
rus

PHYSICAL REVIEW B 15 MAY 2000-IVOLUME 61, NUMBER 19
Infrared study of crystal-field excitations in Nd2ÀxCexCuO4
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Infrared active crystal-field excitations were detected in Nd22xCexCuO4 single crystals for variousx. They
correspond to the4I 9/2→4I 11/2, 4I 9/2→4I 13/2, and 4I 9/2→4I 15/2 intermultiplet transitions associated with the
Nd31 ion inequivalent sites. Two sets of crystal-field parameters which describe the observed energy spectra
were derived. In addition to unperturbed sites, similar to those observed in Nd2CuO4, perturbed sites affected
by cerium doping and compatible with available local structure deformation data are detected. We infer from
our data that the Kramers doublets of Nd31 are split and consequently that the antiferromagnetism in the CuO2

planes persists in regions where the unperturbed sites are located, even with 7.5% cerium doping.
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INTRODUCTION

Electron-type superconductivity appears for 0.14<x
<0.18 in the Nd22xCexCuO4 compounds after oxygen
reduction.1 These materials have a simple tetragonal str
ture that renders them attractive for the study of fundame
properties associated with high-Tc superconductivity. Re-
cently, Raman scattering and infrared spectroscopy h
been successfully used to study the crystal-field~CF! excita-
tions of the Nd31 ion 4f 3 electrons in Nd2CuO4 influenced
by the local electric and magnetic properties.2–6

Boothroyd et al.7 studied by neutron scatterin
Nd1.85Ce0.15CuO4 pellets and identified broad transitions a
sociated with the Nd31 CF ground state at 98, 164, 214, an
752 cm21. While Furrer et al.8 interpreted those measure
ments as encompassing two sets of CF excitations relate
perturbed and unperturbed Nd31 ions by Ce doping, Boo-
throyd et al.9 claimed that the two sets of parameters giv
by Furrer et al.8 do not describe adequately the observ
spectra. Joneset al.10 studied CF transitions in superconduc
ing Nd1.85Ce0.15CuO4 and its parent compound Nd2CuO4.
They reported transmission spectra in films and reflectiv
measurements in pellets. While they observed inhomo
neous broadening and dichroism due to the two-dimensio
character of the material, they did not detect any chang
the CF transition when Nd2CuO4 was doped with cerium
We have recently observed Raman active intermultiplet
excitations in Nd1.85Ce0.15CuO4 and associated them wit
perturbed and unperturbed sites11,12 in contrast to Stadlobe
et al., who reported only one series for the ground-state
excitations in their Raman study of Nd1.84Ce0.16CuO4.

13 A
good description of the Raman observations has been
tained using local structure information from neutr
diffraction.14
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In this paper we present an infrared transmission study
Nd22xCexCuO4 as a function ofx for samples grown by two
different techniques and with different electrical characte
The purpose of this work, which complements previous R
man studies,11,12 is ~i! to investigate the cerium doping effec
on the Nd31 ion CF levels,~ii ! to analyze these levels and t
calculate their corresponding CF parameters so as to ob
some insight about the sites characteristics, and~iii ! to search
for a Kramers doublet splitting due to persisting antiferr
magnetic order in the unperturbed sites. The latter repres
an effort to resolve the controversy between Skanthaku
et al.,15 whose neutron study implies the absence of antif
romagnetic order as a result of 7.5% cerium doping, a
Luke et al.,16 whose muon spin-relaxation measureme
suggest the appearance of static moments around 100 K
the same cerium composition. Answering these question
relevant to the understanding of the superconductiv
mechanism in the high-Tc cuprates with electron carriers
The presence of more than one site is an indication of spa
inhomogeneities on the one hand, while on the other ha
persistence of antiferromagnetism in the CuO2 planes could
be crucial to the mechanism as suggested recently by Em
and Kivelson17 and exemplified by the stripe ordering i
La22xSrxNiO4-type materials.18

EXPERIMENT

Infrared absorption of Nd22xCexCuO4 single crystals was
studied as a function of cerium doping~x! and temperature
Single crystals were grown, on the one hand, by the t
seeded solution method19 with x50,0.005,0.01,0.1,0.2 in
platinum crucibles and withx50.05 in an aluminum cru-
cible, and on the other hand, by the traveling solvent float
zone technique20 with x50.15. The latter single crystal wa
12 882 ©2000 The American Physical Society
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not reduced and was not superconducting. In order to fur
characterize the Nd22xCexCuO4 single crystals, microwave
conductivity at 16.5 GHz was measured, in the 4–300
temperature range, using the standard cavity perturba
technique as described by Buranov and Schegolev.21 An in-
terest in this technique resides in its simplicity and in
electrical contactless setup.

