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Optical absorption spectra between 32000 and 41000 cm ' are reported for Gd + in trigonal
Nai[CJd(oxydiacetate)&]. 2NaC104 6H20 at temperatures between 10 and 298 K. Fifty-eight of the 63
crystal-field levels split out of the PJ(J =7/2, 5/2, and 3/2), IJ(J=7/2, 9/2, 17/2, 11/2, 15/2, and
13/2), and Dz(J=9/2, 1/2, 7/2, 3/2, and 5/2) multiplets of the Cxd + 4f electronic configuration are
located and assigned from the low-temperature spectra, and these energy levels are analyzed in terms of
a parametrized Hamiltonian that reflects D3 site symmetry at the Gd'+ ions. Parametric fits of calculat-
ed to empirical-energy-level data yield a rms deviation of 6.3 cm (between calculated and observed en-
ergies). Eigenvectors of the parametrized Hamiltonian are used in calculations of oscillator strengths for
all transitions that originate from the Sj/2 (ground) multiplet and terminate on crystal-field levels of the
PJ, IJ, and DJ multiplet manifolds. Spectra simulations based on these calculated oscillator strengths

are presented, and comparisons between the simulated spectra and experimentally observed spectra
show excellent agreement with respect to intensity distributions both within and between the various
multiplet-to-multiplet transition manifolds. Variable-temperature absorption measurements carried out
between 10 and 298 K showed only very small changes in J-multiplet baricenter energies, crystal-field-
splitting energies (within J-multiplet manifolds), and transition intensity distributions. Disparities be-
tween the energy-level structure deduced in the present study and that proposed in another recently pub-
lished study of Na, [Cxd(oxydiacetate)i] 2NaC104 6H20 [Phys. Rev. B 41, 10911 (1990)] are discussed.
This previous study of Kundu, Banerjee, and Chowdhury was based on two-photon luminescence excita-
tion measurements that have special significance for elucidating two-photon-absorption intensity mecha-
nisms of 4f-4f transitions in noncentrosymmetric lanthanide systems. However, the energy-level struc-
ture deduced from those measurements differs from that deduced from the one-photon-absorption re-
sults reported in the present study.

I. INTRODUCTION

The isomorphous series of compounds
Na3[M(C4H~05)3]. 2NaC10~ 6H20 formed by trivalent
lanthanide ions (M +

) and oxydiacetate dianions
(C~H405 =—OOCCH20CH2COO ) in aqueous solu-
tion with perchloric acid have received considerable at-
tention as model systems for investigating ligand-field
effects on lanthanide 4f electronic state structure and
optical properties. ' Optical-quality, single crystals of
these compounds are readily grown from aqueous solu-
tion, and at room temperature the crystals belong to the
space group R 32 (Refs. 46—49). The M + ions are locat-
ed at sites with D3 symmetry, and each M + ion is coor-
dinated to three oxydiacetate (ODA) ligands to form a
tris-terdentate M(ODA)3 complex of trigonal-dihedral
(D3 ) point-group symmetry. The M09 coordination
cluster in these complexes forms a slightly distorted tri-
capped trigonal prism polyhedron (of D3 symmetry), with
the top and bottom triangles defined by carboxylate oxy-
gen atoms and the capping positions (on normals to the
rectangular faces) occupied by ether oxygen atoms. The
backbone of each bicyclic M(ODA) chelate ring system

is nearly planar and stretches diagonally across a rec-
tangular face of the MO9 trigonal prism structure. The
chelate rings contain highly anisotropic electronic charge
distributions, and their interactions with the lanthanide
4f electrons produce eff'ects not ordinarily seen in
structurally simpler systems. The trigonal
Na3[M(ODA)3] 2NaC10~ 6H20 systems have proved to
be extraordinarily useful model systems for investigating
lanthanide 4f electronic state structure and 4f-4f opti-
cal transition processes in a relatively complex, but
structurally well-defined, ligand environment.

Among the Na3[M(ODA)3]. 2NaC10~ 6H20 systems
examined to date, the neodymium, ' ' ' samari-
um ' europium, ' holmium, ' ' and erbi-
um ' ' members of the series have been most thoroughly
characterized with respect to 4f+ electronic state struc-
ture and optical properties. A considerable amount of
spectroscopic data has been reported for other members
of the series, but detailed analyses of these data remain
incomplete. In this paper we report optical-absorption
spectra and a crystal-field energy-level analysis for Gd +
in trigonal Na3[Gd(ODA)3] 2NaC104 6H20 (referred to
hereafter as GdODA). Chowdhury and co-workers have
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reported several spectroscopic studies of the GdODA
system, the most recent being an investigation of the
two-photon luminescence excitation spectra of GdODA
crystals at room temperature. Chowdhury's one-
photon-absorption and circular dichroism spectra were
not sufficiently well resolved to permit detailed assign-
ments and analyses of the 4f (Gd-'+ ) crystal-field energy
levels, but the two-photon luminescence excitation spec-
tra did reveal sufficient structure to permit many crystal-
field energy-level assignments to be made. Among the 63
crystal-field levels lying between 32 000 and 41 000 cm
Chowdhury and co-workers located and assigned 33 of
the levels from their two-photon luminescence excitation
results, and they analyzed their assigned levels in terms of
a model crystal-field Hamiltonian (of D3 symmetry).
They performed calculated to experimentally-observed-
energy-level fits and achieved reasonably good agreement
between calculated and observed crystal-field splittings
within several J-multiplet manifolds; however, the overall
quality of their energy-level fits suffered from generally
poor agreement between calculated and observed J-
multiplet baricenter energies. The two-photon-
absorption intensity data measured by Chowdhury and
co-workers was analyzed in terms of 4f electronic state
vectors obtained as eigenvectors of the parametrized
Hamiltonian derived from their energy-level fits.

