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I.  INTRODUCTION

This paper is one of a series in which the Jahn-Teller (JT) effect in
metal hexafluorides is investigated.(]'3) The general conclusion drawn in
the earlier work is that the usual linear JT theory is not an adequate one
for these systems. Quadratic or higher order terms in the vibronic Hamiltonian

are required. The present study of the Iy (ZT]g) electronic state of IrF6

(~16,400 K) offers an opportunity to test 3he generality of that conclusion
and further helps to define the types of JT behavior possible for metal hexa-
fluorides. It will be of interest, therefore, to compare and contrast the JT
behavior qf the Tgq (2T]g) state with that of the Tgq ground state of ReFG(])
and the tg (%1, ) (-6800 k) state of Irg. (2)

Previous work on the FBg (ZT]g) state of neat IrF6 has been carried out;(4)
however, as discussed earlier(z), neat crystal spectra suffer from many diffi-
culties. In the present work, better data are obtained by employing mixed
crsytals (IrF6/MoF6). Another important experimental advantage in this present
work is that both absorption and electronic Raman spectroscopy have been util-
ized. The concomitant differences in selection rules between the two spectro-
scopic techniques provides an invaluable aid in assigning the complex PBg (ZT]g)
spectrum. It might be noted that with the current availability of good photo-
multiplier tubes with excellent red-near IR response and high power gas and
dye lasers, the usefulness of electronic Raman scattering for systems with
electronic states in the IR-near IR and perhaps eve: the visible is much
greater than its current utilization would indicate.

The theoretical and calculational methods necessary for understanding

the rsg (zT]g) spectrum are contained in the earlier papers.(]’z) The first




paper in this series on ReFG(]) contains a review of basic JT theory as well
as discussions of the effects of low symmetry electronic crystal fields on JT
systems and the importance of simultaneous treatment of the vs (tZg) and v,
(eg) JT-active vibrations. Matrix elements necessary for the v,-vg linear

JT calculation are given in reference 1. A qualitative symmetry-based theory

(General Vibronic Coupling-GVC) applicable to those cases in which the linear
JT theory fails is also discussed in this paper. Reference 2 treats the

PSg (szg) state of IrF6 and contains detailed information concerning the
electronic, vibrational, and crystal properties of IrFG. Linear and quadratic
JT parameters are also defined and discussed in these references; the linear
parameters are D and D, and the quadratic ones are Qg [a1g]. 05 [eg], Qs [tZg]’
Q [a]g] and Q, [eg]. Subscripts 5 and 2 refer to the vg and v, modes,

respectively.




II. EXPERIMENTAL

The two samples used in the experiment (0.5% and 5% IrFG/MoFG) were pre-
pared by previously reported methods.(s) The absorption spectra were taken
at superfluid helium temperatures (~1.6 K) with a 1 m monochromator, a liquid
nitrogen-cooled InAs infrared detector and a tungsten-iodine lamp operated at ]
constant current. The light from the lamp was dispersed by the monochromator
before impinging on the sample in order to avoid sample heating. Under these
conditions the sample remained at ca. 1.5 K and the 5 cn™! hot band of IrF6(2)
did not congest the observed spectrum. The slitwidths used in the experiment

1 up to 1.6 cm™! depending on line width and available

varied from 0.6 cm_
intensity.

A continuous wave Ar' pumped dye laser employiny disodium fluorescein
as the active medium was used to excite the electronic Raman spectrum. The
available Ar+ laser lines cannot be readily enmployed for these experiments due
to either absorption of the exciting light by the charge-transfer band
(~5000 K) or self-absorption of the Raman scattered 1ight by the r7g (2ng)
band (~8000 R). These problems were avoided by using either 5400 R or 5500 A
exciting laser radiation at powers of 500 mW - 1 W. A 0.5 m double mono- j
chromator with a cooled RCA C31034A photomultiplier tube, operated in the
photon counting mode, was used to detect the Raman signal. Due to the weak-
ness of the electronic Raman signal, slitwidths had to be quite large. Most

spectra were taken with slitwidths corresponding to about 10 cm'].

