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Low-temperature electronic absorption and emission data are reported for afrnthe octahedral site in
crystals of CsNaTmCE. Thirty-seven crystal field levels (total degeneracy 88) of tRednfiguration (total
degeneracy 91) have been assigned, and in several cases the levels are split due te-plemimncoupling
interactions. The fitting of the energy levels, using the conventidAalrfalysis with 12 variable parameters,
gives a mean deviation of 53.3 cfaThis is reduced to 9.3 cmi by including the 4Pnp®/4f3np® configuration

interaction, using 16 variable parameters. The results indicate a tendency for the early members in the series

of Ln3* ions to interact with the p-electron, and the later members with the p-hole, configurations, following
the redox properties of the ions. The interacting configuration is charge-transfeB) rather than metal ion

(n = 5), and the mixing of ligand wave functions with those of the metal ion may be responsible for the
unusually strong electrerphonon coupling identified for several electronic states of Tm TmClg®~.

Introduction The objective of the present study is to see if the interaction
with excited configurations is equally important for tHé ibn

The energy levels of lanthanide ions in the crystalline T Grud int ch lculati dict a d .
hexachloroelpasolite systérare simpler than for L# diluted m” . Lruge point charge caicuiations predict a decrease in
crystalline field across the lanthanide sefies the cubic

into other crystals because the octahedral site symmetry gives . .
rise to high degeneracies of electronic levels. Several System_elpa}sol|tes_CgNaLn(§2h, tfe lattice parafnelte(rss areh109hl and 1069
atic energy level parametrizations have been carried out for thelocrlnd,Or Ln=Pr az Ln= Tm, respe(;]tlve %,Slo,t att %;'ll'm
entire series of lanthanide ions with general overall success,C! distance is shorter. However the radial integraf$Jare
but with some notable discrepancied.Although theSL-term- smaller for Ln= Tm so that overall the crystal field experienced

: . + i
dependence of the crystal field parameters has been recognize§fy TN is weaker. Slater parameters are expected to scale
for some time, attempts to explain “anomalous’ multiplet linearly with atomic number, so that the effects of higher metal

splittings using two-electron operators have not proved to be 10N configurations may be less important in perturbing ivels
conclusive® More recent parametrizations have utilized larger than 4f levels. However, the nature of the interacting config-
datasets, including energy levels deduced from two-photon urationmpM has not been clear in previous cases because its
spectroscopy. Evidence was reported for electron correlation @Nergy seems to be anomalously low for metal-centered
induced by the crystal fiel@yet until recently the comparisons configurations5>*"Evidence from the energy level datafit of
of experimental versus calculated energy level listings have beenEr®" strongly suggests that the equiparity interacting configu-
those from calculations involving one-electron crystal field ration is a charge-transfer configuratit.
operator$~12 A recent paper by Thorne et #.shows that Several previous studies have been concerned with the
improvement can be obtained by adding the spin-correlated electronic spectra of T in octahedral symmetry. The
crystal field to the normal crystal field. Some discrepancies absorption and magnetic circular dichroism spectra were
remain, however, and a detailed account of correlation crystal reported by Schwartz et d8,who assigned 12 crystal field
field analysis for CsNaTbBg is given in ref 14. From our levels. Subsequent reports of the absorption and emission
previous studies, we have found that the inclusion ofigdf spectrd®2%were not in agreement and remained unresofted.
configuration interaction into the parametrization of thé 4f An alternative relativistic calculation approach was equally
energy level scheme decreases the mean deviation of the fitunsatisfactory2 One of the problematic terms was the electronic
using the single configuration 4élone by a factor of 2.9 (i.e.,  ground state3Hs, where an apparent discrepancy between
from 32.7 to 11.6 cm').'%aThe interaction is most marked for  experiment and calculation of ca. 100 chexisted for thel,
the 1G4 andD, multiplets of P#*, since large crystal field off-  (A,g) crystal field level. (Since all of the electronic levels of
diagonal matrix elements between these terms and certain singlethe 2 configuration are of even parity, we omit the crystal field
terms of the 4fnp* configuration perturb the crystal field levels  level irrep label g throughout). Amberger ef&had previously
of these 4f multiplet terms. Using the same method, for another commented on the unusual behavior in the electronic Raman
elpasolite compound @NaErCk, the mean deviation for 75  spectrum of C8NaTmCk, and this was subsequently reinves-
levels (with a total degeneracy of 130) was reduced from 21.4 tigated by Tanner et & Two energy levels (at 108 and 148
to 10.5 cnr1.1%0 cm ! at 10 K) were found to be derived from tReal’s (T2g)
crystal field level, through the electreqphonon coupling

*To whom correspondence should be addressed. E-mail: (P.A.T.) interaction of the vibronic levePHg, + vs(t2g) and the
bhtan@cityu.edu.hk, (M.D.F.) faucher.michele @free.fr. . . .

t88 Avenue Jean Jalge electronic levePHgal's. From the observation of a hot electronic

* City University of Hong Kong. Raman transition, th&, (Axg level was reassigned near the
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calculated energ¥t A closer agreement with calculation was TABLE 1: Vibrational Data for Cs ,NaTmClg at 10—20 K

then found when the estimated unperturBidgal's energy was unit cell Raman  components
utilized in the energy level parametrizatiﬂ)rEurther evidence normal mode group spectrum in vibronic
for electror-phonon coupling of théHgal's level has recently of TmClg3-2 modé-° (cm™)  spectra (cm?)
been put forward from a high pressure stdeljfowever, these V1, aig TM-Clsymstr S 206

phenomena were not considered in the two-photon study of the w,, ¢, Tm-Cl sym str ) 237

energy levels between 27 000 and 36 000-§Ai where the Sz Tygrot.

3Heal's level was assigned at 148 cfn Assignments were not Ss Cs* str 47 47
forthcoming for some spectral features, which led to some »* " ET%%_%Sbem str S% ﬁi igg' 288
differences in the proposed energy level scheme from that in V: T;: Cl-Tm-Cl b s 13¢ ’

the present study. From tBE, emission spectrum of Tmgi,26 Sy Na' str 182

an apparent “doubling” of a certain crystal field level (in this S Cs' transl 60, 68
case, in the excited@H, term of Tn#*) has also been found. Ve 72w, C-TM-Clb So 78,88

Again, the perturbation arises from the coupling of an electronic  akey: sym, symmetric; str, stretch; asym, antisymmetric; b, bend;
level with an even-parity vibronic level, and the estimated rot., rotatory mode; trans, translatory moi&®eference 29 At 300
unperturbed energy level lies much closer to the calculated K.

position.