The samples~typically 530.730.07 mm3! were mounted
in a continuous-flow temperature regulated helium cryo
with the XZ plane perpendicular to the incident bea
0.5 cm21 resolution infrared transmission spectra in t
1800–8000 cm21 range were obtained using a Fourie
transform interferometer~BOMEM DA3.002! equipped with
quartz and globar sources, InSb detector, and CaF2 beam
splitter.

RESULTS AND DISCUSSION

As in Nd2CuO4, the Nd31 ion unperturbed site symmetr
in Nd22xCexCuO4 is considered to beC4v . The CF at this
site splits the lowest energy multiplet into 3G612G7 , while
the first, second, and third excited multiplets split into 3G6
13G7 , 3G614G7 , and 4G614G7 doublets, respectively
all of these multiplets are Kramers degenerate.22 The sym-
metry of excitations between these 4f states, which involves
the direct product of their irreducible representations, co
sponds to either

G6XG65G7XG75G11G21G5

or

G6XG75G7XG65G31G41G5 .

The excitations ofG1(z) andG5(x,y) symmetries are infra-
red active and our experimental configuration allows the
tection of bothG6→G6 andG6→G7 excitations.

Infrared transmission spectra, atT54.2 K of
Nd22xCexCuO4 as a function ofx, are shown in Fig. 1~a! in
the range 1900–2500 cm21. They correspond to CF excita
tions from theG6 symmetry ground state of the multiple
4I 9/2 to the first excited multiplet4I 11/2. Individual compo-
nents of the absorption bands corresponding to CF exc
tions of Nd31 ions in different environments are determin
by fitting the transmission spectra with mixed Lorentzian a
Gaussian bands@Fig. 1~b!#. There is a set of theG6→G6 and
G6→G7 CF transitions with frequencies only slightly shifte
with respect to those observed in Nd2CuO4.

6,23 These transi-
tions are thus associated with a site which is not perturbed
the Ce doping~assigned as site I in the following!. Also, new
absorption bands~1975, 1999, 2069, and 2364 cm21! are
observed and their intensity is found to increase with dopi
They are thus associated with the doping perturbed site
Influence of the aluminum crucible compared to the platin
crucible manifests itself in the appearance of an additio
type of site, with the CF excitations at 1962 and 2161 cm21.

Absorption bands, in the 3880–4440 an
5740–6640 cm21 ranges, that involve the second excit
multiplet (4I 9/2→4I 13/2) and third excited multiplet (4I 9/2
→4I 15/2) are shown as a function of doping in Figs. 2~a! and
3~a!, respectively, with their associated band fitting@Figs.
2~b! and 3~b!#. They confirm the presence of the unperturb
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site as indicated in Figs. 2~a! and 3~a! and the appearance o
new bands~3897, 3912, 3933, 4302, and 4371 cm21! in the
3880–4440-cm21 range and~5752, 5817, 5848, 5914, 6380
6435, and 6549 cm21! in the 5740–6640-cm21 range. Simi-
larly, the perturbation due to the aluminum crucible is co
firmed by bands around 3883, 4084, and 6007 cm21. Since

FIG. 1. CF absorption bands of the Nd31 4 f electrons first ex-
cited multiplet (4I 11/2) in Nd22xCexCuO4 as a function of cerium
doping atT520 K; arrows indicate the new excitations resultin
from doping~a!. Fitting of the absorption bands~b!.
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the energies of the CF excitations do not depend significa
on x, only the x50.15 data are shown in our tables a
considered in our analysis. Interestingly, we detect no dif
ence between the spectra of the crystals grown by the t
eling solvent floating zone technique and crystals grown
platinum crucibles. We also observe that the electrical ch
acter, resulting from cerium doping~semiconducting forx

FIG. 2. CF absorption bands of the Nd31 4 f electrons second
excited multiplet (4I 13/2) in Nd22xCexCuO4 as a function of cerium
doping atT520 K; arrows indicate the new excitations resultin
from doping~a!. Fitting of the absorption bands~b!.
ly

r-
v-
n
r-

<0.01 and metallic forx>0.05!, has no influence on the CF
excitations of sites I and II.