The upper
wavelength 1imit of the photomultiplier tube (~8500 R) proved to be the upper
limit for the electronic Raman spectrum, but since the entire f' ‘a~~ntal
region [rsg (2T]g) + (0-700 cm'])] was accessible, this led to no essential

difficulty. Background signals were found to originate from two sources:
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L Pyrex glass and ice. Thus, quartz sample cells and a metal dewar with quartz

windows were used, and great care was taken to exclude ice.

'é.
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ITT. RESULTS AND DISCUSSION

The electronic Raman and near infrared absorption data are presented in
Tables 1 and 2. Some representative spectra are given in Figures 1-6.

It is helpful to discuss the selection rules and expected intensity
ratios for electronic Raman scattering since the data are so important to the

(6)

understanding of the complex r89 (2T1g) spectra. Koningstein has shown that
for non-degenerate electronic states pure electronic Raman scattering intensity

is much higher than the corresponding vibronic intensity. In the case of a degen-
erate electronic state, however, it has been shown that the Raman intensity from
the pure electronic transition can be distributed over the vibronic portion

of the spectrum by a JT effect.(7) It is expected, therefore, that the Raman
spectrum of the FBg (ZTZg) manifold will exhibit a strong origin transition

and observable v, (eg) and vs (tZg) peaks. The expectation is further
strengthened by noting that if IrF6 had perfect octahedral symmetry in the

MoF6 host crystal instead of only the C; site symmetry, rigorous

g-g Raman selection rule would only allow transitions to {rsg + (v (a]g),

vy (eg), or vs (tzg))} vibronic states. Since the crystal site effects

leading to the CS symmetry are small, it is expected that the g-g selection

(8)

rule will still be approximately correct. It is not clear based on these
considerations whether the totally symmetric mode v, should be observed.

Using the above arguments and being aware that a JT interaction might
occur in the degenerate electronic state, assignment of the electronic Raman
spectrum is straightforward. The crystal-field split origin (Figure 1) is easily
identified by its intensity and sharpness; it is further corrob. .tel by
comparison with the absorption data (Table 2). It should be noted that the

observed splitting of the origin in Ramen scattering is only 28 cm'] whereas
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in direct absorption, the splitting is measured as 34.6 cm']. The difference,

1 and

6 cm'], is reminescent of the ground state splitting of 5.3 cm~
suggests the following explanation: the electronic Raman sample was probably
not at the bath temperature (1.6 K) due to local heating by the laser

beam. Sample heating explains the observations if it is assumed that the
relevant hot band transition has a greater Raman intensity than the
corresponding cold transition. Five of the six observed transitions

in the vibrational bending region of the spectrum (Ac(origin) ~200 - 300 cm'],
see Figure 2) are acsigned as vibrenic components of vg (tzg); the other is
vs (a, host). Similarly, four of the five peaks in the stretching region
(600-700 cm']) are identified as v, components; the remaining peak is assigned
as vy (a, host) (see Table 1, Figure 3, and reference 5).

The absorption data (Table 2), due to different selection rules, contain
transitions other than the JT-active vibrations; these will be examined first.
The vg (t2u) bending vibration is easily located at 202.6 cm'] since this
frequency is not observed in the electronic Raman spectrum and its crystal
field partner is found 34.8 cm™) away at 237.4 cn”! (origin splitting: 34.6 cm'l).
The equality of the two electronic crystal field splittings is indicative of a

non-JT vibration.(]) Identification of v, (t1u) at 291.1 cm'1

is not as simple
because its crystal field partner is not located at ca. 326 crn'1 (see Figure 4).
The absence of the 326 cm'] peak can, however, be rationalized if the effects

(2,5) are considered. It is suggested that the upper

of two-particle bands
crystal field component of v, has been subsumed in the vg (a, host) two-
particle band (318.4, 320.8, full width at half-height ~10 cm™'). The
intensity ofthis two-particle band lends credence to the conjecture, since the
intensity of the transition at 312.5 cm'] (a component of vg which would be the
moét likely single particle state with which the two-particle state can mix) is

not sufficient to account for the observed two-particle intensity.(s) The major
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remaining non-JT-induced intensity is found at 700.4 cm ' and is assigned as

v (a]g) rather than v, (tlu) because vg (t, ) and some vs (tZg) components

are built on it.
Based on the above discussion, assignments of v, (eg) and vs (tzg) JT-

split transitions can be made independently of the assignments made for the

electronic Raman spectra. The vibrations v, (t]u)’ Vs (tZg)’ and vg (tzu)

are the bending vibrations (200-300 cm']); vy, and vg have been assigned.

