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Absorption bands, corresponding to the crystal-field~CF! excitations of the Sm31 ions in SmBa2Cu3O6,
have been observed by infrared transmission spectroscopy and assigned to transitions from the lowest energy
levels of the6H5/2 multiplet to the excited multiplets6H7/2, 6H9/2, 6H11/2, 6H13/2, 6F7/2, and 6F9/2 of Sm31

ions on the regularD4h-symmetry sites and theC4v-symmetry Ba sites. A set of the CF parameters that fits the
levels in the regular sites and reproduces the magnetic susceptibility anisotropy has been derived. The CF
interaction parameters in the Sm/Ba sites have been modeled by combining the superposition model and anab
initio method based on the density-functional calculations.
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I. INTRODUCTION

Infrared absorption and electronic Raman spectrosc
have been successfully used in the study of intermultip
crystal-field ~CF! excitations in rare-earth~RE! based cu-
prates of the (RE)22xCexCuO4 ~RE 5 Nd, Sm, Pr,x50.00
and 0.15! family1–4 in spite of the widespread belief tha
optical techniques are not appropriate to study rare-e
electronicf -f transitions in opaque materials.5,6 Besides pure
CF transitions, Raman active coupled phonon-CF exc
tions, in NdBa2Cu3O72d ~Ref. 7! and SmBa2Cu3O72d ,8

have been reported. Recently, absorption bands corresp
ing to Nd31 CF excitations in NdBa2Cu3O6 have been ob-
served by infrared spectroscopy and assigned to transit
between CF levels of the4I 9/2 ground state to the excite
multiplets 4I 11/2, 4I 13/2, and 4I 15/2 of Nd31 ions on the regu-
lar rare-earth site and on the Ba sites.9

The RE ions in high-Tc superconductors and related com
pounds occupy sites adjacent to the CuO2 planes where the
charge carriers responsible for superconductivity are loca
Hence CF excitations that probe the charge distribution
the CuO2 planes and the structural changes induced by d
ing have been studied extensively by inelastic neutron s
tering on polycrystalline samples.10 However, such measure
ments have succeeded to observe only a small number o
excitations which is generally insufficient for a precise det
mination of the CF parameters that appear as prefactor
the spherical tensor operators of the CF Hamiltonian.11 Ra-
man spectroscopy and infrared absorption, which can be
plied with high resolution in the study of small single cry
0163-1829/2001/63~5!/054528~10!/$15.00 63 0545
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tals without limitation to the low energies CF excitation
thus complement remarkably the initial neutron studies.

Sm31 CF excitations in SmBa2Cu3O7 have been studied
by inelastic neutron scattering.12 In order to avoid the large
neutron cross section of natural samarium the isotope154Sm
was used. The ordering in energy of CF states in the gro
state 6H5/2 and in the first excited6H7/2 multiplet was as-
signed. A set of CF parameters has been derived and
need for measurements beyond the first excited multiplet
been expressed.

In this paper we report a systematic study, combining
infrared absorption measurements with various theoret
approaches, of CF transitions in Sm11xBa22xCu3O61y (y
;0) samples from the lowest energy levels of the6H5/2
multiplet to the 6H7/2, 6H9/2, 6H11/2, 6H13/2, 6F7/2, and
6F9/2 excited multiplets. The CF fits to the infrared spec
allow us to account for the observed anisotropy of the m
netic susceptibility.