We have performed one-photon-absorption measure-
ments on GdODA crystals at temperatures between 10
and 298 K, and have located and assigned 58 of the 63
levels lying between 32000 and 41000 cm '. These lev-
els span the 14 lowest-energy J-multiplet manifolds of
6P, 6I, and 6D 4f SL-term parentage. Approximately
two-thirds of the assigned levels could be located from
resolved transitions in the 298 K absorption spectra, but
locations for the full complement of assigned levels could
only be obtained from absorption spectra recorded at
sample temperatures below 150 K. The GdODA crystals
retain macroscopic uniaxial symmetry over the entire
298—10 K temperature range represented in our absorp-
tion measurements, and this conforms with the macro-
scopic symmetry properties observed for other MODA
systems. However, there is evidence that at least several
of these systems undergo low-temperature structural
phase transitions in which the crystal space group
changes from R32 to F321, and the lanthanide site sym-
metry is reduced from D3 to C2 (due to movement of the
Na+ ions off threefold axes)."' ' " This type of
structural change is relatively easy to detect in the 4f4f-
optical spectra of MODA systems with an even number
of 4f electrons, because in these cases the crystal-field
levels that are doubly degenerate in D3 symmetry gen-
erally split into resolvable nondegenerate components
when the lanthanide site symmetry is reduced to C2
(Refs. 14 and 43). However, for systems with an odd
number of 4f electrons, all the crystal-field levels are
Kramer's doublets and their degeneracy is not removed
by a lowering of the lanthanide site symmetry. Compar-
isons between the room-temperature (298 K) and low-
temperature (down to 10 K) absorption spectra obtained
for GdODA crystals indicate that crystal-field splittings
within J-multiplet manifolds and relative line strengths of

transitions occurring within ground-multiplet to excited-
multiplet transition rnanifolds are essentially invariant to
temperature. Except for resolution, the only apparent
differences between the room-temperature and low-
temperature spectra are small red shifts (=5—10 cm ')
observed within several transition manifolds when the
sample temperature is lowered from 298 to 10 K.

Chowdhury's energy-level assignments and analyses
span nine of the 14 excited multiplet manifolds examined
in the present study. These nine multiplets are
Pz(J=7/2, 5/2, and 3/2), Iz(J=7/2 and 11/2), and
Dz(J=9/2, 7/2, 3/2, and 5/2). Comparisons between

his energy-level data and ours over these multiplet mani-
folds reveal both similarities and significant discrepan-
cies, and his calculated-to empirical-energy-level fits yield
atomic and crystal-field Hamiltonian parameters that
bear little resemblance to the ones we obtain. In general,
our energy-level data sets are in good agreement with
respect to observed splittings between crystal-field levels
within various J-multiplet rnanifolds, although our as-
signments of D3 double-group irreps (E' or E") to
crystal-field levels differ within several multiplet mani-
folds (vide infra). The largest differences between the
respective data sets are found in the multiplet baricenter
energies. These differences range from 24 cm ' (for
I7/2 ) to 107 cm ' (for D9/2 ) and, on average, our bari-

centers are 50—60 crn ' lower than those reported by
Chowdhury. We will defer further comment on these
differences until later in the paper, but we point out here
that they can have a dramatic effect on the Hamiltonian
parameter values deduced from energy-level fits, and ac-
curate parametrization of the Harniltonian is absolutely
crucial for calculating state vectors that are suitable for
use in 4f-4f transition intensity analyses. In the present
study, we focus on a detailed characterization of the 4f
energy-level structure and one-photon-absorption spectra
of GdODA between 32000 and 41000 cm ', and we pro-
pose a parametrized model Hamiltonian whose eigenval-
ues and eigenvectors give a good account of the experi-
mentally observed energy-level locations and one-
photon-absorption intensities. It is likely that this Ham-
iltonian and its eigenvectors will also be useful in refined
analyses of the two-photon-absorption (TPA) intensity
data reported by Kundu, Banerjee, and Chowdhury,
but these analyses lie outside the scope of the present
study.

II. EXPERIMENT

Single crystals of Na3[Gd(ODA)3] 2NaC104 6H20
were grown from an aqueous solution following the
methods of Albertsson. ' Damp Whatman glass-
microfiber filter paper was used to polish crystals to a
thickness and shape suitable for optical measurements.
Variable-temperature measurements between 10 and 298
K were carried out with the crystal sample mounted at
the cold station in the sample compartment, of a CTI-
Cryogenics closed-cycle helium refrigerator-cryostat.
The crystal was mounted on a one-piece copper mount
using crycon grease and indium foil, and the copper
mount was attached to the cold head of the refrigerator,
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with strips of indium providing a thermally conductive
interface. Cold-head temperature was controlled using a
Lake Shores temperature controller (model DRC-70), and
it could be varied between approximately 10 and 298 K.

Absorption spectra were recorded on a lab-built, high-
resolution spectrophotometer normally used for emission
and Raman spectroscopic measurements. Broad-band ra-
diation from a xenon arc lamp (500 W, PTI A5000 hous-
ing) was passed through the crystal sample, and the
transmitted radiation was then dispersed with a 0.75-m
Spex double-grating monochromator in which the grat-
ings are blazed for first-order diffraction at 500 nm. The
second-order output of the monochromator was scanned
to obtain an optical transmission spectrum of the
IGdQDA crystal sample between 315 and 240 nm.
Transmission intensity was measured using an EMI-9558
photomultiplier tube and associated lab-built photon-
counting electronics. The transmission spectrum was
converted to an absorbance spectrum by correcting for
the arc-lamp output profile and for the second-order
dispersion characteristics of the monochromator. Ab-
sorption spectra were also recorded with a Cary model
17D spectrophotometer, but the spectral resolution ob-
tainable with this instrument (approximately b, A. =0. 1

nm) is at least an order of magnitude less than that
achievable with the instrumentation and measurement
techniques described above.

All absorption measurements were carried out on crys-
tals aligned with their unique, crystallographic c axis
parallel to the direction of light propagation (i.e., the axi
al optical configuration). Crystals of two difFerent
thicknesses (optical path lengths) were employed, and
these thicknesses are reported in the captions of figures
that show absorption spectra with absorbance scales
(vide infra ).

III. CALCULATIONS AND DATA ANALYSIS

between 32000 and 41000 cm ' are assigned to transi-
tions that originate from the essentially eightfold degen-
erate S7/2 multiplet manifold and terminate on doubly-
degenerate crystal-field levels split out of the Pz, IJ,
and Dz multiplets. For the axial absorption experiments
reported in this work, the E"~E" crystal-field transi-
tions are electric- and magnetic-dipole forbidden, but the
E'~E', E' —+E", and E"—+E' transitions are electric-
and magnetic-dipole allowed. Therefore, since the S7/2
ground multiplet manifold contains both E' levels and an
E" level, aO transitions to crystal-field levels of the excit-
ed multiplets can have some symmetry-allowed electric-
and/or magnetic-dipole character.

The 4f energy-level structure of Gd + in GdODA
was analyzed in terms of a model Hamiltonian that may
be written as

where 8, is defined to incorporate the isotropic parts of
A' (including the spherically symmetric part of the 4f
electron —crystal-field interactions), and 8,t is defined to
represent the nonspherically symmetric components of
the even parity c-rystal field. We refer to 8, as the atomic
Hamiltonian and call A', t the crystal field Ham-iltonian.

