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The oscillator strengths and relative vibronic intensity distribution of ffe,) ', I'7«I's(?F /) transi-
tions of the YbC§™ complex ion at an octahedral symmetry site in thgNzeYbCl lattice have been measured
experimentally and calculated using a combined vibronic crystal-field—ligand polarization approach. The vi-
bronic crystal-field contribution to the total transition dipole moment of the various excitations was worked out
both with and without invoking closure over the central metal ion intermediate electronic states and the
intensity was assumed to be derived from both a parity and a spin-alldwedtransition with the cooperation
of the odd-parity vibrational modes of the complex ion. Quadrupole and hexadecapole terms have been
included in the ligand polarization contribution. Attention has been given to the correct choice of phases for
both the electronic and the vibrational wave functions in order to ensure the right sign for the cross term which
couples together the crystal field and the ligand polarization transition dipole vectorabThigio formalism
employed avoids the use of any adjustable parameters in calculating the vibronic intensities. The calculated
oscillator strengths of vibronic transitions are within order of magnitude agreement with experimental values.
The sensitivity of the calculated values to the use of different force fields has been investigated. The experi-
mentally measured total oscillator strengths for tAEs(,)I'g,I'7<—I'g(°F/,) transitions of YbC}™ diluted
into the transparent GNaGdC} host remain constant with change in%tconcentration although deviation of
the chromophore from octahedral symmetry is evident at intermediate concentrations. A comparison with the
vibronic sidebands of GkiYbClg and CsKYbFg is made [S0163-182896)05329-5

[. INTRODUCTION both the CF and the ligand polarizati¢nP) geometric fac-
tors and was not intended to identify the separate contribu-
The electronic absorption, excitation, and emission spections of the CF, LP and the interference terms which are
tra of the lanthanide hexachloroelpasolites of general forscaled by ill-defined quantities. The CF contribution to the
mula Cs NaLnCl, have been studied in detail in order to total transition dipole moment of the various excitations was
provide information about the crystal-fiéldCF) and energy- calculated using the closure procedure over the lanthanide-
transfer processésccurring in these lattices. The electronic ion intermediate states. Several problems associated with this
spectra of these solid-state compounds comprise zer@pproximation have been discussed in the context of the tran-
phonon lines(ZPL's) and broader structure due to vibronic sition elements® and are likely to remain for lanthanide
origins in which one quantum of an odd vibrational mode ofelements. The detailed studies of Richardson and the more
LnCI3™, or a lattice mode, is excited. The first members ofrecent refinements to this approach by Malta were also
progressions in the totally symmetric lanthanide-chlorideflawed by incorrect vibrational assignmehsnd a poor de-
stretching mode upon these vibronic origins are very muctscription of the vibrational force fielt?"*! Judd? has given
weaker, since the bond length changes in the intraconfiguran alternative treatment to that of Richardson but which ap-
tional transitions are small. The intensities of the ZPL en-parently gave similar calculated results. The intensities of
abled by the magnetic dipdléMD) or electric quadrupofe  vibronic origins of UCE™ have been parametrized, but the
(EQ mechanisms are generally well accounted for bynumber of parameters employed for the vibronic intensity
theory. The theoretical explanation of the striking changes irdue to ongv;) mode of vibration has been formidable: 11 or
vibronic intensity from one electronic transition to another6 (Ref. 13 and gt Following these studies, there has been
has been the subject of several papers and comprises tha upsurge of interest in vibronic intensities, but mainly from
major part of the present study. The approach of Richardsoqualitative point of view:>~1” Quantitative vibronic intensity
and co-workerswas based upon numerical differentiation of calculations have been performed for complex ions of some
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d-block element®!°and a preliminary study has been made Il. EXPERIMENT
for the lanthanide complex ion Pr&l.2° The present study

extends the application of the model to the absorption Spectra othodE (Ref. 39 and the powders were dried in vacuo at

of Yb®" and examines, using the vibronic oscillator 55 o prior to sealing in quartz tubes and passing through a
strength;, thg sensitivity of calculated values to the treatmergridgman furnace at 850 °C. @daYbF, was prepared by
of the vibrational data, and of measured values to Chroheating the anhydrous fluoridéStrem Chemicalsin a plati-
mophore concentration and host lattice. Data have been reyym crucible, under a stream of nitrogen gas at 1100 °C.
ported for the actinide system UEI,*® but no vibronic 0s-  Apsorption spectra were recorded using a Biorad FTS-60A
cillator strengths are available for an octahedral lanthanidepectrometer equipped with an Oxford Instruments closed-
complex ion for comparison with calculation. The theory of cycle cooler cryostat. Raman spectra were recorded using a
one-center vibronic transitions presented herein differs irSpex 1403-DM spectrometer. Both instruments were cali-
several respects from that for two-center cooperative vibrated to vacuum wave numbers. Using polarized radiation,
bronic transition"??> which have been investigated experi- the oscillator strength®;;, of a band in the absorption spec-
mentally for the OH stretching vibration coupled to intrac- trum was calculated using the terminology in Ref. 40:
onfigurationalf-f electron transition&®~2°In the two-center
theory, the intensity of the vibronic transition is envisaged to
arise from the dipole-dipole interaction between the 4meCe, | f

n10| e(v)dy,

Hexachloroelpasolites were prepared according to Morss

f-electron transition to an odd-parity state and the oscillating T Le?
vibration, and is thus related to the infrared absorption

strength of the vibration. The concepts and similarities be- | . . .
tween the theories of JuddRichardsor?"1 and Stavola-22 which, on rearrangement in terms of the lattice parameter of
have been summatized elsewh@ié CsNaYbCl, a=1066.7-1.1 pm3* crystal thickness, b/cm,