Thus, the six remaining major features in the bending region may be taken

as components of vs. The transitions in the bending mode combination region

(400-600 cm'], Figure 5) are of particular interest since no signals above

background were observed in the electronic Raman spectrum. Most of these are

assigned as 2vs components (see Table 2) because the various (v,, vs, vg) combina-

tions and (v,, vg) overtones do not account for the observed number of peaks.

(However, see discussion below as v, (J2= 3/2) states overlap this region.)
Assignments in the stretching region (600-700 cm']) can also be made. The

transitions at 685.8 and 692.0 cm']

do not have normal crystal field partners
(34.6 em-1 to higher energy) and thus can be identified as v, components. Two
of the features at ca. 600 cm*] are the J, = 3/2 components of v, based on a
comparison with the electronic Raman spectrum.

A comparison between the electronic Raman and absorption data is made in
Table 3. Since most assignments were made independently, their overall agree-
ment adds strength to the interpretation. The small differences observed can
be explained as either due to uncertainties in the electronic Raman data caused
by poor signal-to-noise ratio (e.g., vé (J5 = 3/2)) or differences in two-
particle transition intensity patterns due to selection rules. As an example
of the latter, compare the ~250 cm'] vg component in absorption (Figure 4) and
electronic Raman scattering (Figure 2).

A theoretical understanding of the observed v, and vg JT-split vibrations

is necessary in order to make more detailed assignments or extract parameter




values. It is probable that a coupled v,-vg quadratic JT parametric calculation
would meet these needs; however, the secular matrix for this difficult problem
has not as yet been determined. Nonetheless, some of the above goals can be
achieved by employing the presently available theoretical tools: v,-vg linear
JT secular matrix and GVC theory.(]) Examination of the data indicates that the
vp and vg components appear in groups. The centers-of-gravity of these groups
(Table 4) suggest the pattern expected for a linear JT effect. Thus, the data indi-
cate that the linear coupling parameters, 02 and DS’ are larger than the quadratic
terms. The v,-vg linear JT calculation can be employed to assign to the above
groups of peaks the appropriate linear JT quantum numbers (J2 or JS) and also

to obtain rough parameter values. The linear parameters 02 and 05 are deter-
mined explicitly in the coupled linear calculation. While they can generate

the appropriate splitting between major line groupings (Ji = 3/2 and Ji =1/2),
an accurate center-of-gravity for the entire pattern is not obtained. An
acceptable fit to the overall v, and vs patterns comes about with introduction
of totally symmetric quadratic parameters Qi [a]g]. The effect of these
particular quadratic terms in the Hamiltonian is to shift the center-of-gravity
of the entire pattern by changing the apparent unperturbed vibrational fre-
quency vg . The parameters which are varied are: (DZ’ vJ (Q2 [a]g]), Dg s

0§ (G [agg])) with v0 (0; [ayg1) = voy1 + Q) [y 1) 1) The 10 are deter-
mined by comparison with other non-JT perturbed states. In this case, vg

-275 cm”! and vy ~645 em”t,

The results of the calculation are given in Table
4 and have been used in the assignments in Tables 1-3. The rough parameter

values obtained are:

D5 = 0.13
= 0 5 -1
Q5 [a]g] = -0.14, vg (05 [a]g]) 255 cm
02 = 0.03
= 630 cm!

Q, [a;4) = -0.08, v; (Q, [a} D)

PR -
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found in the near IR absorption spectrum of ReF6 in which the (r7g + vg) « rsg

transition has much more intensity than expected.(1) It should be noted that

previous work on the rg (2T]g) state of IrF6(4) was hindered by lack of

9
information in this regard; it had to be assumed that all vg or v, transitions

s TR

were to a limited set of vibronic states (J2 = J5 = 1/2 in linear JT theory).
The other quadratic parameters (05 [eg], 05 [tZg]’ 02 [eg}) are not

quantitatively obtained by this method, but qualitatively it is clear that

their effect is substantial. For example, the vg (J5 = 3/2) linear JT level

1

is split by 50 cm ' by these quadratic terms whereas the splitting of the vg

(J5 = 3/2) - vs (Jg = 1/2) Tevels induced by Tinear JT terms is only -100 cn”'
(see Table 4). Thus, the conclusion reached previous]y(]’z) that the linear
JT theory does not adequately describe the JT interactions observed in metal
hexafluorides is strongly supported by these data.

