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Infrared transmission study of crystal-field excitations in La2ÀxÀyNdxSryCuO4
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We report an infrared crystal field study of La22x2yNdxSryCuO4 single crystals for (x50.35, y50), (x
50.34,y50.14), and (x50.42,y50.19). Nd31 crystal field excitations from the ground state multiplet4I 9/2

to the 4I 11/2, 4I 13/2, 4I 15/2, and 4F3/2 excited multiplets are observed. A precise set of crystal field parameters,
that reproduces the Nd31 electronic levels in all the samples as well as the La1.65Nd0.35CuO4 susceptibility
measurements as a function of temperature, is determined. A very strong Ising-like anisotropy of the low-
temperature Nd31 magnetic moment is related to a large value of the second rank crystal field parameterB20.
In addition to the Nd31 C4v symmetry regular site a second one, of lower symmetry, is detected and related to
possible stripe formation.

DOI: 10.1103/PhysRevB.66.224508 PACS number~s!: 74.72.Dn, 71.70.Ch, 71.70.Gm, 75.10.Dg
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I. INTRODUCTION

Ordered charges and spin domains~stripes and phase
separations! in layered cuprates1 and other oxides2,3 could
play a key role in the mechanism of high temperature sup
conductivity~HTSC!.4 Probing locally these charge and sp
inhomogeneities has recently become an important issue5,6

Rare-earth~RE! crystal field ~CF! excitations, to which
the electronic and magnetic properties are very sensit
have been successfully used to study various physical p
erties of the HTSC and their parent compounds.7 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
electron8–11and hole doped cuprates.12,13Since the rare-earth
ions are located in the vicinity of the copper-oxygen plan
the presence of doped charge carriers in inhomogene
structures such as stripes or clusters affects their CF en
levels.

The study of CF excitations in La22x2yNdxSryCuO4 com-
pounds, which are known to exhibit phase separation
stripe formation,1 would help to characterize the effect o
charge redistribution on the Nd31 CF levels. Many phase
transitions are observed in these materials involving rotati
of the CuO6 octahedra.14–16The high-temperature tetragon
~HTT! (I4/mmm), the low-temperature orthorhombic~LTO!
0163-1829/2002/66~22!/224508~7!/$20.00 66 2245
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(Bmab) and the low-temperature tetragonal~LTT!
(P42 /ncm) phases have been characterized by Ram
spectroscopy17 and neutron scattering,18,19while Lampakiset
al.20 have observed two broad Raman excitations around
and 380 cm21 in La22xSrxCuO4 compatible with stripe for-
mation.

In this article, we study the Nd31 CF excitations in
La22x2yNdxSryCuO4. The principal objectives are~i! to re-
port the Nd31 CF excitations in single crystals as detected
infrared transmission spectroscopy,~ii ! to determine the CF
parameters that describe the CF interaction and fit the m
sured magnetic susceptibility,~iii ! to discuss the origin of the
additional Nd31 CF excitations.

II. EXPERIMENTS

Infrared transmission spectra of La22x2yNdxSryCuO4 (x
50.35,y50) sample 1 as grown and reduced at 800 °C
Ar atmosphere, (x50.34,y50.14) sample 2, and (x
50.42,y50.19) sample 3 single crystals have been
corded as a function of temperature. Samples 1 and 3 w
grown by the travelling solvent floating zone technique~im-
age furnace!21 while sample 2 was obtained by the flu
method.22 Considering their various phase transition
samples 1 and 3 have been further characterized by spe
heat measurements, carried out using the relaxation me
©2002 The American Physical Society08-1