II. EXPERIMENT

Sm11xBa22xCu3O61y single crystals were grown by th
self-flux method with (x<0.01, x50.05, and 0.11! as de-
scribed in Ref. 13 and with (x50.03) according to Ref. 14
They were subsequently annealed in high-vacuum at 700
for four days. The value ofx was estimated from the nomina
Sm/Ba ratio in BaCO3, Sm2O3, and CuO flux mixtures and
checked by energy-dispersive x ray forx50.01, 0.05, and
0.11. Deviations from the nominal composition were le
than 1%.
©2001 The American Physical Society28-1
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The infrared measurements were carried out with
Fourier-transform interferometer~BOMEM DA3.002! using
either a globar source, an MCT detector, and a KBr be
splitter in the 900–2000-cm21 range, or a quartz haloge
lamp, an InSb detector, and a CaF2 beam splitter in the
1800–10 000-cm21 range. The Sm11xBa22xCu3O61y single
crystals, with approximate dimensions of 1.531.5
30.1 mm3, were mounted on a cold finger of a helium
cooled flow-through cryostat and 1-cm21 resolution trans-
mittance measurements were performed with theac plane
perpendicular to the direction of the unpolarized incide
beam. The spectra were measured over the temperature
from 8 to 300 K.

The magnetic susceptibility of single crystalline platele
having a mass between 20 and 60 mg has been meas
one at a time, using a superconducting quantum interfere
device magnetometer Quantum Design MPM-5S in the te
perature range from 4.5 to 300 K. The static magnetic fi
of 0.1 T was oriented parallel and perpendicular to the Cu2
layers.

III. THEORETICAL BACKGROUND

Interaction with the crystal field produced by the neig
boring core charges and the valence electronic charge de
is the strongest perturbation of the free ion 4f shell state of
trivalent RE ions in cuprates. The interaction Hamiltoni
can be written as

HCF5(
k,q

Bkq@Cq
(k)1C2q

(k) #, ~1!

where the functionsCq
(k) transform as tensor operators11 un-

der simultaneous rotation of the coordinates of all thef elec-
trons, andBkq are the so-called CF parameters. In this wo
we examine theoretically the CF of Sm31 at regular
D4h-symmetry sites and atC4v-symmetry Ba sites in
Sm11xBa22xCu3O6. In both cases the CF interaction can
described using Eq.~1! containing five nonzero independe
parametersB20, B40, B44, B60, andB64. Their values are
determined by combining different approaches. In regu
Sm31 sites we calculate the unknown parametersBkq solv-
ing numerically theinverse secular problem, where the ex-
perimental CF energy levels are taken to be the eigenva
of the secular equation ofHCF .

To predict thek54 and 6 CF parameters of Sm31 at Ba
sites we use the superposition model15 proved to be efficient
in the CF modeling.16 The model, introduced to separate t
geometrical and physical information contained in the
parameters, allows us to describe the CF parametersBkq in
Eq. ~1! in terms of intrinsic ~pair! CF parametersbk(R)
whereR denotes the distance between the RE and ligand
as

Bkq5(
i

Skq~ i !•bk~Ri !,k54,6, ~2!

whereSkq( i ) is the geometrical factor determined by angu
coordinates of ligands at the same distanceRi . A standard
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way of expressing the dependence of the intrinsic parame
on distance is to assume the power-law dependence:

bk5bk~R0!•~R0 /R! tk. ~3!

The superposition model is rather unaccurate for
second-order parameters for which the long-range elec
static contributions appear to dominate. This causes a br
down of one of the postulates of the superposition mode15

Therefore to calculateB20 we use anab initio method re-
cently applied to RE cuprates.17 Within this method the elec-
tronic structure and the corresponding distribution of t
ground-state charge density in the studied compounds
obtained from the first-principle calculations based on
density-functional theory~DFT!. Exchange and correlation
effects are treated within the local spin-density approxim
tion ~LSDA! and the generalized gradient approximati
~GGA!.18 The scalar relativistic Kohn-Sham equations a
used to obtain the self-consistent single electron wave fu
tions. The calculations described in Sec. IV were perform
using the full potential linearized augmented plane-wa
method ~LAPW! implemented in the latest version of th
original WIEN code.19 Atomic sphere radii of 2.8, 2.0, 1.9
and 1.5 a.u. were taken for Sm, Ba, Cu, and O, respectiv
The basis functions were represented by 1500 plane wa
~more than 100 APW/atom! plus local orbitals of Sm
(5s, 5), Ba (5s, 5), Cu (3p), and O (2s) semicore states
which lie less than 6 Ry below the Fermi level. A maximu
of l 512 was adopted for the expansion of the radial wa
function. Inside the spheres the crystal potential and cha
density were expanded into crystal harmonics up to the s
order. For the Brillouin zone integrations a tetrahedr
method19 with 40–50 specialk points was used. The remain
ing computational details were very similar to those in R
20.