The site symmetry of LisGd and Yb in CgNaLnCl is and absorbanc(v) at wave number becomes
taken to be octahedral in our model, which is in accordance
with our 10-K Raman data for GdaGd,Yb, _,Cls (x=0 to
1), but the zero-phonon line splittings of several wave num- P;;=6.5033x 10‘19a3b‘1J A(v)dv. 2
bers observed in th&g—I'g 10-K absorption spectra for
CsNaGd,Yb; _,Clg (x=0.1-0.9 indicate a small distortion.
Phase transitions have been observed at low temperatures for The refractive index of crystals of g¢aYbCl was mea-
Ln=Ce, Pr, Nd but not for Le=Ho, Tm, Yb in CsNaLnCk,  sured by immersict from 450 to 700 nm and fitted to the
using neutron diffraction and solid-state NMR?* Raman  formula
spectra at 12 K show no deviation from octahedral symmetry
for Yb®*" in Cs,NaYbCl.%® X-ray*® and optical® measure-
ments show that GBlaGdC} is cubic at 10 K. n=1.582 681 125 47 "2, (€©))

The vibronic intensity model views the Lngl anions as
isolated chromophores in the crystal lattice and considers the .
intensity arising only fromk=0 ungerade internal modes of wherel is in nm.
vibration. The contributions to the vibronic intensity arise
from the CF (static-couplingg and LP (dynamic coupling
mechanisms. By contrast to previous vibronic intensity mod-
els, our model employs no adjustable parameters, requiring |n the ISM the total transition dipole moment associated
only the empirical knowledge of the ligand subsystem effecyyith the I',y,<I';y, electronic transitiofwherer; is theith
tive charges and polarizability values, the metal-ligand bonGyrep, andy; the ith component of théth irrep in the octa-

distance, the energy gap corresponding to both a parity anfedral molecular point grogpmay be written as the sum of
spin-allowed transition, expectation values rf (such as CE and LP contribution&?

(r¥ and(r*)y) and the details of the assumed vibrational
force field. The calculation is performed within the frame-
work of the independent system motfe{lSM) so that ef-
fects such as charge-transfer and other related phendfena
are excluded. +up(Foy2—T1y1). 4

For comparison with the results from S&RYbCL, ex-
perimental vibronic intensity data have also been provided in ) . o
this study for two other elpasolite systems:,I3¥bCl, and Thege two terms are considered in detail in the next two
CsKYbFs, both compounds being cubic at room SEctions.
temperaturé* To our knowledge, there has not been a pre-
vious study of the absorption spectrum of a lanthanide
hexafluoroelpasolite, although the magnetic behavior of
CsKYbFg (Ref. 35 and CsNaYbF;,**3" and the room- The 6th component of the electronic factor associated
temperature Raman spectrum of,K¥bFg (Ref. 39 have  with the CF contribution to the vibronic intensity induced by
been reported. the tth odd-parity mode of vibration is written as

@

lll. METHOD OF CALCULATION

Mt_o}(FszHFWl):,U«ar(rzyzHrﬂ’l)

A. The crystal-field term
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1
UStF'OZ AE ; {<2F7/2F676|M6|ar7><QFY|VVt|2F5/2Fx7x>+<2F7/2F676|Vyt|ar7><aF7|M0|2F5/2Fx7x>}a ©)
al'y

where 2F;,,°Fg,a stand for theLSJ parentage of the initial, terminal, and intermediate electronic states. For the
(°F5)Tg.I'7—T'g(?F4,) electronic transitions the summation is, in principle, over all intermediate states derived from the
f12d and f1?g configurations, but we restrict it to a singlé’d state.u’ represents théth component of the lanthanide-ion

electric dipole,u’= —iMZl, and the vibronic operatdtsare defined as

Vi= 20 A (MG(K), ®)

that is, as products of the CF vibronic coupling constamig(k), and the symmetrized lanthanide-ion multipolvafsf/(k), the

additional labek distinguishing the multipole rank. When considering thér,,,), v4(71,), andvg(r,) LNCIZ~ moeity modes,
k may take the values 1, 3, and 5, but the last of these values is shown to make a negligible contribution and has been
neglected in our calculations. The effective average energy,n (5) corresponds to the energy gap betweenfte andf*3
configurations.