A comparison of the JT behavior of the r89 (ZT]g) (1.6 u) state of IrF6
with that of the FBg of ReFG(]) and the FSg (Zng) (0.6 u) state of IrF6(2) is
of interest. The parameters which can be compared are: Dg, Q5 [alq],

(05 [eg], Qg [tzg]), Dy, Qy [a7415 Qp [eg]- (Qg [eg1s Q5 [tpq]) represents
the combined effect of the two terms.

A comparison of the parameters is as follows:

2 2
IrFg (rgg (Tygl = 146 u) w8 TrFe (T, 1 ng) - 0.6 u)

g 89

1.6u
5

0.6u

> D5

D

05 %" [agg] < g™ [a)

(0" ol 0™ Btod) > (0™ 03, 6 %a, D)

and
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2
IrF6 (r8 ( T]g)) Vs. ReF6 (Fag)

1.6u _ Ref

0g"*layq] - Q56 [ay,]

(03" [egl Qg™ [tye]) > (056 [e 1. 0*F6 [t )
1.6 ReF

02 L DZ 6

Q) -6 [a] < Ol [ay]

ReF

0% regl - Q56 [eg].

One can conclude from this summary of vibronic parameters that the combined

(Qé’ﬁu[eg], 02'6“ [tzg]) terms are the largestones of this type. ‘oreover,

they are larger than Q]'G" [a, ], which is the opposite of the behavior seen
5 1g

in the other states.

A comparison of other JT-related characteristics of the two IrF6 states is

also helpful. The vs components of the rg (szg) state are found to preserve

g
the low-symmetry electronic crystal field splitting observed at the origin(z),
while in the present case, the crystal field splittings of v components are

quenched to some extent. For example, the vg (J = 1/2) state is split by

1 1

26.7 cm ' instead of the 34.6 cm ' that the origin is split. Such behavior

is consistent with the magnitudes of the D5 parameters (D;‘6u = 0.13,

0.6y
5

approximately D4h symmetry.(z) As pointed out in Reference 1, i.. this case

D = 0.03) and the assumption that IrF6 experiences a crystal field of

the vg components approximately carry the origin splitting, but the approxima-

tion improves as 05 decreases. The JT activity of v, in the reg (leg) state
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might also contribute to the different crystal field behavior; under these
conditions an admixture of v, character into the vg levels would cause
partial crystal field quenching.(l) Large quadratic terms such as (Q;’su[eg),

Q;‘G“[tzg]) might also contribute to this quenching. Another observation con-

sistent with D;'G“ > Dg’

6u is that the intensity in the 2vg region is signifi-
cantly greater for the 1.6y transition (rgg (ZT]g)).

Finally, the different crystal field behavior for vg observed in different
r8 states of IrF6 and ReF6 supports the contention that it is the molecular
JT effect that dominates the distortion and not the low symmetry crystal field.
It is therefore suggested that these data and conclusions should in general

apply to the free 0h symmetry molecule.




t ' IV. CONCLUSION

Absorption and electronic Raman spectroscopy have been used to elucidate

. E the Jahn-Teller interaction in the PBg (2T1g) state at 1.6u of IrF.. As was
| found previously(]’z) for the I'g (szg) state of IrF6 and the ground g state
of ReFG, linear JT theory inadequately describes the experimental observations.
In this case, however, different quadratic terms are found to be dominant, i.e., ]
1.6u 1.6u 1.6u .
(Qg [eg], Qg [tzg]) > Qg [alg]' Both quadratic and crystal effects

relax the strict linear JT optical selection rules such that all possible

transitions to JT active vibronic components are observed.
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Table 1. Electronic Raman spectrum of the Fsg (2T]g) state of IrF6 in a ?
MoF6 host crystal at a bath temperature of 1.6 K. The slit widths correspond

to about 10 cm']; the intense lines can be measured with an uncertainty of
+1 cm'] whereas the weaker lines are only accurate to + 3 cm'].

