4, the reduction removes O1 oxygen ions from t
CuO2 planes which destroys long-range antiferromagne
interactions, and triggers superconductivity.
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