A relevant vibronic matrix element itb) is of the form

I

. [Ty r
<alrly1|M£<k>|azrzyz>=<—1>F1+71V( i , (aiT 1ML (K) sl ), (7)

1

where the reduced matrix elements can be conveniently expressed in terms of the symmetry-adaptet!, {atidrH",J,)
which are tabulated in Appendix A 2.
The relevant master equation is

(1T 1ML (K)ol 2 = Z4 (T'131|T 23){ | CHl ). (8)

Thus the 6th component contributing to the electric dipole vibronic transition moments associated with the
(°Fg)Tg,I';—T'(°F-;,) excitations may be written as

Ze H H " "
MCF,@(ZFS/ZFX')/XHF6762F7/2):__AE % Sktlz IZ ARG, 1) 2 {CF 2l 6 v6l MY (L D)) | 18 2F syl xv)
y T l//”

+ (Rl syl w9 ) (W IML(, 7) PRl v} C)
with the intermediate states designated ak/)=|[L"(1/2)J"]I"y"). The relevant nonzero products
<2F7/2F676|M l;(i:T)|¢,,><¢"|M0|2F5/2Fx7x> and<2F7/2F676|M0|¢"><W|M g(i’7)|2F5/2Fx7x> are listed in Appendix A. On
expansion of the symmetrized lanthanide-ion multipalés(i, 7), and also of th&th component of the lanthanide-ion electric

dipole, in terms of the Garstang tensor operafogy —er Cg(e,qb), the product matrix elements of the above equation are
ultimately expressed as

(PF 7l 6llCHIL" 337} L" 33" CHIPF 51,
and also

CFaalelCHIL"33")(L" 33" CH|*F 5.

B. The ligand polarization term

The 6th component of the LP contribution to the total transition dipole moment may be evaluated from the exffression

MLPY”@FS,ZFXVXHreystm)=% sktFE Z Byt (i, 1) (PF 7l 6 v6 MY (i, 7) 2R 5ol ), (10)
‘y T
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where C. Total oscillator strength of the vibronic transition

We have confined the calculations to the leading multi-
Bl ’(i,7)=—a. X {9GF4(i,7)/S}o. (11)  polesk=1 andk=3 for the CF term, and t&=2 andk=4
L for the LP term. The resulting electronic factors are tabulated

GIh,(i,7) are the symmetry-adapted ligand polarizationin Appendix B. As expected, the=3 andk=4 contribution
geometric factors which have been tabuldtédnd S,, are  terms to the vibronic intensity are found to be 1-2 orders of
the symmetry coordinates of the complex ide., the linear magnitude smaller than the leading contribution terms, and
combination of the nuclear Cartesian displacement coordithis may be regarded as a reasonable justification for the
nates. The gquantitiesy, are the mean polarizability of the neglect of higher-order terms. The leadifdjpolan contri-
chloride ligands, measured at the frequency of the electronibution of the CF term to the vibronic intensity of thg(r,,,)
transition. In order to evaluate the matrix elements.vibronic origins is, however, zero.
(*F7 676 M (i, 7)|?F 5l x¥x) the symmetry-adapted cen-  The calculated oscillator strengtR;; , for the vibronic
tral metal ion multipoles are expressed in terms of Racaliransitionf«i is given by the equation
tensor operators:

e — Cyei i 2
M3 1)=2 Rig'(.m)Dy(6.9), (12 Pif;g:g”;gx@ il
0 f

where the expansion coefficientR{](i,r) have been f— o 1
tabulated***> The relevant matrix elements are ultimately =1.0847x10"x vDjre " ?gq (14)
reduced to monoelectronic matrix elements of the form

(3m|C¥|3m’), whereCl=[4m/(2k+1)]"?Y\q, and are the
standard Racah tensor operators expressed in terms of t
spherical harmonics. These matrix elements were then e

pressed as

whereD;¢ is the dipole strength iC2m?; e is the electron

c_ﬁarge, inC; g, is the degeneracy of the initial statee.,
wo for I'g); v is the ZPL wave number of the electronic

transition; andy is the effective field correctidfi for an ab-

3 3 sorptive transition, approximated by=(n?+2)%/9n. Con-

<3m|cg|3m'>=(—1)3m< )<3||ck||3>, sidering the tF;)I'g,I';—T'(°F5.,) excitations for which

-m g m the ZPL wave numbers are 10 248 cm * (to I'y) and 10

13 717+2 cm 1 (to I'y) at 20 K, the use of Eq?3) gives values

and the 3 symbols are nonzero unless-B+3 is even(k  of y of 1.439 and 1.441, respectively.