-1,(a

3a£3§m )( ) Ao (cm'l) I (b) FWHH (C)(cm'l) Assignment(d)

6110 0 4000 10 Origin (a)

6138 28 3200 12 Origin (b)

6298 188 30 10

6343 233 25 -- Vs (J5 = 3/2); vy (a,h)

6363 253 60 30

6423 313 45 Vs (J5 = 1/2)

6431 321 55 vs {(a, h) 1§
6445 335 50 vs (Jg = 1/2) b
6692 582 50 ¥ (Jz = 3/2) i
6705 595 60 |
6796 686 280
6805 695 320 i,
6831 721 30 vy (a, h) l%

(a) Stokes shift from exciting laser line (either 5400 or 5500 R).

(b) Approximate number of photon counts per second under the experimental
conditions (see Section II).

(c) FWWW = full width at half height.

(d) The notation v, (a, h) implies that v. of the host (MoFg) 15 buiit on
origin (a).

............‘n=........................---------:-nn-n-lllulll‘l




Table 2. Absorption spectrum of the r89 (2T19) state of IrFGIMoF6 at 1.6 K.

1

Frequencies are given in vacuum wavenumbers and are accurate to + 0.1 cm ' for
sharp lines.
OV;EE;;) Ao(cm'l) I(a) F“H“(b)(cm-1) Assignment(c)
6109.6 0.0 M < 0.6 Origin (a)
(16363.3 R)
6144.2 34.6 S 2.5 Origin (b)
6305.0  195.4 M 1.6 vi (Jg = 3/2)
6312.2 202.6 S 2.4 vg (a)
6322.8 213.3 W 1.6 vi (Jg = 3/2)
6344.6 235.1 S 1.6 va (Jg = 3/2)
6346.9 237.4 S 1.6 vg(b)
6355.3 245.7 S 5.6 v§ (95 = 3/2) )
6365.4 255.8 W
6373.1 236.6 W r vy(a, h)
6377.0 267.4 W J
6389.8 280.3 W 2vg(a, h) N
6394.4 284.9 M 2.8 L vu(bs h)
6400.7 291.1 S 4.0 vy (a) )
6422.0  312.5 M 2.4 vi(a) (g = 172
6428.0 318.4 M
} 10.0 vy (b), vs(a,h)
6430.3 320.8 M
6448.8 339.2 M 2.8 v (3 = 17)10)
6510.4 400.9 W
6516.9 407.3 W 2vg
6527.6 418.0 W




Table 2. (continued)

°v§§ﬂ;;) Ao(cm") I (a) FWHH(b)(cm']) Assignment(c)
6534.6 425.1 W
6544.2 434.6 W 2.7
6551.3 441.8 W 2.7
6558.0 448.5 W
} 12.0
6562.3 452.7 W L 2us (3, = 5/2)
6575.0 465.5 W
6581.7 472.2 W 8.0 J
6595.6 486.0 W (vg + vy) (a)
6621.2 511.7 W
6626.5 517.0 W (ve + vy) (b)
6637.1 527.5 M 15.0 _ (d)
6664.8  555.2 W 10.0 } iapics b
6673.3 563.7 W
6689.6 580.0 W vz (3, = 3/2)
6700.0 590.5 W 2vs (Jg = 3/2)
6706.5 596.9 W } vz (3, = 3/2)
17.0
6716.7 607.1 W 2vs (Jg = 3/2)
6726.3 616.7 W 13.0 2vs (Jg = 3/2)
6755.8 646.2 W
6766.7 657.1 W
6788.9 679.4 W
6795.4 685.8 W 4.3 } v (3, = 172)
6801.6 692.0 M 1.6
6809.9 700.4 M 4.8 vi(a) } vsla.h)
E 6819.4 709.8 W




Table 2. (continued)

°v§§ﬂ;;) Ao(cm']) I(a) FwHH(b)(cm']) Assignment(c)
; 6842.9 733.4 W 9.0 vi(b); v3(b,h)
r 6876.4 766.8 W
L 6888.8 779.2 W

6894.2 784.7 W

6988.4 878.8 W

7003.0 893.5 W 15.0 (v; + vi) (a)

7016.0 906.4 W 14.0 (v; + vg) (a)

7025.9 916.2 W (vi + vi) (a)

é . (a) Relative intensities: S = strong, M = medium, W = weak.