After a brief review of experimental details and the requisite ~ Low-temperature emission spectra of ,RaTmCk were
structural and vibrational data, the results from the reinvestiga- recorded at the University of Hong Kong and the equipment
tion and extension of the emission and absorption spectral datasetup has previously been descri3éd.
are analyzed. A critical comparison with results from two-photon  Vibrational data for C8N\aTmCk are available for the gerade
spectra is then made. Finally, the energy level dataset ismodes from low-temperature Raman speétrand for the
compared with the results of calculations using th& éfodel ungerade modes from the vibronic sidebands of the optical
alone and with those involving interaction with excited con- spectra at low temperatutgThe latter spectra show dispersion
figurations. We have also made investigations of the electronic and transverse-longitudinal mode splittings so that multiple
spectra of C&iTmClg and CsLiYCleTm. The vibrational structure is observed for each internal moiety mode. Table 1
behaviors of these systems differ from that of, &TmCE, summarizes this and includes the energies of the unit cell group
leading to differences in the vibronic sidebands of the electronic modes due to Naand C$ motions also. Also presented are
spectra. The results served to confirm the assignments of thethe moiety-mode and unit cell group notations for the vibrations
electronic energy levels, but we do not present them since thewhich are employed in this work. The derived energy levels of
spectra were generally not of such high quality. CsNaTmCk are listed in the expt column in Table 2, and the

. . . rationale for assignments is now discussed.
Experimental, Structural, and Vibrational Data g

From inelastic neutron scattering measurements, Knudsen etReagyits and Discussion
al2” found that CaNaTmCk retains the cubi&m3m structure
between room temperature and 10 K. Evidence for a small The electronic ground state of Pmin CsNaTmCh is *Hel 1.
tetragonal distortion in GBlaTmCkE was reporte® from An overview of the energy levels of this system is provided in
enhanced®Tm nuclear magnetic resonance measurements atFigure 1. The one-photon absorption spectra from this initial
4.2 K. This distortion evidently results in the splitting of the state are characterized by electric-hexadecapble— I'1),

3Hel'4 level, assigned at 58 crf?® by 1 or 2 cntl. Our electric-quadrupolel{y — I's or I'y — I's), or magnetic-dipole
measurements were carried out at 10 K or above, so that theallowed ("1 — I's) zero phonon lines, with associated vibronic
cubic structure is preserved. sidebands. The hexadecapole and electric-quadrupole electronic

CsNaTmCk was prepared as polycrystalline material by origins are generally indistinguishable from very weak, sharp,
Morss method E;1°but HCI gas was passed over the powders coincident electric-dipole allowed bands arising from*Trions
of CsLiTmClg, CsLiYClgTm at 420°C for 3 days prior to situated at defect sites. Accordingly, the oscillator strengths of
passage through the Bridgman furnace. (Unpublished) absorptionthe®Hel"s — *FaI's, *Hal's,I's, 1Gal's electric-quadrupole allowed
spectra were recorded some years ago, between 1992 and 199%,ansitions were all measured to be at least 1 order of magnitude
using a Biorad FTS-60A spectrometer between 300 and 10 K, greater than the calculated oscillator streng®iBhe magnetic
at a resolution of 2 cmt in the region from 4000 to 39 000 dipole (MD) zero phonon lines are intense in some cases,
cm 1, using quartzhalogen, xenon, and deuterium lamps. In particularly for theAJ =1, AL =1, AS= 0 transition: 3Hs —
2001, the region above 25 000 chwas reinvestigated using  Hs. Calculated magnetic dipole (MD) oscillator strengths for
deuterium and xenon lamp sources, an Acton 0.5 m monochro-the eight®Hel'y — I’ transitions were in reasonable agreement
mator with an 1800 g mmi grating blazed at 250 nm, and a  Wwith experiment, except that the calculated values for two most
back-illuminated SpectruMM CCD detector. The latter spectra intense transitions (to termindl, levels of *Hs and'le) were
were not background corrected. The sample was housed in arseveral times greater than experimental values, and this was
Oxford Instruments closed cycle cryostat, with base temperatureattributed to saturation effects, also observed previously in the
10 K. The spectral energies were converted to vacuum wave-spectra of YB*.3 The MD oscillator strength cHgl'y — 3Pil's
numbers. The absolute calibrations in the ultraviolet region were was calculated (using the eigenvectors from #ieélculation)
found to vary by ca#+5 cnt?! for our spectra recorded at about 2 orders weaker than that measured from the assigned
different times, presumably due to the refractive index assump- feature. However, the calculated value increased by a factor of
tion when converting to vacuum wavenumbers. Otherwise, the 20 when the ¥np® eigenvectors were employed, showing the
electronic level energies deduced from absorption spectra aresensitivity of this oscillator strength to the eigenvector composi-
generally accurate te=2 cnm! when zero phonon lines are  tion.
directly observed, ox<44 cnt when inferred from vibronic The selection rules operative for the vibronic sidebands
structure. produce unique structures f&f — I'; transitions (where only
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TABLE 2: Experimental and Calculated Energy Levels of Tm?* in Cs;NaTmClg2P

Faucher et al.