n
LT

s
K
th
n
h
e
n
i
-

s
o
m

X
s

ro
.2
rb
he
pic
a
tin

s-
ili
d
a

ur

r
0
a

o
in

a

t
tio

te
t

by
to

rder
tions

by

ns

e

c-

G. RIOU et al. PHYSICAL REVIEW B 66, 224508 ~2002!
by means of a commercial Quantum Design PPMS mag
tometer, and by Raman spectroscopy: sample 1 is in the
phase at room temperature and undergoes a LTO→LTT
phase transition at 80 K, while sample 3 is in the HTT pha
at room temperature and in the LTO phase below 275
Sample 2 is according to the phase diagram of Ref. 23 in
LTT phase below 60 K. A preliminary Raman study has e
abled us to orient the samples and to characterize their in
mogeneities. For the infrared study, the samples w
mounted on a helium closed cycle cryostat cold finger a
0.5 cm21 resolution transmission spectra were obtained
the 1800–15 000 cm21 energy range with a Fourier trans
form interferometer ~BOMEM DA3.002! equipped with
InSb and Si detectors, quartz-halogen and globar source
well as CaF2 and quartz beamsplitters. The composition h
mogeneity of sample 1 was measured using an electron
croprobe x-ray analyzer JXA 733~JEOL! equipped with WD
spectrometers. Experimental data were processed by the
correction program~SAMX!. The oxygen concentration wa
estimated from stoichiometry.

In order to further characterize samples 1 and 3, mic
wave conductivity at 16.5 GHz was measured, in the 4
300 K temperature range, using the standard cavity pertu
tion contactless technique which is well suited for t
measurements of electrical conductivity in anisotro
materials.24,25 The microwave conductivity measurements
16.5 GHz show that sample 3 displays a superconduc
transition around 20 K and the lowc-axis plasma frequency
;150 cm21 ~Ref. 26! renders its infrared transmission po
sible. Sample 1 magnetization and magnetic susceptib
parallel and perpendicular to the CuO2 planes were measure
using a superconducting quantum interference device m
netometer Quantum Design MPM-5S in the temperat
range from 4.5 to 300 K.

III. RESULTS AND DISCUSSION

Sample 1, which is in the LTO phase at room temperatu
undergoes a gradual LTO→LTT phase transition around 8
K.14 The temperature evolution of the sample 1 five Ram
active phonons, in thex(zz) x̄ configuration, confirms its ori-
entation@Fig. 1~a!#; hardening of the 120 cm21 phonon be-
tween 300 and 100 K@inset of Fig. 1~a!# is followed by a
softening at lower temperature indicating the occurrence
the LTO→LTT transition.17 This phase transition appears
the specific heat measurements around 80 K~Fig. 2!. Raman
active excitations that are not predicted by group theory
observed around 150 and 380 cm21 @Fig. 1~b!#. The C4v
symmetry crystal field at the Nd31 site lifts the (2J11)-fold
degeneracy of the 4f 3 stateJ multiplets. Assuming a perfec
orientation of the crystal and the absence of depolariza
effects as well as of disorder,G6→G6 and G7→G7 transi-
tions are observed forEiz while G6→G7 transitions are ob-
served forE'z.

Similarly to as grown cerium doped Nd2CuO4 and
Pr2CuO4,8,10 more infrared absorption bands than expec
from the Nd31 regular sites, are observed. They are due
nonregular Nd31 sites which frequencies are influenced
reduction, Sr doping, local charge fluctuations, and/or dis
22450
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sions. CF absorption bands are shown in Figs. 3,4,5. In o
to determine the parameters that describe the CF interac
at the regular sites, the less affected absorption bands
doping are considered.

FIG. 1. ~a! Temperature evolution of the Raman-active phono

of La1.65Nd0.35CuO4 in the x(zz) x̄ configuration. Inset: A zoom
around 120 cm21. ~b! La1.65Nd0.35CuO4 ~1!, La1.52Nd0.34Sr0.14CuO4

~2!, and La1.49Nd0.42Sr0.19CuO4 ~3! Raman-active phonons in th

y(xx) ȳ configuration at 78 K.