=6,4,2,0 andg=m—m’. The leading central metal ion mul- Factoring(14) into electronic and vibrational integrals, we
tipoles are fork=6, 4, and 2, but thé&=6 contribution is can write the oscillator strengths for individual vibronic ori-
negligible. gins:
|
P(v3)=1.0847< 10"y ve g, *[(0]Q3|1)[A(Uslsa+ Uyl 492, (1539
P(v4)=1.0847< 10y ve~?gq *[(0|Q4|1)|A(UsL sat Uglsd)?, (15b)
P(vg)=1.0847x 10"y ve™ g, *|(0] Q6| 1)|*(UeL o), (159

where the vibrational integrals involving a difference of onehas been discussed by Acevedo,s§aez, and Passmé&h.
quantum are calculategh m?) under the harmonic approxi- We follow the standard procedure by solvi@FL=LA,
mation: whereG=LL’, so thatA=L'FL. It then follows that the

_ diagonal elements of the matrix are given by
1(0|Q;|1)|?= (h/8m?cv;)¥?1.672 623 K10~ %7, (16)

and the electronic factors are calculated from the tabulation - 12 D
in Appendix B by N=2 LiiFut & LiLiiFw - (18)

Ui'=U(CPH+U{"(LP). a7 . o
We have calculated the potential-energy distribution
(PED by two different approaches. First, following the cus-
tomary approach in neglecting the off-diagonal elements
The next step in the vibronic intensity calculation is to F,, with respect to the diagonal matrix elemeiitg, (this
replace the set of symmetry coordinat8g,, by the normal calculation method is labeled NEG hereafteéecond, we
coordinates of the syster@,;, by using the transformation have modeled the short-range interactions using as an addi-
S=LQ.*" The correct choice of phase is essential, and thigional criterion the minimization of the crossterm, (C,;iT)

D. Vibrational equation of motion
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TABLE I. Calculated L matrix elements for YbG in

S8 CsNaYbCl.

Type of force field Las Las L4s Ly
bsorbance GVFF52 NEG 0.1992 0.0091 —0.1294 0.2931
absorba GVFF52 MIN 0.199 001  -0132  0.292

GVFF29° NEG 0.1945 0.0440 —0.1790 0.2657

MUBFF.° NEG 0.198 —0.0219 -0.0823 0.3096

MOVFF.Y NEG 0.1962 —0.0354 —0.0610 0.3145

gFive-parameter general valence force field, with same assumptions

as Ref. 52.

b29-parameter fit including all GVFF interaction force constants

(Ref. 53.

“‘Modified Urey-Bradley force field.

dModified orbital valence force field.

NEG neglecting off-diagonal elemenks, with respect toF;
MIN minimizing cross term, Eq(19).

wave number (103 cm'l)

(°F;)Tg—T4(°Fs;) group. The wave-number displace-
ments of the vibronic origins from the observed or inferred
positions of the ZPL are marked. In the present study we are
only concerned with th&g(v3), S;(v,), andS;y(vg) vibronic
origins, and the assignment of these to structure with
maxima near 257, 108, and 86 ch respectively, is taken
from Ref. 50. Barbaneét al. have associated the multiple
structure of vibronic origins with multiple electronic transi-
tions, occurring due to no?éequivalence of crystallographic
_ . positions at low temperature.We do not concur with this
(CT)Vi_kEJ LiqbiFia for k other thani,  (19) o case the derived vibrational wave numbers in Fig. 1 are
) ) _ the same for both transitions, but the “ZPL splittings"are
this calculation method being labeled MIN hereafter. Thesg\ot the same, and furthermore the multiple structure attrib-
different methods were used, together with the employmengted to vibronic origins is observed for other lanthanide el-
of different vibrational force fields, in order to investigate the pasolites at similar wave numbers.
consequent changes in thematrices. In calculation NEG, The calculated,,, modeL matrix elements for YbGI in
the wave numbers of the; and v, modes were calculated Cs,NaYbCl; are listed in Table |, the magnitude b§g being
from the vibronic sidebands by averaging over the longitusimply G2, The two approaches used in the five-parameter
dinal optic(LO) and transverse optidO) mode wave num- general valence force fieldlGVFF) (Ref. 59 give very simi-
bers: lar matrix elements. The more complete force-field
AU o . GVFF2922 which includes all angle-angle, bend-bend, and
3v{=[v/(LO)+21;(TO)]*> for i=3 and 4, (20  angle-bend interaction constants gives off-diagonal matrix
SeIements with larger magnitude, whereas some changes of
sign also occur in the modified Urey-Bradley force field
(MUBFF) and the modified orbital valence force field
(MOVFF).
The measured oscillator strengths of vibronic origins in

Malta has described the interaction between a rare-eariie CF72 s, ['7—T'g(*Fs) transitions of YbC ™ are col-
ion CF level and a vibronic levéf and noted that two bands ected in Table II. The values are in the range 1010°°,
of comparable intensity may appear in the optical spectra iiVith @ precision of about 10%. Each wbromc origin consists
such a case when the vibronic coupling is strong and th®f multiple structure, and there are alternative assignments to
levels are resonant. Resonance between an electronic lev&ne boundary(ZB) structure and LO modes in several
and a vibronic level has been identified in the electroniccases. For example, thg LO mode is essentially coincident
spectra of P¥" doped into elpasolite latticé$.In the case of With the v5 ZB mode. Two alternative band integration
Cs,NaYbCl, resonance occurs between tf€s )3 CF schgmes are Iabelgﬁ and B in the table. The_ measured
level and the(®F5,)I's+ v, vibronic level, where the vibra- 0scillator strengths ik and B are reasonably similar, with
tion is of evenparity, and we are at present studying this.f'i” VIbrOI‘IIC origins making a comparable_contrlbutlon to the
This work has therefore concentrated upon the absorptiotensity, and {F7) '+ v4—T'(°F5)) being weakest.
spectrum of Cf\NaYbCL, where such complications are ab-