In our model, the 8, operator is defined by

8, =E,„+g F"fk+aE(L+1)+pC(G2)+yC(R7 )
k

+ g T't;+g, , A, , + g P pk+ Q M~ m~,
J

where k =2 4, 6; i =2, 3,4, 6 7, 8; j=0,2, 4; and the
operators (o ) and their associated parameters are written
according to conventional notation and meaning (with
respect to the interactions they represent). ' We define
the crystal-Geld Hamiltonian as

A. Energy levels
8 t= g g(Bk +bk Ss)uk (i),

k, m i
(3)

The ground multiplet of the Gd + 4f electronic
configuration is S7/2 and the excited J multiplets lying
between 32000 and 41000 cm ' are Pz(J=7/2, 5/2,
and 3/2), Iz(J=7/2, 9/2, 17/2, 11/2, 15/2, and 13/2),
and DJ(J=9!2, 1/2, 7/2, 3/2, and 5/2). In D3 crystal-
Geld symmetry, each J-multiplet may be characterized in
terms of (2J+ 1)/2 crystal-field levels, and each crystal-
field level is a Kramer's doublet whose degenerate JMJ
components may be defined to transform as either an E'
or E" irreducible representation (irrep ) in the D

&

double-group. The ground multiplet ( S7&2) contains
three E' crystal-field levels (Mz =+1/2, +5/2, and
+7/2) and one E" level (MJ =+3/2), but the energy
differences between these levels are too small to be detect-
ed in our optical experiments. The PJ, IJ, and DJ ex-
cited multiplets (noted above) contain a combined total of
63 crystal-field levels, and, in most cases, the splittings
between these levels are su%ciently large to be detected in
optical-absorption spectra (based on transitions originat-
ing within the S7&2 ground multiplet manifold). There-
fore, all of the lines observed in our absorption spectra

where i labels the 4f electrons; uk (i ) is a one-electron
unit-tensor operator; S and s; denote total spin and one-
electron spin operators, respectively; Bk denotes a stan-
dard (one-electron) crystal-field interaction parameter;
and bk denotes a spin correlated crysta-l field parame--
ter. ' In Di symmetry, A",+t may be defined in terms of
six Bk parameters and six bk parameters:
(k, m ) =(2,0), (4,0), (4,3), (6,0), (6,3), and (6,6). Each pa-
rameter may be chosen to be pure real, so our model
crystal-field Hamiltonian (defined to have D& symmetry)
contains a total of 12 independent parameters.

The atomic Hamiltonian, defined by expression (2),
contains 20 parameters (including E,„), and the crystal-
field Hamiltonian, defined by expression (3) and assuming
D3 symmetry, contains 12 parameters. The complete A',
operator was used in all of our energy-level calculations,
although not all of the 20 parameters contained in this
operator were used in performing parametric fits of
calculated- to experimental-energy-levels data
(vide infra). Calculations were carried out both with
and without inclusion of the spin-correlated crystal-field
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(SCCF) terms in A,+t. The SCCF terms represent some
(partial) consideration of electron-correlation effects in
the 4f-electron —crystal-field interactions, and recent
work by Newman, Reid, Richardson, and co-
workers suggests that these effects may sometimes
have a non-negligible infiuence on the 4f energy-level
structures of lanthanide systems. Energy-level calcula-
tions were performed in two steps. The atomic Hamil-
tonian was first diagonalized within the complete
Russell-Saunders basis set of the 4f configuration, and
the eigenvectors obtained from this calculation were then
used to construct a suitably truncated intermediate-
coupling 4f [SL ]JMJ basis within which the total (atom-
ic plus crystal-field) Hamiltonian was diagonalized. The
latter basis set included all JMJ states (188) derived from
[SL]J multiplets with energies between 0 and 52000
cm ' (a total of 21 multiplets). The highest experimen-
tally characterized energy level included in our paramet-
ric data fits was located at 40 861 cm

tain the state vectors described above (denoted by ql„,
and %iamb), and redefine the electric-dipole operator so
that it operates entirely within the 4f configuration.
Following Reid and Richardson, ' we express this
"effective" electric-dipole moment operator as

(6)

where A, =2,4, 6; t=A, , A,+1; p=O, +1, . . . , +t; l=q+p;
UI is an intraconfigurational unit-tensor operator; and
the A, are parameters that contain structural and
mechanistic details regarding interactions of the odd-
parity crystal-field and the electric-dipolar radiation field
with the 4f electrons of the systems. We note that pq~
has even parity with respect to 4f-electron coordinates,
and it operates only on the nonradial parts of the 4f
state functions. If p' is substituted for p in expression
(4), the q-polarized component of the electric-dipole
strength may be written as

B. Transition line strengths and spectra simulations

Electric and magnetic dipole strengths were calculated
for all transitions originating from crystal-field levels of
the S7&2 multiplet and terminating on crystal-field levels
of the Pz, IJ, and D& multiplets (a total of 252 transi-
tions). For a transition between crystal-field levels A (ini-
tial) and 8 (final), the electric and magnetic dipole
strengths are defined according to

a b q

(5)

where the summations are over the degenerate com-
ponents of levels 3 and B and over the spherical com-
ponents (q=0, +1) of the electric (p ) and magnetic
(m~ ) dipole moment operators.

Evaluation of expressions (4) and (5) requires state vec-
tors for levels A and B. We choose these state vectors to
be eigenvectors of the model Hamiltonian defined by Eqs.
(1)—(3), and they are constructed entirely within the
tSLJM~ j basis of the Gd + 4f electronic configuration.
Defined in this way, the state vectors are eigenvectors of
the euen parity crystal-fi-eld Hamiltonian (8,+„), and they
transform identically under a coordinate inversion opera-
tion. The magnetic-dipole operator in expression (5) has
even parity, and it acts only on the nonradially dependent
parts of the state vectors (which we shall denote by %z,
and %'iib). Therefore, knowing 0'„, and 4'iib (expressed
in a [SLJMJ j basis), evaluation of expression (5) is
straightforward. On the other hand, the electric-dipole
operator in expression (4) has odd parity, and the matrix
elements in this expression will vanish when evaluated
over 4„, and 4'zb.