FIG. 2. La1.65Nd0.35CuO4 specific heat measurement as a fun
tion of temperature from 65 to 100 K.
8-2
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The temperature evolution of the4I 9/2→4I 11/2 transitions
is presented in Fig. 3~a!. The absorption bands at~1932
cm21) and ~1980, 2241 cm21) are associated with (G6
→G7) and (G6→G6) transitions, respectively. The bands
1910 and 2170 cm21 correspond to transitions from the the
mally populated 70 cm21 G7 level toG6 levels. The selection
rules are not rigorously respected due to depolarization
fects. The presence of strontium induces a broadening a
shift of the absorption bands indicated by dashed lines in
3~b!. The additional bands, detected at 1996, 2054, 2113
2203 cm21, are associated with nonregular Nd31 sites.

The temperature evolution of the4I 9/2→4I 13/2 transitions
is presented in Fig. 4~a!. The absorption bands at~3883,

FIG. 3. ~a! Temperature evolution of the4I 9/2→4I 11/2 transitions
in La1.65Nd0.35CuO4 for Eiz. Inset: Fitting of the 1932 cm21 ab-
sorption band at 9 K.~b! Low-temperature spectra at 9 K of the as
grown ~1! and reduced ~1R! La1.65Nd0.35CuO4 ,
La1.52Nd0.34Sr0.14CuO4 ~2! and La1.49Nd0.42Sr0.19CuO4 ~3!. Asterisks
indicate absorptions associated with the regular Nd31 sites.

FIG. 4. ~a! Temperature evolution of the4I 9/2→4I 13/2 transitions
in La1.65Nd0.35CuO4 for Eiz. ~b! Low-temperature spectra at 9 K of
the as grown ~1! and reduced ~1R! La1.65Nd0.35CuO4 ,
La1.52Nd0.34Sr0.14CuO4 ~2!, and La1.49Nd0.42Sr0.19CuO4 ~3!. Aster-
isks indicate absorptions associated with the regular Nd31 sites.
22450
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4101, 4204 cm21) and ~4006 cm21) are associated with
(G6→G7) and (G6→G6) transitions, respectively. The ban
at 3813 cm21 corresponds to a transition from the therma
populated 70 cm21 G7 level to aG7 level while the absorp-
tion at 3876 cm21 is associated with a transition from th
130 cm21 G6 level to a G7 level. Broadenings and sma
shifts of the absorption bands are observed with the incre
of the strontium content@Fig. 4~b!#. The additional absorp-
tions at 3946, 4065, and 4261 cm21 are associated with the
nonregular Nd31 sites.

Finally, the temperature evolution of the4I 9/2→4I 15/2
transition is presented in Fig. 5~a!. The absorption bands a
~5827, 6003, 6144, 6365 cm21) and~5875, 6201 cm21) are
associated with (G6→G6) and (G6→G7) transitions, respec-
tively. The band at 5805 cm21 corresponds to a transitio
from the thermally populated 70 cm21 G7 level to aG7 level.
Broadenings and small shifts of the absorption bands are
observed with the increase of strontium content@Fig. 5~b!#.
Additional absorptions at 6073 and 6092 cm21 are associ-
ated with the nonregular Nd31 sites.

In the following, we analyze the optical data using the C
Hamiltonian written as

HCF5(
k,q

BkqCq
k , ~1!

where Cq
k is theqth component of a spherical tensor opera

of rank k, and Bkq the corresponding CF parameter. In th
C4v symmetry Nd31 sites only five CF parametersB20, B40,
B44, B60, andB64, are nonzero. These parameters are de
mined by solving numerically the inverse secular proble
where the CF levels deduced from the optical spectra
taken to be the eigenvalues of the secular equation ofHCF.
However, as mentioned previously, the large number of
served bands indicates the presence of at least one addit
Nd31 site. Moreover, to our knowledge, no data, whi

FIG. 5. ~a! Temperature evolution of the4I 9/2→4I 15/2 transitions
in La1.65Nd0.35CuO4 for Eiz. ~b! Low-temperature spectra at 9 K of
La1.65Nd0.35CuO4 ~1!, La1.52Nd0.34Sr0.14CuO4 ~2!, and
La1.49Nd0.42Sr0.19CuO4 ~3!. Asterisks indicate absorptions associat
with the regular Nd31 sites.
8-3
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could serve as an initial estimate for the parametersBkq in
the studied compounds, are available. Therefore, our
analysis was made in several steps.