FIG. 1. 20-K absorption spectrum of DaYbCly between
10 200 and 11 000 cnt. The wave number displacements of vi-
bronic structure from th&,—I'g electronic origin(inferred to be at
10 717:2 cmY) and from thel'g—I'g origin (10 2462 cm™?) are
indicated. The region near thé;—TI'g electronic origin has been
truncated for clarity.

whereas in the MIN calculation the TO mode wave number
were employed in the normal coordinate calculations.

IV. APPLICATION TO YbCl ¥~

A. Calculations including relaxation of the closure

sent. o
Figure 1 shows the 20-K absorption spectrum of approximation
Cs,NaYbCl, with the higher-energy?f,,)T7—T'¢(*Fs/,) The calculated oscillator strengths of vibronic origins in

group of bands superimposed upon the lower-energyhe (F,)Tg,I';—Ts(Fs,) transitions are also listed in
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TABLE II. Calculated and measured vibronic oscillator strengths for §bCl

Measured oscillator strengths10® 2
Measured ratios

I'g—Tg I'sTg
V3 vy Vg V3 Vg vg
A 18.32.0° 5.4(0.9 40.24.6) 20.712.1) 18.62.0 32.03.9)
0.46 0.14 1.00 0.52 0.46 0.80
B 27.63.2 12.91.2) 40.24.6 26.92.3 23.32.5 32.03.9
0.69 0.32 1.00 0.67 0.58 0.80
C 20.6 <3.7 31.0 23.2 22.1 27.8
0.67 <0.12 1.00 0.75 0.71 0.90

Calculated oscillator strengths10° 2
Calculated ratios

Relaxation of the closure approximation:

I'g—Tg I'yTg
V3 Iz Vg V3 vy Ve

GVFF5, NEG 1.58 1.54 2.72 2.99 0.36 3.57

0.58 0.56 1.00 1.10 0.13 131
GVFF5, MIN 1.58 1.54 2.72 3.00 0.35 3.57

0.58 0.56 1.00 1.10 0.13 1.31
GVFF29, NEG 1.55 1.61 2.72 3.15 0.02 3.57

0.57 0.59 1.00 1.15 0.007 1.31
MUBFF, NEG 1.56 1.39 2.72 3.15 0.99 3.57

0.57 0.51 1.00 1.15 0.36 1.31
MOVFF, NEG 1.54 131 2.72 2.71 1.35 3.57

0.56 0.48 1.00 0.99 0.49 1.31

Invoking the closure approximatidn:
MUBFF, NEG 0.84 0.80 2.99 13.6 2.70 2.63
0.28 0.27 1.00 4.55 0.90 0.88

&0scillator strengths are given on the first line for each measurement or force field, and the ratios with respect
to I'g+vg—TI'g are given underneath in small type.

®The + measured values are given in parentheses from crystals of three different thicknesses, a#A20 K.

B from CsNaYbCls; B includes LO and ZB contributions of bands near 117, 13Tt v,, and near 276,

290 cmi ! to v in addition to the bands at 108 ¢rh(v,) and 245, 257 cmt (v3) measured irA. Bands at

78, 86 cm'* were integrated for the oscillator strength mf in both casesC measured from the 20-K
absorption spectrum of gNaGd, o7Ybg oLlg-

‘With parameterg;=c,=1.0/6.0.

Table Il. The values are smaller than from experiment buinteresting that the GVFF29 force field, which produces the
agree within an order of magnitude. Thgs matrix element  best agreement with experimental vibrational wave numbers,
in (150 is independent of the force field and the intensityproduces the poorest fit to the vibronic intensities due to the
ratio of thewg vibronic origins in the absorption transitions to cancellation ofU L3, andU 4L 4, terms in(15b).
theI'; andI'g upper levels is calculated to be 1.31:1, respec-
tively, whereas the measured ratio is 0.80:1. This agreement
is satisfactory in the framework of the model since no vari-
able parameters have been introduced. Jud@* and Ofelf® have utilized a simplification in evalu-
The calculated intensity ratios of the vibronic origins ating matrix elements which collapses two odd-parity opera-
[with respect to ?(F7,2)1“_8+ VGHF6(2F$/2)] are generally tors Dy and D g into the even-rank tensor operators 4,
similar when using the different force fields, with the excep-with certain assumptions. When the Judd-Ofelt closure ap-
tion of (*F,)T';+ v,—Ts(*Fs). In this case the agreement proximation is utilized, the expression for th#h vector
is better using MUBFF and MOVFF rather than GVFF. It is component of the transition dipole moment is