The five CF parametersBkq in the unperturbed site
I, given in the second column in Table I have been det

FIG. 3. CF absorption bands of the Nd31 4 f electrons third
excited multiplet (4I 15/2) in Nd22xCexCuO4 as a function of cerium
doping atT520 K; arrows indicate the new excitations resultin
from doping~a!. Fitting of the absorption bands~b!.



d

o

e
n

ud-

e
e

nt
ers
al
An
ide

il-
the

in
ly

ce

PRB 61 12 885INFRARED STUDY OF CRYSTAL-FIELD EXCITATIONS . . .
mined by a fit to the corresponding experimental ban
~Table II! using a least-squares procedure.24 Similarly, as in
earlier studies of Nd1.835Ce0.165CuO4 ~Ref. 14! and
Pr22xCexCuO4,

25 we tentatively attribute the appearance
an additional Nd31 site in Nd22xCexCuO4 to a local disorder
involving oxygen in the CuO2 planes. This disorder, whos
prominent feature is the vertical displacement of the in-pla

TABLE I. The CF parametersBkq ~in cm21! for different local
environments of the Nd31 ion in Nd1.85Ce0.15CuO4. The site I cor-
responds to the unperturbed regions while the site II is influen
by the cerium doping~see the text for details!.

kq Site I Site II Nd2CuO4 ~Ref. 6!

2 0 2226 ~18! 2226 2335 ~22!

4 0 22323 ~35! 22188 22219 ~33!

4 4 1567~31! 1537 1634~22!

6 0 218~7! 245 224~12!

6 4 1525~6! 1472 1494~9!
s

f

e

oxygens of about 0.1 Å induced by doping, have been st
ied in Nd1.835Ce0.165CuO4 using the pair distribution function
analysis of neutron-diffraction data.26,27 Within this scheme,
40% of the Nd31 ions are in undistorted domains, and th
remaining 60% of the Nd31 ions are divided among thre
inequivalent sites ofC1 and Cs symmetry in distorted do-
mains.

Using the superposition model, proven to be very efficie
in the modeling of the fourth- and sixth-order CF paramet
in cuprates,14,28 we have estimated the impact of the loc
deformations described in Ref. 27 on the CF excitations.
important feature of this model is that it neglects ions outs
the coordination polyhedron of the Nd31 ion, which allows
us to describe the CF interaction in the above-mentionedC1
and Cs symmetry sites by the tetragonal symmetry Ham
tonian. A comparison with the experimental data given in
third column in Table II indicates that site II is theC1 sym-
metry site of Ref. 27. The CF parameters for this site
Nd1.85Ce0.15CuO4 are given in Table I, where the recent
calculated Nd2CuO4 CF parameters6 are shown for compari-

d

TABLE II. Calculated and observed infrared active CF levels for different local Nd31 environments in
Nd1.85Ce0.15CuO4 as compared with the corresponding data for Nd2CuO4. Experimental uncertainty is62
cm21 and uncertainty due toB20 is given in brackets~see the text for details!. * indicates Raman active CF
excitations~Refs. 11 and 12! and** denotes neutron measurements~Ref. 9!.

J

Site I
Calc./Expt.

Site II
Calc./Expt.

Nd2CuO4

Calc./Expt.

Energy
~cm21!

Symmetry
i (G i)

Energy
~cm21!

Symmetry
i (G i)

Energy
~cm21!

Symmetry
i (G i)

11
2 1984/1987 6 1980~3!/1975 1993/1995 6

1985* 1978* 2004/2006 6
1993/2006 6 1990~2!/- 2008/2013 7
1992616** 2000~11!/1999 2080/2077 7
2008/2015 7 2000* 2384/2383 6
2072/2077 7 2064~6!/2069 2414/2414 7
2384/2383 6 2363~13!/2364
2408/2414 7 2385~13!/-
2402616**

13
2 3910/3907 6 3707~1!/3897 3918/3918 6

3912/3924 7 3901* 3921/3924 7
3926* 3910~2!/3912 3951/3950 6

3946/3948 6 3916* 3965/3964 7
3950* 3941~7!/3993 4333/4329 6

3960/3959 7 3937* 4338/- 7
3962* 3953~6!/- 4412/4410 7

4334/4319 6 4315~17!/4302
4336/4342 7 4317~7!/-
4406/4410 7 4380~20!/4371

15
2 5742/5740 7 5747~3!/5752 5756/5754 7

5820/5822 7 5822~1!/- 5828/5824 7
5858/5865 6 5851~1!/5848 5865/5868 6
5908/5906 6 5904~7!/5914 5914/5914 6
6399/6401 6 6380~20!/6380 6395/6400 6
6456/6453 7 6437~8!/6435 6460/- 7
6575/- 7 6548~5!/6549 6571/6570 7
6582/6580 6 6550~24!/6549 6585/6585 6
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12 886 PRB 61S. JANDL et al.
son. Note that we have set arbitrarily the site I value,B20
52226 cm21, also in theC1 symmetry site as the superpo
sition model does not apply to the second-order CF par
eters.