The Sm 4f states in the spherical part of the potential a
treated as atomiclike core states~open-core treatment, se
Ref. 21!. Sm31 in the studied compounds is characterized
the integer occupation numberN4 f55. A similar approach
was successfully used in the DFT calculations
PrBa2Cu3O6.20 Within the DFT the parameterB20 of the CF
Hamiltonian, Eq.~1!, originating from the effective potentia
V inside the crystal, can be written as

B205a2
0E

0

`

uR4 f~r !u2V2
0~r !r 2dr, ~4!

where the nonspherical componentV2
0(r ) reflects besides the

nuclear potentials and Hartree part of the interelectronic
teraction and also the exchange correlation term which
counts for many-particle effects. The radial wave functi
R4 f describes the radial shape of the localized 4f charge
density of Sm31 ion in the studied compounds. It is we
known that the use of self-consistent1open core;R4 f leads
to a poor description of the CF interaction. The reason is t
the so-called1self-interaction; potential felt by a localize
4 f electron is not correctly treated within the LSDA.21

Therefore the present study uses the value of theR4 f in Eq.
~4! resulting from the self-interaction corrected~SIC! LSDA
8-2
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INFRARED TRANSMISSION STUDY OF CRYSTAL- . . . PHYSICAL REVIEW B 63 054528
atomic calculations with occupation numbers of the vale
electrons of the Sm (6s, 5d, 6p) fixed to their values ob-
tained in the selfconsistent LSDA calculations in a given S
compound. This approach22 was found to give a 4f charge
density which is very close to that obtained from more r
orous DFT band calculation which includes SIC for thef
states directly.21

To calculateV2
0(r ) we rewrite the right-hand side of Eq

~4! as a sum of two contributions,

B205a2
0S E

0

RMT
uR4 f~r !u2U2

0~r !r 2dr

1E
RMT

`

uR4 f~r !u2W2
0~r !r 2dr D , ~5!

whereU2
0(r ) andW2

0(r ) are respectively the components
the effective potential inside the atomic sphere with rad
RMT and in the interstitial region. The termU2

0(r ) is readily
obtained with the above-mentioned~LAPW! code. The most
interesting feature of our approach is thatW2

0(r ) is calculated
using the exact transformation of the interstitial plane-wa
representation of the potential into the spherical Bessel fu
tions. The conversion factora2

05A5/4p establishes the rela
tion between the LAPW symmetrized spherical harmo
and the real tesseral harmonics which transform in the s
way as tensors operatorsCq

(k) in Eq. ~1!.
In our CF calculations reported in Sec. IV the matrix

the operatorHCF @Eq. ~1!# is diagonalized within a truncate
basis set which includes the 12 lowestJ multiplets, using the
same free ion intermediate coupling wave functions and
ergies as in our similar study of Sm2CuO4.4 Justification of
such a truncation is provided by our very good reproduct
of the CF splitting of these 12 multiplets for Sm31 in LiYF4,
calculated considering a basis set which includes the 30 l
estJ multiplets.23

The principal values of the paramagnetic susceptibi
tensorxa in a magnetic fieldH applied along thea axis are
calculated using the formula

xa5S dma

dHa
a D

Ha→0

, ~6!

wherema represents the thermal average of the Sm31 mag-
netic moment calculated using standard Boltzmann statis
To evaluate this moment, the Zeeman term

HZeem5mB~L1gsS!•Ha ~7!

was included in the perturbation Hamiltonian and the co
bined CF and Zeeman matrices were simultaneously dia
nalized.