B. Calculations invoking the closure approximation
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MCF'0(2F5/2Fx7x<—F676 F2) = AE E SktZ 2 A (i17)<2F7/2F676|M1;(i17)M0|2F5/2Fx7x>1 (21)

based upon the complete utilization of closure over the central metal ion intermediate states, i.e.,

2, lixil=1. (22)

In this study we have used a truncated expansion over the intermediate states, so that for the restricted22asbadt be
rewritten as

QW%Q 23

where c is a positive number less than unity. The right-hand sid€2dj is therefore modified by multiplication by this
coefficient, as is the associated electronic fadtt; ?(clo):

2Ze _ .
UK “elo)=c 5 2 3 AL nCF ol sye My 1Pl v (24)
Y T

Furthermore, the tensorial product may be written as

— - Tl r F_ T
;U/HMI;(i!T):Z 7\(1")1/2(_1)]"+7+V( _-F)O%(T]-F“’T)’ (25
Ty 0 v v
|
where the symmetry-adapted coefficients are given by C. Vibronic oscillator strengths of dilute Cs,NaGdClg:
YbCIE~
. B We have investigated the vibronic oscillator strengths of
O%{Tlrli,r)=2 PF7(T1F|i,r)C'(§. (26) YbCI¥ diluted into a transparent host lattice for two rea-
k.q sons. First, there is current interest in the concentration de-

pendence of vibronic intensities: some authors claiming en-
hancement of vibronic intensity with concentration as a
Both the crystal-field electronic factors and the total electesult of ion-pair interactio’&®’ or enhanced electron-

tronic factors associated with theh vector component of phonon interaction in the excited stétevhilst others dispute
the transition dipole moments are listed in Appendix B. Thethis®®® In Fig. 3 the total vibronic intensities of the
coefficientsc, (occurring in the electronic factors for transi- (?F,)T'g—Tg(Fs;) and €F,)T',—Ts(?Fg;,) transitions
tions to thel'; excited stateandc, (for transitions td'g) are  are plotted against the mole fraction of ¥h(with respect to
a consequence of using the truncated basis(28 and Gd®") in CsNaYb,Gd,_,Clg, taking into account the varia-
could be formally evaluated by taking all intermediate statesion in lattice parameter and the crystal thickness. The oscil-
into account, but this would be a formidable task. The clo-lator strengths aréas defineflindependent of Y& concen-
sure approximation calculation results, utilizing the MUBFF tration, so that the model of an isolated Y§Clmoeity is
and values ot andc, equal to 1/6, are presented in Table valid.
Il. The current choice is intended to be illustrative, not de- The second reason for the investigation of the mixed crys-
finitive, and was made from the comparison of both the CHRals was for the comparison of the intensities of the indi-
(without invoking closurgand the LP electronic factors. All vidual vibronic origins with calculated data. Phonon disper-
values of vibronic oscillator strengths, with the notable ex-sion is generally smaller in diluted crystals so that the
ception ofl';+ 13T, are within a factor of 2 of the results vibronic selection rules approximate more closelyktsO.
from closure relaxation. It is more instructive to investigate The vibronic spectra of GBlaYh,Gd, _,Cls (x=0.9-0.1 ex-
the sensitivity of the calculated vibronic oscillator strengthshibit band splittings in thd'g«1I'g transition, but not in the
to the parameters; (i=1,2), choosing conditions when the I';«I'q transition, attributed to site symmetry splitting of the
nature of the force field has no effect upon the result. Thd'g state into two Kramers doublets. At low Ybconcentra-
ratio (R) of the oscillator strengths af; vibronic origins in  tions (x<0.1) the ZPL and vibronic splittings are not re-
theT'gI'g andI';«+TI'g transitions is plotted against the mag- solved. Individual vibronic intensities are listed in Table Il
nitudes of thec; parameters in Fig. 2. The resulting simple (C) for the most dilute crystal studied, for comparison with
three-dimensional3D) surface shows that the transition calculation, and the values are generally similar to those
Ig+vg—T is stronger thad';+vg—Tg (by up to 19.4 times  from the neat crystals inA and B. The Yb-diluted
whenc;=c,=1), and that the ratio is more sensitive to the Cs;NaGdC}; crystals exhibit similar multiple structure for
value ofc, rather tharc,. each vibronic vibronic origin as imeat Cs,NaYbCl, the
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FIG. 2. Plot of the ratioR, of the oscillator
strengths P(Tg+vg—Tg)/P(I';+ vg—T'g)
against the closure approximation parametsrs
andc,.

moeity-mode wave numbers differing by very little for the
Cs,NaYbCly and CgNaGdC} host crystals.