25Hy IR expt calc 1: 4¥ expt— calc calc 2: SCCF expt calc calc 3: 4#2nps+ 4f np° expt— calc
3He I 0 —96 96 -7 7 —10 10
I 56 —13 69 50 6 50 6
al's 123 82 41 117 6 118 5
Iy 261 278 —17 243 18 256 5
bI's 370 439 —69 371 -1 376 —6
I3 394 473 —79 396 -2 401 -7
F, Is 5547 5486 61 5498 49 5552 -5
I's 5814 5817 -3 5838 —24 5818 -4
Ty 5859 5888 —-29 5891 —32 5865 —6
I 5938 5980 —42 5958 —20 5934 4
3Hs al'y 8240 8201 39 8251 —-11 8237 3
I's 8270 8244 26 8285 —-15 8270 0
Is 8437 8464 =27 8435 2 8441 -4
bI'4 8533 8594 —61 8534 -1 8541 -8
SH, Is 12538 12 497 41 12526 12 12 546 -8
I's 12 607 12 642 —35 12 650 —43 12 636 —-29
Ty 12 766 12 758 8 12 750 16 12 737 29
Iy 12 880 12 930 —50 12 889 -9 12 882 -2
3F3 I 14 470 14 360 14 377 14 418
Ty 14 428 14 447 -19 14 437 -9 14 427 1
Is 14 454 14 431 23 14 436 18 14 450 4
F, I3 14 956 14 939 17 14 940 16 14 946 10
Is 15130 15132 -2 15131 -1 15132 -2
1G, Is 20 852 20832 20 20812 40 20 854 -2
I3 21 357 21 328 29 21 356 1 21 360 -3
Ty 21426 21416 10 21431 -5 21419 7
I 21507 21520 —13 21516 -9 21503 4
1D, Ts 27 653 27 638 15 27705 —52 27 651 2
I3 27 702 27 707 -5 27 636 66 27 707 )
e I3 34117 34234 —117 34133 —16 34122 -5
al's 34 158 34 276 —118 34184 —26 34 164 —6
I, 34424 34 369 34 328
bI's 34 822 34 805 17 34 836 —14 34 805 17
3Py Ty 34 846 34 869 —-23 34 856 —10 34 846 0
Us Ty 34983 34931 52 34 995 —12 34975 8
T 35 196 35042 154 35133 63 35203 -7
3Py Ty 35884 35890 —6 35 866 18 35 889 -5
3P, I3 37 462 37 478 -16 37 484 —22 37 451 11
I's 37 854 37 842 12 37 857 -3 37 864 —10
1S I 71591 71718 75 585

2 The parameters of calculations-3 are listed in Table 3 IR irreducible representation. Calculated unperturbed energies from observed levels

at (in cn?). €108, 148.912 693, 12 838¢35 207, 35 184.

Figure 1. Energy levels of T in CNaTmChk. Luminescent levels
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are identified.

71y Modes appear), ardd, — I'; transitions (where only they,
mode is observed), but otherwise th€i = 3, 4, 6) modes are
potentially active forl'; — I (i = 3, 4, 5) transitions (Table
1). Studies of spectra at 30 and 80 K were invaluable in
identifying the “hot” bands of electronic transitions.

Emission Spectra of TmCE~. Figure 1 shows that low-

.
_“F,
- °H A
3
- H,
°*H

SLJterms of Tn¥* in CsNaYClg: Tm and/or CsNaTmCk,19.20.26
except forfF, and®P, 1, where multiphonon relaxation dominates
over the radiative process. However, no previous discussion or
interpretation has been given for the emission fi@p. Since

the splitting of the'D, crystal field levels is calculated to be
~50 cntl, low temperature emission is expected only from the
lower (['s) level. The strongest transition from thB, term is

to 3F,. Figure 2 shows the region in the 10 K emission spectrum
of C$NaTmCk between 22 100 and 21 100 chunder various
excitation lines. No emission in this region is evident for
excitation lines between 240 and 266 nm, but the dips below
the baseline correspond to bands in the absorption spectrum of
CsNaTmCk, which has previously been reported with a much
better signal-to-noise ratit¥2 There is a one-to-one corre-
spondence between the energies and the band numbers marked

for the 246 nm excitation in Figure 2, with the energies and
band numbers listed in Table 3 of ref 19a. There is one

exception, marked T, which is not evident in the absorption

spectrum. This dip is coincident with the position of &I’y

— 1G,I'; magnetic dipole allowed zero phonon line. In fact,
the “absorption spectra” in Figure 2 occur from mions
near the crystal surface, rather than in the bulk as in ref 19a, so

that defect sites are then more plentiful and defect site zero

temperature emission has been observed from all of the excitedmechanism.

phonon band intensities are enhanced by the electric dipole
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Figure 2. 10 K luminescence spectra of 8&TmCE between 21 400
and 22 160 cm' under various laser excitation lines. The numbers
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emissiod®¢26spectra, and this enables comprehensive assign-
ments to be made for the 204 nm excited spectrum as shown in
Figure 2. These assignments enable the lowgstaystal field
level of 1D, to be assigned at 27 654 3 cnrL.

We have investigated the emission frétg in CsLiYCle:
Tm, under 199.8 nm excitation and find that it occurs from a
level at 34 126 cm!, assigned herein tbs. No emission was
observed in our spectra frofhs in neat CsNaTmCk, but it is
evident in the 77 K emission spectrum of 88Ty osY 0.95Cls
reported by Thorne et &F. The cross-relaxation

Y[, (ion 1) + *HgT, (ion 2)—
*H,L; (ion 1)+ 'G,I', (ion 2)

is resonant and depopulatélg in the neat crystals. Cross-
relaxation processes froHs, and'D; also occur in neat crystals
of CMTmClg (M = Li, Na).20:33

The assignments of energy levels belély; and of 3P.I',
listed herein are generally confirmed by the emission spectra,
and extensive tabulations have previously been gi¥éfilt is

labeling the dips in the 246 nm excited spectrum are the same as innOted in particular, however, that the low-temperature emission
Table 3 of ref 19a. Peaks in the 204 nm spectrum are labeled accordingspPectra enable the unambiguous location ofltveestcrystal

to the terminaPF, state. The luminescent state!3,I's in all cases.
Refer to the text.

TABLE 3: Hamiltonian Parameters of Tm3* in Cs,NaTmClg

value (cnT?)

parameter calcl calc 2 calc 3
F? 99725(134) 99738(67) 101690 (69)
F4 68 592 (413) 69625(215) 71181 (131)
Fe 48231 (402) 48533(202) 50609 (95)
o 19.2(1.3) 18.0(0.7) 19.0(0.4)
B —730 (88) —729 (47) —675 (24)
Y [2716F [2716] 2128 (46)
MmO [3.38] [3.38] 4.31(0.5)
p? [43] [43] 461(83)
&r 2616 (7) 2616 (2) 2633 (1)
Bo‘(f, f) 1787 (85) 2203 (63) 453 (52)
Bo(f, ) 170 (58) 222 (44) —119 (16)
() —0.42
c&(f, f) —0.33
AEayq (207 403 [38 500]
X (1P 0.08 (0.02)
&p (32009 [1000]
Bo*(f, p) —15 389 (298)
N° 37 37 37
n° 12 14 16
o° 53.3 25.0 9.3
o° 64.8 31.7 12.3

a Parameters in square brackets were held constant during the final
steps of the refinement. ltalic numbers between parentheses ar

e

field level of eachSLJterm: for example, th&, level of 3F3,
discussed later.