The actual state vectors of the system have mixed pari-
ty, reflecting the D3 symmetry of the Cxd + sites, and this
mixed parity is essential to electric-dipole transition pro-
cesses. However, in evaluating expression (4) we shall re-

D" =e g 3, g (Al, 1 —q~tp)( —1)
A, , tp I

a, b

The I A,~ j parameter set must refiect the site symme-
try of the lanthanide ions, and this places restrictions on
the permissible pairs of (t,p) values for each value of

In the case of D3 site symmetry, the permissible
(k, t,p ) combinations are (2,2,0), (2,3,+3), (4, 3, +3),
(44,0), (4,4, +3), (4, 5, +3), (6, 5, +3), (6,6,0), (6, 6, +3),
(6,6, +6), (6,7, +3), and (6,7, +6). However, we also
have the relationship (2, )*=(—1)'+~+'A, ~, and the

I 2, j set contains just 12 independent parameters in D3
symmetry. A. subset of the A,z parameters can be related
to the so-called Judd-Ofelt-Axe pararnetrization scheme
for f felectric-dipole i-ntensities according to

(8)

where A,~:(t, A)d-enot, es a Judd-Ofelt-Axe intensity pa-
rameter and t is restricted to values of A, +1. The t=k
members of the I 2, j parameter set have no counter-
parts in the Judd-Ofelt-Axe intensity parametrization
scheme.

In the axial (a) absorption experiments performed in
this study, light propagates along the unique (optic) axis
of the crystal, and this axis is parallel to the trigonal (C3 )

symmetry axes of the Gd(ODA)3 complexes. We also
define the q=0 component of the electric and magnetic
dipole moment operators to be parallel to this axis. The
oscillator strengths of transitions observed in the axial
absorption experiments may be expressed as

fatti(a)=(8vr m, elbe )v~ii(1/2g„)

(9)

where m, denotes electron mass, c is the speed of light, e
is the elementary charge, h is the Planck constant, viz
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denotes transition frequency (expressed in wave num-
bers), gz denotes the degeneracy of the initial level
( A ), D„'~ ~ and D„'z'q are the q-polarized components of
the electric and magnetic dipole strengths, and y and y'
are correction factors for bulk sample refractivity effects

on light propagating along the optic axis of the crystal
sample. If v~~ is expressed in reciprocal centimeters
(cm '), the dipole strengths are expressed in units of
esu cm, and D~~ ~ is expressed according to Eq. (7),
then Eq. (9) may be rewritten as

f~ji(a)=1.411X10 (v~~/2g„) y, g gq (4„,~pn ~ql»&
a, b q

A, , tp lq a, b

The m~ and U& matrix elements in Eq. (10) are readily
evaluated over the crystal-field state vectors obtained
from our energy-level calculations (Uide supra), but to
complete the calculation of oscillator strengths we also
need values for y', g, and the At parameters. In
several previous studies of 4f-4f transition intensities in
MODA absorption spectra, we treated y', y, and the

parameters as variables in performing fits of
calculated-to-empirical line-strength data. The parame-
ter sets obtained from these semiempirical line-strength
analyses proved to be quite valuable for characterizing
and rationalizing intensity distributions observed within
and between large numbers of multiplet-to-multiplet
transition manifolds (Refs. 29, 30, 33, 34, 40, and 44).
Quantitative line-strength data for GdODA are not
sufficient to support a meaningful (or reliable) semiempir-
ical analysis based on the 12 At parameters required in
D3 symmetry. Therefore, in the present study we used
y', y, and At values obtained previously for EuODA
in our calculations of dipole strengths and oscillator
strengths. The At parameters depend on the mechanis-
tic details of interactions between the 4f electrons and
the odd-parity components of the ligand-field potential,
and on the lanthanide and/or ligand state admixtures
produced by these interactions. ' The ligand-field in-
teractions in EuODA and GdODA are expected to be
quite similar, but there are no a priori reasons to expect
similar electronic state mixing properties for the two sys-
tems. However, as we will show later, the 4f-4f intensity
distributions observed in the one-photon-absorption spec-
tra for GdODA are reasonably well accounted for by cal-
culations based on the EuODA I A, ] parameter set.

Simulated axial absorption spectra were calculated
over the 32000 ~1000 cm ' spectral range using the ex-
pression

A (V)=2.317X10c d g f~ii(a)p„ii(v),

where A (v) denotes decadic absorbance at wave number
v, c denotes the molar concentration of Gd + ions in
Na3[Gd(ODA)3] 2NaC104 6H20 (c =2. 174 mol/liter),
d is the crystal thickness (in cm) along the direction of
light propagation, the summation is over all transitions
(A ~8) falling within the spectral region of interest,
f~~(a) is the oscillator strength of transition A ~8, cal-
culated according to Eq. (10), and p„ii(v) is a unit-

normalized line-shape function centered at the transition
frequency V~~. For all of the simulated spectra calculat-
ed in this study, Lorentzian hneshape functions were
used:

p, (v)=(b, , /~)[(v —v, ) +b, , ] (12)

where 4t denotes the line half width at half height for a
transition (t) located at v, .

In a11 of our calculations of A~B transition dipole
strengths and oscillator strengths, the initial level (A)
corresponds to the S7/2 multiplet and includes all eight
MJ components of this multiplet. Therefore, the summa-
tion g, in Eqs. (4), (5), (7), (9), and (10) is over the eight
lowest-energy eigenvectors of our model Hamiltonian.

IV. RESULTS

A. Energy levels

The energy levels located and assigned from our low-
temperature-absorption spectra are listed in Table I. The
levels are identified with respect to the principal SI.JMJ
components of their eigenvectors, calculated according to
the procedures described earlier in Sec. III A. The "ob-
served" energies listed in Table I were obtained from lo-
cations of peaks in the absorption spectra, and they in-
clude the appropriate 1/A, (air) to 1/A, (vacuum) wave-
number corrections. The "calculated" energies are eigen-
values of the pararnetrized Hamiltonian defined by Eqs.
(1)—(3), with the parameter values shown in Table II.
Among the 26 parameters in the Hamiltonian, 13 were
treated as variables in performing calculated- to
empirical-energy-level fits, 11 were assigned axed values
(equal or close to the values reported previously for Gd +
in LaF3 or LaC1&) (Refs. 53 and 61), and two (P and P )

were constrained to fixed ratios with one of the freely
varying parameters (P ). The rms deviation between the
calculated and observed energies shown in Table I is 6.3
cm

In the calculations cited above, the spin-correlated
crystal-field (SCCF) interaction terms in 8,+f were
neglected [i.e., the bk paramaters of Eq. (3) were set
equal to zero]. Additional calculations were carried out
in which the SCCF interactions were included and vari-
ous subsets (or all) of the b„parameters were allowed to
vary in performing data fits. These calculations did not
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TABLE I. Calculated and observed energy levels for Gd'+ in Na, [Crd(ODA)3] 2NaC104 6HzO.