IV. RESULTS AND DISCUSSION

When the Sm31 ion is placed in a tetragonal symmet
site, as in SmBa2Cu3O6, the ground-state manifold6H5/2
splits into three Kramers degenerate doublets while
higher multiplets,6H7/2, 6H9/2, 6H11/2, and 6H13/2, split
05452
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into four, five, six, and seven Kramers doublets, respectiv
The observation of infrared-active CF bands within Sm31

ions placed at the inversion center~the regular
D4h-symmetry site in SmBa2Cu3O6) is electric dipole for-
bidden. We conjecture that these bands become observ
due to slight lattice imperfections related to a small amo
of Sm31 ions in the Ba sites or to oxygen nonstoichiome
as verified in the study of the Nd31 infrared ~IR! active CF
excitations in NdBa2Cu3O6.9

Figures 1~a! and 1~b! show the IR transmission spectra
the Sm11xBa22xCu3O61y single crystals, obtained at 8 K, i
the 950–1550-cm21 spectral range where the6H5/2→6H7/2

transitions occur. In thex50.01 sample, CF doublets an
three CF excitation bands of the four expected excitations
the 6H7/2 multiplet in regular sites are observed at 974/98
1326/1334, and 1460 cm21, respectively. They show a ten
dency to broaden in the substituted (x.0.01) samples. In all
samples, bands of phononic origin24 are detected and indi
cated by asterisks. We note the presence of water vapor
sorption bands around 1250 cm21 ~black circle! which mask
the observation of the CF excitation in this range.

Figures 2~a! and 2~b! correspond to the6H5/2→6H9/2 IR
transitions in the 2150–2700-cm21 range at 8 K. CF excita-
tions at 2207, 2388, 2533, and 2644 cm21 are observed in
the (x50.01) and in the (x.0.01) Sm11xBa22xCu3O61y
single crystals where an additional CF excitation is obser
at 2299 cm21. We also observe bands around 2410 and 24
cm21 whose dependence onx and temperature strongly dif
fers from that of the other CF excitations. Since these
sorption bands are also present in the NdBa2Cu3O6 spectra,9

we associate them with either a lattice defect or magn
excitations, common to the RE11xBa22xCu3O61y com-
pounds.

6H5/2→6H11/2 transitions, which cover the 3500–4000
cm21 range, are shown in Figs. 3~a! and~b! for T 5 8 K. CF
excitations at 3531, 3561, 3571, 3791, 3815, and 3953/3
cm21 are common to all the samples with an increas
broadening in the (x.0.01) samples. Also in the latte
samples, additional CF excitations are observed around 3
cm21.

Figures 4~a! and~b! present the6H5/2→6H13/2 transitions
in the 4850–5050 and 5150–5400 cm21 ranges, respec
tively, at 8 K. CF excitations at 4860, 4871, 5025/503
5261, 5282, 5306, and 5329 cm21 are observed in the (x
50.01) sample while new bands are detected around 4
and 4950 cm21 in the (x50.05) sample.

In Figs. 5~a!–~e!, CF excitations at 8 and 78 K are show
They allow the determination of the ground-state exci
levels8 at 92 and 192 cm21 and show CF excitations in th
8050–8350- and 9110–9400-cm21 ranges.

It appears natural to associate the IR absorption ba
common to the (x50.01) and (x.0.01) samples with the
Sm31 ions at regularD4h-symmetry sites and the additiona
IR absorption bands, in the (x.0.01) samples, with Sm31

ions at theC4v symmetry Ba sites. To examine more rigo
ously the origin of the individual bands we have performe
detailed CF analysis described in the following.