Absorption Spectra of CgNaTmClg. Detailed assignments
and listings of bands in certain electronic transitions have
previously been giveii so that we summarize the conclusions
here and focus upon differences with previous studies.

8He Term. The assignment of crystal field levels in the
ground-state term has been made from emission sp&¢temnd
electronic Raman spectt425Two levels of mixed Bs parentage
are located at 108 and 148 ci and we have taken the
unperturbed energy to be 123 chin Table 224

3F,4 and °Hs Terms. The previous assignments for tfig,
term were based upon emission measurements and the 20 K
absorption spectruff. The 3Hg — 3F, transition is mainly
vibronic in character, whereas thélg — 3Hs transition is
dominated by the intendg — al', magnetic dipole zero phonon
line. Assignments for théHs term have been made from the
20 K absorption spectrufi.Line positions have been compared
with those in CsZrClg:Tm3".34 The 10 K spectra of both
transitions have recently been utiliZ&2dor comparison with
the calculated vibronic intensities. The energy levels in Table
2 are similar to those previously reporteéd.

8H4 Term. The assignments for th#, crystal field levels
have been made from absorption and emission spkttra.
However, thd 4 level, assigned at 12 840 cfy is then far from
the calculated location, 12 7332 760 cntl? In the 3P,

theoretical values of the parameters for an atomic metal-centered €MiSSion spectra terminating upd, a further level, at 12 692

configuration.? X is a common multiplier of the theoreticR¥ values
which are in cm: R(f, p, f, p) = 55 952;R(f, p, p, f) = 27 980;
R(f, p, p, ) =21 737; R(f, f, f, p) = —14 616;R(f, f, f, p) = —6554.

¢calc 1 and calc 2 were performed in#4fcalc 3 in 4#%5p°%/4f135p°. N

is the number of levelsn the number of parameter® is the

unbarycentered mean deviation, andis the standard deviation:
[Zi=tn(Eiexp = Eica?/(N — n)]*2

cm™1, was identified from intense vibronic structi®The
observation of twol'4 levels was attributed in an analogous
manner to electroaphonon coupling phenomena, just as for
the two d's levels in the electronic ground state. In tbtey
case, the coupling occurs between+ v, = 12 538+ 237=
12 775 cntl, and thel4 crystal field level.

A reexamination of the 10 RHg — 3H,4 absorption spectrum

The emission spectra in Figure 2 are clearly excited by shows that the; (i = 3, 4, 6) structure based on the electronic
wavelengths between 200 and 218 nm, i.e., with excitation origin at 12 692 cm! is largely overlapped by other structure,

into the charge-transfer states of TrgCI32 However, no

but that weak bands (at 12 781, 12 804 ¢jnwhich cannot be

charge-transfer emission is detected. The highest energy bandsissigned to other transitions, can be associated withgthad

1, 2, and 3 correspond to tH@,0'3 — 3F,I's + v3(243, 260,

288) band¥ superimposed upon lattice mode structure of the

1D,I's — 3F4[s transition. The energies of ti&, crystal field
levels have previously been assigned from absorfttaand

v4 structure of this electronic transition.

3F,, 8F3, 1G4 Terms. The assignments for these terms given
here are similar to those previously givewjth the additional
tentative assignment of th#I; level at 14 467 cm?, from
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Figure 3. (a—e) 10 K absorption spectra of £&aTmCk between 27 000 and 38 000 cinThe assignments of prominent vibronic structure are
marked by the terminal crystal field and vibrational levels. The electronic ground stielis The spectra were recorded for different crystals
using the Biorad FTS (dotted line) and Acton monochromator/CCD (full line).

the 3P, emission spectrum of @daTmCh. This assignment is
consistent with the location of thiélgl'; — 3Fs["» + v vibronic
origin in the 10 K absorption spectrum at 14 562 ¢éni.e.,
the electronic origin is inferred to be at 14 474¢dyn The mean
value for 8F3I'; (14 470 cmi?) is listed in Table 2. The
assignments differ from those of Thorne et!dlwho inter-
changed the order 8fF; I'4,I's. From the emission spectrum of
TmClg®~,192it is certain thafl' is the lowest crystal field level

cm~L Crystals of C&NaTmCk were doped with C¥ to prove

that the weaker structure in this region does not correspond to
Ce*t impurity. Two bands marked in Figure 3a are then assigned
to v4 (111 cnml) andvs (259 cnt?l) structures of thd; — T's
transition since the location of the unobserved zero phonon line
is inferred to be at 27 652 cm, in agreement with the value
from the emission spectrum. Two weak bands then remain
unassigned in Figure 3a. One of these is reasonably assigned

of the 3F; term because emission is observed from this level at to T'; — I's + Sg(186), but the vibrational interval of the other

low temperaturé®

1D, Term. The 10 K3H¢I'; — 1D, absorption spectrum is
shown in Figure 3a, with the prominent vibronic structure
identified. One transition is readily located from the intenge

band (marked with an arrow in Figure 3a: 214 or 165 ém
does not correspond to a fundamental mode of T¢#CIAN
analogous medium-weak unassigned feature is observed in the
10 K absorption spectrum of @¥aYygl'mg1Cls, where the

andvz bands, with the electronic origin inferred to be at 27 702 electronic originsl'y — I's andI'; — I's are inferred to be at



Electronic Spectra and Configuration Interaction of3rm TmClg®~ J. Phys. Chem. A, Vol. 108, No. 24, 2008283