Level No. Multiplet'

8S7

zb

El
E'
Ett
E'

Calculated'

0.58
0.61
0.62
0.63

Energy/cm

Observedd

0.58

0.62

6
~7/2 E'

El t
EI

32 040
32054
32058
32 065

32 036
32 044
32 048
32057

4
10
10

8

9
10
11

6
~5/2 E'

E'
Ett

32 616
32 635
32 638

32 630
32 647
32 653

—14
—12
—15

12
13

6 E'
Etl

33 205
33 213

33 205
33 213

14
15
16
17

I7 E'
E'
Etl
E'

35 745
35 788
35 790
35 809

35 736
35 786
35 788
35 813

9
2
2

—4

18
19
20
21
22

6
I9/2 E'

E tl

E1t
EI
El

36 093
36 104
36 128
36 138
36 147

36089
36 104
36 124
36 138
36 146

23
24
25
26
27
28
29
30
31

6
I17/2 11

9
7

15
1

5
7
9

17

E'
E tl

E'
E It

E'
E'
E'
Ett
E'

36 170
36 170
36 172
36 181
36 181
36 189
36 193
36 194
36 202

36 162
36 164
36 165
36 176
36 177
36 182

36 203
36 203

32
33
34
35
36
37

I11/2 1

11
3
5

9
7

E'
E'
Etl
E'
Etl
E'

36 369
36 382
36 384
36410
36419
36 426

36 369
36 384
36 386
36 406
36 420
36 427

0
—2
—2

4
—1
—1

38
39
40
41
42
43
44
45
46
47
48
49
50

6 6
I15/2 ~ I13/2 1

3
11
15
13

1

13
3
7

11
9
5

7

EI
Ell
E'
Ett
Et
E'
Et
E tl

E'
E'
E II

E'
E'

36487
36 493
36 506
36 507
36511
36 519
36 532
36 534
36 540
36 546
36 549
36 556
36 576

36485
36 495

36 509
36 519
36 529

36 544
36553
36558
36 561
36 586

2
—2

—5
—10



NEAR-ULTRAVIOLET ABSORPTION SPECTRA AND CRYSTAL-. . . 9901

TABLE I. (Continued).

Level No.

51
52

Multiplet' I b

E'
E I I

Calculated'

36585
36 590

Energy/cm

Observed

36 590
36 597

53
54
55
56
57

6
D9/2 E'

E'
El l
EII

EI

39 451
39 468
39 491
39 544
39 564

39 457
39 476
39 498
39 544
39 572

—6
—8
—7

0
—8

58

59
60
61
62

6D 1/2

6

E'

E'
Etl
E'
Et

40 428

40 531
40 533
40 541
40 549

40 428

40 529
40 531
40 537
40 543

63
64

6D E II

EI
40 699
40 703 40 700

65
66
67

6
Ds/2 E'

El
Ell

40 794
40 857
40 868

40 798
40 853
40 861

—4
4
7

'Identifies the principal SLJMJ components of the eigenvectors.
Irrep label in the D3 double group.

'Calculated using the Hamiltonian parameter values listed in Table II.
With 1/A, (air) to 1/A, (vacuum) correction.

'DiA'erence between calculated and observed energies.

yield improved data fits, and they were inconclusive re-
garding the possible importance of SCCF effects on the
crystal-field energy-level structure of Gd + in
Na3[Gd(ODA)3] 2NaC10~ 6H20. All of the calculated
results presented hereafter in this paper were obtained
without inclusion of SCCF interactions.

Table III shows a major-component analysis of the
4f [SL]J (multiplet) state vectors calculated with the
atomic Hamiltonian parameters of Table II, and it also
lists calculated J-multiplet baricenter energies up to
52000 cm ' and experimentally observed baricenter en-
ergies up to 41000 cm '. Table IV shows calculated and
observed crystal-field-splitting energies within nine of the
14 J-multiplet manifolds lying between 32 000 and 41 000
cm '. The splitting energies are defined as displacements
of crystal-field levels from the multiplet baricenters.
Note that the baricenter energies and crystal-field split-
ting energies from Ref. 42 are also shown (in parentheses)
for comparison. The crystal-field-splitting energies deter-
mined in the present study are in good agreement with
those reported in Ref. 42, but there are major differences
between the multiplet baricenter energies reported here
and in Ref. 42. The results reported in Ref. 42 were ob-
tained from two-photon luminescence excitation spectra
of GdODA crystals at room temperature, whereas our re-
sults were obtained from high-resolution, one-photon-
absorption spectra of GdODA crystals at low tempera-

ture. We could not determine precise baricenter energies
from our room-temperature spectra, but semiquantitative
comparisons between our low-temperature and room-
temperature spectra do nor reveal any baricenter shifts
larger than 5—10 cm

The atomic Hamiltonian parameters determined for
Gd + in GdODA, LaF3, and LaC13 are shown in Table
V, and the crystal-field parameters (Bk ) determined for
GdODA and five other I.ODA systems are compared in
Table VI. The Hamiltonian parameter values reported in
Ref. 42 (for GdODA) are also listed here for comparison:
F =86940, F =65231, F =43890, +=27.9,
P= —1509.7, y = 1400, g, , = 1469, B~o =90,
B4p = 1050.4 B43 = 1001.1 B6p = 12.4 B63= 400, and

B66 =200 (all values given in cm ').

B. Spectra

Low-temperature-absorption spectra measured over
8 6 6 6 6 6 6the S7/2 P7/2 P5/2 P3/2 I7/2 I9/2 Ii ) /2,

6 6 6 6 6 ~ ~

D9/p D i/2 D7/2 D3/2 and D»z transition regions
are shown in Figs. 1—9. Simulated spectra calculated ac-
cording to Eq. (11) are also shown in these figures. The
linewidth parameters [b,, of Eq. (12)] used in the spectra
simulations are given in the figure captions. In two tran-
sition regions, S7/2~ P7/2 and S7/2~ P5/2, the bari-
center of the calculated multiplet-to-multiplet transition
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0

(Ca I c.)
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e 4 electronicnian arameters for theABLE IE H l p
of Gd + in Na3[Gd(ODA 3configuration o

b —1Value"/cmParameter'

F2
F4
F6

r
T2
T3
T4
T6
T7

T8

M
M4
p2
p4
p6

B20
B4o
B4
B60
B

87 149(17)
84 138(68)
61 637(50)
44 633(8)

20.6(0.1)
[ —600]
[1500]
[300]
[42]
[62]

[—295]
[350]
[310]

1499( 1)
[3.32]
[1.86]
[1.26]

604(1)
0.75P
0.50P

—87(10)
—952(16)
—845(10)

803(49)
1197(27)
961(13)

60
6.3

The SCCF terms were nonot included'See Eqs. ( — i1)—(3) in the text. The

fittin the observed energy eve s
'

g
s uare brac ets wI. Values shown in sq

h t '
d

fits.
levels included'Number of experime y raentally c ara

ta fits.
r ies (in

in ethe parametric da
n calculate and d observed ene g'"rms deviation between

cm ').