In a first step, using the numerical procedure describe
8-3
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Sec. III, with the CF parameters in the regular Nd sites9 in
NdBa2Cu3O6 serving as an initial estimate, we fitted trans
tions within the two lowestJ multiplets where no ambiguity
appears in the identification of the origin of individual pea
in the spectra due to the presence of their electronic replic
92 cm21. In a second step, we included in the input data o
well isolated experimental levels within the second exci

FIG. 1. IR transmission spectra atT58 K across ac-oriented
platelets of Sm11xBa22xCu3O61y . ~a! and~b! show the 950–1200-
cm21 and 1250–1500-cm21 ranges, respectively. Arrows corre
spond to 6H5/2→6H7/2 transitions, (* ) designates excitations o
phononic origin, and (d) is associated with a water vapor absor
tion.
05452
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y
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multiplet, if they were simultaneously close to levels pr
dicted using the CF parameters from the previous fit. T
procedure was iterated till the levels of the fourth excit
multiplet 6H13/2 were included. The final best-fit paramete
for regularD4h-symmetry sites are given in Table I; the fre

FIG. 2. IR spectra of the6H5/2→6H9/2 CF transitions~arrows!
in Sm11xBa22xCu3O61y in the 2175–2450-cm21 ~a! and 2430–
2720-cm21 ~b! ranges, respectively. The dashed arrow indicate
CF excitation associated with Sm on theC4v-symmetry Ba site and
(* ) represents absorption bands also observed in NdBa2Cu3O6.
8-4
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ion levels of the lowest five multiplets, varied along with th
CF parameters in the fitting procedure are 0, 1049, 22
3563, and 4938 cm21. Table II presents the correspondin
experimental and calculated CF levels; good agreemen
obtained, with a standard deviation of 3.9 cm21. A similar

FIG. 3. IR spectra of the6H5/2→6H11/2 CF transitions for regu-
lar sites ~arrows! and Sm/Ba sites ~dashed arrows! in
Sm11xBa22xCu3O61y in the 3500–3750-cm21 ~a! and 3750–4000-
cm21 ~b! ranges, respectively. (d) corresponds to CO2 and water
vapor absorptions in~a! and ~b!, respectively.
05452
8,

is

CF study of the two lowestJ multiplets, based on inelasti
neutron scattering,12 is available for Sm31 in the orthorhom-
bic SmBa2Cu3O7. A comparison of our results with thes
data is somewhat hampered by an uncertainty in the CF
rametrization scheme used. In Eq.~1! of Ref. 12 the CF
Hamiltonian is written in terms of spherical tensor operato
The values of the best-fit CF parameters strongly indica
however, that these parameters are in fact expressed w
an alternative Stevens parametrization scheme, comm
used by Guillaumeet al.12 If this is the case, then the tetrag
onal; CF parameters forD2h-symmetry Sm sites in
SmBa2Cu3O7, expressed within the Wybourne scheme im
plied in our Eq.~1!, take the values given in the fourth co
umn in Table I. These parameters are rather similar to th
obtained here for theD4h-symmetry sites, given in the sec
ond column in Table I. Also the CF parameters of Sm31, in
SmBa2Cu3O6, and Nd31 in NdBa2Cu3O6 reported in Table I
show a rather smooth variation, as expected across the
thanide series.25

We note that we also have been able to detect a numbe

FIG. 4. IR spectra of CF transitions (6H5/2→6H13/2) in
Sm11xBa22xCu3O61y in the 4800–5050-cm21 range~a! and in the
5150–5400-cm21 range~b!. The dashed arrows indicate CF trans
tions associated with Sm/Ba sites.
8-5



D. BARBA et al. PHYSICAL REVIEW B 63 054528
FIG. 5. Comparison between IR transmission measurements atT58 K andT578 K in the 1200–1500-cm21 ~a!, 2250–2550-cm21 ~b!,
3400–3700-cm21 ~c!, 8030–8350-cm21 ~d!, and 9110–9400-cm21 ~e! ranges. (* ) indicates, in ~b!, excitations also observed in
NdBa2Cu3O6, and an excitation of site symmetry other thanD4h andC4v in ~c!.
o

u
o

ifi-
r-
25

ty
IR excitations in the energy range from;6000 to
;10 000 cm21. These excitations are particularly difficult t
interpret in the energy range from;6000 to;7700 cm21

where, in addition to an uncertainty associated with the m
tiplicity of Sm sites, there is an overlap of the CF spectra
05452
l-
f

the 6H15/2, 6F1/2, and 6F3/2 multiplets with the6F5/2 mul-
tiplet in their close proximity. These facts make the class
cation of individual peaks ambiguous in the relatively na
row range of energies where we observed experimentally
excitations while only 14 are expected from the multiplici
8-6
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of theJ multiplets. This is the reason why we did not includ
the levels above;6000 cm21 into the above-mentioned C
analysis as input data. Envisaged are Zeeman experim
which should enable us to unravel the nature of the in
vidual excitations. More reliable is an interpretation of the