27 653 and 27 702 cm, respectively. In the two-photon  corresponding electronic origins are then located at 35 207 and
spectrum of ref 13 (see later), a weak band is observed at35 184 cnl. Further structure can then be assigned to the other
130 cnt! above thel; — T's transition, which corresponds to  components of3, as well as to the, vibronic origins, based

vs. It is unlikely that the unassigned feature in Figure 3a upon the two electronic origins. The highest energy transition

corresponds td'; — I's + vg + vs becausd’y — I's + vg is not in this region is calculated to b&;, — l¢l';, which cannot be
observed. In conclusion, no firm assignment can be made for split. By symmetry considerations, the ‘splitting’ bf — l¢I'y
this band. is not due to a resonance wiify — ¢4 + vy, but could
16, 3P, and 3P; Terms. The transitions tdls crystal field possibly be due to the resonance with— g’y + 2va.
levels overlap those &P, and3Py, in the spectral region between P, Term. The absorption spectrum of &aTmCh between

33000 and 36200 cm, and these constitute the most 37 400 and 38 300 cm is shown in Figure 3e. The bands are
problematic levels to assign. We present a detailed interpretationreadily assigned to vibronic structure of thg — %P, T's, I's

of the bands in this region, and make extensive use of the transitions.

spectral changes that occur from 10 to 60 K. Previously, two ) ) o

magnetic dipole transitions were assigned to prominent spectralComparison with Two-Photon Excitation Spectra of

featurest but one of thesel'y — Ugly, is reassigned herein. ~ CNaYClgTm?3*
Figsure 3b-d show this spectral region in three parts. At The energy level assignments herein differ in some respects
lowest energy, the intense band near 34 205twas previ- from those given in the two-photon spectral study of Thorne et

ously assigned td; — !l I'4, but the observation of a hot band  al.13 The major difference is that these authors did not take into
at 173 cn1! to low energy at 30 K, makes the assignment to a account the electremphonon coupling in the electronic ground
ve Vibronic origin more likely. The electronic origin is thus  state of TmC#-, which leads to the “doubling” of thela
inferred to be at 34 117 at 10 K. Energy level calculations show crystal field levels at Bs(1) 108 and &s(2) 148 cnl. Thus,

that the lowest energy transition t is I't — Y¢l's. At 30 K, the unassigned band in tifelsl'; — 3P4 transition (at ca.
thel'; — gl's hot band is observed as a sharp, weak feature at 35 795 cnm?) corresponds t8Hg al's(1) — 3Pl 4. By coinci-
54 cnt to low energy of the inferred position of the, — dence, the hotla(1) — D, transitions overlap with other hot
Nel's electronic origin. However, besides lattice modes, no band structure. However, two very weak bands in*thg’; —
further structure is associated with thie — 1’3 transition. 1D, transition, near 27 696 and 27 786 that 4 K, were
The medium intensity band at 42 cito higher energy of'; unassigned. The first is presumably a resonande, ef I's +

— YgI'3 + v is then assigned to the; vibronic origin of the Ss(t2g) With T’y — I's, whereas the second correspond§io—~
next-highestls transition,I's — Ylal’s, and the corresponding  T's + v5(t2g) With the derived energy 130 cth
vs structure is clearly located to higher energy. A broad band  The3Hgl'; — g al's transition was assigned at 34 167 ¢m
near 34 470 cmt is tentatively associated with the next-highest in ref 13, and there are hot bands at 56, 108, and 148 ¢m
transition,I'y — Y6I"2 + v, SO that the corresponding electronic  low energy. Théls T’z level was not assigned, but was associated
origin is inferred to be at 34 384 crh The observation of a30  with two hot bands at~34 349, 34 403 cmt. Alternative
K hot band at 34 587 cm, assigned tds — e[z + v3, is assignments for these hot bands are to the first members of the
consistent with this. v1 progression on the hot transitioRs— 1l al's (34 059 cml)

The next group of bands, Figure 3d, is readily assigned to and d's5(1) — g al's (34 111 cm1?). It is uncertain whether
the vibronic structure of an electronic origin, which is observed there is also a peak near 34 224¢nmWe are unable to give a

with medium intensity. This transition is assignedto— 3PI4 clear identification of thélg I, level from the combination of
on the basis of the magnetic dipole intensity of the zero phonon the one and two-photon data.
line and the energy level calculation. A major difference in the energy level assignments of Thorne

A further threellg levels and oné®P, level then remain €t al*® and the present study concerns thel's level. This
unassigned. The lowest energy bands in Figure 3c are readily'eri was assigned to one (of two) very weak bands at 35 084
assigned to thes, v4, andve vibronic structure of an electronic ~ ¢M * in ref 13. On the basis of this assignment in the two-

origin inferred to be at 34 823 crh The excited state i Photon excitation spectra, we comment that althougtthe-
bI's, because (i) thes vibronic structure is prominent (i.e., not  ‘lel'1 hot transition is unobserved (as expected) therein, the
I'y), (ii) the zero phonon line is not observed (i.e., fig), and al's(2) — *lel'1 hot transition is coincident with the inteng

(iii) the location is consistent with our energy level calculation. — ‘lél's transition and Bs(1) — Hel'1 is not evident. The

The Ty — Yg bI's and T4 — g bl's + vg transitions are evidence for the assignment in ref 13 Bf — ¢l is thus

prominent above ca. 20 K. A further electronic origin can be Weak, and in fact, the two very weak, broad bands observed

assigned to the intense band at 34 983%mwhich, on the basis ~ (~35 067 and 35 090 cn) more likely correspond td', —

of the magnetic dipole intensity calculation correspondggo  ébI's v2, 'y — 3Rel'y + v5, where the derived vibrational

—3p,T,. The vibronic structure based upon this electronic origin €Nergy is 236 cm. The alternative assignment proposed herein

is very weak. However, above 20 K, a hot band near 35 180 IS supported by the two (unassigned) medium intensity bands

cmLis assigned to th&s — 3PiT's + v3 transition. Thel’; — at ca. 35 192 35_; 214 crhin ref 13. As expected, no héy —

3pT'; 714 vibronic sideband is also expected in this spectral 1I¢I'; transition is apparent, but two other hot bands could

region. Unassigned bands near 35 108 and 35 138 are thus ~ correspond to Be(1), a's(2) — *lel's.

assigned to the 260 and 288 cthrtomponents o3, but the .