0.00
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32045 3203532065 32055
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nd calculated absorp
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simulation linewidth parameter,

8 6

7/2 5/2
AX IAL

(Ca lc. )

0.08

Q)
U

D

0
03

(Expt. )

0.00

32685 3264532665

Wave Number cm-')
32625

or tion spectra intal and calculated absorp i np
the S7/2 ~ P5 2 i

eter, 6, =2 cmsimulation linewidth parameter,
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8
7/2 g/2

AX I AL
6

7/2 7/2 AX IAL

(Ca I c.)

0.03

(D
O

O
C3

0
C5
&C

(Expt. )
U

O
C3

0

&C

(Expt. )

r I I r

33240 33230 33220 33210 33200 33190

Wave Number (cm ')

0.00
35850 35825 35800 35775 35750 35725

Wave Number (cm ')

FIG. 3. Experimental and calculated absorption spectra in
the S7/2~ P3/2 transition region. Crystal thickness, 0.380 cm;
simulation linewidth parameter, 6, = 5 cm

FIG. 4. Experimental and calculated absorption spectra in
the S7/2~ I7/2 transition region. Crystal thickness, 0.175 cm;
simulation linewidth parameter, 6, =2 cm

TABLE III. Major-component analysis of 4f [SL]J state vectors (based on the Hamiltonian parameters listed in Table II).

Multiplet

label'

8
S7/2

6

6
Ps/2

6
P3/2
I7/2

6
I9/2

6
I17/2

6
I 11/2

6I1 s/2

I13/2
6
D9/2

6D
6
D7/2

6
D3/2

6
Ds/2

6
67/2

6
69/2

6611/2
6
Gs/2

6
G3/2

6613/2

Calc b

1

32 054
32 630
33 209
35 783
36 122
36 184
36398
36 519
36555
39 504
40 428
40 538
40 701
40 840
48 972

49 352
49 408
49 430

50 199
51 012

Energy (cm ')

Expt. '

0
32 046
32 643
33 209
35 781
36 120
36 181
36 399

39 509
40 428
40 535
40 700
40 837

Major SL(term) components

0.99 S+0.17 P
—0.87 P+0.36 D —0.20 D(6)—0. 19 D(1)+0.16 S
0.91 P —0.37 D —0. 11 D(6)+0. 10"D(1)
—0.95 P+0.28 D+0. 11 S(2)—0.96 I—0.20 H(2) —0. 17 H(3)—0.97 I—0. 16 H{2)—0. 14 H(3)
0.98 I—0. 15 X(1)—0. 13 X(2)
0.98 I+0.13 H(2)+0. 10 H(3)—0.99 I+0. 11 E {1 )

0.98 I
0.96 D —0.20 F+0.18 F(4)
099 D
—0.88 D —0.36 P+0.21 F+0.12 D(3)
0.94 D+0.28 P —0. 13 F
—0.89 D —0.38 P+0. 18 F+0.12 D(3)
0.71 G —0.39 F+0.26 F(4)—0. 19 H

—0.19 D —0. 18 D(6)—0. 17 D(1)+0.14 6(7)
+0.12 F(6)+0.11 G(1)+0.11 H(2)

0.79 G —0.48 F—0.21 H —0. 19 D
—0.78 G+0.54 F+0.20 H+0. 14 G(6) —0. 12 H(2)—0.76 6+0.41 F—0.30 F(4)+0.19 D(6)

+0.18 D(1)+0.16 H+0. 14 D —0. 11 6(7)—0.81 6+0.41 F—0.30"F(4)+0.18 D(6)+0.18 D(1)—0.94 6+0.22 H —0.22 H(2)

'Reflects the principal SLJ components of the state vector.
bCalculated eigenenergies of [SL]Jmultiplets.
Multiplet baricenter energies determined from experimental data, with 1/A, (air) to 1/A. (vacuum) corrections included.
Eigenvectors expressed in SL(term) basis.
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features. Room-temperature and 10-K transmission
spectra in the S7/2~ P'7/2 and S7/p + P5/2 transition
regions are compared in Fig. 12.

f„z(isotropic)=(8nm, c/he )v„z(1/3g„)
X [y'D„'z'+gD„'a ], (13)

C. Oscillator strengths

The axial oscillator strengths in the spectra simulations
(shown in Figs. 1—9) are listed in Table VII. These oscil-
lator strengths were calculated according to Eq. (10),
with gz =8 and the values of y', y, and A, taken from
Ref. 33 (which deals with 4f 4f tr-ansition intensities in
EuODA). Also listed in Table VII are isotropic oscillator
strengths calculated according to

where D~'z and Dzz' are the electric- and magnetic-
dipole strengths defined by Eqs. (4) and (5), respectively,
and. in our calculations we assumed that g' and y do not
difFer significantly from g' and y . The percentage
magnetic-dipole contributions to calculated oscillator
strengths are shown in separate columns of Table VII.
Note that the oscillator strengths calculated within the
S7/2 ~ P7 /p and S7/2 ~ P5 /2 transition manifolds are

dominated by magnetic-dipole contributions.

TABLE IV. Calculated and observed baricenters and crystal-field-splitting energies for selected J-
multiplet manifolds.