V. COMPARISON WITH OTHER Yb 3 SYSTEMS

(x10%) For comparison with the spectral data from,iaYbCl,
16 two other systems were investigated, although for reasons
LT o g given later, quantitative vibronic intensity calculations have
87 ¢ g g not been performed. Figure 4 shows the Raman spectra of
T,eT, O CsLiYbClg and CsKYbFg and there is no evidence of dis-
- o 7 tortion from octahedral symmetry of the X§~ moeity (X
o =CI,F) in either case. In Fig. 5 the vibronic sidebands in the
electronic absorption spectra of these two compounds are
| shown. The vibronic structure is broader and more complex
g in the spectrum of G&iYbClg than that of CdNaYbCl;, and
this is attributed to two reasons. First, the dispersion of vi-
¢ brational modes is more pronounced: for example, thevZB
- . and vs modes appear more prominently in the absorption
spectra, with wave numbers similar to the Raman-active
N — zone-centefZC) modes(Figs. 4 and b Second, the inten-
sity of the 7, lattice mode associated with lithium motion is
0 - ] much stronger in the sidebands of ,O0¥bClg, compared
with the sodium mode in GBlaYbCl;. The wave number of
the “lithium mode” is much higher so that mixing of the
X external mode symmetry coordinate with the Yb-Cl antisym-
metric stretch coordinate is much greater than in
Cs,NaYbCl. These considerations apart, it is evident that all
six internal mode vibronic origins contribute substantial in-
tensity to the sidebands, witfy+ v,«I'g being weakest. Fig-

[s 2]
T

a3fA (V) dv/b

FIG. 3. Total vibronic intensities of thEg,I'7«—I'g transitions in
the 20-K absorption spectra of £&8Gd,_,Yb,Clg as a function of
X, the mole fraction of Yb in the crystal. The slope of the plot of X A :
&*[A(»)dvlb (=y) againstx [where a, the interpolated unit cell Ure Sb) depicts the %sz)ﬁ“re(_ Fs) sideband of
parameter, is in pmb in cm, andfA(»)dv in cm 1] is given by Cs)KYbF4. The electronic origin, v_vhlch is eIectnq guadru-
1.537710'8 P, whereP is the total vibronic oscillator strength of Pole allowed unde®;, molecular point group selection rules,
the transition. The coefficients of linear regression areRk®.996 ~ appears relatively strong. This probably indicates an electric-
and 0.998 for the plots of thE,—TI's andI'g—TI'g transitions, and  dipole contribution to the ZPL intensity from the presence of
the derived values dP/1078 are 9.6 and 9.2, respectively. a larger number of defect sites in the crystal. Beateal >
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FIG. 4. 514.5-nm excited Raman spectra ofX%B: (a) 120-K
spectrum of C4.iYbClg; and (b) 20-K spectrum of C&KYbF;.

have reported the room-temperature infrared spectrum of
CsKYbFg, and the infrared window between 70 and 150
cm ! enables the assignment of thg, mode at 1153
cm ! from the vibronic sideband. Thraefrared bands ob-
served at 156, 176, and 392 chcorresponding ta=0 7, wave number (cm™)

modes, have counterparts in the vibronic sideband. The two

features at 153 and 174 ¢thin Fig. 5(b) thus correspond to FIG. 5. 20-K vibronic spectra of Y& : (a) The T'g, I';Tg
strongly mixed internalS;,v,) and externa(Sg) modes. The sidebands of G&iYbClg; (b) the I';+—T'g sideband of CKYbFg.
lowest-energy vibronic structure near 50 and 72 tmbove  The (°F;)T's.T;—TI¢(%Fs),) electronic origins are at 10 238 and
the inferred position of the electronic origin, are ZB lattice 10 705 cmi! in (a), and at 10 400 and 11 120 ctin (b). The
modes correlating with the=0 Tog and r;,, modes observed wave-number displacements of the vibronic structure from the zero-
at 54 and 70 cm! in the Raman and infrared spectra, respec-phonon line are indicated if@).

tively.

T T T
11600 11350 11100

The spectral manifestations of the extensive mixin Ofstrengths exhibit sensitivity to the vibrational force field em-
internal ;nd external vibrational modes in,0¥bClg andg ployed, arising from cancellations in sums WfL, terms;
-~ X . . . and to the method of calculation of the electronic factbks,
CsKYDbFg indicate that consideration of the entire unit cell The measuredoscillator strengths for neat @¢aYbCl, are
be taken into account in the vibronic intensity calculations,gomewhat greater than the calculated values, which could
so that we have not applied the present model to these casgsdicate the importance of contributions to the vibronic in-
tensity from points away from the zone center. However, the
VI. CONCLUSIONS measured oscillator strengths are similar for both
. , , , ~ CsNaYbCl and CsNaGdCl: YbCI¥~. Examples of vi-

The oscillator strengths and intensity ratios of individual pronic sidebands have also been presented to show the redis-
vibronic origins in the absorption spectrum of MaYbCk  tribution of moeity mode vibronic intensity to lattice mode
have been reproduced to within an order of magnitude byands,via the mixing of vibrational symmetry coordinates.
vibronic intensity calculations utilizing a model of the iso- Calculations are in progress which will take the above fac-
lated chromophore Yb&T. Calculated vibronic oscillator tors into account.
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APPENDIX A

Note The O double group representation labélg, I';, I'g are used interchangeably wilf/, E”, U’ respectively, in this
work.