remaining structure is obscured by other transitions. 3FgE; Energy Level Calculations

electronic state is thus located at 34 846-émAt 30 K, two In their recent stud§/§ Thorne et al. have presented an

hot bands in this region remain unaccounted for, but they can analysis of the electronic energy level structure of3Tnn

then be assigned to th, — 3P’y and I'y — 3Poly + e CsNaYCls. A crystal field analysis was performed including

transitions. 37 experimental energy levels. The inadequacy of the standard
The highest energy bands in Figure 3c, at 35495, 35472 Hamiltonian to reproduce the experimental energies in a

cm correspond to the 288 crhcomponents of 3, so that the satisfying way was emphasized. The mean experimental/
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calculated deviation amounted to 55 chwhen all the levels
were included in the calculation, to 36 cfwhen the triplets
were fitted separately, and to 22 chwhen only the singlets
were involved. The fitted one-electron crystal field parameter
Bo* was>60% larger for the singlets (2396 ci) than for the
triplets (1483 cm?). Thells levels were the most badly fitted,
but were rather well simulated by a linear expansion of the first-
order multiplet splitting. The use of SCCF parameters with a
negativeck coefficient produced a similar effect by providing a
stronger crystal field for the singlets than for the triplets.

Faucher et al.

improvement seems to be related to the relative strength of the
fourth-order crystal field.

The same process is attempted in the present case for
CsNaTmCk, for which 37 energy levels out of 40 have been
experimentally determined. The interactions within(ér pM)
can be calculated in 2N (or pP~M) provided the signs of the
one particle parameters are changed. The interactions within
4f12np5 + 4fnp° are formally the same as in the complementary
system 4mpC + 4fmp! which involves 91+ 84 = 175 levels.

This is just the interaction matrix which was considered earlier

Utilizing 14 parameters, the standard deviation decreased downfor P2+ 13 The 4f2npé configuration contains levels with the

to 28.2 cnmL.The values of the energy levels of SiaYCls:
Tm lower than 27 000 crm# utilized by Thorne et al. originated
from earlier work on CsNaTmCk.

same labels and the same degeneracies “apyf(*Sy, 1D-,
1G4, ®Po12 3F234 °Hasg and the same can be stated for the
4f3np® configuration with respect to 4hp!, which contains

In this work, as mentioned above, some changes were madelD,, 1Fs, 1Gy, 3D123 3F234 and3Gs4s Although the earlier
both in the energies and in the ordering of levels. Besides minor study?® was performed with the assumption that the interacting

calibration differences, altogether five energy levels in the
present dataset are significantly different from those in ref 13.
Since the assignments of tAk, 3FsI; levels are not secure,
we have omitted these levels from our fits.

The 42 calculation on the basis of the 91 basis states of
Tm3™ was first performed with the standard Hamiltonian
including the usual interactior?8:37 the electrostatic two-
electron repulsion (parameterg?, F4, F®); the free-ion inter-
configuration interaction (parameters, (5, y); the magnetic
interaction (parametersM¥, with M2 = 0.5aV° and M*
0.38M9); the spin-orbit interaction (parametergy); the elec-
trostatically correlated spirorbit interaction (parameterX,
with P* = 0.75°? and P® = 0.5(P%; and the crystal field
interaction (parametersBg*(f, f) and Bo(f, f), with Bs*(f, f) =
+(5/1412Bo(f, f) and B,S(f, f) = F (7/2)12 BoS(f, f) for the

configuration was 4f5p°, more recent evidence from the energy
level fit of C$NaErCk™ indicates that the configuration
interaction involves contributions from the ligand, rather than
from the metal ion, p-orbitals. The present work reinforces this
important distinction.

The additional interactions which are to be taken into account
within the larger matrix 4fnp® + 4f13np° are: (i) the gap\Eavg
= E'avg — Eavg Which determines the distance between the two
configurations; (ii) the interconfiguration interaction (param-
eters: RK(4f, Iy, I3, 1s), k =0, 2, 4, with b, I3, |4 = 4f or np);
(ii) the spin—orbit interaction (parameterty); and (iv) the
crystal field interaction (parameterBg*(f, p)). The starting
values were those for the metal iort%4p® + 4f135p° systems.
Theoretical parameter values calculated with Cowan’s program
RCN3B° are (in cnT?): AEayg = 207 403;5, = 32 000; R?(f,

octahedral symmetry site). Using these 12 parameters, the meam, f, p) = 55 952 (direct);R2(f, p, p, f) = 27 980,R(f, p, p, f)
deviation between experimental and calculated datasets was 53.3= 21737 (exchange[2(f, f, f, p) = —14 616 and?*(f, f, f, p)

cm™1, being a similar value to that obtained by Thorne et al.
The calculated energy levels are listed in Table 2 (calc 1),

—6554 (hybrid integrals). To keep the number of addi-
tional parameters as low as possible, a unique pararXeier

together with the experimental energies and the correspondingincluded to scale th&X integrals. This makes a total of 16
ireps. In Table 3 the parameters of the calculation are reported,parameters, i.e., four more than in thé?énalysis and two
as well as the corresponding mean and standard deviation. Themore than in the SCCF calculation of Thorne et al. We shall

(*D2 + 3P,) and €P, + 1D,) levels are surprisingly well fitted
compared with the other levels.

We then applied to our dataset the model utilized in ref 13.
It consists of modifying selectively the reduced matrix elements
of U% and U for triplet states. Actually, these are multiplied by
(1 + ¢, and the fitted values af* andc® are equal to-0.42

comment on this point later. Taking into account the earlier
studies, the starting value B§*(f, p) was set equal to 10 times
Bo*(f, f).38

When utilizing the theoretical values for the gap, tRé
integrals K = 1) andg, = 32 000 cn1!, no improvement of
the fit could be achieved, whatever the valueBgf(f, p). The

and —0.33, close to the values obtained by Thorne et al. and lowest mean deviation was 57 cfi.e., slightly worse than in

listed in Table 2 of their papé& The mean deviation decreases
to 25.0 cn1?, thus reducing the initial value by more than 2.
However, the D, + 3P,) levels at 27 653 cmt* (I's) and 27 702
cmt (I'5) are fitted rather worse since the calculafegEg)
(27 636 cmt) andT's(T2g) (27 705 cn?) levels are inverted,
in contradiction with the conclusions of the two-photon experi-
ments and with the listing in Table 1 of ref 13.