Baricenter energy (cm ')
Crystal-Geld-splitting

energies (cm ')'

Multiplet

~7/2

6
~5/2

6
~3/2

6
I7/2

I9/2

6
I11/2

6
D9/2

6
D7/2

6
Ds/2

Calculated"

32 054

32 630

33 209

35 783

36 122

36 398

39 504

40 538

40 840

Observed'

32 046
(32 096)

32 643
(32 691)

33 209
(33 254)
35 781

(35 805)

36 120

36 399
(36 442)

39 509
(39 616)

40 535
(40 590)

40 837
(40 905)

Level

5
6
7
8

9
10
11
12
13
14
15
16
17
18
19
20
21
22
32
33
34
35
36
37
53
54
55
56
57
59
60
61
62
65
66
67

Calculated

—14
0

11
—14

5
8

—4

—38
5
7

26
—29
—18

6
16
25

—29
—16
—14

12
21
28

—53
—36
—13

40
60

—7
—5

3
10

—46
17
28

Observed'

—10( —8)
—2( —2)

2(3)
10(5)

—13( —10)
4(4)

10(6)
—4( —6)

4(6)
—45( —41)

5(3)
8(5)

32(33)
—31
—16

4
18
26

—30( —29)
—15( —16)
—13( —15)

7(9)
21(26)
28(28)

—52( —52)
—33( —32)
—11(—12)

35(38)
63(58)

—6( —7)
—4( —4)

2(3)
8(8)

—39( —35)
16(13)
24(23)

'Shown as displacements from the multiplet baricenter.
Calculated using the Hamiltonian parameters listed in Table II of this paper.

'Numbers shown in parentheses are from Table I of Ref. 42.
Crystal-field levels numbered as in Table I of this paper.
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f atomic Hamiltonian parametersTABLE V. Comparison of atomic ami
for Gd in GdODA, LaC13, and LaF3.

6

7/2 g/2
AXIAL

Parameter'

F2
F4
F6

y
T2
T3
T4
T6
T7
T8

M
p2

GdODA'

84 138
61 637
44 633

20.6
[—600]
[1500]
[300]
[42]

[ —295]
[350]
[310]

1499
3.32

604

Values/cm
Gd +:LaF3'

85 669
60 825
44 776

18.9
[ —600]
[1575]
[300]
[42]
[62]

[ —295]
[350]
[310]

1508
3.22

676

Gd +:LaC13

84 930
60 209
44 685

18.3
—639

1741
[315]
[44]
[40]

[ —300]
[325]
[360]

1500
2.75

407

(Canc. )

0.40
(Expt. )

Q)
O
C
U

&C

F4/F
F6/F2
F6/F4

0.733
0.530
0.724

'See Eq. (2) in text.
From Table II of this paper.

'From Reference 53.
From Reference 61.

0.710
0.523
0.736

0.709
0.526
0.742 0.00

36165
I

36145
II

36125 36105
—1Wave Number (cm

36085

al and calculated absorption spectra in
I transition region. Crysta t icthe S7/2 9/ r

'' . Crsta t i
simu ation inelinewidth parameter,

V. DISCUSSIQN

ure-absorption spectra obtained in
1't' 'h""t"'"tthis study permit a rreasonably comp ete c

ucture within theener y-level struc u

, 7/2, 3/2, d 5/2)15/2, and 13/2), and Dz( J=9/2, 1/2,

+ 4 electronic configuration inmu p

df i of
aC1O .6H20. ea3

ture can be accounte or
'

,h, 6, ff,el Hamiltonian a
f

P
at the Gd ions, an

ld ta "ld "lu" f
3

irical-energy-leve a a y'

th t
alculated- to empirica-

ompatible with re-the Hamiltonian param

eters or +, '+, E '+ Gd +, Ho +, andeters for Nd +, Sm, uof cr stal-field energy parameters orTABLE VI. Comparison of crysta - e
Er + in Na, [M(ODA)3] 2NaC104 6H20.

Parameter NdODA' SmODAb

—1Values/cm
dEuODA' GdODA HoODA' ErODA

B2o
B4o
B43
B6o
B

56
—1111
—943

577
1358
886

—19
—941
—837

606
1112
794

—91
—947
—781

411
1035
755

—87
—952
—845

803
1197
961

—88
—836
—578

531
777
672

—89
—881
—745

374
661
648

o. /cm
116

14.4
144

12.3
61
9.9

60
6.3

105
9.1

65
9.6

'From Reference 39.
From Reference 28.

'From Refs. 33 and 74.
From Table II of this paper.

'From Reference 43.
From Refs. 51 and 74.
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TABLE VII. Axial and isotropic oscillator strengths calculated for transitions from the S7/2 (ground) multiplet manifold to
crystal-field levels of the PJ, IJ, and D~ multiplet manifolds. See Sec. III B of the text for a description of the calculations.

No.
Excited level'

Multiplet 12m
I

v(cm ')" axial'
Oscillator strengths ( X10 )

%MDd isotropic' %MDd

6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

6

~7/Z
6

6
~7/Z

6
~5/2

6~5 /2
6
~5/2

6

6

I7/2
6
I7/2

6
I7/z

6I7/
6
I9/2

6
I9/2

6
I9/2
I9/2
Ie/2

6Ij7/2
6
I17/2

6Ij7/2
6Ij7/2
6Ij7!2
6Ij7!2
6Ij7/2
6Ij7/2
6Ij7/2
6Ij j/2
6I1 j/2
6Ij j!2
6I j j/2
6Ij j/2
6I1 j/2
6
I1S/2

6
I15/2

6Ij5/2
6Ij5/2
6
I15/2

6I13/2

Ij3/2
6Ij3/2
6Ij5/2
6
I13/2

6
I15/2

6
I15/2

6Ij3/2
6Ij3/2
6Ij3/2
6D 9/2
6
De/2

6
De/2

6D
6D 9/2
6D j/2
6

6

6
D7/2

1

7
3
5
5
1

3
1

3
1

7
3
5

1

9
3
5
7

11
9
7

15
1

5

7
9

17
1

11
3
5
9
7
1

3
11
15
13

1

13

7
11
9
5
7
5
9
7
5
3
9
1

1

7
3
1

32 045
32053
32 057
32 066
32 640
32 656
32 663
33 214
33 222
35 747
35 796
35 799
35 824
36 100
36 114
36 134
36 149
36 156
36 173
36 174
36 175
36 187
36 187
36 192

36 213
36 214
36 379
36 394
36 397
36417
36 430
36 438
36 496
36 506

36 520
36 530
36 540

36555
36 564
36 569
36 572
36 597
36 601
36 608
39 469
39 488
39 510
39 556
39 583
40 440
40 541
40 543
40 549