TABLE I. Sm11x Ba22x Cu3 O61y crystal-field parameters~in
cm21) obtained from a fit to our IR measurements for Sm31 ions
on the regular (D4h) sites and calculated using the superposit
model and DFT basedab initio calculations for Sm31 on the Ba site
(C4v). For comparison, the CF parameters of Nd31 in NdBa2Cu3O6

are given in the third and sixth columns.

Parameter D4h site D2h site C4v site
This work Ref. 9 Ref. 12 This work Ref. 9

B20 282~5! 380 368 2227 0
B40 22481(12) 22956 22562 24 14
B44 1307~10! 1664 1263 2331 2364
B60 321~12! 526 697 2427 2468
B64 1931~6! 2021 1992 624 700
05452
nts
i-

spectra of the relatively isolated multiplets6F7/2 and 6F9/2

given in Figs. 5~d! and~e!, respectively. The bands at 813
8152, 8215, 8347@Fig. 5~d!#, 9278, 9306, 9348, 9375, an
9395 cm21 @Fig. 5~e!#, with an eventual replica at 92 cm21,
compare well with the calculated CF splitting, obtained us
the CF parameters given in the second column in Table I
allowing for a small shift in free ion energies, with levels
8139, 8155, 8209, and 8349 cm21 for the 6F7/2 multiplet and
9280, 9308, 9342, 9370, and 9401 cm21 for the 6F9/2 mul-
tiplet. This agreement provides an independent check of
liability of our CF best fit of the lower-energy part of the C
spectra.

To estimate the CF levels for Sm31 placed in
C4v-symmetry Ba sites we calculate the Hamiltonian para
eters of Eq.~1! using methods introduced in the previou
section, considering the available intrinsic model parame
bk andtk ~Ref. 17! and structural data26 for SmBa2Cu3O61y .
The CF parameters of fourth and sixth order in the fifth c
umn of Table I were calculated using the superposit
model. The CF parameterB20 for the Sm31 in Ba position
were calculated using the DFT-based approach describe
TABLE II. Sm31 CF levels in Sm11x Ba22x Cu3 O61y crystal~this work! and in SmBa2Cu3O7 ~Ref. 12!,
and the corresponding energies obtained from a fit of the CF Hamiltonian@Eq. ~1!# to the data~see Table I!.
The CF levels forD4h andC4v are for the Sm31 ion on the regular site and the Ba site, respectively.

Experiment Theory
Ref. 12 This work Ref. 12 This work

Multiplet D2h site D4h site C4v site D2h site D4h site Sym. (D4h) C4v site
(cm22) (cm22) (cm21) (cm22) (cm21) i (G i) (cm21)