In the first step, in analogy with Ce-doped Nd2CuO4,10

we ascribed the experimental CF levels, which do not
pend on the Sr doping, to the regular Nd31 site. The corre-
sponding levels at 0, 70, 130, 1932, 2241, 4101, 5827, 58
6003, 6201, and 6365 cm21 were fitted by the least-square
method in which the calculations using a semiphenome
logical superposition model~SM! and anab initio method
based on the density functional theory~for details see Ref.
13! provided an initial estimate for the CF parameters. T
structure parameters available for the ideal tetrago
I4/mmm ~HTT! crystallographic structure of La2CuO4 ~so-
called T structure!27 have been considered in these calcu
tions. In the following steps we have also included, amo
the input data, the levels that match the calculated o
~1980, 3883, 4006, 4204, and 6144 cm21) and obtained the
CF parameters given in Table I.

The resulting best-fit values are compared with the th
retical ones in Table I, the free-ion energies of the4I J mul-
tiplets, varied along the CF parameters in fitting the data,
0 (J59/2), 1872 (J511/2), 3833 (J513/2), and 5880 (J
515/2) cm21. It is to be noted that both sets of the C
parameters in Table I are rather similar except for theB40
parameter sign.

Our SM calculations indicate that theB40 parameter sign
changes at the transition from the undistorted HTT struct
to the low-temperature distorted structures. In the LTO a
LTT phases, this tendency is associated with the tilting of
apical oxygen from thez axis as well as with the displace

TABLE I. Nd31 ion CF parameters ~in cm21) in
La1.65Nd0.35CuO4. Given in brackets are the mean errors associa
with the fitting parameters.

Bkq Theory Fit

B20 1123 1518~5!

B40 675 2863 ~6!

B44 2238 2200 ~6!

B60 381 372~4!

B64 866 914~3!
22450
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ment of the two next nearest oxygen ligands closer to
Nd31 ion ~see, e.g., Refs. 14,28!. The remaining CF param
eters are not influenced significantly by this distortion.

The CF levels, calculated using the best-fit set of theBkq
parameters, are compared with the experimental one
Table II confirming that the crystal field at the regular Nd31

sites can be well described by theC4v symmetry Hamil-
tonian. We note that we have detected several transition
the 10 000 to 15 000 cm21 energy range. These lines a
particularly difficult to assign mainly due to the scarcity
the data and the overlap of theJ multiplets. The only excep-
tions are the levels at 11 243 and 11 444~11 374170
511 444! cm21 ascribed to the CF splitting of the4F3/2 mul-
tiplet ~Fig. 6!. The observed splitting~201 cm21) of the
4F3/2 multiplet compares favorably with the theoretical val
of 181 cm21 as obtained by diagonalization of the free-io
Hamiltonian29 together with the CF Hamiltonian@Eq. ~1!#,
using the best-fit parameters of Table I. This agreement p
vides an independent test of the reliability of these para
eters,B20 in particular.

The inelastic neutron scattering study, performed
Rœpkeet al. in La22x2yNdxSryCuO4 for yÞ0,30 shows that
the observed quasielastic Lorentzian line above 80 K tra
forms into a mixed quasielastic Lorentzian-Gaussian line
low 80 K, which is considered as a direct indication f

d

FIG. 6. Temperature evolution of the4I 9/2→4F3/2 transitions in
La1.65Nd0.35CuO4 for Eiz.
e

lar
TABLE II. Energies ~in cm21) and symmetries of Nd31 4I term levels in La1.65Nd0.35CuO4 associated with the regular and th
nonregular sites, respectively (61 cm21).