In Table II, the energies of the measured CF excitatio
are compared with the results of the fit for the undistor
domains, with the superposition model prediction for theC1
symmetry site in the distorted domains in Nd1.85Ce0.15CuO4,
and with the Nd2CuO4 calculated and measured C
excitations.6 For each superposition model calculated le
given in Table II, an uncertainty is associated, obtained p
suming that the value of theB20 parameter falls within 500
and 0 cm21. This uncertainty does not concern the data
site I. The similarity between site I and Nd2CuO4 CF energy
levels, measured and calculated, confirms that this site
responds to the Nd31 ions in unperturbed domains. Furthe
more, it is seen that the observed levels in this site are
agreement with the excitations at 1985 and 3950 cm21 that
were associated with the unperturbed sites in ear
Nd1.85Ce0.15CuO4 Raman studies11,12 as well as with the in-
elastic neutron-scattering data for this compound, 1992616
and 2402616 cm21.9 We also assign the 3926 an
3962 cm21 Raman active excitations, which were previous
associated with a perturbed site,11 to the G6→G7 intermul-
tiplet excitations in site I. Site II excitations are in agreeme
with the Raman active excitations assigned to perturbed s
~1978, 2000, 3901, and 3937 cm21!,11,12and with the predic-
tion for theC1 symmetry sites in distorted domains. Summ
rizing this part we conclude that, similar to the Raman stu
of the neighboring compound Pr22xCexCuO4,

25 only the CF
excitations associated withC1 symmetry sites have been ob
served. There is no evidence for the presence of theCs sym-
metry sites in distorted domains as described by the neut
diffraction data.26,27

Kramers doublet splittings have been obtained by the
ting of the intermultiplet excitations associated with the u
perturbed site I as indicated in Figs. 1~b!, 2~b!, and 3~b!. In
Table III, the Nd31 Kramers doublet splittings in
Nd1.85Ce0.15CuO4 are compared to the ones in Nd2CuO4.
Even though broadness of the bands prevents us from
sidering our fittings as nonequivocal, there is a strong in
cation of the persisting antiferromagnetic order
Nd1.85Ce0.15CuO4 as previously reported in the specific-he
studies29,30 and the Raman measurements.11

CONCLUSION

The present infrared CF study of Nd22xCexCuO4 for vari-
ous cerium compositions extends a previous infrared
study of Nd2CuO4. Two different Nd31 ion sites are ob-
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served in these compounds. For each site the intermulti
CF excitations forJ5 11

2 , 3
2, and 15

2 have been detected an
the CF parameters that describe the observed spectra
been derived. One of the sites corresponds to the alm
unperturbed Nd31 ions while the other site is perturbed b
the cerium doping. The CF excitations at the perturbed s
are compatible with theC1 symmetry local structura
changes determined by the real-space refinement of
neutron-diffraction data. The observed splitting of the Kra
ers doublets, ascribed to the exchange interaction Nd-
suggests that the antiferromagnetic order in the CuO2 planes
in the Ce-doped Nd2CuO4 compounds persists in region
where the unperturbed sites are located.
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TABLE III. Nd 31 Kramers doublets splitting~d.s.! in
Nd1.85Ce0.15CuO4 compared to Nd2CuO4 ~Ref. 22!. * corresponds to
transitions involving the 5-cm21 ground-state level.

J Symmetry
Nd1.85

d.s. ~61 cm21!
Ce0.15CuO4

d.s. ~61 cm21!
Nd2CuO4

d.s. ~61 cm21!

9
2 G6 5 5.5

11
2 G6 1979* 4 3.5

1985
1989

G7 2002* 3 3.5
2008

G6 2014 3 4
2017

13
2 G6 3940*

3943* 3 2.5
3946
3949

15
2 G6 5859* 2 2

5867
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