1. Reduced matrix elements in the crystal-field calculation: Relaxation of the closure approximation

1 1
(R TIICHIL’ 5 IFZ)NL’ 5 I(F2)]|CK[2F5iA F19)

’Ggy, *Gyp Far Fsp Dsyy
k=1 k=3 k=1 k=3 k=1 k=3 k=1 k=3 k=1 k=3
- 10,154 66v3 44 —90v3 108 —-60y5 2430 2765 @
147 49 147 49 147 49 49 245 245
R FI[CIL 5 I (FRNL 5 3 (F2D]C 7Pyl 19)
2G7/2 ZF 712 2F5/2 2D 5/2 2|:)3/2
49 49 49 245 245
2. The ZF(I'134|T'»J,) coefficients: Crystal-field calculation, relaxation of the closure approximation
=T, k=1
Er 712 U7 Ez Ugp
Elp \J21/18 0 J15/9 0 —1/2
EY, 0 —\21/14 —\717 —2421/21 —/105/42
Ul —\/15/9 — 717 (1) \210/630 —\[717 (1)— 1477
0 0 (2)—/210/35 0 (2)—\14/14
Lo 0 2\21/21 V717 V35/21 — 447121
Ul 1/2 —/105/42 (1\14/7 — 47121 (1)-14/14
0 0 (2)V14/14 0 (2)\14/14
and also
Eor Usrz Ugp
Elf 2319 V6/12 V14/12
g/Z Uélz Ué/Z
U, /313 (1)0 (2)- 613
Ir'=T,, k=3
EZp %2 U7 Esgp Us), Ugp
Edp 0 0 0 0 —/66/66 0
uss 0 0 0 —\/165/66 (1)4/330/165 0
03 0 0 0 0 (2)— /330/330 0
Usd 0 0 0 —3./385/154 (1)-2/770/385 0
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Usp 0 0 0
Elp V77133 0 \55/66

%12 0 J77122  —3./231/154
U7 0 0 0
U7 0 0 0

52 0 0 0
Ug, 0 0 0
Ug, 0 0 0
I=T,, k=3

Er 512

Eor 0 —4./66/99
Er 0 J3/18
Ugr 0 ~533/198

o2 0 0
Ugp 0 (77144
Ugpz 0 0
U7 0 —54/105/126
U7 0 0
Ugp 0 —\[210/42
Us) 0 0

0

0
—\714
—\21/42
0
—24210/63
—\/42/126
0

U7

0

—\11/22

0

0

0

0

0

0

0

0

APPENDIX B

(2)\7701770

\J3/6

\V35/14

(1) 42/21
(2)— \/42/42
—\/42/126
(1)-2y21/21
(2)—24/21/63

Ugp
13,/330/990
J15/18
(1)—13,/330/1320
(2)—+/330/88
(1)\/770/88
(2)17770/1540
(1)2./42/63
(2)— \/42/18
(1)—24/21/2
(2)0

’
U 32

—\/30/24

o O O O O o o o

Crystal-field and ligand polarization electronic factors for tpé[2Fg,l';,I'g—T'¢°F,] electronic transitions of

Cs,NaYbCl (in units of 10 electron charge

The radial integrals chosen were as follogr );4=0.292x10 1% m; (r3);;=0.318x10"* m?, (r?);;=0.1933<10 2 m?

(r*)y=0.0932¢10 *° m*.

1. Without invoking closure

Crystal-field electronic factors)“FZ:

E"B’ U, U; U,; u,
V3 —3.627 —8.339 —3.533 —5.690 0
vy —2.987 —-2.219 —1.453 —3.198 0
Vg 0.387 —2.957 0 —-0.770 0.451

Ligand polarization electronic factors),-"4:
E'g Ul U} u, u;

V3 —29.653 —6.655 11.279 —17.532 0
vy 9.991 5.324 —7.204 —4.876 0
Vg 19.662 5.573 0 —13.997 —10.262
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Total electronic factors) (¢FP):Z:
E'g’ u; U} u, u,
V3 —33.280 —14.994 7.746 —23.222 0
vy 7.004 3.105 —8.657 —-8.074 0
Vg 20.049 2.616 0 —14.767 —-9.811
2. With the closure approximation
Crystal-field electronic factor8l g (clo):
E"B" u. U, U/; u,
Va 22.77%, 6.76, 6.336, 14.43%, 0
Ve ~14.812, —2.94C, 0 ~3.73%, —2.26Z,
Total electronic factors) C™ P-4 clo):
E//B’I
V3 34.64@X,—29.653
" 22.77%,+9.991
Vg —14.812,+19.662
U, U, U,’L u,
V3 19.28&,—6.655 10.44€,+11.279 26.114,—17.532 0
vy 6.76@,+5.324 6.336,—7.204 14.43€,—4.876 0
Ve —2.94@,+5.573 0 -3.73%,—13.997 —2.26Z,—10.262
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