0 0 0 0 25 6 0
6H5/2 97 92 97 94 7 72

194 192 90 189 195 7 92
999 974/981a 994 979 6 1029
1244 1242 1255 7 1063

6H7/2 1352 1326/1334a 1355 1336 7 1153
1488 1460 1473 1453 6 1208

2207 2205 6 2217
2388 2299 2389 7 2257

6H9/2 2495 6 2325
2533 2532 7 2335
2644 2646 6 2400
3561 3531 3562 6 3526
3571 3569 7 3601

6H11/2 3791 3793 7 3602
3815 3620 3813 6 3613

3889 6 3695
3953/3970a 3962 7 3708

4860 4898 4862 6 4911
4871 4950 4871 7 4947

5025/5034a 5029 7 4954
6H13/2 5261 5257 6 4969

5282 5280 7 4981
5306 5309 7 5042
5329 5332 6 5045

aThe doublet energies are approximated by their average value.
8-7



rit

-
ge

g
fa
-
nt

s

e
e
to
s

p-

y
l
on
e

-

w
la

lle
fo

ur
he
s
oc

s
or

d

u-
a
c

l-
m

all
CF

vels
d in

74/

the
de-
for

n
st-

tate
4

ro-
for
e to
mil-

ted
an

the
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Sec. III. The task was to solve the case when the impu
Sm atom are placed in (0.5,0.5,zBa) positions in the other-
wise ideal SmBa2Cu3O6 crystal structure. It requires the con
struction of very large supercells, at least 30 times lar
than the elementary cell, in the ideal structure SmBa2Cu3O6,
i.e., it includes several hundreds atoms. To our knowled
the successful full-potential DFT calculations reported so
do not go beyond;100 atoms in the primitive cell. There
fore to calculateB20 in Ba sites we introduced in the prese
study the artificial crystal structure Ba(Ba,Sm)2Cu3O6 in
which Sm is in (0.5,0.5,zBa) positions and Ba occupie
(0.5,0.5,12zBa) and ~0.5,0.5,0.5! positions.

An important feature of this artificial structure is that th
nearest- and the next-nearest-neighbor coordinations ar
same as in the ideal supercell. In particular, for the Sm a
located in the (0.5,0.5,zBa) position there are four oxygen
OI at the same distanceR(Sm-OI)5278 Å and four oxygens
OII with R(Sm-OII )5289 Å; the next-nearest-neighbor co
per shell is composed of 4 CuII , R(Sm-CuII )5337 Å, and 4
CuI , R(Sm-CuI)5355 Å. The local point-group symmetr
of the (0.5,0.5,zBa) site differs in the ideal and artificia
structures and the coordination shells start to differ bey
R5360 Å. Our numerical simulations have shown, howev
that these differences do not influence the final value ofB20
considerably. Therefore we believe that our value ofB205
2227 cm21, obtained using Eq.~5! for the artificial struc-
ture Ba(Ba,Sm)2Cu3O6, is a meaningful estimate of this pa
rameter for Sm in Ba sites in SmBa2Cu3O6. The relevant
calculated radial charge distributionR4 f(r ), the component
of the crystal potentialV2

0(r ), and I (r ), representing the in-
tegrand on the right-hand side of Eq.~5!, are shown in Figs.
6~a!, ~b!, and~c!, respectively.

To check the internal consistency of our DFT method
have also performed the calculations for regu
SmBa2Cu3O61y with y51 andy50. The obtained total and
atom-projected densities of electronic states are in exce
agreement with the data found in the literature
YBa2Cu3O7.27 Using Eq.~5! for SmBa2Cu3O6 we obtained
B205320 cm21 which is in reasonnable agreement with o
best-fit value given in the second column of Table I. T
difference in sign betweenB20 in the regular and Ba sites i
connected, within our approach, with a difference in the
cupation of thepx , py , and pz orbitals in the 5p and 6p
valence shells as well as of thedz2, dx22y2, dxy , dxz , and
dyz orbitals in the 5d valence shell. Significant contribution
to B20 from charges within the atomic sphere are prop
tional to the quantitiesDNp andDNd ,28 which are functions
of the occupation numbersn: DNp51/2 (nx1ny)2nz and
DNd5nx22y21nxy21/2 (nxz1nyz)2nz2. In our case we
have obtainedDNp equal to20.008 and 0.011 electrons an
DNd equal to20.017 and20.001 electrons for Sm31 ions
in the regular and Ba sites, respectively.

To further test the reliability of our DFT-based CF calc
lations, we have also performed spin-unpolarized LSDA c
culations, including spin-orbit interaction for valence ele
trons, spin-polarized LSDA calculations (4f electrons as
spin-polarized core states! and non-spin-polarized GGA ca
culations. The relative difference of the resulting CF para
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eter dB20/B20 was found to be less than 10% among
above-mentioned cases. The theoretical prediction for the
excitations at the Ba sites, as well as the experimental le
tentatively associated with these sites, are summarize
Table II.