Our goal is to obtain even better results by using a different
method. This is achieved by utilizing full configuration interac-
tion. We are not alluding to all possible interactions with all
possible configurations but to a complete interaction with a few
(preferably one) neighboring excited configurations. In a previ-
ous study?® we have shown that the crystal field analysis of
Tmd* (419 datasets was improved when performing the fit in
the enlarged basis ¥bp® + 4f135p°. The interacting configu-
ration results from the gain of an electron by the 4f orbital and
the loss of one electron by the completé Bphital. For LUPQ,

the 42 analysis, with a fitted value dy*(f, p) = 22 000 cn7?.
The 4£35p° configuration extends approximately from210°

up to 2.7 x 1 cm™L. However, if X and g, are allowed to
vary freely, both parameters decrease dramatically as well as
the mean deviation. Actually, by fixing, equal to 1000 cmt
and lettingX vary from 0.08 to 0.06, the dataset can be fitted
with a mean deviatiod) lower than 11 cm? for 31 500< AEaq

< 10° cm™i. Beyond AEyg = 10° cm™%, ¢ still increases
moderately (13 cm® at 207 000 cm?) but By*(f, p) reaches
enormous values<{90 000 cnt?). Figure 4 shows the variations
of 9, Bo¥(f, f), Bo(f, f), Bo*(f, p), andX as a function oAAEayg
The approximate value of the*4barycenter is equal to 17 800
cmL. We note that the signs @q*(f, f) and B(f, f) change
for AEayg approximately equal to 60 000 cth The smallest
mean deviation is equal to 9.3 cfand is obtained foAEayg

= 38500 cnt?. In this case, the whole ¥hp® configuration is
inserted between th®, and!S, levels of 4£2 between 54 000

YPQ,, and LaOBr hosts the improvement (decrease of the meanand 66 000 cm!. The calculated energy levels are listed (calc

deviation) amounts to 25, 17, and 40%, respectively. The

3) in Table 3. As already mentioned above, the best fit obtained
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Figure 4. Plots of the various model parameters and mean energy deviation against the mean energy betw&ap‘tardHH'3np° configurations
(10° cm™).

with the aid of the SCCF model on the same dataset producedtheI's andI's levels are now inverted. Finally, in calc 3, all the
a standard deviation equal to 25.0 ¢m deviations have further decreased excepgifbrwhich remains
Table 4 lists the mean deviations within eaghJlevel in bad from calc 1 to 3.
calc 1, 2, and 3. In calc 1, the numbers between parentheses When the terms of 4fnp° are selectively withdrawn in turn
represent the barycentered deviations when they are veryfrom the interaction matrix, the fit worsens, the mean deviation
different from the nonbarycentered ones. This occurs mainly rising each time up to 3840 cm 2. If X and g, values are set
for 1G4 and!lg which are globally shifted: £15 and+20 cnT?, equal to zero, the mean deviation increases up to 16.cm
respectively). The largest deviations occur 38l and !l (65 Coming back to the best CI calculation (calc 3 in Table 3),
and 92 cmt, respectively). Surprisingly, as noted abov&)y( all of the final 4f2 wave functions contain some admixtures
+ 3P,) and £P, + 1D,) are rather well fitted. In calc 2 (SCCF)  with 4f13np® states. Those concerning thes, 1D,, g, 3Py, 3Py,
all the deviations have decreased except¥dp ¢ 3P), where and3P, wave functions are reported in Table 5. The admixture



5286 J. Phys. Chem. A, Vol. 108, No. 24, 2004 Faucher et al.

TABLE 4: Mean Deviation é within the SLJ Levels? Actually, the ultraviolet absorption spectrum of the sample
S (cm™Y shows a little hump, at the limit¢200-210 nm, i.e., 47 600
50 000 cnt?) of the instrument, which corresponds to a void

412 AfL2SCCF  4f'2npb + 4f%np® ;
25t BC calc 1 calc 2 calc 3 zone in calc 3. However, we have seen that the curve

3 representing), the mean deviation of the fitting, is quite flat
3E6 g% . jg 32 g for large variations of the gap. F@XEayy = 31 500 cm, ¢
3H45 8379 42 9 (6) 5 only increases up to 10.6 crhand the excited configuration

34, 12 667 34 24 22 extends from 46 840 up to 58529 ciwhich is more
SF3%F° 14 441,15060 17 12 5 compatible with the experiment. Then the structure of the excited
164 , 21228 19(12) 24(21) 5 configuration is as follows. Due to the large cubic crystal field
3BZ+ P2 gz gzg %g (10) fg g parameter, it is grossly divided into two parts, comprising 48
1|6?) 34 610 92(90) 25 10 and 36 levels. In the lower part, we find successively: between
P, +1D, 37697 14 14 (9) 11 46 840 and 47 400 cm, 27 levels grouping essentially,

BC) level 3F,, and3Gs; at 48 300 cm?, five combinations otD, and3D,
) leve Sievels; and between 48 500 and 49 200émD; and3G, (16

levels). In the upper part, above a 6000 érgap, comeéG,,3G,,
TABLE 5: Percentage Admixture of 4fnp5 States into 412 1Dy, 3Dy, 3Dy, 3F, 'F3, 3F3 (24 levels) between 55800 and
4712 475900 | 57 200 cn1l. SeveniGs levels stand isolated at 57 800 tin

p° levels )

a last bunch of five'D, and 3D, levels at 58 500 cm are at
the top of the configuration.

@ The values between parentheses refer to barycentered (
b Incomplete terms.

level irrep energy D, ' Gy D3 SRy Gs 3G, 3Gs

He Tu 0 0.7
Iy 56 0.4 .
als 123 0.2 03 Conclusions
I, 261 04 From new electronic absorption and emission data, a revised
bI's 370 0.1 .
s 394 0.2 energy level scheme for @aTmCk has been derived. The
D, Ts 27702 03 0.8 05 major discrepancies from previous studies have been resolved
Is 27781 1 0.4 in terms of the interactions between pure electronic levels and
e T3 34117 3.9 gerade vibronic levels. The resulting dataset is poorly fitted when
1§F5 gi égi 3.3 g-g 0.1 the calculation only comprises the 91-degeneratg lafels,
b12"5 (3 4 822) 04 17 but is vastly improved when interactions with the'¥p®
I, 34983 11 05 configura_tion are include(_j. It ig impossibl_e to assert that the
I, 3519 0.4 perturbation of the 4f configuration is exercised by the'25p°
% T1 34846 1 0.3 2 configuration since none of the parameters characterizing this
251 IF“A gg 22‘2‘ 14 02 08 f-l 02-85 configuration display the proper values. The spimbit coupling
2 3 . . . .
I. 37854 04 04 15 constant, has to be fixed to 1000 instead of 32 000 ¢yrand