4I 9/2
4I 11/2

4I 13/2
4I 15/2

Fit regular Fit regular nonregular Fit regular nonregular Fit regular nonregu

G6 -2 0 G7 1940 1932 G7 3882 3883 G6 5824 5827
G7 70 70 G6 1972 1980 (65 cm21) 1996 G7 3919 G7 5876 5875
G6 132 130 G6 2035 2054 G6 3961 3946 G7 5965
G7 309 G7 2091 2113 G6 4007 4006 G6 6005 6003 6073
G6 444 G7 2188 2203 G7 4098 4101 4065 G6 6146 6144 6092

G6 2240 2241 G7 4208 4204 G7 6200 6201
G6 4217 4261 G6 6368 6365

G7 6429
8-4
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spatial inhomogeneities in the CuO2 planes. The detection o
Raman active excitations at 150 and 380 cm21 @Fig. 1~b!#
confirms the expected phase separation in the stu
samples,20 which translates in Nd31 nonregular sites. We
tentatively associate the regular sites with hole-free anti
romagnetic regions and the nonregular sites with hole-
regions in the samples. The atomic scale charge inhom
neities, forming stripes in some cuprates, provoke lo
structural deformations~see, e.g., Refs. 17,31–33!. The extra
charge and the local deformations in the vicinity of the no
regular R31 sites were considered in several point-cha
model CF calculations.6,34,35 Sufficiently detailed structura
data based on the atomic pair distribution function~PDF! are
available only for Nd22xCexCuO4.33 Using this data, a SM-
based modeling of the CF interaction at the nonregular N31

sites has shown that the charge-transfer induced struc
deformation, rather than the transferred charge itself, p
vokes the observed<50 cm21 shifts of the Nd31 CF levels
with respect to the regular sites.10,36 Similarly to the
Nd22xCexCuO4 study, the observed<40 cm21 Sr-doping
induced shifts of CF transitions~Figs. 3,4,5, Table II! are
ascribed partially to local structural deformations. Wh
PDF,32 EXAFS,37 and Raman17 studies of
La22x2yNdxSryCuO4 indicate such a deformation, they d
not provide the crucial precise information, about the relat
positions of oxygen ions with respect to the Nd31 ions, for
the theoretical modeling. Moreover, the dependance of th
nonregular sites CF excitations on reduction and Sr dop
proves that they are also sensitive to charge density s
their shift to higher energies increases with hole dopi
Sample 1, if stoichiometric, is expected to exhibit an insu
ing behavior as in Pr2CuO4 ~Ref. 8! and Nd2CuO4.25 How-
ever, the sample 1xy plane conductivity is quite high at low
temperature as shown in Fig. 7. As observed in other c
pounds, the microwave conductivity decreases with temp
ture in a semiconducting fashion, and the structure appea
around 150 K, whose origin is still unknown, appears also
Nd2CuO4 microwave conductivity data.25 Despite the fact
that the temperature profile is very similar to what is found
other compounds, the high microwave conductivity is co
sistent with the presence of some impurity band. This imp

FIG. 7. xy plane La1.65Nd0.35CuO4 microwave conductivity at
16.5 GHz as a function of temperature on a log-log scale.
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free charges in the CuO2 plane as confirmed by a microprob
analysis which revealed an overall nonstoichiomet
composition described by the chemical formu
La1.69Nd0.336Cu0.954O4 ~equivalent to d'0.007 in
La2CuO41d). Actually, many recent studies have report
that La2CuO41d exhibits phase separation ford down to
0.003.38

The magnetization measurements in fields applied al
the c axis show that sample 1 is a weak ferromagnet at l
temperatures~Fig. 8!. The temperature variation of the rem
anent magnetization indicates that the weak ferromagne
induced by the antisymmetric Dzyaloshinskii-Moriya~DM!
interaction between the Cu spins39 persists atH50 T up to a
temperature of about 15 K, in good agreement with availa
data.14 We note that a metamagnetic transition, revealed
fields from 0.03 to 0.3 T by magnetization measuremen
indicates a finite ferromagnetic moment vanishing at 20–
K. The temperature dependence of the ferromagnetic com
nent follows roughly the Curie-Weiss law, which is indic
tive of the essential contribution of the Nd31 sublattice, mag-
netically polarized by the Nd-Cu coupling. The lifting of th
degeneracy of the Nd31 Kramers doublets due to this cou
pling is illustrated by the;3.2 cm21 splitting of the 1932
cm21 absorption band at 9 K, shown in the inset of Fig. 3~a!.
To obtain the paramagnetic susceptibility anisotropy
sample 1 in an applied field of 0.15 T, displayed in Fig. 9,
have corrected the experimental susceptibility (x) data in the
perpendicular orientation for the ferromagnetic contributio