16.5
12.1

22.0
18.4
12.4
11.5
11.8

1.0
0.7

32.9
33.7
23.5
25.4
81.3
93.8
39.6
55.9
39.1
57.8

101

65.7
88.8
23.5
66.2
63.8

119
17.9
93.4

149
70.3
38.1
61.4
88.0
52.1

63.6
84.5

104
227

78.4
149
122
40.8
81.0
32.8
53.5
21.9
73.6

102
12.7
18.5
12.2
27.3
22. 1

1.3
1.1

20.8
23.7

83.7
80.6
83.0
82.6
97.0
83.4
86.6
0.14
1.4

& 0.1

0.2
0.2
0.2

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

0.1

0.1

& 0.1

& 0.1

0.40
& 0.1

&0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

0.11
& 0.1

& 0.1

& 0.1

& 0.1

0.7
0.5
0.8
0.5
0.3
6.1

9.9
8.4
6.8

16.0
15.8
16.8
16.3
10.8
11.9
11.8
0.7
0.4

50.4
24.4
15.8
45.7

110
100
45.5
50.3
90.1

67.5
79.8

120
87.2
19.5
78.2

114
85.0
15.2

116
133
93.1

56.9
98.0

101
101
103
123
78.8

233
127
107
83.8
61.6
36.1

56.3
53.4
56.0
75.8
73.3

8.7
12.3
8.4

17.9
14.6
0.9
8.3

14.1
15.9

88.7
89.8
84.9
86.6
97.7
89.1

91.0
0.1

1.6
& 0.1

0.2
0.3
0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

0.2
& 0.1

& 0.1

& 0.1

0.3
& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

& 0.1

1.1
0.8
1.1
0.5
0.7
7.9

18.1
10.1
9.0
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TABLE VII. (Continued)

No.
Excited level'

Multiplet 12M, I ~(cm ')" axial'
Oscillator strengths ( X10 )

%MD isotropic' %MD

62
63
64
65
66
67

6
D7/2

6

6
D3/2

6
Ds/2

6
Ds/2

6
Ds/2

40 555

40 712
40 810
40 865
40 874

21.6
11.9
4.0

13.9
10.2
17.6

6.2
1.2
1.8
7.7

10.0
5.8

15.1
8.0
2.7
9.7
7.1

12.4

9.6
1.3
3.8
1.1

14.4
8.3

'Identified according to the labels given in Table I.
Transition energy expressed in the wavenumber units, 1/A. (air).

'Calculated according to Eq. (9) of the text.
Percent (%) magnetic-dipole (MD) contribution to calculated oscillator strength.

'Calculated according to Eq. (13) of the text.

suits reported previously for Gd + in other crystalline
hosts (see Table V) and for other lanthanide ions in
Na3[M(ODA)3]. 2NaC10~ 6H20 systems (see Table VI).
Calculated versus experimentally-observed crystal-field-
splittings within J-rnultiplet manifolds generally agree to
within the uncertainty limits of the experimental rnea-
surements, and calculated versus observed J-multiplet
baricenter energies differ by less than 5 cm ' for all mul-
tiplets except P7/2 and Pz&z (where the diff'erences are 8
and 13 cm ', respectively; see Tables III and IV). Furth-
ermore, the absorption intensity distributions observed

both within and among the various S7&2~ Pz, IJ, and
D& multiplet-to-multiplet transition manifolds are repro-

duced with good fidelity by calculations based on a model
that was developed in previous studies of lanthanide
4f-4f transition intensities.

The quantitative data analyses reported in this study
were based on absorption measurements carried out on
samples at low temperature (approximately 10 K).
Variable-temperature measurements carried out between
10 and 298 K showed only very small changes in J-
rnultiplet baricenter energies, crystal-field-splitting ener-
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FIG. 12. Transmission spectra recorded in the 'S7~2~ P7/2
and 'S7~2~ P5&2 transition regions at sample temperatures of
298 K (lower traces) and 10 K (upper traces).

gies, and transition intensity distributions. Neither our
room-temperature absorption results nor our parametric
analyses of the low-temperature absorption data yield
energy-level structures that are compatible with the
energy-level scheme and parametric Hamiltonian report-
ed in Ref. 42 (although, as is shown in Table IV, the
crystal-field-splitting energies reported here and in Ref.
42 are in reasonably good agreement). This is trouble-
some because the two-photon luminescence excitation ex-
periments reported in Ref. 42 have significant potential
for advancing our understanding of two-photon-induced
4f 4f transition -processes in noncentrosymmetric
lanthanide systems. However, a satisfactory analysis of
two-photon intensity data must be predicated on a
reasonably detailed and accurate knowledge of energy-
level structure (including state-vector characteriza-
tions)

It is possible that the disparities between the energy-
level results reported here and in Ref. 42 can be traced to
wavelength calibration problems in the dye lasers used
for the two-photon luminescence excitation measure-
ments. This type of calibration error would be manifest-
ed most prominently in the observed locations of
multiplet-to-multiplet transition baricenters, and they

would be less apparent (and perhaps not observed at all)
in the splittings between crystal-field components within
multiplet-to-multiplet transition manifolds. It is also pos-
sible, though unlikely, that the one-photon-absorption
measurements (reported here) and the two-photon excita-
tion measurements (reported in Ref. 42) probe different
energy levels of Gd + in Na3[Gd(ODA)3]
~ 2NaC104 6H20. The transition frequencies reported in
Ref. 42 are, on average, approximately 50 cm ' higher
than those observed in our measurements. This might
suggest that the two-photon-absorption cross sections
peak on excited Uibronic levels, displaced from the zero-
phonon (vibrationless) electronic levels by =50 cm
However, this suggestion is highly speculative, and it has
no obvious justification within the framework of current
two-photon-absorption intensity theory.

Eigenvalues of the parametrized model Hamiltonian
developed in this study give a good account of the
Gd + 4f energy-level structure up to 41000 cm ', and
the eigenvectors of this Hamiltonian proved useful in cal-
culations of one-photon-absorption intensities throughout
the S7&2~ PJ, IJ, and DJ multiplet-to-multiplet tran-
sition regions (from 32000 to 41000 cm '). It is likely
that the energy eigenvalues and 4f electronic state vec-
tors derived from the analyses reported here will be of
considerable utility in further analyses of the two-photon
excitation results reported in Ref. 42. Additionally, the
electronic state structure characterized in the present
study should provide a satisfactory basis for interpreting
the very complex circular dichroism spectra exhibited by
Gd + in trigonal Na3[Gd(ODA)3] 2NaC104. 6H20 (Refs.
16 and 73). Lanthanide 4f 4f circular dich-roism spectra
are extraordinarily sensitive to the details of 4f elec-
tronic state structure, and they provide an excellent
probe of SLJMJ state-vector compositions (Refs. 25, 26,
30, 34, 38, 41, and 50).
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