X to 0.08 instead of 1. Both values are more than 1 order of
is small for the lower levels, such 8dg, but even so, the effect  magnitude smaller than those ascribed to a 4f/5p interaction.
on the energy levels is quite important. The admixture of singlet Now if the hole which has been assumed in thé @bital of
4fl3npSstates into the triplet 4% wave functions (for instance, ~ 4f125pF, is rather a hole in the 3mrbital of a chloride ligand,
1% 1G, into 3Py) is due to alG,4 — 3G, spin—orbit interaction then the lowering of the spinorbit coupling constant is more
in 4f13np® followed by a3Py — 3G, interaction in 42, understandable since the spiorbit coupling constant of a p

The SLJwave functions of 4np° are heavily mixed together.  electron in 3fis about 500 cm'. Moreover, the interconfigu-
One difference which can be observed between the theoreticalration parameterB<(4f, 4f, 4f, 3p) are lower thaR<(4f, 4f, 4f,

structure of 4F5p° (calculated withAE,g= 207 403 cmit, &, 5p) since the origin of one wave function is displaced on a
= 32000 cn?, andX = 1) and the final structure given by ligand’s site. Such an integral calculated at a 2.3 A distance is
calc 3 is that in the former case, tH®, levels are com- of the order of 102 atomic units, i.e., 1000 cm. Besides, our

pletely rejected at the top of the configuration while in the experimental laser excitation line data in Figure 2 indicate that
second case, large components are present in low-lying levelsthe 4f3np° configuration lies in the region between 200 and
close to 4%2, 218 nm (50 006-45 870 cn1t) and a value~46 800 cnt! has

We have still not firmly concluded about the nature of the been reported from absorption spectral ddtknova et af?
interacting configuration. Considering the optimum valugpf ~ have assigned charge-transfer transitions in T¢hGtlose to
(its order of magnitude is 1000 instead of 32 000 &nbut it 210 nm (48 000 cmt). We therefore assume that the perturba-
is not possible to proceed to a real fitting) aXi¢= 0.08 instead  tion of the 4#2 configuration is actually exercised by a%p
of 1), it seems actually impossible for the interacting configu- configuration (and not 4#5p°), in which a ligand electron has
ration to be 485p° as was assumed in ref 38. As remarked in been promoted into the 4f orbital. Indeed, with this new
ref 15D, the p electrons involved in the process do not necessarilyhypothesis, the fitted values of the three paramet&iSayg, X,
belong to the metal ion but might come from the neighboring and{, are close to the theoretical values. We do not expect the
chloride ions of the first coordination shell. It was indeed shown CT transition to be observed strong since it is electronically
that the 3p wave function is partially projected on the central electric-dipole forbidden, and probably vibronic in nature, due
ion as a p function. This hypothesis is consistent with the presentto progression-forming modes arising from the bond length
results as well as those obtained in ref 15b opNa&rCk. From change.
now on, we shall refer to 4inp° rather as an excited molecular Several authors have pointed out that the eleetgmonon
orbital than an excited atomic configuration. The unconventional coupling strength is greatest for the early {GePr™) and late
feature stands in the fact that we deal withag if it werea (Tm®*, Yb®") members of the lanthanide serfés*® The
central ion configuration. coupling strength is greatest when the metal ion wave functions
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are most sensitive to movements of the ligand nuclei. This will

happen when ligand-based states are mixed into the metal io
wave functions. We have found that this occurs most for the

ions that are most easily oxidized @ePr™) or reduced (TrHI,
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(13) Thorne, J. R. G.; Zheng, Q.; Denning, R. &.Phys. Condens.

pMatter 2001, 13, 7403.

(14) McCaw C. S.; Denning, R. GQJol. Phys.2003 101, 439.
(15) (a) Tanner, P. A;; Mak, C. S. K.; Faucher, M. D.Chem. Phys.
2001, 114, 10860. (b) Faucher, M. D.; Tanner, P.Mol. Phys.2003 101,

Ybs"). Also, other members of the lanthanide series have more 983.

extended ¥ configurations and intraconfigurational mixing is
more important than interconfigurational mixing. The trend in

electron-phonon coupling strengths along the series thus

(16) Meyer, G.Prog. Solid State Cheni982 14, 141.

(17) Faucher, M. D.; Moune, O. K.; Garcia, D.; TannerPRys. Re.
1996 B53 9501.

(18) Schwartz, R. W.; Faulkner, T. R.; Richardson, FM&l. Phys.

parallels the trends in mixing of charge-transfer configurations 1979 38, 1767.

into lanthanide ion configurations. The mixing of more extended
ligand p orbitals may also play a role in energy transfer
phenomena such as exchange interactions.

In a recent paper, Judd and¥@onstructed an effective two-
electron operator ¥ to simulate the effect of p-electron
admixtures in ¥ configurations. In cubic environments, this
depends on just two parameters; i€ able to reproduce the

(19) (a) Tanner, P. AMol. Phys 1984 53, 813. (b) Tanner, P. AViol.
Phys.1984 53, 835. (c) Tanner, P. AViol. Phys.1985 54, 883. (d) Tanner,
P. A.J. Chem. Soc., Faraday Trans.1®85 81, 1285.

(20) Foster, D. R.; Reid, M. F.; Richardson, FJSChem. Phys1985
83, 3225.

(21) (a) Tanner, P. AJ. Chem. Phys1986 85, 2344. (b) Richardson,
F. S.J. Chem. Phys1986 85, 2345.

(22) Ankudinov, A. L.; Dushin, R. BPhys. Solid Staté995 37, 865.

(23) Amberger, H.-D.; Rosenbauer, G. G.; Fischer, Rl.[Phys. Chem.

trends obtained by a complete diagonalization. The authors pointSolids1977 38, 379.

out that for the 4f configuration the contribution of$> f' (spin-
correlated crystal field) interaction should be included as well.
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