' (b) FWHH = full width at half-height.

b | (c) The notation v, (a) means the v; mode built on the (a) origin. v, (b)
implies v, built on origin (b). v (a,h) means that mode v; of the host
(MoFG) is built on origin (a). These latter two-particle transitions are
discussed in more detail in references 1, 2, and 5.

(d) In GVC theory (see text) these levels can be identified as components of

r8g vibronic states.
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Table 3. A Comparison of Absorption and Electronic Raman Data.

T s e ———————
w £
-

Electronic Raman Absorption Assignments
188 195.4 )
213.3
3 Vg (JS = 3/2)
233 235.1
253 245.7(@) |
313 312.5
Vg (J5 = 1/2)
335 339.2
582 580.0
Vo (J2 = 3/2)
595 596.9
686 685.8
695 692.0

(a) Region congested by presence of host-related features. (See text for :
discussion and Tables 1 and 2.) i

e

T
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Table 4. Comparison of a v,-vs linear Jahn-Teller (LJT) calculation(]) with

centers-of-gravity of various groups of experimentally observed transitions (see

Table 2). The parameter values in the calculation are the following:

1 1

D = 0.13, vs (Qg [a; ) = 255 cm ", D, = 0.03, v} (Q, [a; 1) = 630 cm™.
LJT Level Ecapc(en™) £ {3 () e, () | ]
vs (I = 3/2) 218 220(50)
252 %
v (Jg = 1/2) 319 312(b) 1
2vs (3 = 5/2) 442 452(38) ‘ |
3 (b)
25 (g = 1/2) 509 527 : 515
2vs (Jg = 3/2) 584 604(27) J
v2 (3, = 3/2) 603 587(17)
} 638
v2 (3, = 1/2) 696 689(P)

(a) Centers-of-gravity of various groups of vg and v, components; these
approximate the LJT levels which would be observed in the absence of
quadratic JT splitting. The parenthetical numbers are the maximum
quadratic splitting.

(b) The lower component of the split rg vibronic state is used here since
the splitting can be identified as a crystal field splitting rather
than as quadratic JT. The weight factor of the state is then doubled
in the averaging process.

(c) Centers-of-gravity of the LJT levels.




Figure 1.

Origin region of Tg

(leg) state of IrFS/MoF6 as observed in electronic

g
Raman scattering. The two peaks are components of the ng state which is

split by a low symmetry crystal field.
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Figure 2.

The electronic Raman spectrum of the vibrations e . o«

2 _—
rsg ( T]g) electronic state of Irf /Mof . These smes: sre oo
as Jahn-Teller-split ug ("2,) components. Tables e
detailed assignments.
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Figure 3.

The electronic Raman spectrum of the vibrational stretching region of the
F89 (ZT]g) electronic state of IrFs/MoFs. The main features are identified

as vy (eg) components. A slower scan, with higher time constant, of the

feature at 690 cm'] shows that it consists of two components (see Table 1).
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Figure 4.

] E Absorption spectrum of the vibrational bending region of the rsg (ZT]g)
electronic state of IrFG/MoFB. Compare with the corresponding electronic
Raman spectrum in Figure 2; the vg and v, features are absent there. Note
that the vg (n5 = 1) vibration is split by both a linear and quadratic
Jahn-Teller effect. The linear term produces Jg = 3/2 and Jg = 1/2 Tevels,

while the quadratic and low symmetry crystal field terms give the further

splittings of these linear JT components.
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Figure 5.

Absorption spectrum of the vibrational combination and overtone bending

region in the r89 (zT]g) electronic state of IrFG/MoFG. Most of the features

o G AT VYL

are identified as components of the Jahn-Teller active vibrations, v, (eg) or
Vs (tZg)’ Note the groupings of the peaks; these serve to identify the
positions of the linear Jahn-Teller (LJT) levels in the absence of quadratic

JT splitting. (See text and Table 4.)
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Figure 6.

Absorption spectrum of IrFG/MoF6 in the vibrational stretching region of the

b (zr]g) electronic state of Irfg/MoFs. The splitting of the J, = 1/2

component of v, (eg) is caused by the low symmetry crystal field. Its value
(about 6 cm']) has been substantially reduced from the origin splitting by

vibronic interaction.
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