To be noted are doublet features in the IR spectra at 9
981, 1326/1334, 3953/3970, and 5025/5034 cm21 ~Table II!.
In analogy with similar observations in Nd2CuO4 we briefly
discuss next a possibility that these doublets are due to
Sm-Cu anisotropic exchange interaction. The available
pendence of the magnetic specific heat vs temperature
nonsuperconducting SmBa2Cu3O61y (y;0.5) is bell shaped
with a maximum at ;1.07 K. This behavior has bee
interpreted29 in terms of a Schottky-type anomaly, sugge
ing a two-level system for the Sm31 ion with an energy
splitting between these levels of about;1.6 cm21. The first
excited CF level in regular sites lies at 92 cm21. It allows us
to tentatively ascribe these two levels to the ground-s
Kramers doublet split by a superexchange interaction off
electrons of Sm with neighboring Cu moments. In the isot
pic mean-field approximation this interaction vanishes
symmetry reasons. This implies that the doublet splits du
the anisotropic terms in the Sm-Cu superexchange Ha
tonian. A very similar situation occurs in Nd2CuO4 where
the splitting of the ground state, as well as that of the exci
Kramers doublets, were described by anisotropic terms in
effective exchange Hamiltonian for Nd31 expressed with the
help of single electron spherical tensor operators up to

FIG. 6. Calculated radial charge distributionR4 f(r ) ~a!, the
a2

0V2
0(r ) component of the crystal potential~b!, and the integrand

I (r ) on the right-hand side of Eq.~5!~c!, as a function ofr.
8-8
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sixth order.30 We note that evidence for magnetic couplin
between the RE and Cu sublattices is also available in
eral REBa2Cu3O61y compounds~see, e.g., Ref. 31 and re
erences therein!. Envisaged measurement of the CF exci
tions in SmBa2Cu3O6 under external magnetic fields, a
previously reported for NdBa2Cu3O7,32 should enable us to
determine if the above-mentioned doublet features origin
in the anisotropic Sm-Cu coupling or in some local defec

The paramagnetic susceptibility, calculated using Eq.~7!
and the best-fit CF parameters available for regular Sm s
in Table I, is compared in Fig. 7 to experimental data c
rected for contribution of the Cu-O subsystem approxima
by data available33 for YBa2Cu3O6.05. The observation tha
xc.xa is in agreement with our calculations. The remaini
discrepancy between the experimental and the theoretica
isotropy of the magnetic susceptibility is tentatively ascrib
to the above-mentioned anisotropic exchange interaction
tween Sm and Cu, not accounted for in our calculations.
complete the characterization of the magnetic anisotropy

FIG. 7. Magnetic susceptibility measurements~dots! and calcu-
lations~lines! in thea andc directions. Inset: inverse susceptibility
p
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duced in SmBa2Cu3O6 by the CF interaction we calculate
the components of theg tensor of the ground-state doublet
Sm31 using the CF parameters for regular sites~Table I!:
ga50.52mB , gc50.60mB . An earlier estimate34 indicates
the reversed anisotropy of theg tensor: ga50.63mB , gc
50.53mB .

V. CONCLUSION

We have reported a spectroscopic investigation of sin
crystalline Sm11xBa22xCu3O61y using infrared absorption
We have determined nearly complete CF spectra of
6H5/2, 6H7/2, 6H9/2, 6H11/2, 6H13/2, 6F7/2, and 6F9/2 mul-
tiplets of the Sm31 ions in regularD4h-symmetry sites. A CF
analysis for these levels gives good account of the exp
mental data, including the anisotropy of magnetic susce
bility. Theoretical analysis, using the superposition model
well as density-functional basedab initio calculations, indi-
cates that some of the additional bands in the infrared spe
arise from the Sm31 ions occupying theC4v-symmetry Ba
sites.
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