FIG. 8. Magnetic hysteresis curve for La1.65Nd0.35CuO4. The
arrows indicate the direction in which the magnetic field w
changed during the experiment.
8-5
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In comparison to other Nd cuprates: Nd2CuO4 ~Ref. 40! and
NdBa2Cu3O6,41 the anisotropy, imprinted by the CF intera
tion at the Nd31 sites, is much more pronounced and pers
until room temperature. The theoreticalx vs T curve calcu-
lated using the best-fit CF parameters~Table I! is shown to
compare well with the experimental data~Fig. 9!. At 20 K,
the susceptibility in parallel orientation is more than 20 tim
smaller than in the perpendicular orientation. The differen
between these two directions further increases with decr
ing temperature. We ascribe the nonobservation of the m
mum in x(T) @or the maximum inx21(T)] to an admixture
of the perpendicular component into the parallel data du
the imperfect orientation of the applied magnetic field w
respect to the crystala-b plane. The calculated ground-sta
g-tensor values of Nd31 in sample 1:ga50.373,gc55.796
indicate a very large Ising-like~Ref. 42! anisotropy of the
low-temperature magnetic moment, much stronger than
any known Nd31-compound. This remarkably strong aniso
ropy is related to the high value of the 2nd rank CF param-
eterB20: e.g., its respective theoretical and best-fit values
1123 and 1518 cm21 ~Table I! are three to four times large
than the corresponding values of 412 cm21 ~Ref. 43! and

FIG. 9. Magnetic susceptibility measurements
La1.65Nd0.35CuO4 ~dots! and calculations~lines! parallel and per-
pendicular to the CuO2 planes. Inset: inverse magnetic susceptib
ity.
22450
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380 cm21 ~Ref. 12! in NdBa2Cu3O6. The difference between
the theoreticalB20 values in these two compounds is co
nected with a difference in the occupation of thepx , py , and
pz orbitals in the 5p and 6p valence states as well as of th
dz2, dx22y2, dxy , dxz , and dyz orbitals in the valence 5d
states of Nd31 ion. Significant contribution toB20 from
charges within the atomic sphere is proportional to the qu
tities DNp andDNd which are functions of the orbital occu
pation numbers.44 We have obtainedDNp equal to20.021
and 20.009 electrons andDNd equal to 20.097 and
20.021 electrons for the Nd31 ion in sample 1 and
NdBa2Cu3O6 compounds, respectively. Therefore, the e
traordinary anisotropy of the Nd31 magnetic moment in
sample 1 is directly related to the anisotropy of the Nd-p and
Nd-5d occupied states in the close proximity of the ma
mum of the radial charge density distribution of the localiz
Nd-4f states.

IV. CONCLUSIONS

We have reported on an Nd31 CF infrared absorption
study in La22x2yNdxSryCuO4. 16 CF levels of the four first
excited multiplets have been observed. The determinatio
the CF parameters for theC4v symmetry site, using bothab
initio and SM calculations, indicates a good agreement
tween the observed and calculated CF levels. A compar
between the theoretical model~calculated for the idea
La2CuO4 I4/mmmstructure! and the fit shows a fairly good
agreement, excepted for theB40 CF parameter which is very
sensitive to the apical oxygen position. As previous
reported,14 the magnetic susceptibility measurements disp
a weak ferromagnetic component below 15 K induced by
antisymmetric DM interaction. The measured paramagn
susceptibility, which anisotropy is more pronounced than
any other Nd compound, compares well with the predictio
of the CF parameters. Many additional absorption bands
associated with the presence of at least one nonregular N31

site due to possible charge fluctuations and stripes.
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